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Abstract: The main purpose of our research is the evaluation of the efficacity of solvent polarity on phenolic
composition, as well as the antibacterial, and antioxidant activities of extract of Moroccan Mentha aquatica L.,
leaves. To attempt these objectives, the HPLC-DAD was used to identify the biomolecules. The total amount
of phenolic and flavonoid content was determined using the Folin-Ciocalteu and aluminum trichloride
processes as well as the DPPH, RP, and TAC tests were used to evaluate the antioxidant capabilities. In
addition, by employing both in vitro and in silico analysis through the microdilution method, the minimum
inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of the extracts were assessed
against multidrug-resistant bacteria. Furthermore, the High-Performance Liquid Chromatography (HPLC)
analysis indicated that all extracts of M. aquatica were abundant in noteworthy phytochemical compounds,
especially gallic acid, vanillic acid, chlorobenzoic acid, quercetin, and kaempferol. Furthermore, the results
indicated that the total phenolic content was higher in hydroethanolic extract (62.19 + 1.19 mg GAE/g DW) in
contrast to the acetonic and aqueous extracts (22.22 + 0.64, and 22.44+ 0.57 mg GAE/g DW) respectively.
Similarly, the aqueous ethanol extract contained the greatest flavonoid concentration, with values of 29.15+
0.09 mg QE/g DW when compared with the other extracts. The seam extract poses excellent antioxidant power
with an ICso of 0.06 + 0.00 mg/mL for the DPPH test, and lower RP with ECso of 80+ 0.00 pg/ml when compared
with acetonic and aqueous extract (370+ 0.00 and 460+ 0.01 pg/mL) respectively. Moreover, the hydroethanolic
extract has a high level of TAC 75.09+ 2.00 mg EAA/g DW, followed by aqueous extract carrying a value of
28.53 + 1.36 mg EAA/g DW. The antibacterial capacity is ranged between 0.78 + 0.05 mg/mL and 12.60 + 0.00
mg/L. The results of the in-silico study demonstrated that quercetin, vanillic acid, and naringenin components
contribute to the antioxidant capability. While gallic acid, kaempferol, and quercetin components are attributed
to the antibacterial capacity.

Keywords: Mentha aquatica; HPLC-DAD analysis; in-silico approach; solvent polarity; antioxidant
activity; antibacterial activity.
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1. Introduction

Mentha is a distinguished genus of the Lamiaceae family. This genus comprised between 25 and
30 reported species of mint growing almost everywhere in the world [1]. It's well recognized for its
medicinal properties, owing to its widespread usage as an antimicrobial, biocide, anti-inflammatory,
antiulcer, antiemetic, antidiabetic, antispasmodic, tonic, anti-allergic, and antihypertensive [2].
Likewise, the reported pharmacological and therapeutic benefits have been associated with distinct
bioactive phytochemical components, including flavonoids, phenolic acid, carotenoids, tannins, fatty
acids, saponins, terpenoids, and volatile compounds[3].

Mentha aquatica L., commonly known as water mint, is an annual herbaceous plant that is a
member of the Lamiaceae family. It is distributed extensively across all continents (except in South
America and Antarctica). In folk medicine traditions of several nations, is used to treat various
diseases, such as respiratory problems cough, and ulcerative colitis [4]. It is taken as a tonic, used as
a stimulant, digestive stomachic, carminative, relaxing, antispasmodic, sedative, and analgesic [5].
Solid research has proven some of M. aquatica’'s pharmacological characteristics, most notably
insecticidal [6], antihemolytic [7], anti-inflammatory [3] antimicrobial [8], hepatoprotective [9],
anticancer [10], gastroprotective effect [11], and antiemetic [5].

The extraction solvent is one of the key parameters influencing the effectiveness of extracting
bioactive molecules from plant materials and their associated beneficial effects on health. Selecting
the optimal solvent could maximize the rate of phytochemicals and antioxidants extracted [12]. For
phytochemical extraction, acetone, water, ethanol, and a combination of these organic solvents with
water are frequently utilized [13]. The solubility and bioactivities of chemical compounds are
additionally suggested by the increasing solvent polarity from hexane to distilled water (hexane
<chloroform<acetone < ethyl acetate < ethanol < distilled water).

Several prior reports have extracted bioactive chemicals from Mentha genus species using
methanol, ethanol, chloroform, acetone, and water as the solvents[10,11]. To the best of our
knowledge, no previous studies have been exploring how varying solvent polarities affect the
bioactive properties and extraction efficiency of antioxidant compounds from the leaves of Moroccan
M. aquatica. The present study attempts to explore the efficacity of solvent polarities (acetone, ethanol,
and distilled water) on the extraction of bioactive molecules, antioxidant potential, and antibacterial
activity of M. aquatica leaves, in order to determine which solvent is best for extracting more bioactive
composites and distinguishing M. aquatica’s antioxidant and antibacterial capability.

