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Abstract: Interest in phenolic compounds has recently increased due to their potential as antioxidant
agents. Moringa leaves (Moringa oleifera) have a high content of phenolic compounds, which presents
them as a promising source for the extraction of these compounds. However, it is necessary to use
analytical techniques to identify and quantify their actual compound content to determine the quality
of the raw material and the potential of the final product. Ultrasound assisted extraction is a green,
rapid and environmentally friendly extraction technique that produces high quality extracts from
natural products. Hence, the aim of this research is to optimize the variables of the ultrasound-assisted
extraction (UAE) process for the extraction of moringa leaves using response surface methodology
(RSM) to extract the main flavonoids using methanol as the extraction solvent. A Box–Behnken design
(BBD) has been used to evaluate the effect of the ultrasound extraction process variables. Finally, the
optimal extraction time in the range between 2 and 30 min was determined. The results revealed
that the methanol concentration was the most influential variable. The optimal extraction time was
established at 15 min. Six of the main flavonoids were quantified by UHPLC-DAD and identified
by UHPLC-QToF-MS. The results confirmed that UAE is an efficient method for the extraction and
subsequent analysis and quality control of the flavonoids that can be found in moringa leaves.

Keywords: Box–Behnken design; flavonoids; Moringa oleifera; response surface methodology;
ultrasound-assisted extraction; UHPLC-QToF-MS

1. Introduction

The medicinal properties of different plant matrices are mainly attributed to the
presence of secondary metabolites, which are used in pharmaceutical or nutraceutical
products as food additives or fine chemicals [1,2]. In recent years, it has been demonstrated
that there is a link between the consumption of natural antioxidants and the prevention of
various diseases caused by oxidative stress, such as neurodegenerative diseases, obesity or
some types of cancer [3–6].

Moringa oleifera is a tree native to the southern Himalayas in north-eastern India,
Bangladesh, Afghanistan and Pakistan that is currently cultivated across large areas in the
world for its unique combination of antioxidant properties and adaptability to any type
of soil [7,8]. Its leaves are edible and rich in protein, with a well-balanced essential amino
acid profile. At the same time, it contains high levels of vitamins A and C, as well as potent
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natural antioxidants. A number of studies have tested the antioxidant effect of dehydrated
leaves and have demonstrated that their antioxidant power is higher than that of some
green fruits or seeds [9,10]. Phenolic compounds, mainly flavonoids, which have anti-
carcinogenic, hypotensive, hypoglycaemic or antibiotic properties, stand out among the
antioxidants reported in moringa leaves [2,11,12]. It also contains other compounds with
antioxidant capacity (chlorophyll, ascorbic acid, vitamin E) and minerals (iron, potassium
and calcium among others) that are capable of preventing certain degenerative processes
associated with stress [2,13]. These compounds have the ability to react with free radicals
and thus prevent their harmful effects on cells [14,15].

Phenolic compounds are often found within a solid matrix, and their extraction and
analysis usually require their extraction from the solid phase into a liquid phase by em-
ploying a number of different methods. The solvent used for this process must diffuse into
the solid to extract the soluble compounds, which, in turn, are transferred to the liquid
phase, thus allowing a separation of the original components from the solid. This process is
called solid–liquid extraction or leaching [16]. To obtain the compounds present in moringa
leaves, an optimal extraction method that allows to control the quality of the final extract,
which must be rich in flavonoids, is to be developed. Solid–liquid extraction methods
are commonly used for the extraction of bioactive compounds, and specifically for the
extraction of phenolic compounds from different plant matrices [17,18]. There are reports of
traditional techniques used to obtain these compounds, such as maceration, Soxhlet or agi-
tation. However, these techniques present certain inconveniences, such as long extraction
times, which implies a higher consumption of solvents, which results in higher operating
costs. Because of the aforementioned, different non-conventional extraction techniques,
such as ultrasound-assisted extraction, microwave-assisted extraction, pressurized liquid
extraction or supercritical fluid extraction, which use fewer solvents, are faster and more
environmentally friendly and efficient [19–23] and are becoming more frequently used.
This study aims to evaluate the efficacy of ultrasound-assisted extraction (UAE) when
applied to the withdrawal of the main flavonoids in moringa leaves. Ultrasound-assisted
extraction is based on cavitation, a phenomenon by which cell walls are ruptured and the
target compounds are released out of their natural matrices [24]. As a consequence of this
cavitation phenomenon, a higher dispersion of the solid phase in the liquid is achieved
and the contact interface is improved. This explains why UAE is often preferred over
other traditional methods: it allows higher yields to be obtained in a shorter time using
smaller amounts of solvent. This results in lower operating costs and also makes it a more
environmentally friendly technique [25].

