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Abstract
Bitter melon (Momordica charantia) is a rich source of phytochemicals including phenolic compounds with diverse 
health-promoting benefits and potential food industry application due to their antioxidant potential. Bitter melon leaves 
have been limitedly investigated in comparison to bitter melon fruits. The current work explores the use of green extrac-
tion methodology to optimize enhanced extraction of phenolic compounds from bitter melon leaves using ultrasonically 
assisted extraction and choline chloride-acetic acid (CHAC)–based natural deep eutectic solvent. Extraction using 
CHAC significantly improved the extraction of total phenolic compounds, total flavonoids, and individual phenolic 
compounds (including gallic acid, chlorogenic acid, vanillic acid, epicatechin, and quercetin-3-glucoside) in compari-
son to water, ethanol, and methanol. The effect of molar ratio, water content, temperature, and time on the extraction 
efficiency of bitter melon leaf phenolic compounds by CHAC was explored and optimized with surface response 
methodology (central composite design). The optimum condition for the extraction of individual phenolic compounds 
is a molar ratio of 1:4.35 CHAC with 20.68% water content at 75 °C for 21.23 min. Evaluation of the bioaccessibility 
of individual phenolic compounds concluded that the most bioaccessible compound was vanillic acid (105.00 ± 2.52%) 
followed by salicylic acid, chlorogenic acid, syringic acid, gallic acid, epicatechin, and quercetin-3-glucoside.

Keywords  Natural deep eutectic solvent · Bitter melon · Phenolic compounds · Surface response methodology · 
Extraction · Optimization

1  Introduction

Momordica charantia or bitter melon is a worldwide plant, 
used as a vegetable and in folk medicine. It belongs to the 
Cucurbitaceae family and grows mainly in tropical areas 
of Africa Asia, and the Amazon [1, 2]. It produces oblong 
fruits that are yellow to orange in colour when ripe. Mature 
fruits are traditionally applied for healing wounds and ulcers. 
Also, their green jagged-edge leaves have been applied for 
the treatment of many ailments believing in the beneficial 
health effects [1, 2]. Furthermore, flowers, roots, stems and 
seeds are not less beneficial parts [3, 4].

All the previous plant parts contain a considerable amount 
of biologically active compounds like flavonoids, saponins, 
alkaloids, tannins, and glycosides [1, 5, 6]. Those chemical 
compounds permit the application of an array of positive 
activities such as antioxidant, anti-cancer, anti-inflammatory, 
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anti-microbial and anti-viral activities [2, 4]. For instance, 
the fruit contains momordicins, momorcharins, cucurbitins, 
elaeostearic acids, etc. [1]. Similarly, leaves besides momor-
dicins [7] contain an important amount of phenolics such 
as gallic acid, followed by caffeic acid and catechin [4]. It 
has been reported that bitter melon leaves have higher phe-
nolic content in comparison to bitter melon fruit [8]. Also, 
Momordica leaves are a good source of vitamins (A, E, B 
and C), minerals (K+, Ca2+, Na2+ and Zn2+) and carbohy-
drates, making them nutritionally valuable as well [6].

The process of extracting the different phytochemicals 
from plant material has been applied since ancient times to 
take advantage of their beneficial and nutritional activities. 
Extraction studies of Momordica parts, using conventional 
to highly sophisticated techniques, have demonstrated inter-
esting results to better understand the methods of recovery of 
bioactive compounds as well as their mode of action [2–4, 
9].

Conventional organic solvents such as ethanol, methanol, 
acetone, ethyl acetate and chloroform have been widely used 
for the extraction of bioactive compounds including phenolic 
compounds. These solvents are associated with toxicity, high 
prices, hazards and unsustainability. Natural deep eutectic 
solvents (NADESs) are considered an alternative green sol-
vent that has been used efficiently to extract a wide range of 
phenolic compounds from different matrices with enhanced 
extraction yields [10–12]. NADES are easy to prepare, have 
good biodegradability and sustainability and have low costs 
that make them fully meet green chemistry principles [13, 
14]. NADESs are made up of a hydrogen bond donor (HBD) 
and a hydrogen bond acceptor (HBA) that together form a 
supramolecular structure with hydrogen bonds [11]. Their 
enhanced extraction potential of phenolic compounds is 
associated with their ability to form hydrogen bonds with 
phenolic compounds and increase their solubility [15, 16].

The ultrasound-assisted extraction (UAE) utilizes the 
acoustic cavitation to generate bubbles during the period 
of negative pressure [17, 18]. The bubbles are compressed 
leading to their collapse, further disrupting the solid cell 
walls and allowing the release of bioactive compounds [19, 
20]. The UAE offers many advantages such as improved 
efficiency, reduced extraction time, low solvent consump-
tion and high level of automation compared to conventional 
extraction method [19, 21, 22].

