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Bacterial responses to Ephedra aphylla stem extract
and green-synthesized Ag-TiO, and Ag-SeO, core/
shell nanocomposites: unveiling antimicrobial and
antioxidant propertiest

Mahmood Razzaq Mashar Askar

This study reports an efficient and green protocol for the green synthesis of Ag-TiO, and Ag-SeO,
nanocomposites using the extracted stems of Ephedra aphylla. Results of spectroscopic and analytical
analyses confirmed the successful synthesis, stability, and crystalline nature of the nanomaterials. The
phytochemical profile and antioxidant and antimicrobial activities of the E. aphylla extract and the
nanocomposites were also studied. E. aphylla extract and both the nanomaterials exhibited significant
levels of active phytochemical compounds. These compounds contributed to their potent antioxidant
activity, with E. aphylla extract and Ag-TiO, NC demonstrating the highest antioxidant activity. Besides,
Ag-SeO, NC displayed remarkable antibacterial properties against different pathogenic bacteria with 31.0
+ 1.27 mm against K. pneumonia, 31.0 £ 1.72 mm against S. aureus, and 44.0 + 1.09 mm against B.
subtilis, and antifungal properties against Candida glabrata and Aspergillus niger. The enhanced
antimicrobial activity of Ag-SeO, NC can be attributed to the synergistic effects of silver and selenium
nanoparticles, which can disrupt cell membranes, induce oxidative stress, and interfere with essential
cellular processes. The minimum inhibitory concentration values of Ag-SeO, NC against S. aureus and K.
pneumoniae were found to be 0.2956 mg mL™* and 4.73 mg mL™%, respectively. The mechanism of
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1. Introduction

Antibiotic resistance is increasing worldwide along with high
mortality caused by new bacteria strains, which drives the
necessity to develop novel antimicrobial agents." Traditional
medicines use plant extracts containing bioactive compounds
because they have been used to treat infections for several years
according to scientific research.>* The remarkable antimicro-
bial activities come from a combination of alkaloids, flavonoids,
terpenoids and other related compounds.

Traditional medicines have employed the plant species
Ephedra aphylla as a medicinal herb for various health purposes
for several centuries.* Ephedrine and pseudoephedrine along
with quercetin, rutin, gallic acid and caffeic acid are bioactive
compounds that make this plant a valuable source.*” The
increasing importance of E. aphylla as an herbal pharmaceu-
tical plant derives from its utility in providing natural bioactive
substances that demonstrate multiple pharmaceutical effects.®
Recent studies focus on the development of metal and metal
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action of Ag-SeO, NC against both fungal strains was investigated using FTIR and HR-TEM analyses.

oxide nanoparticles extract
methods.’

Nanomaterials present distinct physico-chemical behavior
that scientists find useful in antimicrobial studies.® Many
scientists prefer metal and metal oxide nanoparticles as anti-
microbial agents owing to their excellent reactivity levels, high
surface area properties and proven action against microbes.™ As
these materials exhibit adverse effects on the environment and
toxicity issues, scientists have developed plant extract-based
natural synthesis procedures as an alternative solution.™
When nanoparticles release silver ions, they show lethal effects
against bacteria by disrupting several bacterial processes.®™**
When exposed to the visible light spectrum, the photocatalytic
activity of TiO, is initiated to produce ROS, which include
hydroxyl and oxygen radicals.*® ROS particles created via visible
light exposure degrade the bacterial cell wall and membrane
until the microorganisms become inactive.”” Nanoparticles
have the capability to penetrate bacterial cell walls and establish
direct interactions, resulting in cell damage that leads to
bacterial death.*®

Research conducted by multiple investigators in recent times
has proven that Ag-TiO, and Ag-SeO, nanocomposites show
strong antibacterial effects against various bacterial strains.**™*
Research conducted by scientists established that

through eco-friendly plant
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nanomaterials incorporating Ag-TiO, and Ag-SeO, demon-
strated powerful antibacterial effects on Gram-positive and
Gram-negative bacteria along with E. coli, S. aureus, and P.
aeruginosa®® while showing effective antifungal properties
against fungal microorganisms.*

Different industries can utilize Ag-TiO, and Ag-SeO, nano-
composites owing to their wide array of potential applications.
Nanomaterials show promise as water decontamination agents
that eliminate bacterial and viral microorganisms.*** Nano-
composite particles improve food packaging materials while
maintaining product stability and preventing the transmission
of contagious diseases in foods.?® These nanocomposites enable
medical professionals to create antimicrobial surface coatings
for medical tools that defend against patient infections.** Ag-
TiO, NC integration with textiles allows fabric development to
block bacterial growth, including odor-causing bacteria.?® The
assessment of the long-term safety and environmental
sustainability of Ag-TiO, NCs requires further research.
Sustainable and eco-friendly nanocomposite production
through green synthesis provides a dual protection mechanism
against antibiotic resistance while improving human wellness.

AgNPs (silver nanoparticles), TiO, NPs (titanium dioxide
nanoparticles) and SeNPs (selenium nanoparticles) demon-
strate antimicrobial properties because they damage
membranes and produce reactive oxygen species (ROS), which
disrupt metabolic activities. Bacterial death results from AgNP
activity owing to Ag’ ion production, which breaks both the
membrane structure and protein formation within pathogens.>®
Research has shown that AgNPs can be used for wastewater
treatment because they successfully prevent microorganisms
from multiplying.”” TiO, NPs release ROS under both UV illu-
mination conditions that destroy microbial cells, thus making
them effective agents against plant pathogens, including Alter-
naria alternata.”® The combination of Ag or Se with TiO, surfaces
serves as an effective method for bacterial inhibition and
enhances osteoblastic cell growth, which makes these materials
suitable for biomedical device applications.?® SeNPs, which are
less toxic than AgNPs, are metabolic inhibitors that can inhibit
bacterial growth, biofilm formation, and foodborne bacteria.***
Their potential use as antimicrobial agents in chitosan solu-
tions has been demonstrated in recent studies, suggesting
dental and wound healing applications.?” The synergistic action
of employing Ag and Se nanoparticles combined on Ti surfaces
has been documented to enhance antimicrobial action. These
that nanoparticle blends might
strengthen microbial defense mechanisms and could be
exploited in medicine, agriculture, and food security
applications.*®*

Ag-TiO, NC proved effective because TiO, demonstrates
known photocatalytic capabilities to generate reactive oxygen
species (ROS) under light, which enhances antimicrobial ster-
ilization.*® The combination of Ag NPs with TiO, produces
enhanced antibacterial and antioxidant properties, which
makes the material suitable for various biomedical applica-
tions, water purification systems, and antimicrobial packaging
needs.** Ag-SeO, NC shows promise because selenium plays
a vital biological role in cell metabolic processes and

observations indicate
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demonstrates antimicrobial behavior at lower toxic levels than
other heavy metals.*® Ag-SeO, NC was reported to verify
enhanced microbial suppression through membrane-bursting
activity along with the production of oxidative stress during
bacterial dysfunction and cellular function blockade.*® The
pharmaceutical and biomedical industries require such mate-
rials to meet their requirements of both antimicrobial breadth
and biological compatibility. Ephedra aphylla extract enabled
the first-time green synthesis of Ag-TiO, and Ag-SeO, NCs by
enabling both stability improvement and bioactivity enhance-
ment of the nanocomposites through their phytochemical
properties.

The main goal of this work is to establish an efficient and
green protocol for the preparation of Ag-TiO, and Ag-SeO,
nanocomposites using the stem extract of E. aphylla. This novel
green synthesis method also eliminates the further use of
dangerous chemicals and toxic solvents, which lowers the
environmental drawbacks of nanomaterial production and
processing. Furthermore, this study employs different tech-
niques to determine the properties of the synthesized nano-
composites, assess their antimicrobial and antioxidant
properties, and determine the mode of action and possible uses
of nanocomposites in diverse areas of application. The
improved antimicrobial activity of the nanomaterials produced
can be attributed to the synergistic interaction between silver
and selenium NPs and their interaction with bacterial cell
membranes and different intracellular targets that lead to cell
death.

2. Materials and methods

2.1. Reagents

The reagents used in the study were of analytical grade (for
details, see the ESI file, Section S17).