In this study, response surface methodology (RSM) has been selected to maximise
the recovery of the compounds of interest. RSM is a multi-factor approach that involves
a limited number of experimental runs and allows to evaluate multiple parameters and
their interactions in a single experiment [26,27]. It is also the most widely used method
for the development and optimisation of extraction processes. The Box–Behnken design
(BBD) is one of the most frequently used methods for optimisation, i.e., the study of the best
process performance, the interaction effect and the relevance of the factors. This type of
design is characterised by the measurement of only three levels per factor, which makes it a
less costly design than others with the same number of factors (such as five-level factorial
designs). In addition, the design scores are placed in the middle of the subareas of the
k−1 dimension, and, therefore, it does not contain any scores at the ends of the cubic region,
which represent extreme conditions.

It is, therefore, the aim of the present study to develop and optimise an ultrasound-
assisted extraction method for the major flavonoids that can be found in moringa. Such
an optimised extraction method based on the use of methanol/water mixtures as solvent
would allow to evaluate the quality of the different moringa varieties and an improved
selection of the final product thanks to its analytical quantification. The method would
thereby be of great value for analytical laboratories, as well as for other businesses from
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different industries that make use of moringa leaves for the development or manufacturing
of their products.

2. Materials and Methods
2.1. Reagents

The methanol and acetonitrile for the experiments were purchased from Panreac
Química, S.A.U. (Castellar del Vallés, Barcelona, Spain) and the acetic acid from Merck
(Darmstadt, Germany), all of them HPLC grade. Milli-Q water was produced by means
of a Millipore water purification system (Bedford, MA, USA). Hydrochloric acid (1 M)
and sodium hydroxide (0.5 M) solutions (Panreac Química, S.A.U, Castellar del Vallés,
Barcelona, Spain) were used to adjust the pH values of the extraction solvents, em-
ploying a Crison GLP 21 pH-meter (Crison, Barcelona, Spain). Quercetin 3-glucoside
(Q3GLU), isorhamnetin 3-glucoside (I3GLU) and kaempferol 3-glucoside (K3GLU) stan-
dards were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA) for
quantification purposes.

2.2. Plant Material

The fresh moringa leaves were cultivated at the Instituto Tecnológico Nacional de
México campus Veracruz (Veracruz City, Veracruz, Mexico). The leaves were washed
us-ing distilled water to remove dust, drained through a colander and the excess water
was removed by patting them dry with paper towels. The leaves were then stored in small
batches of 200 g wrapped in paper and placed in Ziploc bags until fluidised-bed drying,
which was performed by means of an Apex Model SSE65 fluidised-bed dryer (Veracruz,
Mexico). For this purpose, 150 g of fresh moringa leaves was placed into the drying
chamber at a temperature of 55 ◦C under a 0.5 m s−1 air stream for 90 min. Finally, the
dehydrated moringa leaves were crushed using a conventional electric blade mill (Mandine
MCG2013B-16, Carrefour, Madrid, Spain) to produce moringa leaf powder, which was
stored in vacuum laminated polyethylene bags at −20 ◦C until analysis.