The acid-based NADESs were revealed to be efficient 
for the recovery of phenolic compounds due to their strong 
hydrogen bonding with phenolic compounds, their solu-
bilizing capacity of phenolic compounds and their low 
viscosity [23, 24]. To the best of our knowledge, no stud-
ies have applied the use of NADES in extracting phenolic 
compounds from bitter melon leaves and have optimized 
the extraction conditions of those phenolic compounds 
using choline chloride-acetic acid NADES. Therefore, in 

this study, ultrasonically assisted extraction was used with 
choline chloride-acetic acid (CHAC)–based NADES to 
enhance the extraction of phenolic compounds from bitter 
melon leaves. The extraction efficiency of CHAC was com-
pared to other conventional extracting solvents (methanol, 
ethanol and water). Furthermore, the optimum conditions 
for extraction of individual phenolic compounds (gallic acid, 
chlorogenic acid, vanillic acid, epicatechin, syringic acid, 
quercetin-3-glucoside and salicylic acid) (Fig. 1) were deter-
mined by applying surface response methodology (central 
composite design). In addition, the in vitro bioaccessibility 
of these compounds was determined.

2 � Material and methods

2.1 � Plant material

Bitter melon (Momordica charantia) leaves were collected 
in August 2021 from Abomey-Calavi, Benin. The leaves 
were shade-dried for five days, sorted and packed in brown 
bottles and screw caps.

2.2 � Chemical and reagents

Folin-Ciocalteu’s reagent, 2,2-diphenyl-1-picrylhydrazyl 
(DPPH), methanol (HPLC grade), ethanol (HPLC grade), 
acetonitrile (HPLC grade), sodium carbonate, sodium ace-
tate, sodium nitrite, sodium hydroxide, hydrochloric acid 
(37%) and choline chloride (≥ 98%) and standards were pur-
chased from Sigma-Aldrich Chemical Co. (St Louis, MO). 
Gallic acid, glacial acetic acid (≥ 99.5%) and iron sulphate 
were purchased from Carlo Erba. Aluminium chloride and 
iron chloride were acquired from Merck while glycerol 
(≥ 99.5%) was purchased from Tekkim.

2.3 � Preparation of NADES

The NADES was prepared according to [19]. The HBA 
(choline chloride) and HBD (acetic acid) were combined at 
a 1:2 molar ratio, followed by the addition of 20% of distilled 
water. Afterwards, the mixture was heated for 2 h and 30 min 
at 80 °C to obtain homogenized liquid encode as CHAC.

2.4 � Extraction of phenolic compounds

The extraction was carried out using an ultrasonic water 
bath. Distilled water, methanol and ethanol (conventional 
solvents) and CHAC (NADES with 20% water) were used 
as solvents. An amount of 0.3 g was mixed with 10 mL of 
solvents, and the mixture was ultrasonicated at 25 °C for 
20 min. The samples were then filtered through Whatman 
filter paper No. 1 thrice.
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2.5 � Total phenolic content

Total phenolic content (TPC) was evaluated by the Folin-
Ciocalteu method adopted from Nguyen et al. [25] with 
some modifications. Briefly, 150 µL of samples was mixed 
with 750 µL of 10% Folin-Ciocalteu reagent (5 min) and 
600 μL of 7.5% Na2CO3. The mixture was kept in dark 
for 2 h, and the absorbance was read at 760 nm. TPC was 
expressed as milligrams of gallic acid equivalent per gram 
(mg GAE/g).

2.6 � Total flavonoid content

Total flavonoid content (TFC) was determined according to 
the method of Zannou and Koca [26]. Briefly, 1 mL of the 
appropriately diluted sample was mixed with 300 µL of 5% 
NaNO2 and 500 µL of 5% AlCl3 and 500 µL of 1 M NaOH 
respectively. Afterwards, the mixture was placed in the dark 
for 10 min and the absorbance was read at 510 nm. The 
results were given as milligrams of epicatechin equivalents 
per gram (mg ECE/g).

2.7 � Determination of antioxidant activity

2.7.1 � Diphenyl‑1‑picrylhydrazyl radical scavenging activity 
assay

DPPH assay was conducted following the method of Zannou 
and Koca [26]. The absorbance was read against a control. 

The values of DPPH radical scavenging were determined 
with a calibration curve as millimoles of Trolox equivalent 
per gram (mmol TE/g).

2.7.2 � Ferric reducing antioxidant power assay

Ferric reducing antioxidant power (FRAP) assay was con-
ducted following the method of Zannou and Koca [26]. 
The value of FRAP was obtained from a standard curve 
of FeSO4. The results were given as millimoles of FeSO4 
equivalents per gram (mmol ISE/g).

2.8 � Determination of individual phenolic 
compounds

The individual phenolic compounds were identified using 
the previous method of [27] with modifications. The phe-
nolic compounds were determined using a high-pressure 
liquid chromatography (HPLC) system (Agilent 1260; 
Agilent Technologies) with a diode array detector (DAD) 
at 520-nm wavelength. The anthocyanins were separated 
in an Inertsil ODS-4 column (3 µm, 4,6 × 50 mm; GL Sci-
ences Kat No: 5020–0404) at a 1 mL min−1 flow rate. The 
mobile phases were: (A) 94% 2 mM sodium acetate and 6% 
acetic acid (v/v) and (B) acetonitrile. The following elu-
tion gradient was used, according to solvent B: 0–20 min, 
14–23%; 20–40 min, 23–35%; 40–50 min, 40%; 50–60 min, 
60%; 60–65 min, 95%. The column temperature was set at 
30 °C. The individual phenolic compounds were identified 

Fig. 1   Structure of gallic acid, 
chlorogenic acid, vanillic acid, 
epicatechin, syringic acid, 
quercetin-3-glucoside, and 
salicylic acid
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by comparing their retention times with their respective 
standard. The identified phenolic compounds were quan-
tified using a mixture of external standards (gallic acid, 
chlorogenic acid, epicatechin, vanillic acid, syringic acid, 
quercetin-3-glucoside and salicylic acid) which were pre-
pared at different concentrations.

