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1. Introduction

Retama monosperma chemical profile, green
synthesis of silver nanoparticles, and antimicrobial
potential: a study supported by network
pharmacology and molecular docking

Mohammad H. Alyami,? Amal M. Fakhry,® Nancy M. El Halfawy,@b Soliman M. Toto,”
Nada K. Sedky,@C Heba A. Yassin, Sherif Ashraf Fahmy@*e and Fatma A. Mokhtar

In this study, Retama monosperma extract (RME) was used for the green synthesis of silver nanoparticles
(RME-AgNPs). RME's phenolic profile was identified by liquid chromatography coupled to mass
spectroscopy (LC-ESI/MS/MS) technique. A tentative identification of 21 phenolic metabolites from the
extract was performed. The produced RME-AgNPs showed UV absorbance at 443 nm. FTIR
spectroscopy confirmed the presence of RME functional groups. In addition, XRD analysis confirmed the
crystallography of RME-AgNPs via exhibiting peaks with 26 values at 38.34°, 44.29°, and 64.65°. RME-
AgNPs were spherical with particle sizes ranging from 9.87 to 21.16 nm, as determined by SEM and HR-
TEM techniques. The zeta potential determined the particle’'s charge value as —15.25 mv. RME-AgNPs
exhibited significantly higher antibacterial activity against Gram-negative (Escherichia coli, Pseudomonas
aeruginosa, Serratia marcescens, and Klebsiella pneumoniae) and Gram-positive bacteria (Bacillus subtilis
and Staphylococcus aureus) compared to RME. Moreover, the SEM images of green-synthesized
nanoparticles revealed severe damage and deformation in the bacterial cell wall of the different strains
subjected to the current investigation. The bioinformatics study identified 266 targets, among which only
41 targets were associated with bacterial infections. The PIZK-Akt and Relaxin signaling pathways were
the top KEGG signaling pathways. Molecular docking was also performed for the 21 identified
compounds at the TNF-a active site; kaempferol-3-O-robinoside-7-O-rhamnoside had a higher binding
energy (—6.8084). The findings of this study warrant the use of green-synthesized AgNPs from Retama
monosperma as potential antibacterial agents.

spreading multidrug-resistant (MDR) microbial strains.' Thus,
a global demand exists to innovate alternative therapies to

The emergence of antimicrobial resistance (AMR) is a severe
worldwide problem that has led to deterioration in human
health and economic development. Poverty, poor sanitation,
antibiotic administration abuse, and disregarding -clinical
practice protocols are among several factors that aid in
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traditional antibiotics that could tackle the MDR issue.?

Chemically synthesized metallic nanoparticles (MNPs),
including silver nanoparticles (Ag NPs), have attracted attention
as promising therapeutic candidates in various biomedical
applications However, their biomedical applications are
hindered by their toxicity and highly persistent nature in the
environment. Accordingly, medicinal plants are exploited for
the green synthesis of MNPs, becoming an eco-friendly and
benign source of therapeutic MNPs.* Medicinal plants contain
various phytochemicals such as polyphenols, flavonoids, alka-
loids, coumarins, and terpenoids that serve as natural reduc-
tants and capping agents, facilitating the nano-sizing of NPs,
diminishing their high surface energy and inhibiting their
aggregation.*® In addition, many of these phytochemicals are
biologically active compounds that possess bactericidal activi-
ties against MDR pathogenic bacteria.*’

Retama monosperma (L.) Boiss. is a branched shrub that
grows in the Mediterranean regions (belongs to the Fabaceae
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family), which has been used in traditional medicine to treat
various diseases, including diabetes, abortion, rheumatism,
and hypertension.®® In addition, several studies reported the
biological activities of R. monosperma, including antibacterial,
anti-inflammatory, antioxidant, anti-proliferative, antiulcer,
antiviral, and hepatoprotective activities.'®" Moreover, the
roots of R. monosperma are reported to contain natural antiox-
idants, including flavonoids and phenolic compounds, making
them promising candidates for the green synthesis of MNPs,
including AgNPs.*

Silver nanoparticles (AgNPs) are attracting attention as
potential antibacterial agents due to their intriguing physico-
chemical features and innate ability to penetrate bacterial cell
walls, altering the construction of cell membranes and even
leading to cell death. In addition, their nanoscale sizes and
large surface area-to-volume ratio improve their capability to
cross cell membranes, releasing silver ions intracellularly,
leading to the generation of reactive oxygen species and inter-
fering with deoxyribonucleic acid replication.**™**

In this study, a facile and environment-friendly method was
utilized to synthesize AGNPs using the root extract of R. mono-
sperma. The green-synthesized nanoparticles were investigated
for antibacterial activities against different human pathogens.
In addition, network pharmacology and in silico molecular
docking studies were conducted to explore the possible genes
responsible for the antimicrobial activity and the signaling
pathways in a computational bioinformatics manner.

2. Materials and methods

2.1. Chemicals

AgNO;, chemicals, and solvents were purchased from Sigma-
Aldrich (St. Louis, MO).