2.3. Ultrasound-Assisted Extraction

For the UAE process, an ultrasonic processor UP200S sonifier (200 W, 24 kHz) (Hielscher
Ultrasonics GmbH, Teltow, Germany) that features ultrasonic cycle and amplitude control
was employed. A Micro tip S7 (Hielscher Ultrasonics GmbH, Teltow, Germany) probe with
the following characteristics was also employed: 90 mm maximum immersed depth, 7 mm
diameter, 175 µm maximum amplitude and 300 W cm−2 acoustic power density. The tem-
perature was controlled by means of a thermostatic bath (FRIGITERM-10, J.P. Selecta S.A.,
Abrera, Barcelona, Spain), which allowed the temperature to be set according to each exper-
imental condition. 50 mL “Falcon” tubes were used for the extractions. The sample weight
was approximately 0.2 g, to which the corresponding amount of solvent for each experi-
ment was added. The Falcon tubes with the samples were placed inside a double-walled
vessel to maintain the desired temperature according to the thermostatic bath settings. In
the experiment design, the temperature, cycle and amplitude were set according to each
experiment, while 10 min extraction time was used for all the experiments. Once the extrac-
tions were completed, the extract was centrifuged at 5985× g for 5 min. The supernatant
was added to a 25 mL volumetric flask, and then the precipitate was re-dissolved using
5 mL of the same extraction solvent. This second extract was centrifuged again under the
same conditions, and the supernatant was placed into the same volumetric flask and then
rinsed. The final extracts were stored in a freezer at −20 ◦C until analysis.

2.4. Identification of Flavonoids by UHPLC-QToF-MS

Before the extracts obtained by UAE were characterised, the samples were filtered
through a 0.20 µm nylon syringe filter (Membrane Solutions, Dallas, TX, USA). The major
flavonoids present in moringa were identified by ultra-high-performance liquid chromatog-
raphy (UHPLC) coupled to a quadrupole-time of flight mass spectrometer (Q-ToF-MS)
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(Synapt G2, Waters Corp., Milford, MA, USA). The method used was the one described
by (Stipcovich et al. 2018), and the full scan negative mode (m/z = 100–800) was applied.
The following compounds were individually identified based on their retention time and
molecular weight m/z for the identification of deprotonated [M − H]− molecular ions:
quercetin 3-glucoside (Q3GLU), 463.4038; quercetin malonyl glucoside (QMGLU), 549.4083;
quercetin hydroxy methyl glutaroyl glucoside (QHMGGLU), 607.5027; quercetin acetyl gly-
coside (QAGLU), 505.4038; kaempferol 3-glucoside (K3GLU), 447.0931 and isorhamnetin
3-glucoside (I3GLU), 477.1031, with retention times of: 5.316, 5.321, 5.338, 5.343, 5.363 and
5.408 min, respectively.

2.5. Analysis of the Flavonoids by UHPLC-DAD

The separation and quantification of the flavonoids present in moringa were carried
out by ultra-high-performance liquid chromatography coupled to a photodiode array
detector (UHPLC-PDA) (ACQUITY UPLC®, Waters Corporation, Milford, MA, USA). The
column used was an RP-C18 (UPLC®BEH C18, Waters Corporation, Milford, MA, USA,
50 mm × 2.1 mm i.d., particle size 1.7 mm). The column temperature was 47 ◦C, the flow
rate was 0.6 mL min−1 and the injection volume amounted to 3.0 µL. The mobile phase
consisted of a gradient with two solvents: phase A was made up of 2% acetic acid in Milli
Q water and phase B was formed by 2% acetic acid in acetonitrile [23]. The separation
gradient used was as follows: 0.0 min, 0% B; 1 min, 5% B; 2 min, 10% B; 3 min, 15% B;
4 min, 20% B; 5 min, 30% B; 7 min, 35% B; 8 min, 40% B; 10 min, 75% B and 12 min, 0% B.
The total analysis time was 15.0 min, including the return to the initial conditions and
re-equilibration. The chromatogram obtained, where the separation of the 6 identified
flavonoids is represented, is shown in Figure S1. This chromatogram has been obtained at
a wavelength of 280 nm. The compound Q3GLU was quantified based on its calibration
curve using the following range of concentrations: 0.5–50 mg L−1. For K3GLU and I3G,
the range used was: 0.8–80 mg L−1. The rest of the identified compounds (QMGLU,
QHMGGLU and QAGLU) were quantified from the calibration curve of Q3GLU, assuming
similar molar absorptivity and taking into account the molecular weight that corresponded
to each compound to be quantified. The calibration data and retention times are shown in
Table S1. Prior to their quantification, the extracts obtained by UAE were filtered through a
0.20 µm nylon syringe filter (Membrane Solutions, Dallas, TX, USA).