2.9 � Optimization with the response surface method

The optimization parameters were examined systematically 
using response surface methodology based on the three-
level central composite design (Design-Expert software 
13.0). The experimental design included four independent 
variables X1 (CHAC, molar ratio), X2 (water content, %), 
X3 (temperature, °C) and X4 (extraction time, min). The 
actual and coded values of the independent variables are 
shown in Table 1. The combination of parameters such as 
molar ratio of CHAC (1:0.5, 2, 3.5, 5 and 6.5), water content 
(10, 20, 30, 40 and 50%), temperature (25, 40, 60, 75 and 
90 °C) and extraction time (5, 15, 25, 35 and 45 min) were 
chosen as independent variables. From these variables, the 
response surface method (RSM) has generated 27 experi-
mental points including three replicates at the central point. 
Nine responses (Y) were considered, namely gallic acid, 
chlorogenic acid, epicatechin, vanillic acid, syringic acid, 
quercetin-3-glucoside and salicylic acid. The experimental 
points together with responses are shown in Table 2. The 
analyses were carried out in triplicate, and the results were 
shown as means ± standard deviation. The experimental data 
were fitted to the following quadratic polynomial model:

where Y is the response; X is the independent variable; β0 is 
the model intercept coefficient; βi, βii, and βij are interaction 
coefficients; k is the number of independent factors; and � is 
the experimental error. The relationship between independ-
ent variables and responses was examined using analysis 
of variance (ANOVA) test in the Design-Expert program.

(1)Y = �0 +
∑k

i=1
�iXi +

∑k

i=1
�iiXii +

∑k−1

i=1

∑k

i=i+1
�ijXiXj + �

2.10 � In vitro bioaccessibility

The in vitro bioaccessibility of phenolic compounds was 
determined to be the fraction of phenolic compounds that 
were solubilized within the mixed micelles and which 
became accessible for intestinal absorption [28]. Following 
in vitro digestion, an aliquot of raw digesta was collected 
after the simulated small intestine digestion and centrifuged 
at 5000 × g for 15 min at 4 °C. A supernatant (micelle frac-
tion) was collected from the centrifuged digesta in which 
the anthocyanins were solubilized. A portion (3 mL) of the 
micelle fraction was vortexed after adding 3 mL of metha-
nol and centrifuged at 5000 × g for 15 min at 25 °C. The 
supernatant was then carefully collected and used for the 
determination of phenolic compounds using HPLC–DAD. 
The bioaccessibility and stability of phenolic compounds 
were then determined using the following equations:

where CInitial and CMicelle are the concentration of the indi-
vidual phenolic compounds initially and in the micelle phase 
at the end of the in vitro digestion, respectively.

2.11 � Statistical analyses

All results were expressed as the mean of three repli-
cates ± standard deviation. Statistical analyses were per-
formed using a one-way analysis of variance ANOVA, and 
the significance of the difference between means was evalu-
ated by Turkey’s test. Statistical significance was determined 
at p < 0.05. Design-Expert software (version 13.0, Stat-Ease 
Inc., Minneapolis, USA) was used for the RSM and experi-
mental data analysis. ANOVA was used to determine the 
statistical relationship between factors. The adequacy of the 
models was determined by R2, adjusted R2, predicted R2, 
coefficient of variation (CV), adequate precision, p value 
and the value of Fisher’s test (F value). The significance 
of the models and regression coefficients were measured at 
p < 0.05. The behaviours of variables and responses were 
checked by the perturbation graphics. The optimum condi-
tions were determined by applying the desirability function.

3 � Results and discussion

3.1 � Efficiency of CHAC in comparison 
to conventional solvents

The phytochemical characteristics such as pH, viscosity, 
FTIR and electric conductivity of the choline chloride-ace-
tic acid–based NADES with 20% water (CHAC) used in 

(2)Bioaccessibility(%) = (CMicelle∕CInitial) × 100

Table 1   Actual and coded 
values of independent variables

X1, molar ratio; X2, water con-
tent, %; X3, temperature, °C; X4, 
extraction time, min

Actual values

X1 X2 X3 X4

 − 1.41 0.5 10 25 5
 − 1 2 20 40 15
0 3.5 30 60 25
 + 1 5 40 75 35
 + 1.41 6.5 50 90 45
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the present study have been reported in our previous study 
[29]. Moreover, CHAC has been revealed to be efficient and 
eco-friendly for the extraction of phenolic compounds from 
various plant materials [23, 30].