2.2. Instruments

UV-visible spectroscopy was employed using a Spectropho-
tometer UV2 (Uni-cam UV-vis, USA). Fourier Transform
Infrared (FTIR) spectroscopy (Thermo-Fisher Nicolet 1S10,
USA) was used to identify functional groups with a resolution
of 4 cm™" across a wavenumber range of 500-4000 cm ™. The
surface charge of the nanoparticles was determined using zeta
potential analysis (HORIBA SZ-100). High-resolution-
transmission electron microscopy (HR-TEM) analysis (Ther-
moscientific, Talos F200i) provided insights into the size,
shape, aggregation behavior, and crystallinity of nano-
particles. Scanning electron microscopy (SEM) equipped with
energy-dispersive X-ray (EDX) spectroscopy was employed to
investigate the surface features, morphology, and elemental
composition. This analysis was performed using a Czech FEI-
type SEM instrument at an accelerating voltage of 25 kV. X-
ray diffraction (XRD) analysis using a Panalytical Philips
instrument helped determine the crystal structure of the
nanomaterials. A spectrophotometer (Spekol 11, Analytik Jena
AG, Jena, Germany) was employed to assess the antioxidant
and phytochemical profiles.
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2.3. Preparation of E. aphylla extract

E. aphylla stems were collected from further banks of the Tigris
and Euphrates rivers. The collected stems were washed with
cold water, dried with the help of paper towels, and left to dry
for a few hours. Alhammadi (2012) used 20 grams of dried plant
material to prepare 100 mL of 70% ethanol, which was macer-
ated at 30 °C for 24 hours with a view to making bioactive
compounds more soluble. The mass was subsequently filtered
through Whatman no 1 filter paper and further subjected to
centrifugation for 15 minutes at 15 000 rpm for further pellet
removal. The purified extract was used immediately for nano-
composite solutions and other analysis and application-related
studies.>*”

2.4. Green synthesis of nanocomposites

A plant-mediated green synthesis technique®*™° was employed

to prepare nanocomposites using the ethanol extract of E.
aphylla. Silver-selenium dioxide nanoparticles were prepared
using (25 mL, 1 mM) silver nitrate solution and the prepared
extract. A solution container included selenium dioxide (50 mg
in 10 mL ethanol) besides titanium dioxide (50 mg in 10 mL
ethanol). The solutions underwent sonication treatment at 30 °
C for 15 minutes. The researchers mixed 1 mM silver nano-
particle solution (25 mL) with sonicated titanium dioxide
solution under 30 °C continuous stirring for 15 minutes to
prepare a silver-titanium dioxide nanocomposite. A combined
mixing of silver nanoparticle solution with appropriate sele-
nium dioxide solution continued while being stirred for 15
minutes at a temperature of 30 °C. Both Ag-TiO, and Ag-SeO,
NC solutions underwent heat treatment at 60 °C while main-
taining continuous stirring for 5 hours before subjecting them
to 2 hours of sonication at 60 °C. A spectrophotometer helped
confirm the formation of nanoparticles by observing the color
transformations. Ag-TiO, NC solution underwent dark yellow to
dark green color transformation, while Ag-SeO, NC progressed
from pale yellow to dark brown coloration. The extraction of
nanoparticles took place through centrifugation at 15 000 rpm
for 20 minutes using each solution. A washing routine involving
distilled water, followed by ethanol, purified the solid nano-
particles from their contaminants. The dry process was finished
by placing the solid nanoparticles in an oven heated to 60 °C.
The researchers preserved part of the solution at —70 °C in dark
storage to prevent the degradation of solution constituents.*®

2.5. Phytochemical analysis

Analysis of the plant extract and nanocomposites involved the
identification of their phytochemical profiles together with
antioxidant activity assessment. The analysis of phenolic
content used the Folin-Ciocalteu (F-C) assay** and flavonoid
content evaluation, followed by the aluminum chloride assay.**
The tannin content in the samples was evaluated via a vanillin—-
hydrochloride reaction method.** The research data analysis
utilized a gallic acid standard curve relationship with y =
0.0062x and R*> = 0.987 and obtained results as mg g~ of dry
sample. The evaluation of the flavonoid and tannin content in
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extracts used catechin as a standard to develop the calibration
curve (y = 0.0028x, B> = 0.988) as well as tannic acid (y =
0.0009x, R> = 0.955). A supplemental file contains complete
procedures for conducting phytochemical tests.

2.6. Biological assessment

2.6.1. Antioxidant activity evaluation. The 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical scavenging assay tested the anti-
oxidant properties of all the collected samples.** The investi-
gators prepared a DPPH solution from methanol at
a concentration of 0.25 mg mL ™" before preparing diluted
aliquots of the samples through the methanol solution. During
the 30 minutes incubation at room temperature, the
researchers conducted a mixing procedure that combined one
milliliter of DPPH solution with tubes containing the solution
dilutions. During the experiment, the spectrophotometer
measured the reaction mixture absorbance values at a wave-
length of 517 nm. The percentage computation of DPPH radical
inhibition was evaluated using the following expression:

Inhibition (%) = [(4“control” — A*“sample”)/4“control”] x 100,

where A“control” is the absorbance of the control (without the
test material) and A“sample” is the absorbance of the sample
mixture. Higher inhibition percentages indicate stronger anti-
oxidant activity, reflecting a greater ability to reduce the DPPH
radical. The ICs, values, representing the concentration
required to inhibit 50% of the DPPH radical, were determined
from an exponential curve correlating the sample concentration
with the remaining percentage of DPPH. Lower ICs, values
indicate a higher antioxidant capacity.*

2.6.2. Microbial susceptibility testing

2.6.2.1. Antibacterial activity assessment. The antimicrobial
activity of the samples was evaluated using an agar well diffu-
sion assay. Distilled water served as a negative control, while
gentamicin, a standard antibiotic, was used as a positive
control. Mueller-Hinton agar plates were prepared according to
standard protocols.*® The bacterial inoculum was evenly spread
across the agar plate using a sterile swab to create a bacterial
lawn. A sterile cork borer was used to create a well in the center
of the agar plate, approximately 6 mm in diameter and 5 mm
deep. Each sample solution (100 puL) was carefully pipetted into
the well. The agar plates were incubated at 37 °C for 24 hours to
allow for bacterial growth and inhibition by the samples. The
diameter of the clear zone of inhibition surrounding the well
was measured, indicating the antimicrobial activity of the
sample. Larger zones of inhibition signify greater antimicrobial
potency.

2.6.2.2. Broth microdilution assay. To determine the MIC of
the sample against S. aureus and K. pneumoniae, serial dilutions
were prepared in nutrient broth medium at concentrations
ranging from 16.58 to 0.0324 mg mL ™" for Ag-TiO, NC and from
9.46 to 0.0185 mg mL " for Ag-SeO, NC. A control containing
only inoculated broth was incubated for 24 hours at 37 °C. The
MIC was identified as the lowest concentration at which no
visible bacterial growth was observed in the tubes. The turbidity
of the tubes was visually assessed before and after incubation to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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confirm the MIC value, and the optical density (OD) was
measured at 600 nm for further verification.”

2.6.2.3. Antifungal activity assessment. To assess the anti-
fungal activity of the plant extract and nanocomposites against
Candida glabrata and Aspergillus niger, a disc diffusion assay was
employed.*® Sterile filter paper discs were impregnated with 10
puL of the plant extract, nanocomposite solution, standard
antifungal drug (fluconazole), or sterile distilled water (negative
control). The researchers set the fungal culture on agar plates
before adding the prepared discs. After placing the plates into
an incubator at 37 °C, they remained there for 24-48 hours. The
antifungal activity determination involved measuring the clear
zone diameter that formed around each disc following the
incubation period. A larger zone of inhibition shows an
increased antifungal capacity of the applied substances.

2.7. Statistical analysis

The results are presented as mean values + standard deviation
(SD). All experimental phytochemical analyses and antibacterial
assessments of the Ephedra aphylla extract and the synthesized
nanocomposites were conducted in triplicate. The Statistical
Package for Social Sciences (SPSS, version 21) provided an eval-
uation of the mean values obtained from the samples. A one-way
analysis of variance (ANOVA) provided statistical analyses, and
differences at or below p = 0.05 were considered significant.

