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Introduction: Biogenic silver nanoparticles (AgNPs) may be a feasible therapeutic option in the research and development towards
selectively targeting specific cancers and microbial infections, lending a role in precision medicine. In-silico methods are a viable
strategy to aid in drug discovery by identifying lead plant bioactive molecules for further wet lab and animal experiments.
Methods: Green synthesis of M-AgNPs was performed using the aqueous extract from the Malvaviscus arboreus leaves, character-
ized using UV spectroscopy, FTIR, TEM, DLS, and EDS. In addition, Ampicillin conjugated M-AgNPs were also synthesized. The
cytotoxic potential of the M-AgNPs was evaluated using the MTT assay on MDA-MB 231, MCF10A, and HCT116 cancer cell lines.
The antimicrobial effects were determined using the agar well diffusion assay on methicillin-resistant S. aureus (MRSA) and
S. mutans, E. coli, and Klebsiella pneumoniae. Additionally, LC-MS was used to identify the phytometabolites, and in silico
techniques were applied to determine the pharmacodynamic and pharmacokinetic profiles of the identified metabolites.

Results: Spherical M-AgNPs were successfully biosynthesized with a mean diameter of 21.8 nm and were active on all tested
bacteria. Conjugation with ampicillin increased the susceptibility of the bacteria. These antibacterial effects were most predominant in
Staphylococcus aureus (p < 0.0001). M-AgNPs had potent cytotoxic activity against the colon cancer cell line (IC5y=29.5 pg/mL). In
addition, four secondary metabolites were identified, Astragalin, 4-hydroxyphenyl acetic acid, Caffeic acid, and Vernolic acid. In silico
studies identified Astragalin as the most active antibacterial and anti-cancer metabolite, binding strongly to the carbonic anhydrase IX
enzyme with a comparatively higher number of residual interactions.

Discussion: Synthesis of green AgNPs presents a new opportunity in the field of precision medicine, the concept centered on the
biochemical properties and biological effects of the functional groups present in the plant metabolites used for reduction and capping.
M-AgNPs may be useful in treating colon carcinoma and MRSA infections. Astragalin appears to be the optimal and safe lead for
further anti-cancer and anti-microbial drug development.
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Introduction
Nanoparticles are submicroscopic uniform particulate structures ranging from Inm to 100nm in diameter. They feature
a high surface area-to-size ratio and provide immense properties and applications in the food, cosmetic, agriculture,

chemical, engineering, imaging, pharmaceutical, and medical industries. They can be classified in various ways based on
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their shape, material properties, application, synthesis, and chemical origin, either organic or inorganic. Liposomes and
dendrimers are organic, whereas metal nanoparticles such as silver and gold, and fullerenes are inorganic.'

Ease in design and manipulation of nanoparticles have led to the formation of nano-vaccines and nano-therapy,
benefiting the pharmaceutical and medical industry. Their advantages are far-fetched, providing efficient absorption of
drugs and complete distribution into tissues, as well as acting as an efficient, targeted transport vehicle, providing
imaging and safer alternatives to treating cancers and other diseases, where traditional therapy can be a failure due to
toxic side effects.

Silver nanoparticles (AgNPs) are well studied and known to be a stable type of nanoparticle. Their use, applications,
and toxicities are understood and have been evaluated.”* Typically, AgNPs can be synthesized using a variety of
methods, such as physical methods: laser irradiation, electrical irradiation, gamma irradiation, evaporation-condensation,
and microemulsion techniques.” They can also be chemically synthesized by chemical reduction using organic or
inorganic reducing agents, which reduce Ag" forming Ag’, resulting in clustering and agglomeration. Surfactants and
capping agents can be used to prevent growth and large aggregates from forming, stabilizing the nanoparticulate
structure, and maintaining its surface properties. An additional component in the chemical synthesis that affects the
size, shape, stability, and properties of the formed nanoparticles is heat and light, for instance, using photo-reduction or
UV-reduction.’

The benefits of green synthesized NPs are remarkable, as well as yielding stable, uniform, and compact NPs, and the
synthesis can be convenient, cost-effective, and safe, in addition to giving enhanced therapeutic value depending on the
intrinsic properties and utilization of the plant, bacteria, fungi, or algae used in the reduction process. Important to note is
that plants may be the preferred green source over microorganisms due to the requirement to culture microorganisms in
their appropriate environment, in addition to issues related to pathogenicity and disease. Therefore, plants are a simpler,
cost-effective, and eco-friendly source of green NPs.® The entire plant/medicinal herb or different parts: roots, stem,
leaves, and flowers can be used to prepare either aqueous, ethanolic, methanolic extracts or extracts in various solvents
for the synthesis of green NPs. These extracts contain a rich content of phytochemicals and useful secondary metabolites
such as proteins, enzymes, amino acids, fatty acids, vitamins, oligosaccharides, alkaloids, flavonoids, glycosides,
phenolics, saponins, steroids, quinones, sequesterones, terpenes, and tannins having great therapeutic value and potential
as future drugs with activities such as antioxidant, anti-inflammatory, analgesic, wound healing, immunomodulatory,
cytotoxic, anti-coagulant, and anti-microbial to name a few.”'°

Cancer cases are increasing worldwide, and selective therapeutic treatment options are limited. Research and
development on novel treatment strategies are a priority, as is the identification of newer antibiotics to tackle resistance
and failed antibiotic treatment options due to rampant overuse and poor prescribing. Many therapeutic cancer drugs, such
as anti-metabolites, arrest the cell cycle and can resemble the structure of purines and pyrimidines.'' Another option to
consider is to use AgNPs to either cause apoptosis or necrosis, and biogenic synthesis of AgNPs may be a selective and
cost-effective option. In this study, we focused our efforts on assessing the potential of Malvaviscus arboreus (rarely
studied plant) as a source of bioactive phytochemicals in the field of drug discovery to produce targeted and effective
treatments for cancer and microbial infections by using M. arboreus green synthesized NPs.