2.2. Plant material

The roots of R. monosperma were collected from the northern
coast of Egypt in January 2022. The plant was identified by Selim
Z. Heneidy, professor of Flora and Ecology, Department of
Botany and Microbiology, Faculty of Science, Alexandria
University. A voucher specimen was deposited at the Herbarium
of the Botanic Garden (Heneidy et al. Collection, serial no.
6505).

2.3. Plant extraction

The roots of Retama monosperma were thoroughly washed
several times with distilled water, sliced, shade-dried, and
grounded to a fine powder. Then, 100 g powder was extracted in
80% ethanol/H,O (1 L) in triplicate, each time for two days, the
extracted solution was evaporated under vacuum at 45 °C to
yield 13.2 g dry weight extract.

2.4. LC-ESI-MS/MS

Liquid chromatography-electrospray ionization-tandem mass
spectrometry (LC-ESI-MS/MS) analysis was performed in the
Proteomics and Metabolomics Research Program CCHE 57357.
The sample was prepared in a reconstitution solvent composed
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of water: methanol : acetonitrile in a ratio of 50:25:25, V/V,
50 mg of the sample was dissolved in 1 mL of the reconstitu-
tion solvent, vortexed for 2 min, ultrasonicated for 10 min, and
then centrifuged at 10000 rpm for 10 min. The injected
concentration was 2.5 ug uL ™', and the sample was injected in
negative mode and again injected in positive mode. Data were
processed using MS-DIAL 4.8, and the used reference databases
were: ReSpect negative and ReSpect positive. The MasterView
software was used for feature (peaks) extraction from total ion
chromatogram (TIC).

2.5. Green synthesis of AgNPs

A solution of 0.1 M AgNO; was freshly prepared and preserved
in an ambient closed glass container, then, 100 mL of aqueous
solution of the R. monosperma extract (RME, 10 g L") was added
to a freshly prepared AgNO; solution (0.1 M), mixed well, and
kept in a dark place. The mixed solution was observed for
physical appearance changes every 15 minutes to check the end
of the reaction. After the reaction was complete, the resulting
mixture was centrifuged at 3000 rpm for 30 min and then
washed 3 times with deionized water, followed by washing with
absolute ethanol for three times. The formed nanoparticles
were immediately dried at room temperature.

2.6. Characterization of the formed nanoparticles

2.6.1. Physical observation. The formation of silver nano-
particles was indicated by the change in turbidity, fluorescence,
precipitate formation or color of the mixture solution.

2.6.2. UV-vis spectrophotometry. A UV-spectrophotometer
(Shimadzu, Kyoto, Japan) was used to confirm the formation
of AgNPs.

2.6.3. FTIR spectroscopy. The different functional groups
of biogenic AgNPs and plant extract were measured using
a PerkinElmer system 2000 instrument. The spectra for each
sample were scanned three times, and the average values of
percent transmittance were plotted against wavelength (4000-
400 cm™ ).

2.6.4. XRD. XRD analysis was performed using a surface
chemical analysis tool to characterize metal nanoparticles. This
analysis was performed using an XRD-6000 detector from Shi-
madzu, Japan, utilizing a monochromatic Cu-Ko. radiation
source (§ = 1.5406 A) at 45 kV and 30 mA at ambient tempera-
ture. The silver nano-powder intensity data were gathered over
a 20 range of 4.01°-79.99°.

2.6.5. Zeta potential. The particle stability and homoge-
neity of distribution, and zeta potentials of biogenic AgNPs were
examined using a zeta sizer analyzer manufactured by Malvern
Panalytical Ltd Model of NanoSight NS500 (https://
www.malvernpanalytical.com/en/support/product-support/
nanosight-range/nanosight-ns500).'®

2.7. Microbiological study

2.7.1. Disk diffusion assay. The antibacterial activity of
RME and RME-AgNPs was studied by Kirby-Bauer Disk Diffu-
sion Susceptibility Test'” against Gram-negative bacteria
Escherichia coli (ATCC 8739), Pseudomonas aeruginosa (ATCC

© 2023 The Author(s). Published by the Royal Society of Chemistry
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27853), Serratia marcescens (ATCC 14756), and Klebsiella pneu-
moniae (ATCC 13883) and Gram-positive bacteria Staphylococcus
aureus (ATCC 25923) and Bacillus subtilis (ATCC 6633). The
bacterial strains were grown on a Mueller-Hinton agar (MHA;
HiMedia, India) medium at 37 °C for 18 h. MHA plates were
prepared by inoculating bacterial strains with a final inoculum
size of ~10° CFU mL™". Sterile blank antimicrobial suscepti-
bility disks were placed on agar plates, loaded with 50 pL of
sterile suspension solution with a final concentration of 500 pg
mL ™" and incubated at 37 °C for 24 h. The activity was deter-
mined by measuring the diameter of the inhibition zone in
millimetres (mm). Antibiotic ampicillin (10 mg mL ") was used
as a positive control, while sterile deionized water was used as
a negative control. This assay was performed in replica for each
bacterial strain, and the data are expressed as mean =+ standard
deviation (SD).