3.1.1 � Total phenolic compounds and antioxidant potential

The phenolic content and antioxidant capacity of bitter 
melon extracts obtained using different solvents (CHAC, 
water, ethanol and methanol) were investigated and com-
pared (Table 3). Based on the findings, the total phenolic 
of CHAC extract was significantly the highest (p < 0.05) 
and most efficient yielding 82.06 ± 1.97 mg GAE/g, fol-
lowed by water (11.80 ± 0.01 mg GAE/g) and organic 
solvents (< 7 mg GAE/g). On the other hand, the total 
flavonoid content extracted by water from bitter melon 
(1.84 ± 0.20 mg ECE/g) was significantly higher than 
CHAC extract (1.26 ± 0.01 mg ECE/g) (p < 0.05), sug-
gesting that the flavonoids extracted from bitter leaves 
could be more hydrophilic. Total f lavonoids seem to 
contribute very limitedly to the total phenolic content, 
suggesting that the majority of the phenolic compounds 
present in the bitter melon extract are non-flavonoids. 
It has previously been reported that gallic acid, chloro-
genic acid, gentisic acid, vanillin acid, catechin, epicat-
echin, protocatechuic acid, t-cinnamic acid, p-coumaric 
acid, and o-coumaric acid are the most common phe-
nolic compounds present in bitter melon fruit [31]. Out 
of these compounds, only catechin and epicatechin are 
flavonoids. Phenolic compounds have a wide range of 
health-promoting benefits and are mainly investigated for 
their antioxidant potential. The antioxidant capacity of 
the bitter melon extracts was investigated and compared 
by two in vitro assays (DPPH and FRAP). The CHAC 
extract showed significantly higher (p < 0.05) antioxi-
dant activity (DPPH assay, 80.67 ± 3.94 mmol TE/g, and 
FRAP assay, 228.27 ± 5.14 mmol ISE/g) in comparison 
to other extracts. The other extracts showed a DPPH radi-
cal scavenging activity of 5–12 mmol TE/g and FRAP 
values of 130–175 mmol ISE/g. The improved antioxi-
dant activity of CHAC extract can be associated with 
the higher phenolic content of that extract. It has been 
reported that acidic NADES such as CHAC are capable 
of extracting a high amount of anthocyanins that have 
strong radical scavenging activity [29].

The current study is the first study to apply a natural 
deep eutectic solvent system for the extraction of bitter 
melon leaf phenolic compounds and investigate their 
antioxidant capacity. Yet, the efficiency of CHAC solvent 
used in this study has shown greater efficiency in extract-
ing phenolic compounds in comparison to other extract-
ing solvents that have been reported earlier. For example, 
bitter melon leaves have been previously extracted by Ta
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solid–liquid extraction using a series of solvents, start-
ing with an acidic methanol solvent followed by aqueous 
methanol and ethyl acetate [32]. The total phenolic content 
extracted was 58.7 ± 1.8 mg GAE/g which is comparably 
less than the amount extracted by CHAC in this study. 
Other studies have reported lower total phenolic content 
in comparison to the amount extracted by CHAC. Metha-
nolic extraction of two different varieties of bitter melon 
leaves by maceration has previously yielded 25.86 ± 0.36 
and 25.94 ± 0.35 mg GAE/g with DPPH half-maximal 
inhibitory concentrations (IC50) of 28.00 ± 0.83 and 
20.39 ± 1.12 mg/mL, respectively [33]. The total phenolic 
content of ethanolic maceration of bitter melon leaves 
has previously been reported as 25.297 ± 0.146 [34] and 
45.55 ± 0.34 mg GAE/g [8]. The total flavonoid content of 
bitter melon leaves in the current study was less than that 
reported in other studies regardless of the nature of the 
solvent. For example, the total flavonoid content of etha-
nolic maceration of bitter melon leaves yielded 11.945 mg 
RE (rutin equivalents)/g [34] and 47.25 ± 1.48 mg CA 
(catechins)/g [8]. These differences could be associated 
with the variety and growth conditions of those plants. 
Moreover, optimized methanolic maceration conditions for 
extracting phenolic compounds from bitter melon leaves 
have reported a lower a total phenolic content (20.66 mg 
GAE/g) compared to the phenolic content extracted by 
CHAC, with a DPPH scavenging activity of 30.22 mg 
TE/g and FRAP value of 45.48 mg TE/g [9].

The superior extracting efficiency of CHAC has also 
been observed in other studies using different plant 
matrices to extract phenolic compounds. CHAC showed 
higher extraction efficiency compared to other NADESs 
(choline chloride-based malonic, malic and citric acid 
NADESs) in extracting phenolic compounds from olive 
leaves [30]. The authors reported that the enhanced 
extraction potential of CHAC compared to others is due 
to its reduced density and viscosity. Monocarboxylic acid 
(such as acetic acid)–based NADESs have shown higher 
extraction potential of phenolic compounds compared to 
di- and tri-carboxylic acid–based NADES when tested to 
extract Juglans regia L. phenolic compounds [35].