Malvaviscus arboreus is from the Hibiscus family native to America, Latin, Central, and the South.'? 1t is also
commonly known as Sleeping Hibiscus or Wax Mallow and is used in salads, teas, and dyes.'* M. arboreus has a strong
medicinal value. In parts of India, the plant has been used for hair growth. One study tested various fractions of the plant
extract, ethanolic, n-hexane, ethyl acetate, and aqueous against the positive control 15% minoxidil, yielding comparable
results.'* Furthermore, the petroleum ether fraction, dichloromethane, ethyl acetate, and aqueous fractions from the aerial
part of M. arboreus had hepatoprotective effects.'> Rats were given the fractions orally for 6 days, followed by induction
of hepatotoxicity by carbon tetrachloride. Pre-dosage with the fractions prevented toxic effects, indicated by reduced
ALT, AST, ALP, bilirubin, and malondialdehyde, as compared to the positive control (rats with carbon-tetrachloride
induced hepatotoxicity with no prior oral consumption of plant extract). In addition, the plant fractions improved hepatic
antioxidant capacity.'> The use of M. arboreus to help in stomach ailments suggests gastroprotective effects for the herb,
and one study identified that two glycosylated flavonoids richly found in the ethyl acetate fraction were notably
responsible for gastroprotective effects seen in a rat model of ethanol-induced gastric ulcer.'® In addition, M. arboreus
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aqueous leaf extract had antimicrobial effects on human pathogenic bacteria Pseudomonas aeruginosa, Escherichia coli
25922, and Listeria monocytogenes,'” and the dichloromethane fraction of M. arboreus was active against protozoal
infections having anti-Trypanosoma effects and had anti-protease activity.'® An earlier study identified the crude
methanolic extract of M. arboreus to have potent antioxidant activity and moderate erythrocyte membrane stabilizing
effect, as demonstrated in an assay assessing the heat and hypnotic-induced hemolysis of RBCs."? Thus, the therapeutic
potential of this herb seems wide and varied. However, the literature available on the anti-cancer effects of M. arboreus
and its metabolites is scarce.

Our objectives were to produce AgNPs using M. arboreus plant extract, identify their biological cytotoxic application
on breast cancer cells and colon cancer cells, and test the microbial activity against a panel of bacteria. In addition, we
wanted to identify the active phytochemicals from the aqueous extract of the herb and use in silico techniques to predict
the bioactivity, pharmacodynamics, and pharmacokinetics to find a potential lead for further research and development.

Materials and Methods

The Collection and Preparation of Plant Material

Malvaviscus arboreus leaves were collected from the local nursery, Royal Commission for Riyadh City Nursery, Saudi
Arabia. Plants were identified based on confirmed characteristics and were stored at 4 °C in polythene bags until used.
The leaves were washed and dried, after which a fine powder was prepared by a milling machine (IKA-Werke, GMBH
and Co., Germany). Finally, the milled material was kept in sterile plastic bags at room temperature for further use.

Plant Extraction and AgNPs Fabrication

An aqueous extract from the leaf powder was produced by adding a ratio of 2:100 distilled water (w/v). The solution was
heated for 10 min at 80 °C and subsequently filtered using Whatman grade No. 1 filter paper (125 mm diameter and 11 um
mean pore size). The resulting supernatant was used for AgNP synthesis. Briefly, in a flask, 90 mL of AgNO; (ImM) was
added to the plant extract (10 mL) in and heated at 80°C for 15 min. The reaction was allowed to continue at room
temperature for 24 h in the dark until a sable brown color was observed. The mixture was then centrifuged for 15 min at
14,000 rpm, the supernatant was aspirated, and the pellet was washed in distilled water and then allowed to dry at room
temperature. Further experiments were performed using 1 mg/mL M-AgNPs prepared in distilled water.

Characterization of Bio-Fabricated AgNPs
In the present investigation, several techniques, as listed below, were performed for the characterization of the biogenic
AgNPs (M-AgNPs).

Ultraviolet-Visible Spectroscopy

Color variation was visually observed when AgNO; was incubated with the Malvaviscus arboreus leaves extract. After
the 24 h incubation, the UV—Visible absorption spectra were measured using a spectrophotometer (UV-Vis)
(BIOCHROM Libra S60PC, Serial Number: 119377, England) at 300-600 nm.>’

Electronic Transmission Microscope (TEM)

The M-AgNPs morphology and size distribution were examined by TEM (JEM-1011, JEOL, Japan) at 80 kV and
scanning electron microscopy (SEM) (JEOL, JED-2200 series, Japan). A drop of NPs solution was added to a carbon-
coated copper grid (200 mesh). Then, the grid was dried using a vacuum desiccator.?!

Dynamic Light Scatter (DLS)
The pattern of M-AgNPs size distribution has been detected using dynamic light scattering, and zeta potential was
evaluated using Zetasizer advanced series (Malvern Panalytical Ltd, WR141XZ, United Kingdom).*?

Elemental Analysis
Scanning electronic microscope with energy-dispersive X-ray spectroscopy (EDS) was attained to determine the surface
analysis of the M-AgNPs and the incorporation of the silver element.?®
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Functional Group Detection

Fourier-transform infrared spectroscopy (FTIR) analysis using SPECTRUM100, Perkin-Elmer, USA, was conducted to
identify the probable Malvaviscus arboreus secondary metabolites involved in the reduction process of the extract and
AgNO;. Data were established at a range of 450-3500 cm™ .

Biological Activity of AgNPs

Antibacterial Screening

Agar well diffusion and antibacterial susceptibility test (AST) were conducted to identify the antibacterial efficacy of the
treatments on four pathogenic bacteria: E. coli, Klebsiella pneumoniae (gram-negative), methicillin-resistant S. aureus
(MRSA) and S. mutans (gram-positive). Subcultures were grown from each strain on Nutrient agar medium (Oxoid) for
24 h at 37°C. Bacterial suspensions of 1.5 x 10® CFU/mL (McFarland standard, 0.5) were prepared. Under sterile
conditions, agar plates were inoculated with 1 of each type of bacterial strain, and 40 microliters of plant extract and
M-AgNPs (Img/mL) were added independently to a well and dried. Distilled water and ampicillin were applied as
negative and positive controls, respectively. Thereafter, plates have been kept at 37 °C for 24h, and the inhibition zone
for each loaded well was detected in mm.**

Synthesis and Application of Ampicillin-Conjugated M-AgNPs

A method used by Fan et al”® was adopted and modified to synthesize nanocomposite (Amp-M-AgNPs). Briefly, equal volumes of
ampicillin (Img/mL) and M-AgNPs (1mg/mL) were mixed at room temperature for 48 h in the dark.”® The standard agar well
diffusion method was used to assess the antimicrobial activity, as described above (Antibacterial Screening).