3. Results and discussion

3.1. Plausible mechanism for the formation of
nanocomposites

The chemical reaction process for green nanocomposite
synthesis uses E. aphylla extract to perform various stages of the
synthetic procedure. An explanation of the Ag-TiO, and Ag-SeO,
NC green synthesis with E. aphylia extract follows in this
section, as displayed in Fig. 1. E. aphylla goes through two
processes to extract ethanol-based bioactive compounds: poly-
phenols and flavonoids together with tannins. Silver nitrate is
then dissociated in the solution to generate silver ions (Ag') and
nitrate ions (NO3; ). The phytochemical compounds donate
electrons to the Ag" ions, resulting in the bioreduction, nucle-
ation, and growth of silver nanoparticles.*” Subsequently, the
silver nanoparticles interact with TiO, or SeO, nanoparticles,
resulting in the formation of Ag-TiO, or Ag-SeO, nano-
composites.” The interactions of silver nanoparticles with
metal oxides, such as TiO, or SeO,, can cause several changes in
the characteristics of the final solution. First, it can alter the
position of the SPR of the silver nanoparticles, meaning that it
alters the absorption and scattering properties of light as well as
the color of the solution.*® Second, charge transfer processes are
possible at the interface between silver nanoparticles and metal
oxide, affecting the electronic structure of the nanoparticles and
their plasmonic response.” Finally, the adsorption process of
Ag nanoparticles on the surface of the formed metal oxide (TiO,
or SeO,) nanoparticles alters the optical characteristics of the
solution, leading to the formation of Ag-TiO, or Ag-SeO,
nanocomposites.>>

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The synthesis of nanoparticles through plant extracts
depends on bioactive molecules, such as phenolics, flavonoids,
and tannins, along with proteins, terpenoids, and poly-
saccharides that function as reducing and stabilizing agents.
Metal ion reduction occurs through phenolics and flavonoids,
resulting in smaller nanoparticles, but tannins provide stability
improvements.”® Enzymes and proteins accelerate reduction
while enhancing crystallinity, but terpenoids along with poly-
saccharides inhibit agglomeration and adjust surface charge
levels.** The concentration of biochemical compounds influ-
ences nanoparticle size together with their shape characteristics
and stability because flavonoid-containing extracts create
spherical shapes, while tannin extract solutions develop non-
spherical structures.>® The effectiveness of reduction agents
leads to higher crystallinity, and surface charge control stems
from capping agents, which stabilize dispersion.*® Laboratory
control of nanoparticle fabrication methods becomes possible
through a comprehensive understanding of the synthesis
mechanisms, which leads to numerous practical applications in
medicine, catalysis, and environmental remediation.

In addition, the stability and antimicrobial properties of
nanocomposites strongly respond to environmental conditions,
including pH and temperature measurements. When pH values
change, they affect nanoparticle dispersion factors and surface
charge distribution, which determine the rate of ion release and
aggregation patterns.”” Silver-based nanocomposites leverage
acidic solutions to increase Ag' ion release, which drives up
their antimicrobial effects, but alkaline conditions result in
ion release,
Temperature functions as an essential determinant that influ-
ences the synthesis processes of both nanocomposites while
affecting their stability throughout their existence. Synthesis of
proper nanoparticles occurs when heating is controlled at 60 °C
for five continuous hours. The prolonged existence of high-
temperature conditions causes nanoparticle aggregation along
with oxidation, which pulls down their stability and biological
effectiveness.” The nanocomposites remain stable when they
are preserved at —70 °C under dark conditions, which protects
their structure together with their antimicrobial properties. The
long-term usage and effectiveness of nanocomposites in
biomedical and environmental areas require exact pH and
temperature management.

reduced which lowers their -effectiveness.>®

3.2. Characterization of nanocomposites

3.2.1. UV-visible spectroscopy. UV-visible spectroscopy was
employed to investigate the optical properties of the synthe-
sized nanocomposites (Fig. 2a). The absorbance spectra of the
E. aphylla extract and the synthesized Ag-TiO, and Ag-SeO, NCs
were recorded at various wavelengths. The E. aphylla extract
demonstrated a major absorbance maximum at 468 nm that
scientists related to its bioactive compounds, with alkaloids and
flavonoids showing distinct absorption properties. The absor-
bance peak at 468 nm results from n — w* transitions in
compounds that have chromophores containing non-bonding
electrons found in carbonyl groups (C=0) and aromatic rings
with heteroatomic lone pairs (e.g., nitrogen or oxygen).*® The

RSC Adv, 2025, 15, 13152-13171 | 13155
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Fig.1 Proposed mechanism of formation of Ag-TiO, and Ag-SeO, NCs.

color manifestation occurs from transitions observed in the
visible spectrum owing to chemical processes. The specific
absorbance of Ag-TiO, nanomaterials appeared at 562 nm
owing to their silver nanoparticle-specific surface plasmon
resonance characteristics.* The SPR band red shift from silver
bulk to silver nanoparticles demonstrates the existence of large-
sized silver nanoparticles.®

The Ag-SeO, nanomaterial showed its absorbance peak at
480 nm, and this observation could be explained by the SPR of
the silver nanoparticles (Fig. 2a). The wavelength position shifts
toward the red region of the silver spectrum along with its
observation, indicating that moderate-sized silver nanoparticles
can be formed. The placement of SPR bands in nanoparticles

13156 | RSC Adv, 2025, 15, 13152-13171

depends on factors that incorporate their physical dimensions
together with their shapes and dielectric composition.®* The
optical properties of the composite materials could be affected
by TiO, and SeO, when combined with the materials, possibly
influencing light scattering along with electronic transitions.
The UV-visible spectroscopy data show the verification of nano-
material synthesis when silver-based nanomaterials show
different detectable optical characteristics. The absorbance
peaks demonstrate that silver nanoparticles exist in the sample
with TiO, and SeO, semiconductor components.

3.2.2. FTIR spectral analysis. Spectral analysis using FTIR
on the E. aphylia extract is presented in Fig. 2b, with the iden-
tification of different functional groups illustrated in Table S1.}

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Spectral analysis of the plant extract and nanocomposites: (a) UV-visible spectra and (b) FTIR spectra of Ephedra aphylla extract
(23.98 mg mL™Y), Ag-TiO» NC (33.16 mg mL™), and Ag-SeO, NC (18.92 mg mL™?).

Hydroxyl functional groups appear in the spectrum as a wide
peak at 3550 and 3540 cm ' through O-H stretching patterns,
which occur in alcohol compounds and certain phenol and
carboxylic acid systems. The FTIR spectrum section four
displays stretching frequencies of aliphatic compound C-H,
which appear at 2989, 2965, 2915, and 2848 cm™ ", As detection
markers for these groups within the sample, the carbonyl C=0
stretching bond (1709 em™ ") is accompanied by the aromatic
vinyl C=C stretch (1601 cm™ ).

The peaks found at 1078, 1044, 897, 868, 762, and 718 cm ™+
show C-O stretching vibrations, which indicate the presence of
compounds, including alcohols and ethers together with esters.
Several characteristic absorption bands appeared in the FTIR
spectrum of the Ag-TiO, NC (Fig. 2b). The C-H stretching
vibrations appear at 2913 and 2845 cm ™, demonstrating the
persisting organic materials introduced by the plant extract in
the synthesis process. The Ti-O-Ti stretching bonds appear at
1105 cm ™' in the spectrum, which indicates that the TiO, phase
exists within the sample structure.®® Vibrations at 414 and
378 ecm ' correspond to metal-oxygen bonds, which most
probably involve Ti-O and Ag-O bonding patterns, respec-
tively.** The main bands in the spectrum indicate the successful
creation of Ag-TiO, NC by combining TiO, and silver nano-
particles. The synthesis process of nanomaterials was aided by
plant extract residual compounds that simultaneously played
the roles of reducers and surface stabilizers.*

The FTIR spectrum of Ag-SeO, NC displayed various distinct
peak bands. The FTIR spectrum shows two peaks at 2914 and
2846 cm ' from the C-H stretching vibrations because the
spectrum contains residual organic compounds from the plant
extract. The FTIR spectrum exhibits Se-O and Ag-O bond
vibrations through the various bands present at 1731, 1604,
1507, 1442, 1104, 1034, 822, 762, 709, 665, 490, 430, and
378 cm 1% Ag-SeO, NC formation was successful because of
the absorption bands observed in the spectrum. Ag-TiO, NC
produced a significantly weakened biomolecule peak intensity

© 2025 The Author(s). Published by the Royal Society of Chemistry

in its spectral analysis. The biomolecules from the extract
participated during synthesis by reducing metal ions and
serving to stabilize them. New peaks indicating Ti-O-Ti bond
formation and metal-oxygen bond formation identify the
production of Ag-TiO, NC. An intensity decrease in the biomo-
lecular peaks appears in the spectrum of Ag-SeO, NC. New
peaks indicating Se-O together with Ag-O bonds appear in the
spectrum to verify the synthesis of Ag-SeO, NC.*” The FTIR
examination provides compelling proof that biomolecules from
E. aphylla extract take part in the green nanomaterial formation
method of Ag-TiO, and Ag-SeO,. Analysis through FTIR showed
that new peaks linked to metal-oxygen bonds in combination
with vanished functional groups proved that the nano-
composite synthesis was successful.