3.1.2 � Individual phenolic compounds

The individual phenolic compounds present in different 
bitter melon extracts were quantified by chromatographic 
analysis and compared (Table 4). The highest amount of 
gallic acid, chlorogenic acid, vanillic acid, epicatechin 
and quercetin-3-glucoside was quantified in CHAC 
extract and was significantly greater than in other extracts 
(p < 0.05), while the highest amount of syringic acid was 
quantified in the water extract and was significantly 
greater than the other extracts (p < 0.05). The extraction 
efficiency of salicylic acid by CHAC and water was simi-
lar, and the difference was not significant (p > 0.05). The 
organic solvents showed an overall lower efficiency in 

Table 3   Phenolic content and 
antioxidant capacity of CHAC, 
water, ethanol and methanol 
extracts of bitter melon

Lowercase letters a–d in the same column mean a significant difference at p < 0.05

Solvents Phenolic content Antioxidant capacity

Total phenolic con-
tent (mg GAE/g)

Total flavonoid con-
tent (mg ECE/g)

DPPH (mmol TE/g) FRAP (mmol ISE/g)

CHAC 82.06 ± 1.97a 1.26 ± 0.01b 80.67 ± 3.94a 228.27 ± 5.14a

Water 11.80 ± 0.01b 1.84 ± 0.20a 11.80 ± 0.01b 132.91 ± 1.02d

Ethanol 5.93 ± 0.32c 0.72 ± 0.01c 5.75 ± 0.65c 173.68 ± 1.03b

Methanol 6.21 ± 0.01c 0.74 ± 0.03c 6.21 ± 0.01c 144.56 ± 1.03c

Table 4   Quantified individual 
phenolic compounds (mg/kg) of 
bitter melon extracts

Lowercase letters a–d in the same row mean a significant difference at p < 0.05

Phenolic compounds Retention 
time (min)

Solvents

CHAC Water Methanol Ethanol

Gallic acid 4.72 311.25 ± 1.61a 154.71 ± 0.72b 42.62 ± 0.80c 21.07 ± 0.91d

Chlorogenic acid 17.08 40.52 ± 0.56a 31.10 ± 1.25b 28.2 ± 0.43c 20.98 ± 0.04d

Vanillic acid 19.41 81.49 ± 0.72a 26.51 ± 0.58b 25.69 ± 0.14b 24.96 ± 0.70b

Epicatechin 21.87 373.12 ± 7.07a 117.90 ± 1.41b 75.02 ± 0.63c 60.44 ± 0.70d

Syringic acid 24.08 21.73 ± 0.69b 50.68 ± 0.60a 10.77 ± 0.18c 9.27 ± 0.25d

Quercetin-3-glucoside 40.73 119.95 ± 0.35a 15.59 ± 0.68c 41.43 ± 0.73b 16.10 ± 0.28c

Salicylic acid 42.59 337.43 ± 3.28a 361.43 ± 1.88a 129.13 ± 1.45c 64.98 ± 1.23b
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extracting bitter melon phenolic compounds in compari-
son to the natural deep eutectic solvent and water.

To the best of our knowledge, the current study is the 
first study to report the amount of vanillic acid, epicat-
echin, syringic acid, quercetin-3-glucoside and salicylic 
acid of bitter melon leaves and compare their yield while 
using different extracting solvents. Very few studies have 
previously reported the quantities of individual phenolic 
compounds in bitter melon leaves. The bitter melon leaf 
phenolic compounds obtained by solid–liquid extrac-
tion using a series of solvents, starting with an acidic 
methanol solvent followed by aqueous methanol and ethyl 
acetate, have been quantified [32]. The study reported 
that the extract contained gallic acid (0.03 mg/g), chloro-
genic acid (1.36 mg/g), caffeic acid (0.05 mg/g), ferulic 
acid (0.05 mg/g), cinnamic acid (0.05 mg/g), myricetin 
(0.12 mg/g), quercetin (0.26 mg/g), luteolin (0.01 mg/g), 
apigenin (0.68 mg/g) and thymol (5.88 mg/g). Compar-
ing these results with the current study, the gallic acid 
extracted by CHAC is largely greater than the previ-
ously reported content. However, the chlorogenic acid 
reported in the previous study is largely greater than 
the amount extracted in any of the solvents of the cur-
rent study. In another study, aqueous extraction of bitter 
melon leaves yielded gallic acid (95.8 ± 0.31 mg/l), tan-
nic acid (2.13 ± 0.67 mg/l), catechin (4.39 ± 0.80 mg/l), 
caffeic acid (7.77 ± 1.02  mg/l), p-coumaric acid 
(0.36 ± 0.32 mg/l) and benzoic acid (0.10 ± 0.42 mg/l) [4].

3.2 � Optimizing the extraction process with RSM

The selection of optimum conditions for high extraction 
efficiency of total phenolic compounds (TPC, TFC), 
individual phenolic compounds and their related antioxi-
dant activities (DPPH, FRAP) was realized by applying 
a central composite design. The independent variables 
chosen for this optimization are molar ratio (X1), water 
content (X2), temperature (X3) and extraction time (X4). 
Total and individual phenolic compounds content and 
the antioxidant activity of the obtained extracts are the 
responses of this optimization.

As shown in Table  2, all responses varied at all 
exper imental  points.  TPC (13.05–36.81  mg/g), 
TFC (0.06–2.82  mg/g), DPPH (50.72–164.38  mmol 
TE/g)  and FRAP (88.57–182.05  mmol ISE/g) 
demonstrated a large variation under the 27 gen-
erated points .  Also,  individual  phenolic com-
pounds such as gallic acid (172.5–407.02  mg/
kg), chlorogenic acid (35.29–44.06  mg/kg), van-
i l l i c  ac id  (51 .86–81 .00   mg/kg) ,  ep ica tech in 
(195.99–297.32 mg/kg), syringic acid (15.51–29.8 mg/

kg), quercetin-3-glucoside (44.43–109.35 mg/kg) and 
salicylic acid (185.2–389.62 mg/kg) had different con-
tents at different conditions of extraction. The extrac-
tion efficiency of the studied parameters did not show a 
clear relation with the effects of independent variables. 
Except chlorogenic and vanillic acid at run 1 (1:5 molar 
ratio, 40% of water content, 40 °C and 35 min), all the 
responses had various runs for best extraction efficiency. 
This dispersion of efficient points of extraction could 
translate the variation of required conditions for best 
recovery of the concerned compounds.