Assessment of Cell Viability

The cell viability was assessed by MTT assay as explained previously” to determine the cytotoxic effects of M-AgNPs on
HCT116 (colorectal carcinoma cell line), MDA MBA 231 (breast cancer), and a breast epithelial cell line used as
a control (MCF 10A). All cell lines were commercial from ATCC, USA, MDA MB-231 (HTB-26); HCT116 (CCL-247)
and MCF 10A (RL-10317). Experiments were conducted in 96 well plates, and cells were seeded (5 x 10* cells/well) and
grown at 37 °C in 95%/5% humidified air/CO, condition atmosphere. Cells have then been subjected to different doses of
M-AgNPs at concentrations ranged between 2.05—4200 pg/mL and incubated for 48 h.

LC-QTOF-MS Analysis

An aqueous extract of the plant was produced by mixing leaf powder with distilled water and placing it on heat at 60 °C
for 48 h before filtration with Grade | Whatman paper and finally evaporation. The dry plant extract (1mg) was added to
methanol (1 mL) and analyzed by LC-QTOF-MS as described previously. The MS data was generated using the Agilent
Mass Hunter qualitative and quantitative analysis software (Agilent Technologies). Thereafter, the Molecular Feature
Extraction (MFE) algorithm and recursive analysis workflow were used to identify the chemical features from the LC-
MS data.

Silico Pharmacological Properties

Prediction of Anticancer Activity of Malvaviscus arboreus Metabolites

The bioactive metabolites of Malvaviscus arboreus were identified using LC-MS, and the Chemdraw tool was used to
draw the 2D chemical structures of the identified metabolites. The SMILES (Simplified Molecular Input Line Entry
System) for each identified molecule was generated and used in the PASS online webserver to predict the activity.?® The
web server gives a probability for a compound to be active or inactive on a specific biological response based on
a training set that contains biologically active molecules (http://way2drug.com/passonline/faq.php).

Predictions of Molecular Targets
Three web servers were operated to predict potential biological targets for Malvaviscus arboreus secondary metabolites,
including SWISS Target predictions (http://www.swisstargetprediction.ch/), Sea Search (https://sea.bkslab.org/), and

Molinspiration (https://www.molinspiration.com/). These online tools predict the molecular targets of small molecules
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using a similarity approach for a known active library.>’*® For each molecule, the 2D structures from SMILES were used
as the input for each tool to generate the predictions.

Molecular Docking of Identified Metabolites into the Crystal Structure of Human Carbonic Anhydrase (CA)
IX Enzyme

A docking study on the Carbonic Anhydrase IX crystal structure (PDB: 5FL6) was performed for each identified
secondary metabolite. The LigPrep tool (LigPrep, Schrédinger) was used to prepare the 2D chemical structures for the
secondary active metabolites. Also, the protein grid was generated via a receptor grid generation tool available in
Maestro software (Receptor Grid Generation Panel, Schrodinger).”® The docking study and the poses generated were
qualitatively and quantitatively analyzed using Glide (Glide, Schrodinger).

Molecular Dynamics Simulation of Protein-Ligand Complex

The metabolite that demonstrated the best docking score and interaction was further analyzed using Desmond (Desmond,
Schrodinger), in which a molecular simulation was performed. The parameters used for generating the simulation
complex were TIP4P water molecules (8411), neutralization of the system by adding 6 Na', and NPT ensemble were
applied for conducting the simulation run. The simulation was conducted for a time scale of 100 ns, and the complex was
relaxed before starting the production run. A simulation interaction diagram (SID) was used for post-simulation analysis.

Absorption, Distribution, Metabolism, and Excretion (ADME) Properties Predictions for Malvaviscus arboreus
Secondary Metabolites

The QikProp (QikProp, Schrodinger LLC New York, NY) and SWISS ADME (http://www.swissadme.ch/)*° computa-
tional tools were employed to predict the important physicochemical properties for the bioactive molecules identified in

Malvaviscus arboreus extract. The predicted physicochemical properties include Molecular Weight, lipophilicity (Log
Po/w), solubility (Log S), blood-brain barrier penetration (BBB Permeant), oral gastrointestinal absorption (GI
Absorption), and violations of Lipinski’s rule of five (ROF).

The Profile of Cytochromes (CYP) P450 Enzymes Inhibition for Malvaviscus arboreus Metabolites

SWISS ADME webserver was utilized to see the effect of the secondary metabolites identified in M. arboreus extract
on five important cytochrome P-450 enzymes, including CYP1A2, CYP2C19, CYP2C9, CYP2D6, and CYP3A4
(http://www.swissadme.ch/index.php). The web server predicts whether a small molecule is an inhibitor for CYP

enzymes or not.

Organ Toxicity and Safety Predictions for Malvaviscus arboreus Metabolites

ProTox-II webserver was utilized to predict the potential toxicity of the secondary metabolites identified in Malvaviscus
arboreus Extract using SMILES as an input to generate the predictions. Several types of toxicity were evaluated
including hepatotoxicity, carcinogenicity, cytotoxicity, mutagenicity, and immunotoxicity for the four metabolites.*'

Statistical Analysis of the Data

Means and standard deviations were calculated for the antibacterial activities using MICROSOFT EXCEL 2019. For all
images, a representation from among three individual experiments is shown. Data were statistically analyzed using
GraphPad Prism Software version 9.1 (San Diego, California, USA). The ImageJ software (National Institutes of Health,
Bethesda, MD, United States) was utilized to calculate the size of the NPs.

Results
Biogenic Silver Nanoparticles (AgNPs)

This study aimed to examine the benefits of using M. arboreus aqueous leaf extract as bio-mediators in the fabrication of
AgNPs and determine the anticancer and antibacterial activities of the aqueous leaf extract and the resulting M-AgNPs.
The plant extract was added to a solution of AgNOj3, which produced a mixture that altered color from pale yellow to
brown-yellow. M-AgNPs biosynthesis progression underwent a transition, first a slow color alteration in the reaction
medium over a period of 20 h incubation time, then the strength of the color increased during the residual reaction time.

International Journal of Nanomedicine 2023:18 hetps: 2145
Dove:


http://www.swissadme.ch/
http://www.swissadme.ch/index.php
https://www.dovepress.com
https://www.dovepress.com

Mohammed et al

Dove

M-AgNPs Properties

Physicochemical Characterization of AgNPs
The formation of the nanoparticles in the aqueous solution of M. arboreus leaves was additionally confirmed by UV—

visible spectroscopy. The solution was scanned on a fixed wavelength scale between 300 and 500 nm, and characteristic

of silver nanoparticles, a maximum absorbance was observed at 436.59 nm (Figure 1).