2. Results and Discussion
2.1. Preliminary Solvent Secerning

Selecting an appropriate solvent is the pivotal step in phytochemical research, especially when
isolating phenolic compounds and other beneficial constituents from vegetables, fruits, and plants
[15]. Overall, the efficiency of phenolic component extraction is affected by various factors, including
time of extraction, solvent polarity, and temperature. The results of the preliminary screening solvent
extracts for the extraction of total phenolic content and antioxidant ability are displayed in (Figure 1
A, and B), and demonstrated that all three solvents (hexane, chloroform, and ethyl acetate) exhibited
little effect on antioxidant activity, reducing power, as well as total antioxidant capacity. The seam
three solvent showed a lower level of flavonoids and phenolic amounts. Additionally, the amount of
phenolic and flavonoid content ranged between 2.56 + 0.43 to 62.198+1.65 mg GAE/g DW, and 1.57+
0.20 to 29.157+ 0.07 mg QE/g DW respectively. It must be stated that the ETOH 70% extract boosted
to extract a great level of TPC and TFC. The results of the preliminary testing indicate that the potent
antioxidant power and the high phenolic and flavonoid concentrations of M. aquatica were
considerably related to the solvent polarity which was confirmed by Tourabi et al [15]. Based on the
preliminary screening results, we chose the stronger extracts (aqueous, acetonic, and ETOH 70%) to
test for phenolic composition and antibacterial activity. The next part of this work will present and
discuss the outcomes of this preliminary screening.
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Figure 1. (A): Total phenolic amount (TPC) and flavonoid content (TFC), total antioxidant capacity
(TAC), (B): ECs0 of Reducing power (RP), and ICso of DPPH scavenging activity of different secerned
solvents.

2.2. Solvent Polarity Effect on the Extraction Yield

The outcomes of the solvent extraction, including acetone, ETOH 70 %, and distilled water
were displayed in (Figure 2) and indicated that ETOH 70% had the high extraction yield followed by
aqueous extract with a rate of 12 %, however, the acetonic extract showed the lower amount of
extraction yield with a value of 9%.

Research findings suggest a positive relationship between the polarity of solvents and their
effectiveness in extracting compounds from plant materials [16]. In addition, the solvent's polarity
significantly influences the amount of extract obtained it was found that the extract yield was higher
in polar solvents (water and aqueous ethanol) than in nonpolar solvents (acetone).
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Figure 2. Effect of solvent polarity on the extraction yield of studied solvent extracts of M. aquatica.
Means values + SD (n = 3).
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2.3. HPLC-DAD expLoration of Individual Phenolic Composition

The findings of the High-performance Liquid Chromatography are displayed in Table 1 for the
three solvent extracts (water, ETOH 70%, and acetone). In total, six compounds were discovered in
our samples; four phenolic acids (gallic acid, vanillic acid, and chlorobenzoic acid) as well as three
flavonoids (quercetin, naringenin, and kaempferol). The acetonic extract is characterized by a low
amount of phenolic compounds. Regarding aqueous ethanol extract, four phenolic components; two
flavonoids and two phenolic acids were detected. The great concentration is observed for
chlorobenzoic acid at 5.61 mg/g DW, followed by naringenin at 2.45 mg/g DW, while kaempferol and
gallic acid were detected in low concentrations (Figure 3b). Thus, the aqueous extract comprised four
phenolic compounds, which include gallic acid at 1.10 mg/g DW, followed by vanillic acid at a
concentration of 1.43 mg/g DW while the flavonoid compounds were also detected in low
concentrations (Figure 3 a). The ethanol 70% enhances the extraction of phenolic and flavonoid
components of M. aquatica. This could result from the synergistic effects of binary solvent extraction
(ethanol/water) on the extraction of flavonoids and phenol components. Our findings support those
of Teodor et al [17] and Park et al[3], who revealed that the most recognized components of M.
aquatica are gallic, vanillic acid, kaempferol, naringenin, and quercetin, which are responsible for their
biological properties.

Our data highlights that the different solvents can extract diverse chemicals from the same
source material due to their particular chemical characteristics such as polarity, solubility, and affinity
for specific components.
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Figure 3. Chromatograms of different solvent extracts of M. aquatica using HPLC-DA analysis. (a):
aqueous extract; (b) ethanolic extract; (c) acetone extract.