2.6. Experimental Design

A Box–Behnken design (BBD) was used to determine the optimal extraction conditions.
Six factors (the independent variables) were considered at three different levels: −1 (low),
0 (medium), 1 (high). The independent variables were: % methanol in water (X1), extraction
temperature (X2), amplitude (% of maximum amplitude) (X3), extraction cycle (X4), pH
(X5) and sample to solvent ratio (X6). The response variable was the total concentration
of flavonoids, which represents the sum of the concentrations of the major compounds
(Q3GLU, QMGLU, QHMGGLU, QAGLU, K3GL, I3GLU) in the moringa leaves [28,29],
which had been quantified by (UHPLC-DAD). The Box–Behnken design consisted of
54 experiments, including six replicates at the centre point (0, 0, 0, 0, 0, 0).

The second order polynomial equation to predict the optimal conditions and to determine
the correlation between the independent variables and the response is Equation (1).

y = β0 +
k

∑
i=1

βi.xi + βii.x2
i + ∑

i

k

∑
i=1

βij.xi.xj + r (1)

where y is the predicted response (TPC); β0 is the model constant; Xi and Xj are the
independent variables; βi are the linear coefficients; βij are the coefficients corresponding to
the interactions; βii are the quadratic coefficients and r is the sum of the mean squares of the
error. The results from the analysis of variance (ANOVA) and the graphical representations
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of the data obtained were analysed using the statistical package Statgraphic Centurion XVII
(Statgraphics Technologies, Inc., The Plains, VA, USA).

3. Results and Discussion
3.1. Determining the Operating Temperature Range

Prior to the experimental design, the degradability by temperature of the major
flavonoids present in moringa leaves was evaluated. Temperatures of 10-20-30-40-50-
60-70 ◦C, for 10 min, were evaluated at the intermediate conditions of the experimental
design (amplitude: 50%; cycle: 0.6 s−1). The extractions were carried out in duplicate. These
conditions were applied to 15 mL of extract previously obtained from a parent extract using
UAE (methanol–water: 50%; pH: 4.5; sample-to-solvent ratio: 0.2 g-10 mL; 50% amplitude;
0.6 s−1 cycle). The results obtained are shown in Figure 1, where it can be observed that
there is no significant degradation of these compounds in the temperature range studied,
so a range of 10 to 70 ◦C was established for the design. This temperature range is within
the ranges reported by different authors who have studied the degradation of flavonoids
from different plant matrices [30,31].

Figure 1. Total flavonoids content (TFC) stability at different temperatures (10–70 ◦C) (n = 2).

3.2. Optimization of the Conditions for the Ultrasound-Assisted Extraction

Once the operating temperature range was established, the Box–Behnken design was
applied because of its high efficiency and the limited number of experiments required [32]
to optimize the variables that mainly influence the UAE with respect to the total flavonoids
extraction yields. The composition of the extraction solvent and the extraction temperature as
well as the amplitude or power of the ultrasound, the extraction cycle, the pH and the sample-
to-solvent ratio are the main variables affecting the efficiency of UAE [33]. Table 1 shows the
variables and the respective ranges used in this work. These values have been set based on
different previous experiences, as well as on the extensive experience of our research group in
the extraction of phenolic compounds from different plant matrices: Aristotelia chilensis [34],
Allium cepa L. [35], Myrtus communis L. [36], Aronia melanocarpa L. [18].