The M-AgNPs were further categorized using TEM and DLS. The TEM image showed that the M-AgNPs were well
dispersed, and their shapes were mostly spherical as clear from Figure 2 where images were taken at varied magnifications and
the mean diameter of the M-AgNPs was 21.8 & 1.1 nm. Further, M-AgNPs showed mean sizes of 115.6 £ 2.3 nm, as measured
via DLS technique with PDI 0.204 (Figure 3A) and negative zeta potential (—31.59 +£0.7 mV) (Figure 3B).

The elemental composition and surface morphology were detected by using SEM/EDS. Figure 4A shows the

morphology of M-AgNPs assembly as aggregates of spherical shape. The elemental components and the abundance of
the biofabricated M-AgNPs were assimilated from EDS, as revealed in Figure 4B. The EDS spectrum shows the purity
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Figure 4 (A) SEM image (B) EDS spectrum (C) percentage relative composition of elements in M-AgNPs.

and the chemical conformation of M-AgNPs. The proportion of Ag construct in incidence with other chemical parts was
considerable. The optical absorption characteristic peak at 3 keV was noted for the condensed M-AgNPs when analyzed

by EDS. The EDS examination also displayed the percentage relative composition of elements such as Carbon (C) 18%,
Oxygen (O) 70% and Silver (Ag) 10% (Figure 4C).

FTIR Evaluation

FTIR analysis has been taken to categorize the chemical transformation occurring through the interaction between the
silver nitrate and functional clusters present in the M. arboreus extract. Comparing the FTIR data for M-AgNPs and the
plant extract that exhibited in Figure 5 provides information about the diverse phytochemicals that could be involved in
the reduction process of Ag ions into M-AgNPs. The peaks of absorption were identified at 3282.64, 2205.53, 2191.17,
2157.69, 2146.72, 2135.15, 2039.79, 2015.97, 1980.21, 1751.08 and 1635.69 cm™ ' for M. arboreus extract (Figure 5A),
while absorption peaks were detected with small alterations at 3262.28, 2204.23, 2181.92, 2167.28, 2140.42, 2122.15,
2039.77, 2019.33, 2003.85, 1994.34, 1973.07 and 1634.89 cm™ ' for the M-AgNPs (Figure 5B).

Biological Activity of AgNPs

Antibacterial Effects of M-AgNPs and Antibiotic Nanocomposite

Antibacterial effect for the tested agents was identified for 0.4 mL/well against all investigated microbes as shown by the
inhibition zone diameters in mm. The clear zone around the well contains tested agent at S. mutans, K. pneumoniae,
S. aureus, and E. coli plates ranged between 7.5 = 0.8 to 9.5 = 0.5 mm when M. arboreus extract was tested and 12 £ 0.8
to 27 + 2.6 mm for M-AgNPs. The antibiotic ampicillin indicated inhibition zone ranged between 16.5 + 1 to 19.5 + 0.5
which increased significantly when conjugated with M-AgNPs that indicated inhibition zone ranged 18 + 1 to 33.7 +
0 mm as shown in Figure 6. A significant variation in the effects of the tested agents was reported for all tested bacteria
(p <0.0001). In addition, a significant difference in the interactions between bacteria for any one of the tested agents was
also noted (p < 0.0001). The most sensitive bacterial strain was S. aureus against both M-AgNPs and its ampicillin
conjugated form.

Cytotoxicity

The cytotoxic response of M-AgNPs on MDA MB 231, HCT116 and MCF10A cells was assessed by conducting MTT
assays, and the results are shown in Figure 7. A dose-dependent cytotoxic response was observed in all cell lines
tested. The M-AgNPs were more efficacious and potent on the HCT116 cells than on MDA MB 231 and MCF10A cell
lines. The cytotoxic potency (ICsg) of the M-AgNPs in HCT116, MDA MB 231, and MCF10A cells were 29.5, 354.7,
and 69.1 pg/mL, respectively (Figure 7). An ICs, value of less than 100 pg/mL was considered active, and anything
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Figure 6 Antibacterial activities of M. aroberus extract, M-AgNPs, ampicillin and the ampicillin conjugated M-AgNPs. Data are expressed as the means +SD (n=4).

above 100 pg/mL was considered inactive. As such, the M-AgNPs had the most potent cytotoxic effect on the HCT116
cells (ICso= 29.5 pg/mL) and then on MCF10A cells and inactive on MDA MB 231 cells.

Identification of Bioactive M. arboreus Metabolites
M. arboreus aqueous extract (1 mg) was dissolved in methanol and exposed to total ion current spectra (TIC) to identify

the plant metabolites, the analysis results are shown in Figure 8. Mass screening was done, and then the chemical features
from the LC-MS data were summarized using the recursive analysis workflow and the Molecular Feature Extraction
(MFE) algorithm. Detected nodes at various retention times per minute were the features that have been used for
screening, with a minimum intensity of 6000 counts, and aligned with earlier identified composites considering adducts
([M+H]", [M+2H]", [M+3H]", and [M-H]"). The tentatively identified compounds were Astragalin (A), and 4-hydro-
xyphenylacetic acid (B)"> Caffeic acid (C), and Vernolic acid (D).*> Mean m/z implies measured m/z.
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Figure 7 (A) Dose-response showing the cytotoxic effect of M-AgNPs on the cancer cell lines; MDA MB 231, HCT 1 16, and MCFI0A. (B) Summary of the anticancer ability
of M-AgNPs on HCT 116, MDA MB 231, and MCFI0A cells treated for 24 hrs. M-AgNPs were examined at twelve varied concentrations ranging from 2.05 to 4200 pg/mL.
The histograms columns display the mean * SD (n = 4).

In silico Predictions of M. arboreus Secondary Metabolites Pharmacological Properties
Anti-Cancer Activity Predictions of M. arboreus Secondary Metabolites Using PASS

The anti-cancer biological activity of each secondary metabolite was predicted using the PASS online web server. Our
results demonstrated that Astragalin possesses the highest anti-cancer activity, followed by Caffeic acid, Vernolic acid,
and 4-hydroxyphenyl acetic acid, respectively (Table 1 and Figure 9). These results provide additional confirmation to the
observed anti-cancer activity of M. arboreus against cancer cell lines.