2.7.2. Minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) assays. Minimum
inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) were determined by a broth microdilution
method according to the Clinical and Laboratory Standards
Institute."® Stock solutions of RME extract were prepared in
deionized water and sterilized using a 0.22 pm filter. Sequential
2-fold serial dilutions were prepared in 96-well polystyrene
microtiter plates ranging from 2048 to 1 pg mL ™" using Muel-
ler-Hintor broth (MHB) and inoculated with 50 pL bacterial
inoculum adjusted to a concentration of 10° CFU mL ™. Plates
were incubated aerobically at 37 °C for 24 h. The MIC value is
defined as the concentration of the complex at which bacteria
reveal no observable growth, while MBC is the complex
concentration that prevented the growth of any bacteria after
plating 50 puL from the wells onto MHA plates. The reported MIC
and MBC data resulted from three independent assays.

2.7.3. Time-killing assay of RME-AgNPs. Bacterial growth
kinetics was measured spectrophotometrically at ODgqo using
a cell density meter (Fisherbrand™) in the presence of different
concentrations of green-synthesized RME-AgNPs. The experiment
was conducted by inoculating 50 mL MHB flasks with 1% (v/v)
diluted bacterial cultures (~10® CFU mL™") supplemented with
RME-AgNPs. Flasks containing cultures were incubated aerobi-
cally using a shaker incubator at 37 °C and 150 rpm. Bacterial
growth was measured at different time intervals (up to 24 h), and
flasks without RME-AgNPs were used as the control. For all the
growth curve measurements, two replicates were carried out.

2.7.4. Scanning electron microscopy (SEM) of bacteria. To
study the morphological changes of targeted bacterial cells (B.
subtilis, S. aureus, E. coli, P. aeruginosa) after treatment with
RME-AgNPs, they were cultivated in LB broth until ODgg, of 0.2
at 37 °C and 150 rpm. Bacterial cells were collected by centri-
fugation at 4000 rpm for 10 min and washed twice with sterile
deionized water. Bacterial pellets were treated with a RME-AgNP
solution for 12 h. Samples were fixed with a 5% glutaraldehyde
solution and then coated with gold (15 A) for 2 min by physical
vapor deposition before visualization at an accelerating voltage
of 20.0 kv. The samples were visualized by scanning electron
microscopy (SEM; JSM-IT 200, JEOL, Japan), EM Unit, Alexan-
dria University, Egypt.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.8. Bioinformatics study

2.8.1. Plant-compound networks. Metabolic profiling was
identified based on the chemical analysis of Retama mono-
sperma using LC/MS/MS, and the identified compounds were
connected to the Retama monosperma extract in a simple network.

2.8.2. Compound-target networks. A network was con-
structed between the identified compounds from RME and
annotated targets. The target genes annotated by the identified
compounds were predicted using the PubChem database
(https://pubchem.ncbi.nlm.nih.gov/)* (last accessed on 1-03-
2023), UniProtKB/Swiss-Prot database (https://
www.uniprot.org/help/uniprotkb)*® last accessed on (12-03-
2023) and  SwissTargetPrediction database  (https://
www.swisstargetprediction.ch/)** (last accessed on 7-04-2023),
the top target genes were selected based on similarity index of
more than 0.7 in BindingDB and the top targets were chosen
in the SwissTargetPrediction database using canonical smiles
for each structure as the input data method; the human
species (Homo sapien) was selected.

2.8.3. Complete network pharmacology (plant-compound-
target). A complete network pharmacology was obtained by
merging the two networks (plant-compounds) and (compound-
targets).

2.8.4. Target-bacterial infection networks. A network of all
the identified targets was formed, and the common bacterial
infections were identified using the DisGeNET database
(https://www.disgenet.org/)*> (Last accessed on 10-04-2023).
DisGeNET results were filtered using the words “infection”,
and “bacteria” to focus on common bacterial infections.

2.8.5. Infection target-compound networks. The targets
related to bacterial infections were used to construct a network
in a backward way. A network was constructed to connect
bacterial infections to the compounds identified from the
Retama monosperma plant.

2.8.6. (Infection-infection target-compound) networks. A
network was formed by merging the target-bacterial infection
and (infection target-compound networks. The formed network
was called the infection-infection target compound) network.
This network was constructed to identify the top compounds
with antimicrobial activities.

2.8.7. Network construction. Network construction, visual
types of bacterial infections, and analysis were performed using
Cytoscape software 3.9.0. Nodes represent plant names (Retama
monosperma), targets, and compounds in the graphical network.
The edges represent corresponding interactions.

2.8.8. Gene enrichment analysis. The represented pathways
of the targets of Retama monosperma related to bacterial infec-
tions were retrieved using the ShinyGO database https://
bioinformatics.sdstate.edu/go76/ (ref. 23) (last accessed on 14-
04-2023). ShinyGO database allowed the identification of KEGG
biological pathways, gene ontology analysis in terms of
biological process, cellular components, and molecular function.

2.9. Molecular docking study

2.9.1. Protein and test set preparation for docking. As TNF
gene was the top reported gene against Gram-positive and

RSC Adv, 2023, 13, 26213-26228 | 26215
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Gram-negative bacterial infections, Retama monosperma extract
21 compounds were evaluated in silico against the TNF-
a receptor to determine the main components responsible for
the reported antimicrobial activity. The TNF-a crystal structure
(PDB ID: 2AZ5) (https://www.rcsb.org/structure/2az5) in
complex with a small-molecule inhibitor was downloaded
from the Protein Data Bank. The employed preparation protocol
is similar to previous recent studies conducted on the same PDB
ID. AutoDock was used to prepare protein structures using
prepare_receptord.py command of the ADT to remove water
molecules, add polar hydrogens, and minimize the structure
energy and then saved in the PDBQT format.