As discussed in Section 2.6, the experimental design consisted of 54 experiments. Once
the extractions were completed, the major flavonoids in the extracts were quantified. Table 2
shows the experimental and the predicted values of the extractions of total flavonoids (sum
of the six compounds with the highest contents). In this case, the extraction yields ranged
from 6.16 to 20.42 mg flavonoids g−1 sample.
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Table 1. Range of values used in the Box–Behnken design (BBD).

Factors –1 0 +1 Unit

X1: MeOH 25 50 75 %
X2: Temperature 10 40 70 ◦C
X3: Amplitude 20 45 70 % of the maximum amplitude

X4: Cycle 0.2 0.6 1 s–1

X5: pH 2 5 8
X6: Ratio 10 15 20 mL-0.2 g

Table 2. Conditions of the Box–Behnken design for the six variables, including experimental and
predicted values.

Run

Factors Responses

X1 X2 X3 X4 X5 X6
Total Flavonoids (mg g−1)

Experimental Predicted

1 0 0 −1 0 −1 −1 7.61 7.88
2 0 0 1 0 −1 −1 6.16 6.48
3 0 0 −1 0 1 −1 10.30 11.72
4 0 0 1 0 1 −1 6.91 7.42
5 0 0 −1 0 −1 1 6.80 8.53
6 0 0 1 0 −1 1 13.29 9.64
7 0 0 −1 0 1 1 11.41 11.02
8 0 0 1 0 1 1 11.74 9.23
9 0 −1 0 −1 −1 0 11.44 9.55
10 0 1 0 −1 −1 0 8.15 8.83
11 0 −1 0 1 −1 0 12.39 9.84
12 0 1 0 1 −1 0 8.64 8.98
13 0 −1 0 −1 1 0 10.94 12.97
14 0 1 0 −1 1 0 8.71 8.89
15 0 −1 0 1 1 0 11.52 13.21
16 0 1 0 1 1 0 9.47 8.99
17 −1 0 −1 −1 0 0 8.44 7.68
18 1 0 −1 −1 0 0 8.29 7.46
19 −1 0 1 −1 0 0 11.31 11.38
20 1 0 1 −1 0 0 16.15 15.98
21 −1 0 −1 1 0 0 10.01 7.44
22 1 0 −1 1 0 0 10.53 10.59
23 −1 0 1 1 0 0 7.96 7.12
24 1 0 1 1 0 0 13.80 12.41
25 0 −1 −1 0 0 −1 13.23 10.94
26 0 1 −1 0 0 −1 4.74 9.54
27 0 −1 1 0 0 −1 10.75 13.15
28 0 1 1 0 0 −1 7.83 8.59
29 0 −1 −1 0 0 1 11.32 12.86
30 0 1 −1 0 0 1 6.74 9.39
31 0 −1 1 0 0 1 13.00 10.50
32 0 1 1 0 0 1 9.44 9.58
33 −1 −1 0 0 −1 0 6.18 8.67
34 1 −1 0 0 −1 0 20.42 20.01
35 −1 1 0 0 −1 0 11.34 12.95
36 1 1 0 0 −1 0 7.07 7.05
37 −1 −1 0 0 1 0 13.56 13.37
38 1 −1 0 0 1 0 7.56 6.71
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Table 2. Cont.