Predictions of Molecular Targets for M. arboreus Secondary Metabolites Using SWISSADME, Sea Search, and
Molinspiration

Using three different webservers, Astragalin, 4-hydroxyphenyl acetic acid, and Caffeic acid demonstrated similar
prediction findings in which carbonic anhydrase enzyme could be the molecular target that mediated the observed anti-
cancer and anti-bacterial responses (Table 2, and Figure 10). On contrary, Vernolic acid demonstrated a high probability
score as an enzyme inhibitor; however, carbonic anhydrase was not predicted using SWISS target prediction and SEA
search. Our present findings suggest that these bioactive metabolites could inhibit the carbonic anhydrase that produces
beneficial anti-cancer and anti-bacterial activity.

Molecular Docking of M. arboreus Secondary Metabolites with Carbonic Anhydrase IX (CA [X) Crystal
Structure Using Glide

In this study, we sought to investigate the protein—ligand interactions between the secondary metabolites identified in
M. arboreus extract and the CA IX crystal structure. Thus, Glide was utilized to perform the molecular docking, and
several poses were generated, as summarized in Table 3. Our docking results demonstrated that Astragalin possesses the
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Elector spray ionization total ion chromatogram of Malvaviscus arboreus extract
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Figure 8 Base peak chromatogram of M. arboreus methanolic extract. The tentatively recognized biomolecules are Astragalin (A), and 4-hydroxyphenyl acetic acid (B),
Caffeic acid (C), and Vernolic acid (D). Mean m/z implies measured m/z.

highest docking scores (—6.214), followed by Vernolic acid (—4.995), Caffeic acid (—4.439), and 4-hydroxyphenyl acetic
acid (—3.661), respectively. Moreover, Astragalin interacted with several important residues via H-bonds and aromatic
hydrogen bond interactions with TRP9, HIS68, THR200, THR201, and Zinc1260 coordination, as shown in Figure 11.
Interestingly, our docking results correlated well with the prediction of anti-cancer activity as described above.

Molecular Dynamic Simulation of M. arboreus Secondary Metabolites with the Carbonic Anhydrase IX (CA IX)
Crystal Structure Using Desmond

To evaluate if the interactions highlighted in the docking poses are stable, we conducted detailed investigations using the
molecular dynamic simulation tool in Maestro software. Our results showed that the complex was stable during the simulation
time (100 ns), which was evident by stable RMSD values (Figure 12A). Moreover, Astragalin maintained various contacts

Table | The Predicted Bioactivity Scores of M. arboreus Secondary
Metabolites Using PASS Online Webserver

Antineoplastic/ Probability of Probability of
Anticarcinogenic Activity | Being Active (Pa) | Being Inactive (Pi)

Astragalin 0.953 0.001
4-hydroxyphenylacetic acid | 0.403 0.030
Caffeic acid 0.571 0.014
Vernolic acid 0.464 0.055
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Figure 9 The probability of anti-cancer activity of M. arboreus secondary metabolites using PASS online webserver.

with amino acids, including HIS94, HIS96, GLU106, THR200, THR201, and THR202 for most of the simulation run. These
interactions involved ionic, hydrogen, and hydrophobic interactions (Figure 12B). Moreover, the protein residue contacts with
Astragalin were stable during a timescale of 100 ns, and Zinc 1260 coordination was maintained at 100% for the simulation
run (Figure 12C), indicating stable and strong interactions between Astragalin and CA IX. Our docking and simulation data

-
]
]

Probability of Anti-cancer Activity
(=]
tn

indicate the promising dual activity of Astragalin that could be mediated via CA IX inhibition.

Predictions of ADME Properties for the Secondary Bioactive Metabolites Identified in M. arboreus Extract

The physicochemical profile for the identified bioactive metabolites was predicted using two computational tools, and five
important ADME parameters were evaluated. All metabolites demonstrated a molecular weight of less than 500 g/mol and
exhibited low lipophilicity except for Vernolic acid, which demonstrated a log P of 5.10 (Table 4 and Figure 13).
Additionally, the solubility correlated well with the lipophilicity in which all the metabolites were soluble except for

Table 2 The Predicted Biological Targets Involved in Mediating Malvaviscus arboreus Anti-Cancer Activity Using SWISS

Target Prediction, Sea Search, and Molinspiration Web Servers

Compound Name Target Predictions
SWISS Target Prediction | SEA Search Molinspiration

Astragalin Carbonic anhydrase Carbonic anhydrase GPCR ligand 0.06
lon channel modulator | —0.05
Kinase inhibitor 0.10
Nuclear receptor ligand | 0.20
Protease inhibitor —0.05
Enzyme inhibitor 0.41

4-hydroxyphenyl acetic acid | Carbonic anhydrase Carbonic anhydrase GPCR ligand —0.53
lon channel modulator —-0.07
Kinase inhibitor —-1.02
Nuclear receptor-ligand | —0.18
Protease inhibitor —0.69
Enzyme inhibitor —-0.09

(Continued)

2152 o

Dove!

International Journal of Nanomedicine 2023:18


https://www.dovepress.com
https://www.dovepress.com

Dove Mohammed et al

Table 2 (Continued).

Compound Name Target Predictions
SWISS Target Prediction | SEA Search Molinspiration

Caffeic acid Carbonic anhydrase Carbonic anhydrase GPCR ligand —0.48
lon channel modulator | —0.23
Kinase inhibitor —0.81
Nuclear receptor-ligand | —0.10
Protease inhibitor -0.79
Enzyme inhibitor —-0.09

Vernolic acid Cytochrome P450 Cannabinoid receptors | GPCR ligand 0.34
lon channel modulator 0.15
Kinase inhibitor 0.10
Nuclear receptor ligand | 0.52
Protease inhibitor 0.59
Enzymeinhibitor 0.60

Vernolic acid, which had intermediate solubility. Regarding the BBB penetration, the two prediction tools showed distinct
results. QikProp predicted that all the four metabolites are unable to cross BBB, while SWISS ADME predicted 4-hydro-
xyphenyl acetic acid and Vernolic acid can cross BBB. Moreover, Vernolic acid demonstrated the highest GI absorption
(100%), followed by 4-hydroxyphenyl acetic acid (68%), Caffeic acid (54%), and Astragalin (11.9%), respectively. Among
the four metabolites, only Astragalin violated hydrogen bond donor and acceptor rules for orally active drugs.