Table 1. HPLC-DAD screening for individual phenolic molecules identified in the solvent extract of

M. aquatica.
Area %
Standards MF RT Water EtOH 70% Acetone
Gallic acid C7HesOs 2.89 1.10 0.22 nd
Vanillic acid CsHsO4 7.428 1.43 nd nd
Ferulic acid C1oH100s  12.236 nd nd nd
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Chlorobenzoic acid C/HsCIO2  16.799 nd 5.61 0.43
Quercetin CisH100O7  3.307 0.39 nd nd
Naringenin CisH120s  17.130 nd 2.45 nd
Kaempferol CisH100s  18.132 0.39 0.9 nd

MF: molecular formula; RT: retention time (min); nd: non-detected.

2.4. Total Phenolic and Flavonoid Content

Phenolic compounds are among the most widespread and frequent groups of plant metabolites
including alkaloids, terpenoids, and phenolic compounds, of which (phenolic acids, coumarins,
simple and condensed tannins, and flavonoids) are widely used for therapeutic and dietary
applications [18]. In addition, the phenolic compound may exhibit biologically pertinent activities
including, antioxidant, antimicrobial, anti-inflammatory anti-infectious, and antiproliferative
activities [19]. The TPC and TFC of samples are displayed in (Figure 3 A, B). The aqueous ethanol
extract had a high level of TPC with a rate of 62.19+1.19 mg GAE/g DW, while the aqueous and
acetonic extracts come next with a value of 22.44 + 0.57 and 22.22 + 0.64 mg GAE/g DW respectively
(Figure 4 A). Considering the outcome of this study, suggests that polar solvents maximize the
extraction of phenolic compounds more than non-polar solvents. Our findings are higher than those
signaled by Abbas and colleagues [20]. In contrast, Dorman et al found that the aqueous extract had
a high level of phenolic content with a rate of 152.5+0.00 mg GAE/g DW [21]. Other research reported
by Hoai et al, found that the acetone 50% extract illustrates a high amount of TPC with a rate of 120.92
mg GAE/g DW [22].

Concerning total flavonoid rate, the outcome is presented in (Figure 4B) and indicates that the
aqueous ethanol extract (ETOH 70%) extracts a maximum of flavonoid content with a rate of 29.15+
0.09 mg QE/g DW, while the aqueous and acetonic extracts respectively with a rate of (10.93+ 0.62
and 10.17+ 0.07 mg QE/g DW). These values were in arrangement with those discovered by Tourabi
et al [15] and Abbas et al [20].
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Figure 4. Total phenolic amount (A), and Total flavonoid content of selected solvent extract of M.
aquatica. There is no statistically significant difference between the same letter findings in the same
test (p > 0.05). Means values + SD (n = 3).

2.5. Antioxidant Activity

Three distinct techniques were used to assess the antioxidant effects, including the DPPH test,
reducing power test, and total antioxidant capacity, and results are displayed in Figures 5A, B, and
C. Our results showed significant variability between the different extracts, which the aqueous
ethanol exhibited a potent antiradical activity and reducing power with the stronger ICso= 0.06+0.19
mg/mL for radical DPPH and the heigh ECso = 0.08+0.01 mg/mL for RP test, followed by acetonic
extract with ICso=0.19 and ECse= 0.37 +0.02 (Figure 5 A and B). Similarly, the aqueous ethanol extract
showed a high total antioxidant capacity of 75.09 + 2.00 mg AAE/g DW, following the aqueous extract
with a rate of 28.53 + 1.00 mg AAE/g DW, however, the acetonic extract exhibited a less total
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antioxidant capacity of 21.11+ 0.13 mg AAE/g DW (Figure 5 C). This outcome is corroborated with
those indicated by Conforti et al who reported that the hydroethanolic extract has a high ICso value
of the scavenging activity of 29 pg/mL [23], greater compared to the cited by Thi et al [24] which
found that the ethanolic and aqueous extract exhibited the lower antioxidant ability with ICso value
of 306.97 +13.78 and 142.98 + 19.93 pg/mL respectively. The obtained result in this work suggests
that the high levels of total phenolic and flavonoid content are observed in the aqueous ethanol
extract which strongly contributed to their potent antioxidant properties. The result of the ANOVA
test indicates that a statistically significant difference (p <0.05) was noted among the three extraction
solvents for the M. aquatica leaf. Our results agree with those of other studies, which stated that the
solvents with a superior polarity namely water, ethanol, methanol, and acetone are mostly used to
maximize the extraction of antioxidant components [15,25]. Indeed, the variability in antioxidant
potential is achieved by in vitro synergism between phytochemical components. Hajimehdithepoor
and coworkers reported the synergetic antioxidant capability of the mixture of quercetin, gallic acid,
caffeic acid, and the combination of quercetin, gallic acid, and rutin using FRAP assay [26].
Additionally, the tested extract showed powerful antioxidant capacity that may be associated with
their antioxidant constituents notably phenolic acids, flavonoids, and terpenoids, especially any
potential interactions among them
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Figure 5. Antioxidant activities of solvent extract of M. aquatica (A): ICso of DPPH assay, (B): ECso of
reducing power, and (C): Total antioxidant capacity. There is no statistically significant difference
between the same letter results in the same test (p>0.05). Means values + SD (n = 3); BHT: Butylated
hydroxytoluene; As.ac: Ascorbic acid.