For ligands, the chemical structures of Retama monosperma
extract were extracted from the PubChem database in the SDF
format and then converted into the PDBQT format using the
Open Babel software** while being prepared using prepar-
e_ligand4.py command in AutoDockTools (ADT, v1.5.6).>

2.9.2. Redocking of the co-crystallized ligands and virtual
screening of test sets. Docking was carried out in the same co-
crystallized ligand docking site, where the grid box was set to 66
in x, y and z directions. To validate the docking performance,
root mean square deviation (RMSD) values between the docked
conformation and the reference conformation of co-crystallized
ligand expresses in A were utilized.” The Lamarckian genetic
algorithm was used for setting docking parameters, where ten
binding poses are retrieved for each ligand.>” Two-dimensional
interaction figures of best scored ligands were generated using
BIOVA Discovery Studio visualizer 2021.

3. Results and discussion

3.1. LC-ESI/MS/MS analysis

Phenolic profiling of RME was investigated tentatively by LC-
ESI/MS/MS analysis in the negative ion mode, based on [M-H]
of the compounds and fragmentation pattern of each
compound. The LC-ESI-MS/MS analysis tentatively identified 21
phenolic compounds; 17 flavonoids, 2 phenolic acids, 1
anthraquinone and 1 aldehyde. Caffeic acid and p-hydrox-
ybenzoic acid were identified at m/z [M-H]~ 179.05 and 137.02,
respectively. Syringaldehyde was identified at [M-H]~ 181.05,
and the identified anthraquinone was cyanidin-3,5-di-O-gluco-
side at m/z [M-H]~ 609.15. The identified flavonoids are 5
aglycones and 12 flavonoid glycosides. The flavonoid glycosides
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are mainly kaempferol derivatives and quercetin derivatives,
luteolin-6-C-glucoside and daidzein-8-C-glucoside, myricitrin,
and acacetin-7-O-rutinoside. The identified kaempferol deriva-
tives at m/z [M-H]~ 577.16, 593.15, 739.21, 477.09, 593.05, and
431.10 corresponding to kaempferol-3,7-O-bis-alpha-L.-rhamno-
side, kaempferol-3-O-(6""-p-coumaroyl)-glucoside, kaempferol-
3-O-robinoside-7-O-thamnoside, kaempferol-3-O-glucoside,
kaempferol-7-neohesperidoside, and kaempferol-3-O-alpha-r-
rhamnoside in the same order. Quercetin derivatives were
quercetin-3-O-arabinoglucoside and quercetin-4"-glucoside at
m/z [M-H]~ 595.02 and 463.12, respectively. The identified
aglycones are quercetin at m/z [M-H]~ 301.01, luteolin at m/z
[M-H]™ 285.04, apigenin at m/z [M-H]~ 269.04, acacetin at m/z
[M-H]™ 283.02, and naringenin at m/z [M-H]~ 271.06 (Fig. 1, 2
and Table 1).

3.2. Characterization of silver nanoparticles synthesized by
RME (RME-AgNPs)

3.2.1. UV-Vis spectrophotometry. The biosynthesis of
AgNPs mediated by RME was tracked visually and by UV-Vis
spectrophotometry. Primarily, the creation of the RME-AgNPs
was confirmed qualitatively by the gradual color change from
green to a brownish turbid solution. Then, the generation of
green-synthesized AgNPs was further confirmed by UV-Vis spec-
trophotometry (Fig. 3). A significant surface plasmon resonance
peak was remarked at 443 nm for AGNPs. These findings indi-
cated the bioreduction of the silver nitrate solution into AgNPs.

3.2.2. Fourier-transform infrared (FTIR) spectroscopy.
FTIR spectroscopy was used to maintain the identification of
RME's functional chemical groups that were engaged in the
reduction reaction that produced AgNPs (Fig. 4). The peaks at
1433 cm™ ' reflect polyphenols and aromatic chemicals, whereas
the peaks at 3376, 2929, and 1648 cm™ " represent acidic OH, C
aliphatic, and C=0 of phenolic acids and flavonoids, respec-
tively. The peak at 1075 cm ™" validated the RME's secondary OH
groups. The spectrum of RME-AgNPs showed the same peaks
indicating that the compounds in the extract capped the AgNPs,
but with a much lower intensity due to the involvement of the
extract's functional groups in the bio-reduction process.*?

3.2.3. XRD. The crystallinity of the synthesized silver
nanoparticles using RME was examined by X-ray diffraction
(XRD), herein, the biogenic RME-AgNPs exhibited peaks with 26
values at 38.34°, 44.29°, and 64.65°. These values correspond to

iy

,/\ Y \\,,11\ ﬁ J\) A I\

1 2 3 a4 5 6 7 & 9 10 11 12

T 15 16 17 18 19 20 21 23 23 24 25 26 27

Fig. 1 LC/MS/MS chromatogram of Retama monosperma root extract in the negative ion mode.
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Fig. 2 Structures of some identified compounds from Retama monosperma extract.