Cytochromes (CYP) P450 Enzymes Inhibition Profile for the Bioactive Metabolites Identified in M. arboreus Extract
Our computational predictions demonstrated that Astragalin, 4-hydroxyphenyl acetic acid, and Caffeic acid do not inhibit
the five major CYP enzymes, CYP1A2, CYP2C19, CYP2C9, CYP2D6, and CYP3A4 (Table 5), while only Vernolic acid

A) Astragalin B) 4-hydroxyphenylacetic
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Figure 10 The target predictions for the secondary bioactive molecules identified in M. arboreus extract using Swiss target prediction. (A) Astragalin, (B) 4-hydro-
xyphenylacetic acid, (C) Caffeic acid, (D) Vernolic acid.
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Table 3 The Docking Scores for the M. arboreus Metabolites with CA X Using the Glide Tool

Compound Name Glide Score Interactions with Amino Acid Residues
Astragalin —6.214 TRP9, HIS68, THR200, THR201, Zinc1260
4-hydroxyphenyl acetic acid —3.661 HIS94, THR200, GOLI1261, ZN1260
Caffeic acid —4.439 Zincl260

Vernolic acid —4.995 THR200, Zincl260

showed a predicted inhibition for CYP1A2, CYP2C9, and CYP2D6 enzymes. It is worth mentioning that none of the
metabolites was predicted to inhibit the CYP3A4 enzyme that is involved in metabolizing several drug classes.

Organ Toxicity Predictions for the Bioactive Metabolites Identified in the M. arboreus Extract

The potential toxicity of the secondary bioactive metabolites was predicted using the ProTox-II online webserver. Among
the predicted four metabolites, only Caffeic acid demonstrated 78% carcinogenicity (Table 6 and Figure 14), while the
rest were inactive suggesting a safe and promising pharmaceutical profile for the identified metabolites.

C o

ZN 1260

THR 201
TRP 9

PRO 202

Figure 11 (A) Carbonic Anhydrase IX with Astragalin. (B) Astragalin occupies the binding pocket of CA IX using surface representation. (C) The molecular interactions of
Astragalin with various amino acid residues in CA IX binding site (yellow color is H-bonds, and faded teal is aromatic hydrogen bond interaction).
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Figure 12 Simulation interaction diagram for Astragalin and CA IX complex for a timescale of 100 ns. (A) The protein and ligand RMSD graphs for Astragalin and CA IX
complex for the timescale of 100 ns. (B) Astragalin and CA IX contacts for the timescale of 100 ns. Green (H-bonds), Purple (hydrophobic), Red (ionic), and blue (water
bridge). (C) Astragalin and CA IX interactions for the timescale of 100 ns. Hydrogen bonds (purple), green (hydrophobic), and grey (metal coordination).
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Table 4 The Predicted ADME Properties for the Secondary Metabolites Identified in Malvaviscus arboreus Extract Using SWISSADME
and QikProp Tools

Compound Molecular Weight Log Po/w LogS BBB Permeant Gl Absorption Rule of Five (ROF)
Name
SWISS QikProp | SWISS QikProp | SWISS ADME QikProp | SWISS QikProp | SWISS QikProp | SWISSADME
ADME ADME ADME ADME
Astragalin 448.38 448.382 —0.24 —0.823 -2.10 —2.665 No Inactive Low 11.977 No; 2 violations:
Soluble NorO>10, NHorOH>5
4-hydroxyphenyl 152.15 152.149 1.02 1.253 —1.58 —1.336 Yes Inactive High 68.076 Yes; 0 violation
acetic acid Soluble
Caffeic acid 180.16 180.16 1.09 0.531 -0.71 -1.272 No Inactive High 54.11 Yes; 0 violation
Soluble
Vernolic acid 296.44 296.449 5.10 4.948 —4.41| —5.369 Yes Inactive High 100 Yes; 0 violation
Moderately soluble

Discussion
M-AgNPs Properties

Change of the mixture (AgNO; and M. arboreus extract) color to brown suggested successful fabrication of well-
distributed spherical M-AgNPs at nano-range that approved by DLS and TEM analysis which showed varied sizes. Since
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Figure 13 Prediction of the drug-likeness properties of the metabolites identified in M. arboreus extract using SWISSADME.
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DLS analysis assesses the radius of the particles in an aqueous medium that may contain capping agents from the plant
extract, TEM analysis is taken in dry conditions; therefore, variation in the size obtained by each technique is
expected.”>* The PDI data indicated a monodispersed form of the M-AgNPs since its value is less than 3.%°
A similar trend of observation was also noted in a recent report.>® Negative zeta potential indicates repulsion among
the particles, which confirms long-term NPs stability.’” The negative potential values might be related to the organic

molecules from the plant extract that cap the NPs. A recent study by Sharifi-Rad et al*®

also had a negative zeta potential
(—25.2 mV) for the AgNPs prepared from Otostegia persica Leaf Extract.

Additionally, the EDX spectrum of AgNPs confirmed the existence of O and C peaks indicating the occurrence of
carbon-based compound and phytochemicals that act as stabilizing agents in NP formation. Besides, the existence of
C could be related to the carbon type used to mount the anticipated sample throughout the experiment, where the O might
indicate the surface oxidation state.>® The significant role of phytochemicals in AgNPs fabrication as reducing and
capping agents is widely studied, however, varied within plants, which could be related to specific plant metabolites.
Proteins and polyphenolics in the plant extract and the M-AgNPs solution were noted; however, peaks observed from the
plant extract were slightly shifted in the M-AgNPs solution indicating the role of phytochemicals in the reduction
process. The major noted peaks were related to OH groups of polyphenolic and N-H stretching of amines that were clear
at a range near 3300 cm ' and peaks for carbonyl (C = O) stretching of proteins and amide 1 that were reported at 1635
cm” ' for the plant extract and M-AgNPs 2%

M-AgNPs Biological Activity

Our results identified that the M-AgNPs exerted significant anti-bacterial activity on both gram-positive and gram-
negative bacteria, and the ampicillin conjugate typically caused synergistic effect on their activity. A previous study
reported the synergistic effect of AgNPs when combined with antibiotics,*' but in this case, the AgNPs were created in
solution using an electro-colloidal system.*> However, our previous studies showed more aggregation of the antibiotic
conjugate green-AgNPs, which appeared to have an antagonistic effect.”*> The plant extract had the least antimicrobial
potential; however, a previous study reported that combining plant extracts with traditional antibiotics exerts synergistic
or additive antibiotic effects.** In our case, it would have been useful to combine the M. arboreus extract with ampicillin
to check for a similar pharmacological response.