2.6. Assessment of the Antibacterial Capacity

The results presented in Table 2 highlight the potent antibacterial properties of the solvent
extract derived from M. aquatica across a spectrum of bacterial strains including E. coli, P. aeruginosa,
B. cereus, and S. aureus. Especially, the acetonic extract exhibited high inhibitory concentration against
S. aureus with MIC= 0.78+0.05 mg/mL and MBC= 1.56+0.33 mg/mL and against B. cereus bacteria with
MIC=1.56+0.11 mg/mL and MBC=0.78+0.25 mg/mL. Likewise, acetone extract also has great activity
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against E. coli with MIC=4.68+0.0 mg/mL. Furthermore, aqueous ethanol exhibits potent inhibitory
activity against B. cereus with a MIC=1.78+0.55 mg/mL. It is important to note that the acetonic and
ethanolic extracts had a more potent antibacterial efficiency stronger so as for fighting gram-positive
bacteria than gram-negative ones. In the same context, Tourabi et al [15] stated that the acetonic
extract of M. longifolia expressed the ultimate antibacterial activity, especially against S. aureus and B.
cereus. Ferhat et al [27], examined the antibacterial capacity of chloroform and methanolic extract of
M. aquatica aerial part against several multi-resistance bacteria, and The findings indicated that the
methanolic extract exhibited a potent antibacterial ability with a MIC value of 128 +1.30 pug/mL.

The examined extracts except aqueous ethanol showed that the ratio of MBC to MIC (MBC/MIC)
was less than 4, indicating an effective bactericidal effect on the strains of B. cereus and S. aureus. This
proposal is based on the observation that compounds with an MBC/MIC ratio of 4 or less are likely
to induce bactericidal action, while those with a ratio greater than 4 are more likely to exert
bacteriostatic effect [28].

According to the results of our experimental work, Gram-positive bacteria responded to our
extracts more readily than Gram-negative strains. The complex architecture of the double membrane
found in gram-negative microbes which consists of a lipoprotein and a lipopolysaccharide membrane
(LPS) that is a component of the bacterial cell envelope, may be the reason for their reduced sensitivity
[29]. Furthermore, the powerful antibacterial capacity of M. aquatica leaf extracts is explained by their
rich in natural bioactive molecules, namely phenolic acids such as gallic acid, vanillic acid, and
chlorobenzoic acid, as well as flavonoids composites namely quercetin, naringenin, and kaempferol
(Table 1). Indeed, prior research revealed higher antibacterial efficiency of gallic acid, vanillic acid,
quercetin, kaempferol, and naringenin [30-32]. This activity corresponds to their capacity to
penetrate the bacterial cytoplasm and transit through the bacterial wall of strains [33].