Table 1 Phenolic compounds tentatively identified from the Retama monosperma extract in the negative ion mode

No. Compound RT (min) Precursor m/z Product ions M,/M, Molecular formula Ref.
1 Caffeic acid 1.29 179.05 153.02, 135.11 CoHg0, 28
2 p-Hydroxybenzoic acid 3.98 137.02 93.04 C;H0; 29
3 Cyanidin-3,5-di-O-glucoside 4.41 609.15 447.01, 285.33 Cy7H31046 30
4 Luteolin-6-C-glucoside 4.60 447.05 285.42 C,1H50011 31
5 Quercetin-3-O-arabinoglucoside 4.61 595.02 433.01, 301.05 Cy6H35016 30
6 Quercetin-4"-glucoside 4.82 463.12 301.07 Cy1H50012 30
7 Kaempferol-3,7-O-bis-alpha-.-rthamnoside 5.72 577.16 431.13, 285.06 Cy,H30014 30
8 Syringaldehyde 5.98 181.05 166.73 CoH;(0,4 32
9 Kaempferol-3-0-(6""-p-coumaroyl)-glucoside 6.03 593.15 477.11, 285.04 C30H26013 3
10 Kaempferol-3-O-robinoside-7-O-rhamnoside 6.15 739.21 593.02, 430.78 C33H40019 33
11 Daidzein-8-C-glucoside 6.43 415.10 379.14, 249.03 Cy1H,000 34
12 Kaempferol-3-O-glucoside 6.66 447.09 285.04 Cy1H50011 35
13 Myricitrin 8.34 463.15 271.13, 151.06 Cp1H0015 36
14 Kaempferol-7-neohesperidoside 8.45 593.05 447.0, 284.80 C,7H30015 37
15 Acacetin-7-O-rutinoside 8.57 591.15 455.08, 249.11 C,H3,014 38
16 Kaempferol-3-O-alpha-.-thamnoside 9.19 431.10 285.03, 179.01 C,1H5001¢ 39
17 Quercetin 9.89 301.10 273.26, 178.95 C15H1005 40
18 Luteolin 9.92 285.04 151.03, 133.10 C15H1006 40
19 Apigenin 10.24 269.0462 254.05, 225.04 C15H1005 11
20 Acacetin 11.11 283.0247 273.09, 257.05 C16H1,05 42
21 Naringenin 11.31 271.0604 185.09 Ci15H1,05 43

the planes at (111), (200), and (220) for the face-centered cubic
AgNPs (Fig. 5).

3.2.4. High-resolution transmission electron microscope
(TEM). HR-TEM was employed to measure the particle size and
shape of RME-AgNPs, the RME-AgNP colloid material was
dispersed in distilled water and focused by the microscope grid,
and the resulting image displayed the spherical nature of RME-

© 2023 The Author(s). Published by the Royal Society of Chemistry

AgNPs with a particle size ranging from 9.87 to 21.16 nm with
an average particle size of 13.22 nm (Fig. 6A).

3.2.5. Scanning electron microscope. The surface images of
a material can be examined using SEM. The particle distribu-
tion, size, and shape in the subject matter can be precisely
described. It can also determine the morphological properties
of the material being studied and whether it belongs to the

RSC Adv, 2023, 13, 26213-26228 | 26217
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Fig. 3 UV spectra of green-synthesized AgNPs using RME (RME-
AgNPs).
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micro- or nanoscale. SEM analysis revealed the spherical shape
and propensity to combine the green-synthesized AgNPs and
prominent silver ions with a mass% of 71.14 + 0.57 (Fig. 6B).
3.2.6. Zeta potential. Zeta potential is an analysis tool to
detect the nanometal stability by measuring the charge of
formed nanoparticles. The zeta potential of the RME-AgNPs was
—15.25 mV, which reflected good nanoparticle stability (Fig. 7).

3.3. Microbiology study

3.3.1. Antibacterial assays. The results of the antibacterial
activity of RME root extract and green-synthesized AgNPs
against Gram-positive bacteria (S. aureus, B. subtilis) and Gram-
negative bacteria (E. coli, P. aeruginosa) by the disc diffusion
method are presented in Table 2. It was found that the RME root
extract and RME-AgNPs had significant antibacterial activity
against bacterial pathogens under investigation. However,
AgNPs revealed a higher efficacy against Gram-positive and
Gram-negative bacteria than that of the RME root extract.
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Further investigation of the antibacterial activity was per- investigation, with the MIC and MBC values ranging from 64 to
formed by MIC and MBC assays. The RME-AgNPs revealed the 512 ug mL ™. The corresponding values for the RME range from
best antibacterial properties against all bacterial strains under 512 to 2048 pg mL™".
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Phase Shift 20.88 rad/s
Cell Current -15.25 mA
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Fig. 7 Zeta potential of RME-AgNPs.
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(hgmL™Y)