Run

Factors Responses

X1 X2 X3 X4 X5 X6
Total Flavonoids (mg g−1)

Experimental Predicted

39 −1 1 0 0 1 0 14.24 14.00
40 1 1 0 0 1 0 8.99 9.93
41 −1 0 0 −1 0 −1 12.68 12.84
42 1 0 0 −1 0 −1 10.20 9.70
43 −1 0 0 1 0 −1 12.86 13.58
44 1 0 0 1 0 −1 8.29 7.46
45 −1 0 0 −1 0 1 11.32 11.38
46 1 0 0 −1 0 1 16.15 15.98
47 −1 0 0 1 0 1 10.01 7.44
48 1 0 0 1 0 1 10.53 10.59
49 0 0 0 0 0 0 12.55 12.62
50 0 0 0 0 0 0 12.65 12.62
51 0 0 0 0 0 0 12.64 12.62
52 0 0 0 0 0 0 12.56 12.62
53 0 0 0 0 0 0 12.67 12.62
54 0 0 0 0 0 0 12.61 12.62

The polynomial Equation (2) to calculate the total flavonoids content was derived
from the coefficients of the effects and interactions (Table 3).

Total flavonoids = 12.62 + 2.55163·X1 − 1.23397·X2 − 0.797525·X3 +
0.0990653·X4 + 0.857853·X5 + 0.614827·X6 + 0.0312568·X1

2 − 0.789189 X1X2 −
0.82874·X1X3 + 0.240567·X1X4 + 1.20702·X1X5 − 0.852022·X1X6 + 0.226193·X2

2 +
1.26963·X2X3 − 0.0353688·X2X4 − 0.840221·X2X5 + 1.76922·X2X6 − 1.1988·X3

2 −
0.324918·X3X4 − 0.724265·X3X5 + 0.630495·X3X6 − 1.00415·X4

2 − 0.0125434·X4X5 +
0.0266482·X4X6 − 1.68016·X5

2 − 0.336261·X5X6 − 0.74665·X6
2,

(2)

Table 3. Analysis of variance (ANOVA) of the quadratic model fitted to the TPC extraction yield.

Source Sum of
Squares

Degrees of
Freedom Mean Square F-Value p-Value

X1: %MeOH 156.259 1 156.259 25.93 0.0000
X2: Temperature 36.5445 1 36.5445 6.06 0.0207
X3: Amplitude 15.2651 1 15.2651 2.53 0.1236

X4: Cycle 0.235534 1 0.235534 0.04 0.8448
X5: pH 17.6619 1 17.6619 2.93 0.0988

X6: Ratio 9.07229 1 9.07229 1.51 0.2308
X1 X1 0.010049 1 0.010049 0.00 0.9677
X1 X2 4.98255 1 4.98255 0.83 0.3716
X1 X3 5.49448 1 5.49448 0.91 0.3484
X1 X4 0.925963 1 0.925963 0.15 0.6983
X1 X5 11.6552 1 11.6552 1.93 0.1761
X1 X6 5.80754 1 5.80754 0.96 0.3353
X2 X2 0.526252 1 0.526252 0.09 0.7700
X2 X3 12.8957 1 12.8957 2.14 0.1555
X2 X4 0.0100076 1 0.0100076 0.00 0.9678
X2 X5 11.2956 1 11.2956 1.87 0.1827
X2 X6 25.0411 1 25.0411 4.16 0.0518
X3 X3 14.7817 1 14.7817 2.45 0.1294
X3 X4 0.844575 1 0.844575 0.14 0.7112
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Table 3. Cont.

Source Sum of
Squares

Degrees of
Freedom Mean Square F-Value p-Value

X3 X5 4.19648 1 4.19648 0.70 0.4116
X3 X6 6.36038 1 6.36038 1.06 0.3137
X4 X4 10.3714 1 10.3714 1.72 0.2010
X4 X5 0.0012587 1 0.0012587 0.00 0.9886
X4 X6 0.00568099 1 0.00568099 0.00 0.9757
X5 X5 29.0361 1 29.0361 4.82 0.0373
X5 X6 0.904574 1 0.904574 0.15 0.7016
X6 X6 5.73414 1 5.73414 0.95 0.3383

Total error 156.686 26 6.02639
Total (corr.) 532.953 53

The Pareto diagram in Figure 2 represents the relevant effects of all the variables, both
linear and quadratic, as well as their interactions. The effects are shown in decreasing
order of importance. The length of each bar is proportional to the absolute magnitude of
the coefficients of the estimated effects, while the vertical line represents the minimum
magnitude for the statistically significant effects (95% confidence level) with respect to
the response.