3.2.3. Zeta potential. The zeta potential data measured
surface charge and stability levels of Ag-TiO, and Ag-SeO,
nanocomposites, as depicted in Fig. 3a, b and S2.} The zeta
potential measurements of both nanomaterials yielded negative
results, indicating that anionic particles exist in the test solu-
tions. Electrostatic charges emerge on extra surface compo-
nents because of hydroxyl functional groups, which enable
proton release until the particle surface exhibits a negatively
charged field.*®* The numerical value of zeta potential is
measured in mV and systems maintain better stability because
of robust electrostatic repulsive forces between particles that
prevent aggregation.® In this case, both Ag-TiO, and Ag-SeO,
nanoparticles show relatively high negative zeta potentials,
indicating that the dispersion stability of the nanoparticles in
aqueous media is generally favorable. Nevertheless, the Ag-TiO,
nanoparticles have approximately a neutral charge (—32.4 mV)
(Fig. 3a), showing slightly better stability than the Ag-SeO,
nanoparticles (—29.2 mvV) (Fig. 3b). These variations in zeta
potential could be due to differences in surface charge, particle,
size, and synthesis conditions.” Altogether, the results of the
zeta potential in the present study confirm that both Ag-TiO,
and Ag-SeO, nanomaterials have reasonable colloidal stability.
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Fig. 3 Zeta potential and DLS analysis: (a) zeta potential of Ag-TiO, NC and (b) Ag-SeO, NC. (c) DLS of Ag-TiO, NC and (d) Ag-SeO, NC.

Nonetheless, the slightly higher zeta potential of Ag-TiO,
nanoparticles suggests that these nanoparticles may offer
slightly better stability in aqueous dispersion over a longer
term.

3.2.4. Dynamic light scattering (DLS). Particle size analysis
of the prepared Ag-TiO, and Ag-SeO, NCs was performed
through DLS and is presented in Fig. 3c, d, S3 and S4.t1 In the
case of Ag-TiO,, the zeta average measured 795.5 nm, and PDI
0.410 (Fig. 3c), hence suggesting large agglomeration potential
with a size distribution spread. However, Ag-SeO, NC had an
average zeta of 191.0 nm and a PDI of 0.132 (Fig. 3d), indicating
better dispersion and distribution compared to the other
samples. The evidence from the present studies implies that the
Ag-SeO, nanoparticles are more stable in the aqueous solution
medium than the Ag-TiO, nanoparticles. The Ag-TiO, nano-
particles possessed a larger hydrodynamic size and size distri-
bution, which confirmed the aggregation of nanoparticles.”™
This is due to factors, including high surface energy, in the
nanoparticles and “interparticle” attractive forces.”” However,
Ag-SeO, nanoparticles possessed a smaller hydrodynamic size
and smaller size distribution, indicating better dispersion
stability.”

The variation in the dispersion behavior of the two types of
nanomaterials can be explained in terms of the surface chem-
istry of the nanoparticles, the type of capping agents, and the
conditions of synthesis.”® The nanoparticle aggregation
together with stability exhibits signs of change owing to
temperature effects, pH conditions, and exposure to light.
Future investigations should focus on studying the storage

13158 | RSC Adv,, 2025, 15, 13152-13171

behavior to understand completely the long-term stability
performance of these nanocomposites in different environ-
mental settings.

3.2.5. High-resolution transmission electron microscopy
(HR-TEM). The HR-TEM image of the Ag-TiO, NC in Fig. 4a
shows that the composite consists of spherical and irregularly
shaped nanoparticles. The sizes vary with several particles
having a clumped appearance. The morphology of the particles
present in the sample, as well as the XRD data, indicates the
formation of Ag-TiO, NC containing spherical and irregular-
shaped particles. HR-TEM provides an opportunity for anal-
ysis at the nanoscale level and even separates particles and their
lattice contrast. The lattice fringes enable the determination of
the crystal structure and interplanar distance of the nano-
particles. Thus, from the lattice fringe patterns, the phase
composition of the sample can be determined, such as anatase
titanium dioxide and metallic silver.®

Generally, the HR-TEM image of Ag-SeO, NC (Fig. 4b) indi-
cates that the samples display a non-uniform nature of mostly
spherical and irregularly shaped nanoparticles. The size range
of the particles is large, and some of them are aggregated. The
observed presence of spherical and irregularly shaped particles
confirms the synthesis of a composite material of silver and
selenium dioxide nanoparticles. The HR-TEM images give
a clear indication of well-dispersed Ag-TiO, and Ag-SeO, nano-
composites with a relatively narrow size distribution of the
nanocomposites. The observed nanoparticles are spherical and
have a relatively smooth surface.” The size distribution of the
observed particles represents a relatively narrow size

© 2025 The Author(s). Published by the Royal Society of Chemistry
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distribution, which improves the properties of the synthesized
nanoparticles, such as catalytic properties and stability. This
has been a result of the appropriate choice of capping agents
during the synthesis process for the nanoparticles in question.
The capping agents can also form a layer at the nanoparticle
surface and thus reduce agglomeration and enhance stability.*®

3.2.6. Energy-dispersive X-ray spectroscopy (EDX). EDX
analysis was performed to confirm the elemental composition
of the synthesized Ag-TiO, and Ag-SeO, nanomaterials. EDX
analysis (Fig. 5 and Table S21) confirmed the successful
synthesis of both Ag-TiO, and Ag-SeO, nanomaterials.

For Ag-TiO, NC (Fig. 5a), the spectrum revealed the presence
of carbon (16.13 wt%, 20.43 at%), oxygen (43.64 wt%, 52.53
at%), titanium (15.02 wt%, 16.01 at%), and silver (25.21 wt%,
12.03 at%). Similarly, for Ag-SeO, NC (Fig. 5b), the spectrum
showed the presence of carbon (33.63 wt%, 45.29 at%), oxygen
(28.50 wt%, 34.02 at%), selenium (12.63 wt%, 11.33 at%), and
silver (25.24 wt%, 14.36 at%). The presence of these elements in
the expected ratios confirms the successful incorporation of
silver nanoparticles into the TiO, and SeO, matrices. The
presence of carbon in both samples can be attributed to the use
of organic capping agents during the synthesis process.”® The
capping agents help to stabilize the nanoparticles and prevent
agglomeration.” However, the presence of carbon can also
affect the properties of the nanomaterials, such as their surface
area and catalytic activity.”

3.2.7. Scanning electron microscopy (SEM). The SEM
image of Ag-TiO, NC (Fig. 6a) clearly shows the heterogeneous

© 2025 The Author(s). Published by the Royal Society of Chemistry

surface morphology with a cluster of particles having different
sizes.

The nanoparticles have an inhomogeneous shape and
porous structure that allows for increasing the material's
surface and improves the catalytic or adsorbent properties. It is
possible to form a composite nanomaterial with spherical and
irregular-shaped particles, such as a combination of TiO, and
silver nanoparticles. Aggregation is encountered often in
nanoparticle synthesis and has a significant impact on the
properties of the resulting materials, including the mass surface
area, porosity, and catalytic activity.”