Table 5 The CYP-P450 Enzyme Inhibition Profile for the Bioactive Molecules Identified in M. arboreus Extract
Using SWISSADME

Compound CYPIA2 CYP2CI19 CYP2C9 CYP2D6 CYP3A4
Astragalin No No No No No
4-hydroxyphenyl acetic acid No No No No No
Caffeic acid No No No No No
Vernolic acid Yes No Yes Yes No

Table 6 Organ and Endpoint Toxicity Predicted Using ProTox-II

Compound Name Classification

Organ Toxicity Toxicity Endpoint

(% Probability) (% Probability)

Hepatotoxicity Carcinogenicity Immunotoxicity Mutagenicity Cytotoxicity
Astragalin Inactive (82) Inactive (85) Inactive (64) Inactive (76) Inactive (69)
4-hydroxyphenyl acetic acid Inactive (55) Inactive (74) Inactive (99) Inactive (94) Inactive (83)
Caffeic acid Inactive (57) Active (78) Inactive (50) Inactive (98) Inactive (86)
Vernolic acid Inactive (66) Inactive (62) Inactive (98) Inactive (84) Inactive (64)
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Figure 14 Organ and endpoint toxicity predictions for M. arboreus secondary metabolites using ProTox-II.

The gram-positive S. aureus was more susceptible to the effects of the M-AgNPs than the other tested bacteria, and
expectedly, the combination of the M-AgNPs with ampicillin had a greater impact on this strain than the other tested
strains. A greater increase in efficacy of ampicillin conjugated NPs was noted compared to ampicillin alone and other
tested agents. This represents a viable option for the treatment of MRSA. Both gram-negative bacteria, E. coli, and
K. pneumoniae, were the least affected by the treatments, although gram-negative bacteria may be more susceptible to
silver nanoparticles.*' Another study also showed Lycium shawii-AgNPs to have a greater anti-microbial capacity on the
gram-positive S. aureus bacteria.” Gram-negative bacteria can be more resistant to certain antibiotics because of the
features and functions of the outer membrane.*> A possible explanation could be due to the outer membrane of the gram-
negative bacteria, which contains LPS, which is a cause of virulence, but also could lead to the binding of plant
metabolites to this structure and not allow penetration or even repelling the particles, depending on the functional groups
of the metabolites present around the nanoparticle itself. These theories are supported by the fact that certain plant
secondary metabolites bind strongly to the LPS,*® and other plant metabolites do not bind but rather repel specific
microbes.*” A further detailed examination using microscopy techniques would help in explaining the observations.

Cytotoxicity data reveal that M-AgNPs had a potent effect on HCT113 colon cancer cells and very little on the MDA-
MB-231 ER+ positive breast cancer cells. It is important to note that credible cytotoxic effects occurred on the normal
breast epithelial cell line, which indicates a lack of therapeutic specificity at least in the case of this particular breast
cancer. In the field of drug discovery, it is essential to perform toxicity studies before implying a therapeutic role on
a new drug candidate. The toxicity studies may start from in silico studies and expand to in vitro and in vivo studies using
a large panel of cells, general toxicity on animals, and finally, in humans. After deciphering these effects, treatments for
diseases along with doses can be stipulated. Therefore, more extensive studies are needed to determine its value and use
in colon carcinoma by the initial utilization of an array of normal and cancerous cell lines.

Nevertheless, the data generated here agree with the in silico biological activities of the secondary metabolites of
M. arboreus. Since, the crude extract from which the M-AgNPs have been prepared have all the metabolites identified
from the mass spectrophotometric data; we expect that the differences observed in cell cytotoxic response are related to
different metabolites in action exerting cytotoxicity by distinguished mechanisms. Furthermore, cellular differences in
cytotoxic response are also likely to be governed by the cell texture, which refers to the cellular environment, cell type,
genomic and proteomic characteristics, and passage of the individual cell. Thus, using crude extracts of plant material
presents an opportunity of broadening the therapeutic application.

Plant secondary metabolites tend to have very specific functions,*® evolutionarily developed due to the real-life need
to continue to grow and survive. The specific functions are attributed to a high degree of selectivity towards its biological
targets having less promiscuity than traditional man-made synthetic drugs.*’ The specificities and function are dictated by
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the biochemical properties of the structure and their functional groups. Standard AgNPs are known to have cytotoxic
properties in vitro,”° but with green synthesis, therapeutic secondary plant metabolites surrounding the silver nucleus can
lead to additional properties”' and possibly a targeted approach that leads to selectivity towards certain types of diseased
cells, broadening the safety index and the therapeutic implications of the treatment possibly contributing to precision
medicine. Thus, it is reasonable to assume that it is the functional groups present in the secondary metabolites
surrounding the NPs that dictate the cytotoxic activity, selectivity, and safety profile. Many studies show the cytotoxic
activity of plant green synthesized AgNPs on cancer cells.”**->> However, our study is the first to test the anti-cancer
activity of M. arboreus and the M. arboreus AgNPs.