(ng mL™") zone (mm) + SD (ng mL ™) (ng mL™") zone (mm) + SD

(hgmL ™Y

zone (mm) + SD

Bacterial strains

2023,

Gram-positive

13,

128

64
256
256

24.0 + 0.0
28.0 + 0.0
22.0 + 0.0
22.0 + 0.0

64
128
512
512

64
128
512
512

26.0 + 0.0
24.0 + 0.0
20.0 + 0.0
19.0 £+ 0.0

512
1024
1024
1024

512
512
1024
1024

17.0 +£ 0.0
18.0 £ 0.5
15.0 + 0.0
15.0 = 0.0

Pseudomonas aeruginosa

Escherichia coli
Klebsiella pneumoniae

Serratia marcescens

26213-26228

Gram-negative

256

22.0 + 0.0
25.0 + 0.0

512
512

512
512

20.0 + 0.0
22.0 + 0.0

2048

2048

12.0 + 0.0
14.0 £+ 0.0

Staphylococcus aureus
Bacillus subtilis

128

1024

1024

¢ MIC: minimum inhibitory concentration; MBC: minimum bactericidal concentration. Ampicillin (10 mg mL ') was used as a positive control. The values represent the mean of the inhibition

zone diameter (mm) + standard deviation (SD).
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3.3.2. Time-killing assay of green-synthesized AgNPs. The
influences of the exposure of bacterial pathogens to RME-AgNPs
were investigated by measuring the growth at different time
intervals. The growth of the control strains (untreated)
increased rapidly during incubation periods. The 0.5 x MIC of
the AgNPs revealed a slowing down in the growth of the path-
ogens. A significant inhibition in the growth was observed when
the pathogens were treated with 1 and 2 x MIC values (Fig. 8).

3.3.3. Scanning electron microscopy (SEM) of bacteria.
SEM was performed to investigate the interaction of RME-
AgNPs with bacterial cells. SEM micrographs showed the
surface of untreated bacterial cells as smooth and intact.
However, significant morphological changes were observed in
bacterial cells treated with RME-AgNPs (Fig. 9). The bacterial
cell wall of B. subtilis and P. aeruginosa revealed severe damage,
irregular shapes, and deformation, resulting in cell lysis and
leakage of cytoplasmic constituents. E. coli strain reveals big
holes that resulted in lysed cells. Moreover, the S. aureus cell
wall exhibited small pores, suggesting that this strain was more
resistant to RME-AgNP treatment than other bacterial strains
under investigation.

3.4. Network pharmacology studies

3.4.1. Plant-compound networks. A network connecting
the Retama monosperma plant to 21 compounds identified
tentatively from the plant is the plant-compound network.

3.4.2. Compound-target networks. The formed network
connected the identified compounds to their annotated targets,
consisting of 287 nodes: representing the identified compounds
and the targets. There are 927 edges representing the correla-
tion between the compounds and targets, with a characteristic
path length of 2.882 and network centralization of 0.524.

3.4.3. Complete network pharmacology. The complete
network pharmacology results upon merging the plant-compound
network and compound-target networks. The formed network
consisted of 288 nodes and 948 edges with a characteristic path
length of 2.863 and network centralization of 0.525 (Fig. 10).

3.4.4. Target-bacterial infection networks. All 266 targets
were entered into the DisGeNET database, and a summary of 47
328 gene-disease associations was obtained. Upon filtration of
the results, to focus on bacterial infections, 41 genes were found
to be associated with 14 unique bacterial infections. The formed
gene-bacterial infection network comprised 55 nodes and 81
edges. The top gene in the identified gene set was TNF, with 13
associations with different bacterial infections, followed by
CASP1, IL2, MPO, and F2, with 6, 5, 4, and 4 associations,
respectively (Fig. 11).

3.4.5. Infection target-compound networks. A network
connecting the targets of the identified gene set related to
common bacterial infections and their corresponding
compounds of Retama monosperma identified compounds. The
formed network is called the infection target-compound
network and 18 compounds were found to be related to 41
targets related to bacterial infection.

3.4.6. Infection-infection target-compound networks. The
network consisted of 71 nodes and 246 edges with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Time—kill curve plots for (A) S. aureus, (B) B. subtilis, (C) E. coli, and (D) P. aeruginosa after exposure to 0.5 x MIC, 1 x MIC, and 2 x MIC
values of RME-AgNPs. The growth was recorded hourly at ODgqq for 24 h.

S. aureus B. subtilis

Control

Treated

E. coli P. aeruginosa

Fig.9 Scanning electron microscopy (SEM) of control (untreated) (A-D) and treated bacteria (E—H) with RME-AgNPs after 12 h of treatment. (A &
E) S. aureus, (B & F) B. subtilis, (C & G) E. coli, and (D & H) P. aeruginosa. The arrows indicate the shrinking, pore formation and deformation of
bacterial cell walls. Scale bar = 1 um and magnification power of 20 000 x.

a characteristic path length of 2.538 and network centralization
of 0.339. In this network, the compounds were arranged in
a degree sorted layout to find out the top compounds related to
infections. The top compounds were luteolin, quercetin, acacetin
and apigenin with 30, 29, 24 and 22 edges, respectively (Fig. 12).