The SEM of Ag-SeO, NC (Fig. 6b) shows that the sample has
irregular and rough surface morphology and agglomerated
particles with sizeable variations in the size and shape of the
NCs. The particles show a high level of irregularity in the surface
structure, which may cause increased surface area and corre-
sponding improvements in the catalytic or adsorptive material.
However, owing to the porosity of the nanoparticles, there may
be other active sites for interactions with target molecules or
microorganisms.”

3.2.8. X-ray diffraction (XRD). By performing X-ray diffrac-
tion (XRD) on synthesized Ag-TiO, NCs, we determined the
crystalline phases that existed, as illustrated in Fig. 7a and
Table S3.1 Analysis of this pattern identified the anatase TiO,
phase according to JCPDS card no. 01-084-1286 and metallic
silver through JCPDS card no. 00-001-1164. The successful
production of the desired nanocomposite becomes evident
through the detection of these phases in the analysis. The major
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XRD peaks observed at 25.37°, 37.91°, 48.09°, 53.96°, 55.16°,
62.73°, 68.79°, 70.41°, 75.11°, and 82.89° 26 correspond to
anatase TiO, characteristic diffractions. The 38.1° and 44.3° 26
peaks originate from the silver metal present in the sample. The
crystallite size of the anatase TiO, phase can be estimated
through the application of the Scherrer equation. Rietveld
refinement methods should be utilized to acquire exact
measurements about the crystal structure and phase composi-
tion together with lattice parameter data. The crystallite size
evaluation of the anatase TiO, phase requires the implementa-
tion of the Scherrer equation (D = KA/@ cos 6) using typical values
of K= 0.9 and X-ray wavelength A = 1.5406 A for Cu Ko radiation,
where @ represents fractional maximum peak width in radians
and 6 represents Bragg angle. The crystallite size measurement of
the anatase TiO, phase relies on applying the Scherrer equation
to XRD-generated data. The material achieves enhanced reac-
tivity and increased surface area because nanocrystalline TiO,
formation produces small crystals.*®

Scientists used XRD analysis to study the synthesized Ag-SeO,
NCs illustrated in Fig. 7b and Table S5+ for phase identification.
The XRD pattern exhibited peaks that corresponded to the
crystalline structures of silver selenide (Ag,Se) with JCPDS card
no. 01-087-0719 and selenium dioxide (SeO,) with JCPDS card no.
01-085-0567. The successful production of Ag-SeO, NC material
becomes evident through the detection of the identified phases
in the synthesized structure. The prominent peaks at 32.06°,
38.37°, 44.67°, 53.70°, 64.83°, and 77.63° 26 correspond to the
characteristic diffraction peaks of silver selenide.®* The addi-
tional peaks at 28.11°, 36.95°, 46.53°, and 63.43° 26 can be
attributed to the presence of selenium dioxide. The XRD analysis
confirmed the successful synthesis of both Ag-TiO, and Ag-SeO,
nanomaterials. The diffraction patterns exhibited characteristic
peaks corresponding to the respective crystalline phases, indi-
cating the formation of well-defined nanostructures.

3.3. Phytochemical analysis

The phytochemical analysis (Fig. 8 and Table S77) revealed that
E. aphylia extract and Ag-TiO, NC are rich sources of phenolic
compounds, flavonoids, and tannins. For instance, E. aphylia

© 2025 The Author(s). Published by the Royal Society of Chemistry

extract contained 193.28 £ 1.73 mg gallic acid equivalent/g dry
weight of phenolic compounds, 76.55 £ 1.48 mg catechin
equivalent/g dry weight of flavonoids, and 123.8 £ 1.77 mg
tannic acid equivalent/g dry weight of tannins. The phenolic
compounds found in Ag-TiO, NC were 129.53 + 1.09 gallic acid/
g of dry weight, flavonoids were 66.19 + 1.18 catechin/g dry
weight and tannins were 90.2 + 1.86 tannic acid/g dry weight.
These compounds are known to have very high antioxidant
activity. They can mop up free radicals, thus preventing cell
injury from oxidative processes. Higher concentrations of these
compounds in the E. aphylla extract and Ag-TiO, NC are
attributed to their antioxidant effects. Ag-SeO, NC, although it
contains comparatively lower concentrations of these bioactive
compounds (82.889 + 1.51 mg GAE/g DW of phenolic
compounds, 17.89 + 1.89 mg CE/g DW of flavonoids, and 28.83
+ 1.31 mg TAE/g DW of tannins), still possesses antioxidant
features owing to the presence of silver nanoparticles. The
capping agents of these nanoparticles can also act as electron
donors and free radical scavengers, which may also make them
antioxidants. These findings agree with earlier findings,**3%%°
which established that phytochemical compounds are involved
in the formation of nanoparticles and are thus depleted in the
final nanocomposite.
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Fig. 8 Comparison of the phytochemical contents of the tested
samples.
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3.4. Antioxidant activity

The antioxidant activity of the E. aphylla extract and the nano-
materials was assessed by the DPPH assay using ascorbic acid as
a standard. The results, as shown in Fig. 9a and Table S8,
verified that a lower ICs, value indicates higher antioxidant
activity. Based on the results, E. aphylla extract and ascorbic
acid exhibited the highest antioxidant activity, with ICs, values
of 0.024 and 0.022 mg mL ™", respectively. Ag-TiO, NC showed
moderate antioxidant activity with an ICs, value of 0.044 mg
mL . The antioxidant activity in Ag-SeO, NC reached the lowest
level when tested across all samples because they demonstrated
an ICs, value of 0.092 mg mL ", The antioxidant properties of E.
aphylla extract stem from multiple bioactive elements that
contain flavonoids along with phenolic acids and alkaloids. The
bioactive compounds in these substances give them the ability
to neutralize free radicals by accepting electrons or donating
hydrogen atoms, thus stopping oxidative destruction. Owing to
their silver nanoparticle structure, Ag-TiO, and Ag-SeO, NCs
demonstrate antioxidant functionality by functioning as elec-
tron donors that eliminate free radicals. Nanoparticles achieve
higher antioxidant potential by utilizing their large surface area
to facilitate more contact with free radicals.

The evaluation of E. aphylla extract and Ag-TiO, NC and Ag-
SeO, NC antioxidant activity occurred through DPPH assay
analysis. All the tested samples showed antioxidant activity that
increased with higher concentrations, as illustrated in Fig. 9b.
The DPPH scavenging activity of E. aphylla extract and ascorbic
acid reached a maximum inhibition rate of over 80% when used
at 0.094 and 0.06 mg mL ", respectively. Antioxidant properties
were detected in Ag-TiO, NC and Ag-SeO, NCs, but these
materials demonstrated reduced activity compared to E. aphylia
plant extract and ascorbic acid. Under the study conditions, Ag-
TiO, NC achieved a 79.25% inhibition rate at 0.13 mg mL ™'
concentration while Ag-SeO, NC demonstrated 83.66% inhibi-
tion at 0.591 mg mL ™" concentration. E. aphylla extract exhibits
antioxidant properties because it contains multiple bioactive
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compounds, including flavonoids, phenolic acids, and alka-
loids. Both nanomaterials, Ag-TiO, and Ag-SeO, NCs, have
antioxidant properties because silver nanoparticles in them
function as electron donors and radical-scavenging agents.*
The antioxidants found in nanoparticles become more effective
owing to their extended surface areas, which increase free
radical interactions.®

The results in this study concur with those reported by El-
Zayat et al.,® highlighting the significant contribution of
metal-based nanocomposites to antioxidant activity. Al-Barri
et al.® investigated the antioxidant activity of E. aphylla and
Bassia muricata extracts, confirming their high antioxidant
capacity. These results were consistent with the results of this
study, confirming E. aphylla extract as a strong antioxidant
source. Ahmad et al.* prepared selenium-silver nanostructures
and discovered enhanced antioxidant activity. Their findings
are consistent with the results in this work concerning the
results of Ag-SeO, NC. Alghonaim et al®® documented the
antioxidant activity of Se@TiO, NPs embedded in biopolymers,
which displayed high antioxidant activity. This is in concur-
rence with your research on Ag-TiO, NC, focusing on the free
radical scavenging activity of silver and titanium dioxide
nanoparticles. In short, the results in this research uphold the
significant antioxidant activity of the E. aphylla extract and the
moderate activity of both nanocomposites. Nanomaterials
based on metals exhibit suitable potential for antioxidant
usage, while their effectiveness depends on synthesis protocols
and material compositions.