As previously mentioned, phenolic molecules have been successfully isolated from botanical
matter using a range of solvent mixtures. The most frequently utilized solvents are methanol, ethanol,
water, and acetone, as well as their aqueous combinations [34]. While acetone dissolves both
hydrophilic and lipophilic components, it may be used to extract antimicrobial substances, and this
is responsible for the considerable antibacterial influence shown in our experiment [35]. In the seam
context, acetonic and aqueous ethanol extracts were the great extractor of molecules with a range
spectrum of biological properties notably hydroxycinnamic acid components such as caffeic acid,
sinapinic acid, ferulic acid, vanillic acid as well as hydroxybenzoic acids which include gallic acid
and chlorobenzoic acid and flavonoids compounds [36]. These molecules have been confirmed to
exhibit the strongest antibacterial ability against multiresistant bacteria via several mechanisms of
action, notably focusing on bacterial compounds called metabolites walls of cells, membrane
destabilization, lipid membranes, receptors in membranes, ion channels, enzyme inhibition,
inhibition of ATP production and the development of biofilms. Some combinations of polyphenols
and antibiotics have also been shown to have synergistic effects [33]. Campos et al demonstrated that
gallic acid alters the hydrophilic nature of pathogens (how well they interact with the surface of both
Gram-positive and Gram-negative bacteria), which may lead to an acidification of their cytoplasm
through an increase in K+ release and the induction of protein denaturation. These effects can affect
the flexibility of the cytoplasmic membrane, trigger the ejection of intracellular materials, and
destruction of membrane cells [37]. According to other experiments, the flavonols kaempferol and
quercetin have shown strong antibacterial activity against S. aureus, with reported minimum
inhibitory concentrations that are as low as 7.8 ug/mL and 1.95 pg/mL, respectively [38,39].
Naringenin has displayed antibacterial efficacy against many strains of S. aureus with low levels of
inhibition that vary from 256 to 512 pg/mL [40].
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Table 2. Lowest inhibitory (MIC) and bactericidal concentrations (MBC) of various solvent extracts
of different solvent extracts of M. aquatica (mg/mL).
EtOH 70% Acetone Water
Bacterial ;o MB MBOMI  peev mic mBc MBMD e mic mBc MBMD  gpect
strains C C C C
Gram-
negative
Bacteria
aeruginos 6'2550'0 ND - - 6'25010'0 ND _ _ 637016 ND  _ _
a
E. coli 6'25;0'0 ND - - 468:0.0 ND _ _ 12'6810'0 ND _
Gram-
positive
Bacteria
S, qureus 6.18+0.0 50 8.0840.43 Bacteriostati 1.56+0.1 1.56+0.3 1 Bactericida 6.2540.10 6.25+ 1:00 Bactericidal
8 +2.03 C 1 3 1 1
B. cereus 1.78+0.5 50 28.07 Bacteriostati 0.78+0.0 0.78+0.2 1 Bactericida 3.1940.06 25+0. .08 40.18 Bacteriostati
5 +1.07 C 5 5 1 0

ND: non-determined; MBC: Minimal bactericide concentration; MIC: Minimal inhibitory concentration.

2.7. Molecular Docking Assessment

NADPH oxidase plays a pivotal role in producing reactive oxygen species (ROS), with its
activity being tightly regulated within cells. Although ROS generated by NADPH oxidase is essential
for pathogen defense and cellular signaling, an overproduction can result in oxidative stress,
contributing to various diseases. Inhibiting NADPH oxidase represents a promising strategy for
enhancing antioxidant activity and protecting against diseases related to oxidative stress. By reducing
ROS production, enhancing cellular antioxidant defenses, and decreasing chronic inflammation,
NADPH oxidase inhibitors may be crucial in maintaining cellular health and preventing disease
progression.

In our in-silico study, quercetin, vanillic acid, and chlorobenzoic contained the most active
compounds against NADPH oxidase with glide scores of acids -6.587, -6.120, and -6.084 Kcal/mol
(Table 2).

In antibacterial activity, gallic acid, ferulic acid, and chlorobenzoic acid were the most active
against beta-ketoacyl- [acyl carrier protein] synthase from E. coli with a glide score of -7.240, -6.558,
and -6.496 Kcal/mol. Furthermore, chlorobenzoic acid, vanillic acid, and ferulic were almost active
against staphylococcus aureus nucleoside diphosphate kinase with glide scores of -8.448, -8.010, and -
7.933 kcal/mol (Table 2).

Table 3. Docking outcomes for multiple receptors ligands.

Glide score (kcal/mol)

Antioxidant activity Antibacterial activity

2CDU 1FJ4 3Q8U

Chlorobenzoic acid -6.084 -6.496 -8.448
Ferulic acid -5.401 -6.558 -7.933
Gallic acid -4.978 -7.24 -5.339
Kaempferol -5.543 -5.959 -8.984
Naringenin -6.181 -6.336 -8.209
Quercetin -6.587 -5.929 -8.991
Vanillic acid -6.12 -6.217 -8.01

Around the NADPH oxidase active location, quercetin has created two hydrogen bonds with
the residues VAL 214 and ASP 179 and a single Pi cation bond with residue LYS 213.
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However, gallic acid established three Pi-Pi stacking bonds with residues PHE 392 and HIE 298
in the active site of beta-ketoacyl - [acyl carrier protein] synthase from Escherichia coli. During its
interaction in the active site of Staphylococcus aureus nucleoside diphosphate kinase, chlorobenzoic
acid developed a salt bridge with the MG 159 residue (Figures 6 and 7).
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Figure 6. The two-dimensional representation of ligand interactions with the active site. (A)
Interactions between quercetin and the NADPH oxidase active site (B): Gallic acid interacts with the
active site of Escherichia coli beta-ketoacyl-[acyl carrier protein] synthase. Interactions between
Staphylococcus aureus nucleoside diphosphate kinase and chlorobenzoic acid at the active site (C).
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Figure 7. The three-dimensional display of ligand interactions with the active site. (A): Interactions
among quercetin and the NADPH oxidase active site, (B): Gallic acid interacts with the active site of
Escherichia coli beta-ketoacyl-[acyl carrier protein] synthase. (C): The interactions between
Staphylococcus aureus nucleoside diphosphate kinase and chlorobenzoic acid at the active site.