3.4.7. Target gene-pathway networks. To investigate the
probable pathways of RME on bacterial infections, the pathway

© 2023 The Author(s). Published by the Royal Society of Chemistry

enrichment of 41 probable targets involved in bacterial infec-
tions were targeted by 21 identified compounds interacting with
bacterial infections using the KEGG and ShinyGO databases.
The pathway analysis illustrated the top 24 pathways annotated
by the target genes. Upon focusing on the pathways involved in
bacterial infections, three pathways were identified as the top
pathways according to a number of genes: pathways in cancer,

RSC Adv, 2023, 13, 26213-26228 | 26221
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PI3K-Akt signaling pathway, and Relaxin signaling pathway.
Top 20 pathways are illustrated in the plot diagram (Fig. 13),
and diagrams of the top two KEGG pathways are illustrated in
Fig. 14.

3.4.8. GO enrichment analysis. The gene ontology of the
RME targets related to microbial infections is described in
terms of Dbiological processes, cellular components, and
molecular function. The major identified biological processes

26222 | RSC Adv, 2023, 13, 26213-26228

according to fold enrichment are cellular response to UV-A,
response to UV-A and cyclooxygenase pathway. Under the
same arrangement order, the top cellular components are the
apical plasma membrane, apical part of cells, and extracellular
matrix. The top molecular functions are transcription coac-
tivator binding, ABC-type xenobiotic transporter activity, and
efflux transmembrane transporter activity (Fig. 15).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.5. Molecular docking of co-crystallized ligands and
Retama monosperma extract 21 compounds

To validate the docking protocol, self-docking of the co-
crystallized ligand (TNF-a small-molecule inhibitor co-
crystallized with PDB ID: 2AZ5) was performed. As shown in
Table 3, self-docking of the co-crystallized ligand scores AG of
—6.7248 kcal mol ™! shows similar interactions to the reported
ones where four H-bonds are formed with 3 amino acids: GIné61,
Tyr119, and Gly121 in addition to a pi-cation and pi-pi inter-
actions with Tyr119 (Table 4).

© 2023 The Author(s). Published by the Royal Society of Chemistry

Molecular docking of the 21 compounds in the test set
showed good binding affinities against TNF-o. receptors
(—3.7009 < AG < —6.8084 kcal mol ') (Table 3).

Table 4 displays the 2D structure and 2D interaction of the
best six scoring compounds: kaempferol-3-O-robinoside-7-O-
rhamnoside, quercetin-3-O-arabinoglucoside, acacetin-7-O-
rutinoside, kaempferol-7-neohesperidoside, cyanidin-3,5-di-O-
glucoside and kaempferol-3,7-O-bis-alpha-i.-rhamnoside with
binding free energies of —6.8084, —6.5907, —6.2491, —6.0532,
—6.0489 and —6.0369 kcal mol™', respectively. All ligands
showed at least one pi-pi interaction with the pocket's binding
site, mainly with Tyr59 or Tyr119 or with both of them. Quer-
cetin-3-O-arabinoglucoside was able to form a third pi-pi
interaction with His15. This main type of interaction is sug-
gested to be responsible for the antimicrobial activity, as it is
also reported in the inhibitor co-crystallized with TNF-a.
Another suggested important interaction is maintaining at least
one H-bond with any of the pocket's sidechains.

Although kaempferol-3-O-robinoside-7-O-thamnoside
showed the highest binding affinity towards TNF-a, we cannot
consider it the main component responsible for the extract
antimicrobial activity as it shows non-favorable interactions;
only 2 H-bonds with no pi-pi interactions. However, although
kaempferol-3,7-O-bis-alpha-i-thamnoside is the least scored hit
compared to the other 5 highest scored ones, it possesses the
best interactions showing 2H-bonds with Leu120 and Tyr151
and a pi-pi interaction with Tyr59. Similarly, cyanidin-3,5-di-O-
glucoside was able to maintain 2H-bonds with Leu120 and
GIn149 in addition to pi-pi and pi-cation interactions with
Tyr119. Another hit that shows very good interaction with a high
binding score is Quercetin-3-O-arabinoglucoside, which inter-
acts with the receptor via an H-bond with Tyr151, 3 pi-pi

RSC Adv, 2023, 13, 26213-26228 | 26223
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interactions with His15 and Tyr59 and a pi-sigma interaction
with Tyr119.

4. Discussion

Due to the need for eco-friendly antimicrobial agents, green-
synthesized silver nanoparticles are considered advantageous
over the other methods. AgNPs are characterized with their
large surface area, which is significant in therapeutic
applications.*

26224 | RSC Adv, 2023, 13, 26213-26228

A green synthesis route of nanosilver metal formation
through RME led to the formation of eco-friendly, clean, safe
silver nanoparticles with no application of hazardous chemical
agents. The formed RME-AgNPs, upon characterization, were
revealed to have a uniform spherical shape with a particle size
ranging from 9.87 to 21.16 nm and the average particle size of
13.22 nm in crystalline form, as evidenced by XRD analysis. The
stability of the formed RME-AgNPs was evidenced by a negative
charge measured zeta potential of —15.25 mV.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Docking AG scores of 21 compounds of Retama mono-
sperma extract on a TNF-a active pocket
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Table 4 Ligands' name, chemical structure and 2D interactions with
their receptors