E. aphylla extract shows antioxidant activity because it
contains different bioactive compounds, such as flavonoids,
phenolic acids and alkaloids, according to ref. 8. Oxidative
damage prevention occurs when these compounds provide
either electrons or hydrogen atoms to neutralize free radicals.*”
Ag-TiO, and Ag-SeO, NCs demonstrate antioxidant activity
because silver nanoparticles serve as electron donors that
eliminate free radicals through their scavenging mechanism.®®
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Fig.9 Antioxidant results using DPPH assay: (a) comparison of the antioxidant results expressed as ICsq in mg mL™ of the investigated samples
relative to the antioxidant standard. (b) Relationship between sample concentration (mg mL™%) and % scavenging activity.
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Nanoparticles possess enhanced free radical contact because of
their enlarged surface area, which strengthens their antioxidant
capabilities.*” This study proves that E. aphylia extract and Ag-
TiO, NC show high antioxidant capabilities.

3.5. Antimicrobial activity

3.5.1. Antibacterial activity. An evaluation of E. aphylla
extract, Ag-TiO,, and Ag-SeO, NC antibacterial activities against
Gram-negative and Gram-positive bacteria occurred through
disc diffusion experiments, as shown in Table 1 and Fig. 10. The
antibacterial tests for E. aphylla extract, Ag-TiO, NC, and Ag-
SeO, NC revealed no substantial inhibition of E. coli, regardless
of the agent tested. The Ag-SeO, NC test discs created a zone of
inhibition that reached 30.0 + 1.20 mm, which matched the
inhibition area made by the gentamicin standard (17.0 + 1.29
mm). Two tested substances failed to inhibit the growth of S.
typhimurium similar to their inadequate results against E. coli.
The antibacterial performance of Ag-SeO, NC, as indicated by
an inhibition zone of 30.0 £ 1.88 mm, surpassed the perfor-
mance of gentamicin, which had a value of 14.0 + 1.81 mm.
Research findings indicated that the plant extract together with
Ag-TiO, NC failed to demonstrate meaningful inhibitory effects
against E. cloacae. The bacterial inhibition activities of Ag-SeO,
NC revealed moderate results through the observation of an
11.0 + 1.35 mm zone, while gentamicin produced similar
inhibition results with a 14.0 & 1.35 mm zone.

Both the plant extract and Ag-TiO, NC were ineffective
against B. subtilis. Ag-SeO, NC displayed significant activity
with a zone of 44.0 £ 1.09 mm, greatly surpassing the effec-
tiveness of gentamicin (17.0 £ 1.41 mm). Ag-TiO, NC exhibited
moderate activity against B. cereus, showing a zone of 14 mm,
while Ag-SeO, NC presented a zone of 12.0 £ 1.16 mm, and
gentamicin demonstrated better performance with a zone of
21.0 £ 1.56 mm. The plant extract showed moderate activity
against S. aureus, achieving a zone of 17.0 + 1.58 mm. Ag-TiO,
NC and Ag-SeO, NC exhibited similar activity, with zones of 15.3
=+ 1.06 mm and 31.0 & 1.72 mm, respectively, while gentamicin
revealed a zone of 15.0 + 1.90 mm. The plant extract displayed
moderate activity against S. epidermidis, yielding a zone of 12.0
+ 1.59 mm. Although Ag-TiO, NC was ineffective, Ag-SeO, NC
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showed a zone of 11.0 = 1.34 mm. Gentamicin proved more
effective with a zone of 17.0 £+ 1.14 mm.

The observed antibacterial activity of Ag-SeO, NC can be
attributed to its unique nanostructure and the synergistic effect
of silver and selenium nanoparticles.®” The high surface area of
nanoparticles enhances their interaction with the bacterial cell
wall and membrane, leading to disruption and cell death.***
Silver nanoparticles are known to possess strong antimicrobial
properties through their interaction with thiol groups in
proteins and phospholipids, leading to membrane damage and
cell death.**** Selenium dioxide can induce oxidative stress in
cells and interfere with essential cellular processes.”” The
combination of silver and selenium nanoparticles in Ag-SeO,
NC enhanced the antimicrobial activity through a synergistic
effect.

The antibacterial properties of the prepared nanocomposites
in the current research were also compared with previously re-
ported Ag-TiO,, Ag-SeO, NCs, and selenium-based NPs. The
results in this work showed promising inhibition against S.
aureus and B. cereus comparable to Ag-TiO, NC (15.3 and 14
mm, respectively) and Ag-SeO, NC (31 and 12 mm, respec-
tively).°® The strong inhibition of B. subtilis by Ag-SeO, NC (44
mm) agrees with the enhanced antibacterial activity of
selenium-based nanoparticles reported by Tran et al.®” Simi-
larly, K. pneumonia exhibited moderate inhibition (15.6 mm)
against Ag-TiO, NC, while Ag-SeO, NC (31 mm) and previously
studied selenium nanoparticles were more effective.”®*® Against
Gram-negative bacteria such as E. typhimurium, Ag-SeO, NC
showed intense inhibition (30 mm), which is consistent with
the superb antimicrobial potential of selenium nanoparticles
observed in earlier research.”®®® The data show the antimicro-
bial effectiveness of our nanocomposites against a wide range of
bacteria.

However, the morphology of nanomaterials is crucial in
determining their antimicrobial properties.’® Antimicrobial
action is based on numerous factors, including particle size,
shape, surface area, and porosity.'”* Particles of smaller sizes
are likely to be more antimicrobial in character owing to their
greater surface area and hence more sites of microbial inter-
action.'” Nanoparticles of spherical shape are likely to be

Table 1 Antibacterial activity results of E. aphylla extract and nanomaterials against various pathogenic bacteria

Inhibition zones in mm

Microorganisms E. aphylla extract Ag-TiO, NC Ag-SeO, NC Gentamycin
Gram-negative bacteria

Escherichia coli (ATCC 10536) —ve —ve 30.0 £+ 1.20 17.0 + 1.29
Salmonella typhimurium (ATCC 25566) —ve —ve 30.0 £ 1.88 14.0 + 1.81
Klebsiella pneumonia (ATCC 10031) —ve 15.6 + 1.43 31.0 £ 1.27 16.0 + 1.03
Enterobacter cloacae (DMS 30054) —ve —ve 11.0 £ 1.35 14.0 £ 1.35
Gram-positive bacteria

Bacillus subtilis (DMS 1088) —ve —ve 44.0 £+ 1.09 17.0 + 1.41
Bacillus cereus (EMCC number 1080) —ve 14 12.0 £ 1.16 21.0 £ 1.56
Staphylococcus aureus (ATCC 6538) 17.0 + 1.58 15.3 + 1.06 31.0 £ 1.72 15.0 &+ 1.90
Staphylococcus epidermidis (EMCC number 1353 ©) 12.0 + 1.59 —ve 11.0 + 1.34 17.0 £ 1.14

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Images of Petri dishes that contain different bacterial pathogens and the tested samples. (K1) indicates the well inoculated with E. aphylla

extract. (K2) indicates the well inoculated with Ag-TiO, NC. (K3) indicates the well inoculated with Ag-SeO, NC. (Ab) indicates the well inoculated

with gentamycin.

characterized by good antimicrobial properties owing to their
greater surface area and ease of penetrating cell membranes.'*
Rod-shaped nanoparticles are more active antimicrobials
because they have pointed ends, which cause cell membranes to
break more effectively.’* Irregular shapes can generate more
surface area and active sites, which can be utilized to enhance
antimicrobial activity."” A greater surface area means more
interaction with microorganisms, which also translates to more
antimicrobial activity.'®® Porous structures can trap and kill
microorganisms, which enhances antimicrobial activity.'” The
antimicrobial action of Ag-TiO, and Ag-SeO, nanomaterials is
multifaceted and involves multiple parameters, such as the
release of silver ions, the generation of ROS, and direct inter-
action with microbes. The results of this study show the
potential of Ag-SeO, NC as a potent antibacterial agent. The
optimization of the synthesis and formulation of Ag-SeO, NC
should be further researched to achieve clinical efficacy.
Ag-TiO, and Ag-SeO, NCs use three distinct antibacterial
mechanisms: ROS production, cell membrane penetration and
intracellular damage. Bacterial cells induce silver (Ag") and
selenium (Se**) ion release from these nanocomposites until
the ions penetrate the cell membrane to disrupt microbial
functions.'®® The production of reactive oxygen species (ROS) is
enabled by TiO, under light exposure. Oxidative stress gener-
ates detrimental effects on bacterial cells, resulting in lipid
peroxidation, protein oxidation, and DNA fragmentation, which
causes bacterial cell death.'™ The ROS attacks bacterial cell
membranes structurally while simultaneously time making
membranes more permeable until the cells eventually
rupture.’”® The antimicrobial activity of Ag-SeO, NC receives
additional enhancement through its ability to block vital

13164 | RSC Adv,, 2025, 15, 13152-13171

cellular processes and disrupt metabolic pathways.’**” The
scope of ROS generation with ion release and membrane
disruption events produces bacterial dysfunction and cell
death, making these nanocomposites promising antimicrobial
agents.

