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Introduction

Phytofabrication of Ag/AgCl silver nanoparticles
from the extract of Phoenix dactylifera L. Medjool
date seeds: synthesis, characterization and
antimicrobial propertiest

Pushpa Thirubuvanesvari-Duraivelu, 2 Siti Salwa Abd Gani, & **® Masriana Hassan,®
Mohd Izuan Effendi Halmi,® Reem Fawaz Abutayeh,@e Mohammad A. A. Al-
Najjar ¢ and Ala’ Abu-Odeh®

The persistence of biofilm-associated infections in skin and soft tissues poses a significant challenge in
clinical settings, necessitating the development of sustainable alternatives to conventional antimicrobial
agents, paired with development of eco-friendly and non-toxic nanomaterials. This study reports
phytofabrication of Ag/AgCl nanoparticles (Ag/AgCl-NPs) using ultrasonicated 80% ethanolic extract of
Phoenix dactylifera L. Medjool date seeds (MdSE) without using any external reagents, leveraging their
rich phytochemical content as natural reducing and stabilizing agents. The synthesized nanoparticles
were characterized using UV-visible spectroscopy (UV-vis), field emission scanning electron microscopy
(FESEM), high-resolution field emission transmission electron microscopy (HR-FETEM), selected area
electron diffraction (SAED), X-ray diffraction (XRD), and energy-dispersive X-ray (EDX) confirming their
average size of 16.75 + 7.25 nm, spherical morphology, crystalline structure, face-centered cubic (fcc)
phase, silver and chlorine entities, and high colloidal stability. Phytochemical screening via Fourier
transform infrared spectroscopy (FTIR) analysis identified polyphenols, flavonoid, and protein as the key
contributors to the reduction of Ag* ions to Ag® species, leading to the successful formation of MdSE-
Ag/AgCl-NPs. The antimicrobial efficacy of the nanoparticles was evaluated against two pathogenic
Gram-negative bacteria (Escherichia coli and Pseudomonas aeruginosa) and one Gram-positive bacteria
(Staphylococcus aureus). The synthesized nanoparticles exhibited significant antibacterial activity, with
substantial inhibition of bacterial biofilm formation, especially in reducing biofilm development by 73.57%
for P. aeruginosa and 88.66% for S. aureus at 1*MIC, respectively. The synthesized MdSE-Ag/AgCl-NPs
exhibit promising characteristics, supporting the effectiveness of Medjool seeds as a bioreductant in
nanoparticle synthesis. Their notable properties suggest potential applications in modern medicine and
clinical applications, particularly for biofilm prevention and management.

Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus
aureus. These infections range in severity from superficial

Skin and soft tissue infections are among the most common
clinical challenges, often caused by bacterial pathogens such as
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wounds to deep abscesses and life-threatening necrotizing fas-
ciitis. The onset of the infection typically involves microbial
invasion into skin and underlying tissue layers, triggering
a cascade of host immune responses. The progression of these
infections is driven by an intricate interplay between microbial
virulence and host immune mechanisms, further intensified by
oxidative damage, inflammation, and delayed tissue regenera-
tion. The key obstacle in their management is the emergence of
antibiotic resistance, coupled with the ability of these bacteria
to form biofilms layers, which is a dense matrix of extracellular
polymeric substances that protect microbial cells from both
immune responses and antimicrobial agents. Biofilm-
associated infections are notoriously persistent and contribute
significantly to chronic wound complications, delayed healing,
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treatment failure, and increased mortality, eventually leading to
increased healthcare burdens and higher treatment costs."

This growing resistance crisis has spurred global interest in
alternative therapeutic strategies that are both sustainable and
cost-effective. Nanotechnology, particularly the application of
metal-based nanoparticles, has emerged as a powerful tool,
offering unique advantages over their macroscopic counter-
parts. Historically, silver has earned a significant role as
a “dynamic” and “biocidal therapeutic agent” in medicine,
celebrated for its broad-spectrum biological capabilities.” Clin-
ically, it has been widely used in formulations like silver sulfa-
diazine for managing skin infections and traditional healing
systems such as Ayurveda have long employed silver-based
remedies to manage infectious conditions.>* Notably, silver
has been reported to combat over 650 disease-causing micro-
organisms, further underscoring its therapeutic versatility.>®
The convergence of this traditional wisdom with modern
nanotechnology offers new avenues for treating skin and soft
tissue infections, especially in an era of rising antibiotic
resistance.