3. Statistical analysis
3.1. Correlation Analysis

To determine any relationship between the many factors under study, a correlation test is
considered to be an effective tool. In the current examination, we assessed the correlation between
antioxidant content and antibacterial activities as well as the correlation between antioxidant
properties and amount employing the mean antioxidant value of all solvent extracts tested. The
findings of the correlation assay are displayed in Figure 8. There was a substantial positive correlation
(r>=1 and r>=0.99) found between the levels of flavonoids, phenolics, and total antioxidant capacity
(TAC). However, phenolic compounds flavonoids, and antioxidant capability as measured by DPPH,
and RP assays were found to be strongly negatively correlated. Furthermore, there was little
correlation found between the antibacterial efficiency of the M. aquatica extracts and the polyphenolic
and flavonoid content. The obtained data were in line with those mentioned by several reports that
indicate the potent correlation between antioxidant activity and phenolic compounds as well as
antibacterial ability [15,41].
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Figure 8. Pearson correlation coefficients of antioxidant content (polyphenols, flavonoids), DPPH, RP,
TAC, and antibacterial capacity of M. aquatica solvent extract. Pearson correlation values are
illustrated by different squares.

3.2. Polar Heatmap Analysis

Figure 9 shows the Polar Heatmap representation based on the data of the correlation test
between individual components, antioxidant, and antibacterial activity. Lower amounts were shown
in yellow color, while higher amounts were shown in black color. Regrouping various samples
according to similarities is made harder by the polar heatmap analysis. It is noticed that the solvent
extract has been separated into two groups. One was comprised of ETOH 70 % extract, and the second
group was composed of aqueous and acetonic extracts. Our polar heatmap also indicated the
correlation between individual phenolic components, total phenolic, flavonoid content, antioxidants,
and antibacterial activities.
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Figure 9. Polar Heatmap with circular dendrogram representation of individual component,
polyphenol, flavonoid, antioxidant, and antibacterial correlations of solvent extract.

3.3. Principal Component Analysis (PCA)

The principal component analysis (PCA) was applied to analyzing the prior collected findings,
and Figures 7 A and B show the main outcomes. Indeed, Figure 10 (A) displays the main component
analysis including TPC, TEC contents, individual phenolic compounds, and antioxidant potency of
the solvent extracts. The key finding was that PC1 and PC2 adequately represented all of the chosen
variables, accounting for 100% of the variance. The PC1 versus PC2 score plot shows a statistically
significant positive correlation between content on TPC, TFC, and TAC, as well as between
kaempferol, naringenin, and chlorobenzoic acid. This suggests that the extracts with the greatest
antioxidant capacity also contained the greatest amount of TPC, TFC, and specific phenolic
components. It was discovered that these variables had a negative relationship with acetone and
water and a positive correlation with the hydroethanolic extraction solvents. Furthermore, the total
phenolic and flavonoid content is adversely correlated with the DPPH and RP tests.

The PCA for antibacterial individual phenolic compounds of the examined extracts is displayed
in Figure 10 (B), where PC1 and PC2 account for 100% of the variance. The score plot of PC1 versus
PC2 demonstrates a statistically significant positive correlation across E. coli, P. aeruginosa, B. cereus,
naringenin, vanillic acid, and gallic acid proving that the extracts possessing the greatest level of
phenolic composites also had the highest antibacterial capacity. These factors had a positive
relationship with water and an adverse correlation with EtOH 70% and acetone extraction solvents.
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Figure 10. Principal component analysis (PCA). (A) Charts showing the antioxidant properties and
phenolic components in the solvent extracts under study. (B) Biplots for individual phenolic
compounds, and the antibacterial capacity of examined solvent extracts. Na: naringenin, FA: Ferulic
acid, Kamp: Kaempferol, GA: Gallic acid, VA: Vanillic acid, Cha: Chlorobenzoic acid and Quer:

Quercetin.

4. Material and Methods
4.1. Botanical Material

The leaves of M. aquatica were collected at Merja Zerga (or Moulay Bousselham lagoon) in June
2021 and then prepared into herbarium samples. Professor Amina BARI, a botanist from Sidi
Mohamed Ben Abdellah University's Department of Biology, confirmed the following
determinations about these specimens. The voucher specimen, with code 002MAMZ2121, has been
stored in the faculty herbarium.