Figure 2. Pareto chart of the standardised effects of the total flavonoids.

Considering the data obtained from the Pareto chart and from the ANOVA, the
following factors and/or interactions can be considered relevant for this study: % methanol
in water, extraction temperature and the quadratic interaction of pH. Among the linear
terms, the most significant factor was the percentage of methanol in water since this
factor had a positive effect on the response (2.551), which means that a high percentage
of methanol in water within the studied range is more efficient for the extraction of the
flavonoids. This variable was followed by temperature, which had a negative significant
effect (−1.233), which means that, at lower temperatures, a higher content of flavonoids is
obtained, and, finally, by the quadratic interaction of pH, which had a negative significant
effect (−1.680.)
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3.3. Optimal Extraction Conditions

The values of the independent variables that maximise the yield of total flavonoids
from moringa leaves, obtained by the BBD design, are presented in Table 4.

Table 4. Optimum extraction conditions for total flavonoids in methanolic extracts from
moringa leaves.

Factor Optimum Extraction Conditions

Percentage of methanol (%) 74.5
Temperature (◦C) 10.0

Amplitude (%) 20
Cycle (s−1) 0.60

pH 8
Ratio (mL-0.2 g) 10

The values obtained to maximise the response coincide with those reported by several
studies, which have reported that higher extraction yields of total flavonoids are obtained
when working with hydroalcoholic mixtures. The percentage of methanol is determined by
the polar profiles of both the compounds to be analysed (moderately polar molecules) and
the solvent [37,38]. The optimum pH value established for this study was 7.7. Several stud-
ies have reported that a pH around 7 favours a higher extraction of phenolic compounds
from certain matrices, as has been observed in the case of moringa in this study [39–41]. On
the other hand, acidified solvents can intensify the formation of free radicals in aqueous
solutions due to the concentration of H+ [42], which could lead to the degradation of these
compounds. Finally, the optimum temperature value was 10 ◦C, which is closely correlated
with the possibility of degrading these compounds at higher temperatures.

3.4. Optimal Extraction Time

Having determined the optimum extraction conditions, a study of the optimum
extraction time was conducted in order to determine the minimum time required to obtain
the maximum concentration of flavonoids in the extract. Extraction times between 2 and
30 min were evaluated. The extractions were performed in triplicate. The results obtained
are presented in Figure 3, which shows an increment in the content of the flavonoids
extracted as the extraction time per UAE was increased up to 5 min. No significant
differences are observed between 5 and 20 min. On the other hand, longer extraction times
(>25 min) resulted in a slight decrease in the content of flavonoids. This behaviour could
be explained by the degradation caused by a longer exposure to ultrasounds, which may
lead to the appearance of free radicals in the medium that would favour the eventual
degradation of these compounds. In addition, the maximum concentration of flavonoids
(14.16 mg TFC g−1 sample) was obtained in a shorter period of time in comparison to
those reported by other authors [43] (15 min), or Zhao et al. [44], who conducted 42 min
extractions to obtain the largest amount of TPC by means of 300 W ultrasonic extraction
equipment. This shortening of the extraction time is a consequence of the ultrasound effect,
which can disrupt plant cell walls and thus increase solvent penetration [45]. Given that the
diffusion of the solute into the solvent takes place in the first minutes of the extraction [46],
5 min was established as the optimal extraction time.
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Figure 3. Total flavonoids content (TFC) obtained at different extraction times under optimal condi-
tions (n = 3).