3.5.2. Minimum inhibitory concentration (MIC). The MIC
values of the synthesized Ag-TiO, NCs and Ag-SeO, NCs against
S. aureus and K. pneumoniae were determined using the broth
dilution method (Table 2, Fig. S8 and Tables S9-S12t). The
results indicate the lowest concentration of the nanocomposite
required to inhibit the visible growth of the bacterial strains, in
which a lower MIC value signifies higher antimicrobial activity.
In this study, both nanocomposites exhibited significant anti-
microbial activity against both bacterial species. However, Ag-
SeO, NCs demonstrated superior antimicrobial activity, with
lower MIC values compared to Ag-TiO, NCs.

Increased antimicrobial efficacy of Ag-SeO, NCs is due to the
synergistic action between silver and selenium dioxide nano-
particles. Silver nanoparticles are strong antimicrobials owing
to their interaction with the bacterial cell membrane, leading to

Table 2 MIC results of nanocomposites against S. aureus and K.
pneumonia bacterial species

Bacterial Concentration
Sample species (mg mL ™) 0.Dgoo
Ag-TiO, NC S. aureus 8.29 0.033
Ag-SeO, NC S. aureus 0.2956 0.034
Ag-TiO, NC K. pneumonia 4.145 0.050
Ag-SeO, NC K. pneumonia 4.73 0.002

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Results of antifungal activity of the E. aphylla extract and
nanomaterials against pathogenic fungal strains

Inhibition zone diameter in mm of the
tested samples

Strains E. aphylla extract Ag-TiO, NC Ag-SeO, NC
Candida glabrata —ve —ve 12
Aspergillus niger —ve —ve 12

damage and disruption.'™ Silver nanoparticles can also
generate reactive oxygen species (ROS), which induce oxidative
stress and cellular structure destruction."* Additionally, silver
nanoparticles interfere with vital cell processes, such as DNA
replication and protein synthesis."** Selenium dioxide (SeO,),
however, is a potent oxidant that can produce reactive oxygen
species to impose oxidative stress on bacterial cells."** Reactive
oxygen species can inflict damage on cell components, such as
DNA, proteins, and lipids, which can lead to cell death in the
long term.™ The synergism of these two very active antimicro-
bial agents in Ag-SeO, NCs enhances their antimicrobial activity
to a high extent, with decreased MIC values and higher efficacy
against bacterial infection.

3.5.3. Antifungal activity. A disc diffusion assay was
employed to evaluate the antifungal activity of E. aphylla extract,
Ag-TiO, NC, and Ag-SeO, NC against Candida glabrata and
Aspergillus niger. The results, summarized in Table 3 and
Fig. 11, indicate that although the plant extract and Ag-TiO, NC
exhibited no significant inhibitory activity, Ag-SeO, NC
demonstrated promising antifungal efficacy against both fungal
pathogens. The antifungal activity of Ag-SeO, NC noted can be
attributed to the synergistic effect and nanostructure of the
silver and selenium nanoparticles. Owing to the very large
surface area, the nanoparticles can interact more with the cell
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wall and cell membrane of the fungus and can induce cell death
and damage. Silver nanoparticles were found to possess very
good antimicrobial activity. Ag NPs can interact with protein
and phospholipid thiol groups, leading to membrane damage
and fungal cell death."® Silver nanoparticles can also generate
ROS, which can further induce oxidative stress and damage
cellular structures.'*” Selenium dioxide, the second constituent
of Ag-SeO, NC, is also antimicrobial in nature.™® Selenium
dioxide can induce oxidative stress in cells and interfere with
vital cellular processes."™® The synergistic effect of silver and
selenium nanoparticles combined in Ag-SeO, NC can enhance
the antimicrobial effect. The mechanisms of the antifungal
effect of Ag-SeO, NC are unclear and should be further inves-
tigated. Overall, the results of this study indicate that Ag-SeO,
NC is a promising antifungal agent.

3.6. Studying the mechanism of action of antifungal activity

3.6.1. FTIR spectroscopy. FTIR spectroscopy (Table 4) was
utilized to investigate the potential interactions between the C.
glabrata fungal cell wall components and the Ag-SeO, NC
prepared. The FTIR spectrum of untreated C. glabrata (Fig. S9F)
exhibited characteristic absorption bands for various functional
groups, i.e., O-H stretching vibrations at 3353 and 3273 cm ™,
C-H stretching vibrations at 2935 cm ™', amide I band at
1674 cm™ ', amide II band at 1550 and 1516 cm ™', and addi-
tional bands due to C-C, C-N, and C-O bonds. Following
treatment with Ag-SeO, NC, the FTIR spectrum of C glabrata
(Fig. S101) underwent spectacular changes. New bands of
absorption appeared at 1642 and 1579 cm ™', which represent
the formation of new C=N and C=C bonds, respectively. A new
band emerged at 774 cm ™', which represents the formation of
metal-oxygen (M-O) bonds. These spectral changes confirm
that the Ag-SeO, NC had interacted with the constituents of the
fungal cell wall, leading to a shift in their structure and

E. aphylla extract against C. glabrata

Ag-TiO, NC against C. glabrata

Ag-SeO, NC against C. glabrata

E. aphylla extract against 4. niger

Ag-TiO, NC against 4. niger

Ag-SeO, NC against 4. niger

Fig. 11

© 2025 The Author(s). Published by the Royal Society of Chemistry

Images of Petri dishes seeded with different pathogenic fungal strains and tested samples.
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Table 4 FTIR analysis of treated and untreated fungal species with Ag-SeO, NC

Wavenumber Untreated C.  Treated Untreated Treated Functional
(em™) glabrata C. glabrata A. niger A. niger group Interpretation
3353-3526 3353, 3273 3366, 3276 3526, 3275 3365, 3275 O-H O-H stretching vibration
2935-2968 2935 2933, 2873 2968, 2930, 2872 2934, 2873 C-H C-H stretching vibration (aliphatic)
1674-1688 1674 1674,1642,1579 1688 1674,1578 C=0O Amide I band (carbonyl stretching)
1550-1516 1550, 1516 1516 1503, 1452 1516, 1450 C-N Amide II band

(N-H bending and C-N stretching)
1452-1452 1452 1451 1452 1450 C-H C-H bending vibration (methylene)
1405-1412 1405, 1398 1406, 1399 1412, 1385 1406, 1399 C-H C-H bending vibration (methyl)
1308-1399 1308 1338, 1309 1236 1309, 1238 C-N C-N stretching vibration
1238-1238 1238 1238 1236 1238 C-0 C-O stretching vibration (phenolic)
1120-1122 1120 1120 1122 1120 Cc-0 C-O stretching vibration (alcoholic)
1078-1078 1078 1078 1078 1079 C-0 C-O stretching vibration (alcoholic)
1037-1032 1037 1038 1032 1037 CcC-0 C-O stretching vibration (alcoholic)
981-990 981 990 979 923 C-H C-H bending vibration (aromatic)
924-924 924 923 924 923 C-H C-H bending vibration (aromatic)
851-850 851 850 849 850 C-H C-H bending vibration (aromatic)
774-775 774 775 775 M-O Metal-oxygen bond (Ag-O or Se-O)
653-400 530 530, 400 702, 653, 531, 398 425, 400 C-C,C-N, C-O Skeletal vibrations

function.” The alterations observed in the FTIR spectra are
good indications of the interaction between the Ag-SeO, NC and
the cell wall of the fungus, which may be the reason for the
antifungal activity of the nanoparticles.” Cell wall integrity
disruption and new bond formation can lead to cell death and
fungal growth inhibition. Similar to C. glabrata, the FTIR
spectrum of untreated A. niger also displayed characteristic
absorption bands for O-H stretching vibrations at 3526 and
3275 ecm™'; C-H stretching vibrations at 2968, 2930, and
2872 cm ™ '; amide I band at 1688 cm ™ *; and other bands for C-
C, C-N, and C-O bonds (Fig. S117). Following treatment with
Ag-SeO, NC, there were significant changes in the FTIR spec-
trum of A. niger (Fig. S127).