4.2. Preparation of Extracts

The present investigation employed diverse solvents with varying polarity to generate the
varied extracts, and the extraction procedure was executed in concordance with Tourabi et al.,[15].
In summary, 10 milliliters of each selected solvent (hexane chloroform, ethyl acetate, acetone,
hydroethanolic 70% v/v, and distilled water) were combined with one gram of dried plant powder
and afterward macerated during seven days with frequent stirring at the ambient temperature. After
the extracts had been purified of impurities using a Whatman N°1 filter, they were concentrated at
40 °C in a rotating vacuum evaporator. Before being used, the final crude extracts were obtained and
kept in a freezer at -20 °C.

4.3. Estimating the Yield of Extraction

The obtained filtrate was condensed employing a rotating evaporator under a vacuum (BUCHI
Rotavapor R200) at 40 °C, to obtain crude extract. Additionally, each extract's yield was estimated,
expressed as a percentage, and calculated using the following method.

Y extract %= [((Wext(g))/(Wplant(g)) * 100] (1)

Y extract %: extraction yield presented in percentage; Wex: Weight of dry extract; Wplan: Weight
of dry plant.
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4.4. Identification of Individual Phenolic Components using High-Performance Liquid Chromatography
Coupled with a Diode Array Detector (HPLC-DAD)

Liquid chromatography was used to determine and characterize the solvent extract of M.
aquatica leaf. A Thermo Scientific HPLC equipment and a MOS-1 HYPERSIL 250 4.6 mm SS Exsil ODS
5 m analytical column were deployed for assessment. In gradient mode, a division was completed by
applying two solvents, A (water) and C (acetonitrile). The gradient of elution appeared like this: 80%
A, 20% C for one minute, 60% A, 40% C for 2.5 minutes, and 80% A, 20% C for four minutes. A 5 uL
volume of injection was employed, and a 1 mL/min flow rate was maintained. By comparing their
retention durations and UV spectra against standard profiles, the polyphenolic components namely,
ferulic acid, gallic acid, vanillic acid, kaempferol, quercetin, and naringenin were determined. [15].

4.5. Assessment of Total Phenolic Content

The total phenolic amount was determined in accordance with the Tourabi et al. protocol using
the Folin Ciocalteu procedure [42]. Gallic acid, at concentrations ranging from 0.016 to 2 mg/mL,
provided a point of reference to establish the standard curve (R?=0.996). The total phenolic content
(TPC) results were then presented as milligrams of gallic acid equivalent per gram of dry plant weight
(mg GAE/g DW).

4.6. Assessment of Total Flavonoid Content

The total amount of flavonoid (TFC) was determined by using the colorimetric technique
outlined by Tourabi et al., [42]. The standard curve was obtained with quercetin (0.008-1.00 mg/mL;
R2=0.994), and the TFC data were given in (mg QE/g DW).

4.7. In Vitro Antioxidant Capabilities

Three different prototypes were applied to determine the antioxidant capacity of the solvent
extract of M. aquatica leaf: The total antioxidant capacity (TAC), the reducing power assay (RP), and
the 2,2-Diphenyl-1-picrylhydrazyl radical (DPPHe) [1]. All test results were measured using a
spectrophotometer made by PerkinElmer Lambda 40.

The inhibitory concentration (ICs0) was determined by calculating the percentage of the
inhibition curve using BHT as the positive control. The values of ICs were expressed in mg/mL.

The following formula illustrates the calculation of DPPH radical activity in % of inhibition.

PI (%) = [(Acontrol - Asample| A control) % 100] (2)

where PI: Percentage of inhibition; Acontrol: Absorbance of control; Asample: Absorbance of sample
Ascorbic acid provided the reference for the reducing power test. Using the absorbance graph
(Y = ax + b; Y = 0.5), all results were shown as ECso (Half maximum effective concentration). The
values of ECs0 were expressed in pg/mL.
Ascorbic acid is employed as a standard with an average concentration of 0.00048 to 1 mg/mL
(R2=0.9991) for total antioxidant capability. The data are shown as (mg AAE/g DW).

4.8. Assessment of Antibacterial Capacity
4.8.1. Microbial Testing

The antibacterial capacity of selected solvent extracts was assessed using the microdilution
technique. Staphylococcus aureus (29,213 (ATCC)), Escherichia coli (25,922), Bacillus cereus (6633), and
Pseudomonas aeruginosa (27,853), were employed as a test multiresistant bacteria. Mueller-Hinton agar
(MHB) was used for the sensitivity test and nutritional agar (NG) was used to sustain the chosen
strains.
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4.8.2. Determination of Minimal Inhibitory Concentration (MIC)

The microdilution approach was used to reveal the lowest inhibitory concentration of the
selected solvent extracts of M. aquatica leaf (water, ethanol 70 %, and acetone) using microplates of 96
wells under sterile conditions [43]. Different extracts were diluted in dimethyl sulfoxide DMSO (2%),
to identify the lowest concentration that inhibits. Fifty microliters of each solvent extract at various
concentrations from the dilution series were combined with sterilized Mueller-Hinton bouillon and
50 pL of microbial inoculate with a final microbial concentration of 10" CFU/mL in microplate wells.
Next, the microplates were incubated took place at 37°C for a whole night. To per well, 10 puL of
resazurin (0.015%) had been added to reveal the bacterial growth. After two hours of incubation at
ambient temperature, microbial growth was indicated by a color change in the microplates from
purple to pink.