ANOVA results for the obtained experimental points 
are shown in Table 2. All the responses exhibited high 
suitability with the quadratic model. The model had high 
significance (p < 0.0001) for most responses. Lack of 
fit was insignificant for all the responses (p > 0.0545). 
R2 and adjusted-R2 were sufficiently high, > 0.905 
and > 0.793, respectively. All these parameters confirm 
the adequacy of the quadratic model for navigation in 
the design space.

The model terms of all responses are shown in 
Table 2. Generally, all of the individual phenolic com-
pounds including TPC, TFC and DPPH showed at least 
one significant linear term, except FRAP, which showed 
no linear term (p < 0.05). In short, temperature (X3) fol-
lowed by the molar ratio (X1) was the most important 
linear term. Concerning the interaction terms, some 
responses exhibited a high number of significant terms 
such as FRAP, DPPH and chlorogenic acid. Meanwhile, 
TPC had no significant interaction term. According to 
the number of significant interaction terms, water content 
time (X2X4) interaction was the most relevant interaction 
for most responses, followed by molar ratio water con-
tent (X1X2). Furthermore, the quadratic terms revealed an 
interesting result, where the molar ratio (X1X1) was the 
most significant for most responses.

The final polynomial equations are given in terms of the 
coded factors for all responses as follows (Equations 3-13):

(3)

TPC mg∕g = 24.04 − 2.73X1 − 0.41X2 + 4.3X3 + 0.32X4

− 0.44X12 − 1.4X13 + 1.38X14 + 0.77X23 + 0.9X24

+ 0.2X34 − 0.08X1
2 + 1.24X2

2 − 0.41X3
2 − 1.66X4

2

(4)

TFC mg∕g = 0.94 + 0.22X1 − 0.46X2 + 0.12X3 − 0.37X4

− 0.03X12 + 0.23X13 + 0.12X14 − 0.02X23 + 0.44X24

+ 0.1X34 − 0.11X1
2 + 0.16X2

2 + 0.01X3
2 − 0.1X4

2

(5)

DPPH mmol TE∕g = 121.36 − 1.52X1 + 2.1X2 − 12.57X3 + 12.34X4

+ 6.31X12 + 7.1X13 − 6.97X14 − 4.4X23 − 12.5X24

− 7.17X34 − 6.16X1
2 + 1.03X2

2 − 8X3
2 − 11.63X4

2
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The polynomial equations are used for the generation of per-
turbation plots (Fig. 2a–k). The generated plots are created 
according to fixed actual factors; 3.5 of molar ratio, 30% 
of water content, at 58 °C and 25 min of extraction time. 
The obtained curves took downward and upward linear and 
parabolic curves. The comparison between factors’ effects 
was realized based on the angle between the curves and the 
horizontal reference line.

(6)

FRAP mmol ISE∕g = 155.06 − 0.92X1 − 0.67X2 − 2.58X3 − 0.36X4

− 10.47X12 + 8.68X13 − 6.42X14 − 0.31X23 + 1.87X24

+ 5.73X34 − 2.73X1
2 − 14.25X2

2 + 4.9X3
2 − 2.32X4

2

(7)

Gallic acid mg∕kg = 266.85 + 6.75X1 + 18.52X2 + 54.88X3

+ 19.48X4 − 1.28X12 + 1.47X13 − 4.46X14

+ 7.24X23 + 10.87X24 + 15.37X34 − 20.03X1
2

+ 6.79X2
2 + 8.67X3

2 + 1.78X4
2

(8)

Chlorogenic acid mg∕kg = 41.07 + 0.94X1 + 0.09X2 − 0.27X3

+ 0.25X4 − 0.68X12 + 0.07X13 + 1X14

− 0.33X23 + 0.48X24 − 1.32X34 − 0.19X1
2

− 0.43X2
2 − 0.63X3

2 + 0.49X4
2

(9)

Vanillic acid mg∕kg = 75.75 + 0.51X1 + 2.3X2 − 0.24X3 + 0X4

+ 6.01X12 + 1.04X13 + 0.51X14 − 0.06X23

+ 3.33X24 − 1.2X34 − 1.21X1
2 − 4.58X2

2

− 0.59X3
2 − 2.91X4

2

(10)

Epicatechin mg∕kg = 285.08 + 14.13X1 + 3.59X2 − 2.52X3 − 7.45X4

+ 3.16X12 + 1.29X13 + 3.85X14 − 9.39X23 + 2.43X24

− 2.58X34 − 12.74X1
2 + 0.55X2

2 − 12.76X3
2 − 3.16X4

2

(11)