AG
Compound (keal mol ™)
Native —6.7248
CAFFEIC ACID —4.0349
p-Hydroxybenzoic acid —3.7009
Cyanidin-3,5-di-O-glucoside —6.0489
Luteolin-6-C-glucoside —5.3844
Quercetin-3-O-arabinoglucoside —6.5907
Quercetin-4"-glucoside —5.2593
Kaempferol-3,7-O-bis-alpha-L-thamnoside —6.0369
Syringaldehyde —4.3179
Kaempferol-3-O-(6""-p-coumaroyl)-glucoside —5.8349
Kaempferol-3-O-robinoside-7-O-rhamnoside —6.8084
Daidzein-8-C-glucoside —5.1642
Kaempferol-3-O-glucoside —5.2014
Myricitrin —5.3469
Kaempferol-7-neohesperidoside —6.0532
Acacetin-7-O-rutinoside —6.2491
Kaempferol-3-O-alpha-.-thamnoside —5.1377
Quercetin —4.7668
Luteolin —4.5788
Apigenin —4.7450
Acacetin —4.6155
Naringenin —4.4981

The current study assessed novel green-synthesized AgNPs
and RME root extract regarding their antibacterial activity. The
results revealed that green-synthesized AgNPs had a higher
antibacterial activity than that of the RME root extract. This is
because AgNPs possess a positive charge that could attach
better and penetrate through the cell wall membrane.*
Furthermore, the binding of AgNPs to the bacterial cell wall
proteins causes a reduction in the membrane's permeability
and leakage of intracellular components, which finally leads to
bacterial death.*® In addition to the cell membrane damage,
nanoparticles alter the cell function by interacting with amino
acids and enzymes, causing the generation of reactive oxygen
species (ROS) and misfolding of bacterial DNA.*"*

Disc diffusion assay revealed that Gram-positive bacteria
were more resistant to AgNPs than Gram-negative bacteria.
Previous research has reported this due to the different cell wall
structures.*>*® In Gram-negative bacteria, a 1-3 pm-thick layer
of lipopolysaccharides and a 8 nm-thick layer of peptidoglycan
cover the cells, facilitating the diffusion of AgNP ions into the
cells. However, Gram-positive bacteria have a thicker protective
peptidoglycan layer that stretches over 80 nm. Thus, the
damage in Gram-negative bacteria upon the interaction of
AgNPs with cell walls becomes more harmful than Gram-
positive strains due to the absence of the thick protective
layer of peptidoglycan.”

SEM investigated the bactericidal mechanism of RME-
AgNPs. The visualization of bacterial cell walls of B. subtilis, E.
coli, and P. aeruginosa revealed severe damage and deformation.
Moreover, the S. aureus cell wall exhibited small pores. The SEM
micrographs confirmed that green-synthesized AgNPs penetrate
the bacterial cells, resulting in membrane disruption, which
may shrink the cell and result in cell lysis.>

© 2023 The Author(s). Published by the Royal Society of Chemistry

Ligand name and chemical structure | Ligand interactions with the enzyme active site

Co-crystallized inhibitor

kaempferol-3-O-robinoside-7-O-
rhamnoside

Quercetin-3-O-arabinoglucoside

<

Acacetin-7-O-rutinoside

Kaempferol-7-neohesperidoside

e A
= :

Jenes

N

0
a

N

Cyanidin-3, 5-di-O-glucoside

¢

PO

Kaempferol-3,7-O-bis-alpha-L-rhamnoside

The natural green source used for synthesizing metal
nanoparticles contributes to controlling the formed nanometal
physicochemical  characteristics and  their = medical
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applications.* Thus, the bioinformatic study was employed to
find out the top genes of the whole gene set, which is respon-
sible for the antimicrobial activities and the top genes were
determined as TNF genes. For explanation of the exact
compounds among all the 21 identified compounds from RME
responsible for antimicrobial potential, a network pharma-
cology design was constructed in a backward way, and the top
compounds contributing to antimicrobial infections were
defined as luteolin, quercetin, acacetin, and apigenin with 30,
29, 24 and 22 edges, respectively.

Molecular docking study identified 6 out of 21 compounds of
Retama monosperma extract that scored the highest binding
affinities with similar AG scores to those of co-crystallized
inhibitors. Such compounds were kaempferol-3-O-robinoside-
7-O-rhamnoside, quercetin-3-O-arabinoglucoside, acacetin-7-O-
rutinoside, kaempferol-7-neohesperidoside, cyanidin-3,5-di-O-
glucoside and kaempferol-3,7-O-bis-alpha-.-thamnoside, and
they were so much likely to be responsible for the biological
activity (antimicrobial activity) of Retama monosperma extract.

5. Conclusion

Retama monosperma roots are natural excellent bio-reductants
and capping agents for the green synthesis of silver nano-
particles with outstanding physicochemical features. The
formed AgNPs exhibited a remarkably high antibacterial activity
towards Gram-positive and Gram-negative bacteria and could
be introduced as promising bactericidal agents in topical anti-
microbial pharmaceutical preparations.
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