4.8.3. Assessment of the Lowest Bactericidal Concentration (MBC)

In order to calculate the minimum concentration of bactericide (MBC), transferring 3 uL of the
contents from each well showed no visible growth onto MH agar plates, followed by an incubation
period of 24 hours at 37°C [44].

4.9. Molecular Docking Study

The molecular docking investigation was done using the Maestro 11.5 tool from the Schrodinger
suite. The current research aimed to explore the interaction mechanisms between Phenolic compound
of the different solvent extracts of M. aquatica and the operating sites of target proteins, including
NADPH oxidase, beta-ketoacyl-[acyl carrier protein] synthase from Escherichia coli, and nucleoside
diphosphate kinase from Staphylococcus aureus. The goal was to examine the antioxidant capacity of
the phenolic components of the different solvent extracts of M. aquatica as well as their antibacterial
activities.

4.9.1. Protein Preparation

The structure of human NADPH oxidase (PDB ID: 2CDU) and the beta-ketoacyl-[acyl carrier
protein] synthase from Escherichia coli (PDB ID: 1FJ4), and Staphylococcus aureus nucleoside
diphosphate kinase (PDB ID: 3Q8U) were obtained from the RCSB database. Protein preparation was
done using Maestro 11.5's Protein Preparation Wizard, comprising preprocessing, refining, and
reduction steps. Hydrogen atoms were added, and hydroxyl groups, water molecules, and amino
acids were reoriented to address structural flaws like overlapping or missing atoms. The proteins
were then gently altered to increase their structures [1]

4.9.2. Ligand Preparation

The Ligprep wizard in Maestro 11.5 from the Schrédinger suite was used to generate ligands.
This involves converting 2D structures to 3D, adding hydrogen atoms, resolving bond length and
angle problems, and decreasing structures using the OPLS3 force field. Ionization states were
adjusted, and chirality was retained throughout the process [45].

4.9.3. Receptor Grid Generation

Receptor grids were developed via Glide molecular docking, discovering active areas based on
the coordinates of original ligands. Ligands were positioned within the protein's X-ray crystal
structure to evaluate different interaction conformations. The technique also entails defining places,
boundaries, rotatable groups, and excluded volumes [46].

4.9.4. Performing Molecular Docking

Docking was carried out in Standard Precision (SP) mode after preparing the ligands and
proteins and constructing the grids. This model was chosen to evaluate the binding interactions
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between molecules. Binding energies were calculated in kcal/mol, along with internal energy, RMSD,
desolvation energy, hydrogen bonding, lipophilic interactions, and m-7t stacking interactions. This
approach ensures rapid and accurate analysis of ligand-protein interactions, providing detailed
insights into binding mechanisms [47].

4.10. Statistical Analysis

The various assays conducted in the examination were carried out three times independently,
and the findings are presented as mean + standard deviation. The program entitled GraphPad Prism
8 was used for the statistical analysis, which included a One-way ANOVA test. The principal
component analysis (PCA), the correlation coefficient test, and the polar heatmap analysis were
carried out by use of OriginPro 2024 software.

5. Conclusions

The present study highlighted the effect of solvent polarity efficacy on the phenolic profile,
antioxidant, and antibacterial activity of M. aquatica leaf. The obtained data revealed that the leaf
extract of M. aquatica comprised a high level of flavonoids and phenols composites. Additionally, the
molecular characterization of different solvent polarity extracts showed that the distilled water and
aqueous ethanol have a high concentration of phenolic composites. Thus, the greatest antioxidant
activity was revealed by aqueous ethanol followed by acetonic extract, while the aqueous extract
exhibited the lowest antioxidant ability. The acetonic extract showed great antibacterial potential,
especially against Gram-positive bacteria followed by hydroethanolic extract. Overall, this report
indicated that This kind of plant offers beneficial levels of bioactive molecules that can be employed
in several sectors, including as a conservative agent in food manufacturing, and used in the
pharmaceutical sector for the formulation of innovative antibacterial agents.
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