Syringic acid mg∕kg = 21.59 + 1.49X1 − 0.18X2 + 2.49X3 + 0.42X4

+ 0.2X12 + 0.16X13 + 0.24X14 + 0.55X23 + 1X24

+ 0.56X34 − 0.72X1
2 + 0.72X2

2 + 0.23X3
2 − 0.02X4

2

(12)

Quercetin − 3 − glucoside mg∕kg = 75.4 + 4.17X1 − 5.34X2

+ 4.69X3 + 0.12X4 − 0.03X12

+ 2.17X13 + 1.43X14 − 1.12X23

+ 5.83X24 + 0.75X34 + 3.22X1
2

+ 4.27X2
2 − 4.69X3

2 − 0.36X4
2

(13)

Salicylic acid mg∕kg = 322.28 + 25.53X1 − 5.38X2

+ 12.27X3 + 13.01X4 − 8.49X12

− 6.77X13 − 18.62X14 + 11.74X23

+ 5.45X24 + 1.84X34 − 16.84X1
2

+ 5.73X2
2 + 9.24X3

2 + 11.89X4
2

According to the plots (Fig. 2a, e, i) and comparing the 
extraction factors, the temperature was the most effective 
factor for the extraction of TPC, gallic acid and syringic 
acid which have demonstrated a positive linear increase at 
low temperatures (≈ 40 °C) to high temperatures (≈ 70 °C). 
Oppositely, some responses such as DPPH (Fig. 2a) and epi-
catechin (Fig. 1h) were negatively affected by the increase 
in temperature.

Moreover, the molar ratio factor (A) has effects on many 
responses. Some of them (TFC, chlorogenic acid, querce-
tin-3-glucoside) presented positive effects by increasing the 
molar ratio beyond 3.5 (Fig. 2b, f, j). Also, while a variation 
of molar ratio did not influence some responses, the low val-
ues affected negatively the extraction of some phenolic com-
pounds such as epicatechin, syringic acid and salicylic acid 
(Fig. 2h, i, k). On contrary, the increase in molar ratio has 
decreased the total phenolic compounds recovery (Fig. 2a).

Water content variation (B) was also an important factor 
to take into consideration. Low values of water were a sig-
nificant factor to increase values for many responses such as 
TFC, syringic acid, quercetin-3-glucoside and salicylic acid 
(Fig. 2b, i, j, k). Meanwhile, the most response showed less 
and insignificant effect at high water content values.

Similarly, the time factor was less effective for extraction 
efficiency, except for chlorogenic acid and salicylic acid at 
a long extraction time (Fig. 2f, k). However, a long extrac-
tion time has a negative effect on the total flavonoids and 
epicatechin (Fig. 2b, h).

3.2.1 � Multi‑response of RSM

The application of the desirability function of RSM gener-
ated the optimum conditions which were 1:4.35 for molar 
ratio, 20.68% for water content, 75  °C for temperature 
and 21.23  min for extraction time. Under these condi-
tions, theoretical values were 26.12 mg GAE/g, 2.10 mg 
ECE/g, 95.15 mmol TE/g, 154.65 mmol ISE/g, 303.07 mg/
kg, 41.32 mg/kg, 67.27 mg/kg, 282.04 mg/kg, 25.14 mg/
kg, 91.16 mg/kg and 354.55 mg/kg for TPC, TFC, DPPH, 
FRAP, gallic acid, chlorogenic acid, vanillic acid, epicat-
echin, syringic acid, quercetin-3-glucoside and salicylic 
acid, respectively. Further experimentations were conducted 
in triplicate under the same optimum conditions to verify 
the theoretical values. The results were 27.02 ± 1.22 mg 
GAE/g, 2.02 ± 0.09  mg ECE/g, 97.25 ± 3.51  mmol 
TE/g, 152.65 ± 5.02 mmol ISE/g, 307.01 ± 7.12 mg/kg, 
45.02 ± 2.03 mg/kg, 69.07 ± 3.10 mg/kg, 281.84 ± 2.98 mg/
kg, 26.24 ± 1.01  mg/kg, 92.36 ± 4.01  mg/kg and 
352.95 ± 5.95 mg/kg for TPC, TFC, DPPH, FRAP, gallic 
acid, chlorogenic acid, vanillic acid, epicatechin, syringic 
acid, quercetin-3-glucoside and salicylic acid, respectively. 
As can be evidenced, the predicted and experimental val-
ues were found very close. Therefore, the RSM can be said 
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reliable and reproducible to investigate the optimization of 
phenolic compounds and antioxidant activity of bitter melon.