New absorption bands occurred at 1674 and 1578 cm *,
corresponding to the existence of new C=N and C=C bonds,
respectively. New absorption at 775 cm ™" also emerged, indi-
cating the formation of metal-oxygen (M-O) bonds. The spec-
tral changes prove that the Ag-SeO, NCs react with the
constituents of the fungal cell wall, leading to structural and
functional changes.”” New bond formation and disruption of
cell wall integrity may lead to cell death and inhibition of the
growth of the fungus. The red shift of the O-H stretching band
from 3526 cm™ " to 3365 cm ™" for treated A. niger verifies new
hydrogen bond formation between the constituents of the
fungal cell wall and Ag-SeO, NCs. This interaction further
enhances the disruption of the cell wall structure and enhances
the antifungal action of the nanoparticles.

3.6.2. HR-TEM. The analysis of the HR-TEM images
allowed for an understanding of the changes that occur in C.
glabrata due to the presence of Ag-SeO, NC. The untreated C.
glabrata cell control (Fig. 12a) appeared as round to oval-shaped
cells with clear cell membranes and cell walls. The appearance
of buds indicated an increase in such cells and presented signs
that the cells were dividing. Nevertheless, on treatment with Ag-
SeO, NC, substantial ultrastructure changes were observed

13166 | RSC Adv, 2025, 15, 13152-13171

(Fig. 12b). The treated cells exhibited strong signs of cell
damage, such as cell wall rupture, membrane permeabilization,
and leakage of the cytoplasm content. The cell wall, a vital
structural molecule, was observed to be significantly weakened
in many such treated cells with few cells showing a complete
lack of cell wall. Similarly, the cell membrane, which acts as
a primary structure for maintaining cellular equilibrium, was
injured and altered in many of the cells. These disruptions
affected the integrity of cytoplasmic compartmentalization and
subsequently caused the release of cytoplasmic contents;
cellular debris and electron-dense material were observed in the
extracellular matrix.*** These morphological changes can be
attributed to the combined impact of Ag NPs and SeO, on the
widespread structure of the TSH robot. The study also revealed
that Ag NPs can penetrate cell membranes, causing membrane
disruption and eventually membrane damage. They can also
produce ROS, which results in oxidative stress and therefore
impair various cellular constituents. Further, Ag NPs might
possess toxic properties, which include the disruption of
important cell functions, such as DNA synthesis and cell divi-
sion.'® SeO, is another compound that has an antimicrobial
effect and can trigger oxidative stress in cells.”” The current
study shows that Ag NPs and SeO, combined in Ag-SeO, NC may
have a synergistic effect on their antimicrobial activity, causing
cell damage and suppression of fungal growth.

The analysis of the changes in the morphology of A. niger
after exposure to tracer Ag-SeO, NCs is based on the data of the
HR-TEM images. As presented in Fig. 12c, untreated A. niger
presented a typical fungal morphology, including defined
hyphae and clear cell walls. However, upon treatment with Ag-
SeO, NC, the extent of cellular damage varied significantly. The
treated fungal cells (Fig. 12d) revealed damage to the cell wall
and cell membrane, the cytoplasm leaked, and the cells died.

The disruptions in the cell walls and membrane structure
probably contributed to the disruption of cellular equilibrium

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 The HR-TEM images of fungal pathogens treated and untreated with Ag-SeO, NC. (a) Presents C. glabrata untreated with Ag-SeO, NC.
(b) Presents C. glabrata treated with Ag-SeO, NC. (c) Presents A. niger untreated with Ag-SeO, NC. (d) Presents A. niger treated with Ag-SeO, NC.

and prerequisite cellular processes. Possible factors that might
have contributed to the anti-fungal activity of Ag-SeO, NC
against A. niger may be summarized as follows: the silver
nanoparticles (Ag NPs) could directly come into contact with the
cell membrane, SMR damage, and cell membrane disruption.**®

© 2025 The Author(s). Published by the Royal Society of Chemistry

They may also produce ROS, which causes cellular oxidative
stress and leads to damage to cellular structures. Additionally,
owing to their small size, Ag NPs can pose a threat to the cell's
processes, including DNA replication and protein synthesis.***
The selenium dioxide present in the nanocomposite may
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complement its antimicrobial activity through the imposition of
oxidative stress. The combined effect of Ag NPs and SeO, in Ag-
SeO, NCs probably increases the effectiveness of antimicrobial
activity against A. niger. Through the synergistic action of the
two effective antimicrobial components, Ag-SeO, NC could
inhibit the growth of the fungal cell wall and membrane,
leading to the cell death of the fungi.

4. Conclusion

This study provides an efficient and green protocol for the
synthesis of Ag-TiO, and Ag-SeO, nanocomposites. The nano-
composites are well-characterized by different techniques, and
the proposed mechanism for the formation of nanocomposites
was investigated. UV-vis spectroscopy confirmed the presence of
silver nanoparticles; FTIR spectroscopy indicated the involve-
ment of plant extract biomolecules in the synthesis, and zeta
potential analysis showed good colloidal stability. DLS analysis
revealed differences in particle size distribution between the
two nanomaterials. HR-TEM images visualized the morphology
and particle size, while EDX analysis confirmed the elemental
composition. SEM analysis showed the surface morphology and
particle agglomeration. Finally, XRD analysis confirmed the
crystalline phases present in the nanocomposites. The current
study also provides valuable insights into the potential of
natural and nanomaterial-based antimicrobial agents. E.
aphylla extract and Ag-SeO, NC demonstrated significant anti-
oxidant and antimicrobial activities, respectively. A high
concentration of bioactive compounds in the plant extract, such
as phenolic compounds, flavonoids, and tannins, explains the
high antioxidant activity identified in this study. These
compounds can reduce free radical concentrations and preserve
the structure of cells from oxidative effects. The improvement in
the antimicrobial properties of Ag-SeO, NC can be explained
using the dual effect of the silver and selenium particles. Silver
nanoparticles can encourage or impose membrane disruption
and damage as a result of interactions with cells. They can also
produce ROS, which, in turn, can cause oxidative stress and
alter the cellular ultrastructure. Furthermore, it was found that
silver nanoparticles can interfere with cell division and other
operations, as basic as the protein synthesis process. Selenium
dioxide is, in contrast, a powerful oxidative agent that may
cause oxidative damage to cells through the production of ROS.
Integrating these two highly effective antimicrobial agents in
Ag-SeO, NC results in a composed enhanced antimicrobial
effect. Characterization studies that involved FTIR spectroscopy
coupled with HR-TEM imaging supported the working mecha-
nism of Ag-SeO, NC. From the obtained FTIR spectra, it can be
observed that there are considerable changes in the functional
groups of the fungal cell wall of the treated cells with Ag-SeO,
NC that pointed towards interaction and possible disruption of
the cell wall. The analysis of the HR-TEM images of C. glabrata
and A. niger cells after interaction with Ag-SeO, NC revealed cell
damage demonstrated by cell wall deformation, membrane
disorganization, and cytoplasmic leakage. All these results add
more evidence to the belief that Ag-SeO, NC could be a potential
material for use as a broad-spectrum antimicrobial agent.
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Subsequent studies, which will examine these mechanisms of
action in greater depth, could supply useful information in
creating new classes of antimicrobial agents.
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