3.5. Repeatability and Intermediate Precision of the Method

The accuracy of the developed UAE method was assessed for repeatability and inter-
mediate precision. To do so, 12 extractions were carried out on the same day as well as
12 extractions per day for three consecutive days to determine repeatability and intermedi-
ate precision, respectively. The extractions were performed under the optimal conditions
that had been previously established. The results were expressed by the coefficient of varia-
tion, which was 2.78% for repeatability and 3.92% for intermediate precision. These results,
with coefficients below 5%, are within the acceptable limits defined by the Association
of Official Agricultural Chemists (AOAC) [47], so it can be concluded that the developed
method presented good precision.

3.6. Application to Real Samples

Once the extraction method had been developed, it was applied to the analysis of
three dried moringa samples received from different suppliers. The resulting data are
shown in Table 5, which shows that the concentration values for total major flavonoids
are between 16.30 and 27.09 mg TFC g−1 moringa DW. These values are in agreement
with those obtained by other authors [43,44]. It is observed that the major flavonoids in
moringa are Q3GLU and QMGLU and that they account for 80 to 90% of the total amount
of flavonoids present in moringa. These two major flavonoids are in agreement with
those obtained by other authors in moringa leaves [28,43]. There are numerous works
in the literature that report the excellent biological properties of the flavonoids present
in moringa leaves. It has been widely studied that moringa leaves, as well as seeds and
roots, have high antioxidant and anti-inflammatory activity, mainly due to their flavonoid
composition [28,48,49]. In addition, flavonoids have other health-promoting effects, such as
prevention of damage to normal cell DNA and promotion of cancer cell apoptosis, thereby
reducing the burden of non-communicable diseases (NCDs) [50].

Table 5. Amount of flavonoids (mg g−1 DW) in three moringa samples (n = 3).

Moringa Q3GLU QMGLU QHMGGLU QAGLU K3GLU I3GLU Total

Sample 1 3.32 ± 0.01 10.99 ± 0.02 0.01 ± 0.00 0.14 ± 0.01 0.91 ± 0.01 0.94 ± 0.01 16.30 ± 0.03
Sample 2 0.48 ± 0.02 23.92 ± 0.21 0.40 ± 0.01 1.44 ± 0.05 0.86 ± 0.02 - 27.09 ± 0.22
Sample 3 3.71 ± 0.05 15.24 ± 0.24 0.22 ± 0.01 0.58 ± 0.02 1.94 ± 0.04 1.18 ± 0.02 22.87 ± 0.27
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4. Conclusions

In this study, a Box–Behnken design has been used to investigate the effect exerted
by certain factors on the UAE extraction of flavonoids from moringa leaves. UAE, which
minimizes the processing time and the amount of extraction solvent required, has been
confirmed as an efficient technique for the extraction of flavonoids from moringa leaves.
Thus, the experimental results revealed that the most influential extraction variables were:
the percentage of methanol in the extraction solvent (74.5% methanol in water), the temper-
ature (11 ◦C) and the pH of the extraction solvent (7.7). The time to achieve the maxi-mum
extraction of the main flavonoids was 15 min. The developed method has been evaluated
for repeatability and intermediate precision (RSD < 5%) with good results. The major
flavonoids in moringa are Q3GLU and QMGLU, and they account for 80 to 90% of the
total amount of flavonoids present in moringa. Flavonoids have excellent biological prop-
erties, such as antioxidant and anti-inflammatory activity, among others. This study has
demonstrated that optimized UAE is a trouble-free and efficient alternative for the recovery,
characterization and evaluation of the quality of flavonoids extracted from the leaves of
different moringa species.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy12020261/s1, Figure S1: Chromatogram of the flavonoids present in the moringa
extract obtained by UHPLC-DAD (λ = 280 nm). Q3GLU (1): quercetin 3-glucoside; QMGLU
(2): quercetin malonyl glucoside; QHMGGLU (3): quercetin hydroxy methyl glutaroyl glucoside;
QAGLU (4): quercetin acetyl glycoside; K3GLU (5): kaempferol 3-glucoside; I3GLU (6): isorhamnetin
3-glucoside. Table S1: Calibration curves of the major flavonoids present in moringa.
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