3.3 � In vitro bioaccessibility of bitter melon 
phenolics

The bioaccessibility of bitter melon leaf phenolic compounds 
was determined and are presented in Table 5. The most bio-
accessible compound was vanillic acid (105.00 ± 2.52%) 
followed by salicylic acid, chlorogenic acid, syringic acid, 
gallic acid, epicatechin and quercetin-3-glucoside. These 
results suggest that bitter melon leaves could provide highly 
bioaccessible (> 80%) vanillic acid, salicylic acid and chlo-
rogenic acid. Bitter melon leaves’ vanillic acid bioaccessibil-
ity is higher than that reported from garlic (69%) [36], carob 
pod (87–95%) [37], umbu-cajá and (45.88%) and mangaba 
(57.73%) [38]. In addition, bitter melon leaves’ salicylic acid 
bioaccessibility is greater than that reported from umbu-cajá 
(21.60%), siriguela (13.08%) and mangaba (18.27%) [38]. 
Furthermore, bitter melon leaves’ salicylic acid bioacces-
sibility is greater than that reported from canned tomatoes 
(25.8%) [39]. Interestingly, we found in the present study 
high bioaccessibility bitter melon phenolic compounds, sug-
gesting that the NADES with 20% water exerted a protec-
tive effect on these phenolic compounds in the gastrointes-
tinal tract. These results are supported by those of Zannou 
et al. [40] who reported the in vitro bioavailability of the 
phenolic compounds of E. amoenum to be 82.99 ± 2.51%, 
53.09 ± 4.78%, 33.84 ± 0.06% and 18.20 ± 1.06% for gal-
lic acid, vanillic acid, epicatechin and chlorogenic acid 
extracted with choline chloride-glycerol-based NADES, 
respectively. This protective effect of NADES with 20% 
water is due to the strong hydrogen bonding formed between 
NADES with 20% water and phenolic compounds [11, 40]. 
In addition, the previous studies demonstrated that the solu-
bilization properties of different eutectic mixtures increase 
the bioavailability of bioactive compounds [41–43].

As seen in the results (Table 5), the in vitro bioaccessi-
bility of phenolic compounds differ significantly (p < 0.05). 
Differences in bioaccessibility are due to variations in the 
liberation of the phenolic compounds caused by the phe-
nolic-matrix interaction [44]. The free phenolic compounds 
that are present as phenolic aglycones and conjugated phe-
nolics are typically easily released from the matrix in the 
digestive fluid and absorbed. On the other hand, the phenolic 
compounds that are covalently bound to indigestible matri-
ces like polysaccharides and structural proteins are poorly 

released into the digestive juice to be absorbed [45]. Thus, 
these phenolic compounds have low bioaccessibility. In 
addition, the chemical structure of phenolic compound can 
influence its bioaccessibility. Phenolic compounds bound 
to sugars as β-glycosides, such as quercetin-3-glucoside 
(Fig. 1), are poorly absorbable; only aglycones can pass 
through the gut wall [46]. In fact, flavonoid glycosides can 
only be absorbed after their hydrolysis by colon microorgan-
isms. This explains why quercetin-3-glucoside had a very 
low bioaccessibility.

4 � Conclusions

In the present study, the ability of NADES with 20% water 
(CHAC) to enhance the extraction of phenolic compounds 
from bitter melon leaves was investigated. The results indi-
cated that CHAC showed higher yields of total phenolic 
content, total flavonoid content, individual phenolic com-
pounds and antioxidant activity compared to conventional 
solvents (water, methanol and ethanol). Surface response 
optimization was applied to determine the optimum extrac-
tion conditions (molar ratio of solvent, water content, extrac-
tion temperature and time) for improved extraction of phe-
nolic compounds. The optimum conditions were found as 
1:4.35 for molar ratio, 20.68% for water content, 75 °C for 
temperature and 21.23 min for extraction time. Under these 
conditions, the experimental results were 27.02 ± 1.22 mg 
GAE/g, 2.02 ± 0.09  mg ECE/g, 97.25 ± 3.51  mmol 
TE/g, 152.65 ± 5.02 mmol ISE/g, 307.01 ± 7.12 mg/kg, 
45.02 ± 2.03 mg/kg, 69.07 ± 3.10 mg/kg, 281.84 ± 2.98 mg/
kg, 26.24 ± 1.01  mg/kg, 92.36 ± 4.01  mg/kg and 
352.95 ± 5.95 mg/kg for TPC, TFC, DPPH, FRAP, gallic 
acid, chlorogenic acid, vanillic acid, epicatechin, syringic 
acid, quercetin-3-glucoside and salicylic acid, respectively. 
Moreover, the bioaccessibility of the phenolic compounds 
of the extract obtained under optimum conditions was deter-
mined. The results revealed that bitter melon leaves can be 

Fig. 2   Perturbations plots showing the effects of the studied factors 
(A: molar ratio, B: water content, C: temperature, D: time) on the 
different responses (a TPC, b TFC, c DPPH, d FRAP, e gallic acid, 
f chlorogenic acid, g: vanillic acid, h epicatechin, i syringic acid, j 
quercetin-3-glucoside, k salicylic acid)

◂ Table 5   Bioaccessibility percentage of bitter melon phenolic com-
pounds

Lowercase letters a–f in the same column mean significant difference 
at p < 0.05

Phenolic compounds Bioaccessibility (%)

Gallic acid 22.10 ± 0.62e

Chlorogenic acid 80.50 ± 5.23c

Vanillic acid 105.00 ± 2.52a

Epicatechin 16.95 ± 0.06e

Syringic acid 55.46 ± 0.26d

Quercetin-3-glucoside 4.35 ± 0.51f

Salicylic acid 97.11 ± 2.71b



	 Biomass Conversion and Biorefinery

1 3

considered a source of highly bioaccessible vanillic acid, 
salicylic acid and chlorogenic acid. CHAC can be used as a 
green extracting solvent for enhanced extraction of phenolic 
compounds from plant materials.
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