M. arboreus Metabolites
Varied metabolites were detected from the aqueous extract of M. arboreus that showed cytotoxic, antioxidant and anti-
inflammatory effects. The flavonoid Astragalin is also known as kaempferol-3-O-b-d-glucoside. It has been isolated from
many different types of plants and from within families such as Convolvulaceae, Fabaceae and Eucommiaceae.” It has
broad anti-inflammatory properties suppressing NFKB signals, reducing inflammatory cells and attenuating the expres-
sion of TNF-a, IL-6, and IL-1b as well as myeloperoxidase.54 In addition, it is reported to have effects on other enzymes
such as metalloproteinases, cyclooxygenase, inducible nitric oxide synthase (iNOS), and kinases and regulates proteins
involved in apoptosis and autophagy, such as caspases, Bax and Bcl2, in addition, alters the expression levels of many
inflammatory cytokines.>® The link between reactive oxygen species (ROS) generation and the regulation of autophagy
and the initiation and progression of cancers is well established.>> Myeloperoxidase (MPO) catalyzes the formation of
various types of ROS, which contributes to tissue damage stress responses and malfunctioned autophagy, all of which
contribute to switching of cellular responses leading to oncogenic effects. Furthermore, silencing of MPO and iNOS led
to increased apoptosis, thus acting as a redox switch to regulate programmed cell death®® and, as such, regulating ROS is
considered a useful strategy for cancer treatment. It is important to note that carbonic anhydrase IX is a hypoxia-induced
protein, an acid-base regulator, and a driver of tumorigenesis. Key to the pathogenic effect of CA IX is the fact that ROS
promotes a hypoxic state by destabilizing the mitochondrial electron transport chain and subsequently causing a vicious
loop where mitochondrial hypoxia further drives ROS production.’” Since we found Astragalin to bind strongly to the
CA IX, it could be stipulated that the in vitro cytotoxic effect of M. arboreus on breast cancer and colon cancer cells is
likely to be occurring through a faceted signaling process, where a reduction of ROS occurs, dominated by anti-
inflammatory effects, and a switch to the normal repair mode promoting clean-up, autophagy, and apoptosis. Other
studies have also shown medicinal plants to bind to the CA IX enzyme and regulate ROS production in macrophages.®’
4-hydroxyphenyl acetic acid (4-HPA) is a polyphenol having antioxidant action and was shown to protect against
paracetamol-induced liver damage by enhancing the activity of antioxidant enzymes and increasing Phase II metabolism.
As such, it could be used as a naturally occurring plant-based hepatoprotective agent.”® Furthermore, 4-HPA was able to
reduce inflammation and expression of hypoxia-induced HIF-1a protein.’® HIF-1a is overexpressed in many different
cancers, and its activity is linked to the induction of CA IX,*® oncogenesis, and cancer progression.®’ This agrees with
results from our in silico studies, which also indicate 4-HPA to bind to CA IX. Furthermore, 4-HPA also has
antimicrobial potential. Its antimicrobial efficacy was proved on Listeria monocytogenes,®* and derivatives of 4-HPA
had microbial effects on Bacillus coagulans, Geobacillus stearothermophilus, and Alcaligenes faecalis.%

Caffeic acid is a phenolic compound found in abundance in fruits, oils, teas, coffee, wine, and in some plants such as
propolis. It has antioxidant, anti-inflammatory, and anti-cancer properties, attributed to its ability to attenuate ROS
formation, induce DNA oxidation of cancer cells, and prevent tumor cell angiogenesis.64 Furthermore, it is known to
have anti-cancer activity against various cancer cells, such as oral cancer, lung cancer, cervical cancer, and liver cancer. It
also attenuated the growth of both ER+ and ER-Breast cancer cells, MDA MB 231 and MCF-7, by hindering ER/cyclin
DI and IGF-IR/pAKt signaling pathways, thus preventing cancer cell proliferation.®> In colon cancer, caffeic acid had
a potent effect inducing apoptosis via enhanced AMPK activation; another mechanism could also be through inhibition of
the Akt and mTOR pathway and the ERK/MEK1 pathway.®® Caffeic acid has anti-microbial effects against several
strains of staphylococcus aureus and provides synergistic effects when combined with traditional antibiotics, erythro-
mycin, clindamycin, and cefoxitin.**
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Vernolic acid, also known as leukotoxin, is a plant long-chain monounsaturated epoxy fatty acid. Vernolic acid also
has cytotoxic properties on cancer cells. Plant fatty acids and fatty acids in general have shown cytotoxic potential®’
against breast cancer cells, MDA MB 231.%% Although higher levels of leukotoxin are known to cause strong toxicity,
possibly by disrupting the functional effects of the endothelial barrier.®” Our in silico data predicts vernolic acid to be an
inhibitor of 4 out of the 5 tested CYP450 enzymes, and since leukotoxins are known to be formed by cytochrome P450
enzymes,” our predictions on the inhibitory effect of CYP450 enzymes is expected. Fatty acids are also known to have
antimicrobial activity, exerting their effects in several ways, such as destabilizing bacterial membranes and interfering

with bacterial metabolic processes.”

In silico Evaluation of M. arboreus Metabolites Pharmacological Properties

In this study, the biological evaluation of the M. arboreus extract demonstrated promising anti-cancer and anti-
bacterial activities using in-vitro testing. Thus, several computational tools were utilized to investigate the anti-
cancer activity, molecular targets, ADME properties, CYP inhibition, and organ toxicity. Interestingly, among the
evaluated metabolites, Astragalin demonstrated the highest anti-cancer probability that could be mediated via CA IX,
which was predicted using three web servers. Additionally, these results were further confirmed using molecular
docking that showed Astragalin possesses the highest docking score with a comparatively greater number of multiple
interactions. Our docking results were further confirmed using a deeper investigation molecular dynamic tool for
Astragalin and CA IX complex. The simulation findings suggest that interactions between Astragalin and CA IX were
stable over the simulation run, indicating stable and consistent interactions between Astragalin and CA IX enzyme,
which was of particular interest.

Considering the promising docking and simulation results, it was necessary to evaluate the physicochemical properties and
safety profile of the identified metabolites. Our findings suggest that all the metabolites possess acceptable pharmaceutical
properties, in particular, Lipinski’s rule of five, except for Astragalin; further development to enhance Astragalin’s oral
bioavailability would be needed, or it could be considered for parenteral use. All the metabolites showed good safety profiles
regarding CYP inhibition and organ toxicity. Our data point out the promising dual anti-cancer and anti-bacterial actions for
M. arboreus extract that were mediated via CA IX inhibition and validated using in-vitro and in-silico methods.

Summary and Conclusion

M. arboreus is a well-known herb that has been used for centuries for several ailments. M. arboreus contains several
bioactive secondary metabolites that may contribute significantly to M-AgNPs fabrication, cytotoxic and antibacterial
effects. In particular, Astragalin presents as a secondary plant metabolite with therapeutic implications for several
discases targeting carbonic anhydrase IX. As predicted, these metabolites have a good safety profile. Therefore,
M. arboreus appears to be a strong candidate for targeting processes that facilitate neoplastic growth, such as hypoxia,
angiogenesis, ROS generation, and autophagy. In the current study, we elucidated its anti-neoplastic potential and
antibacterial effects whilst highlighting the ability to use plant-based biogenic AgNPs as a valuable tool in producing
selective and targeted therapeutics for use in precision medicine. The biochemical properties of the secondary metabolites
dictate their pharmacology and ability to target and repel various biological structures. hence providing a mechanism of
selectivity presumably and consequently ablating toxicity. Although much more research is required in this field, this
presents an opportunity for utilizing plant-based AgNP synthesis for further research and development in targeting and
treating specific cancers and bacterial infections and hence may be valuable in developing precision medicine.
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