At nanoscale, silver nanoparticles (AgNPs) are widely recog-
nized for their broad-spectrum antimicrobial efficacy, including
action against multi-drug-resistant strains. They are particularly
favoured for minimizing the risk of resistance development due
to their ability to target multiple bacterial pathways simulta-
neously. Owing to their nanoscale dimensions, silver nano-
particles can directly interact with microbial membranes and
biofilms, compromising cellular integrity and disrupting their
metabolic processes. A reduction in particle size leads to
a higher surface-to-volume ratio, which enhances their disper-
sion and significantly amplifies their antimicrobial potency.” In
addition to their bactericidal potential, these nanomaterials
possess anti-inflammatory, antioxidant, and anticancer prop-
erties, which are the traits that have expanded their application
across various domains of nanomedicine.*®

Beyond AgNPs, recent studies have documented the
successful biosynthesis of hybrid silver/silver chloride nano-
particles (Ag/AgCI-NPs) relying solely on silver nitrate (AgNO;)
and phytochemicals from plant extracts to drive both reduction
and stabilization.'*** These studies demonstrated the phyto-
fabrication of Ag/AgCl-NPs without the addition of external
chloride sources. The plasmonic nanohybrids exhibited
enhanced antibacterial activity via its ability to generate reactive
oxygen species (ROS) under light exposure'*** and anticancer
performance® with comparatively low cytotoxicity such as in
HeLa cells,* a feature likely attributed to the controlled solu-
bility equilibrium of Ag" ions regulated by the presence of AgCl.
This ensures a sustained but minimal release of silver ions into
the environment."” Current study aims to contribute to this
growing body of research by demonstrating Ag/AgCl nano-
hybrids synthesized via a green route not only retain a strong
antibacterial and antibiofilm performances, but are also suit-
able for therapeutic potential combating bacterial infections,
such as in antibacterial coatings and wound dressings.

Among various botanicals explored for green nanomaterial
synthesis, the date palm (Phoenix dactylifera L.), particularly its
Medjool variety, has emerged as a promising yet underexploited
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resource. With global production exceeding 9.82 million metric
tons in 2023 alone'® and being an important player in the
market, an estimated 900 000 tons of date seeds are generated
annually, yet most are discarded or used as animal feed due to
limited awareness of their potential value. The Medjool variety
experimented in this study known as the “King of Dates” is one
of the finest cultivars and are prized for their large, soft texture,
and exceptional quality.” They are widely cultivated in arid
regions such as the Middle East and North Africa. This agri-
cultural by-product is rich in bioactive compounds, including
polyphenols, flavonoids, phenolic acids, and dietary fibres
making it a compelling candidate for sustainable applica-
tions.”*** Impressively, their antioxidant capacity exceeds that
of the fruit pulp by containing up to 18 times more gallic acid
equivalents and 4-7 times more Trolox equivalents per 100 g.>*
Recent studies have proposed the use of date seeds, including
Ajwa and Rothan varieties, as green reducing agents in the
synthesis of silver nanoparticles (AgNPs), with promising
outcomes in antibacterial, antifungal, reducing cancer prolif-
eration, and anti-inflammatory activity.?*** However, Medjool
variant remains underexplored. Harnessing the phytochemical
richness of Medjool date seeds for phytofabrication presents
a sustainable strategy that repurposes agricultural wastes into
high-value biomedical materials.

In this study, we report the phytofabrication of Ag/AgCI-NPs
using ultrasonicated ethanolic extract of Medjool date seeds
(MdSE). The synthesized nanomaterials were characterized
using multiple analytical techniques to confirm their structural,
morphological, and elemental properties. The antibacterial
potential of the biosynthesized silver/silver chloride nano-
particle from MdSE (MdSE-Ag/AgCl-NPs) was evaluated against
three clinically relevant bacterial strains, namely E. coli, P. aer-
uginosa, and S. aureus. These pathogens are commonly impli-
cated in skin and soft tissue infections, and known for their
biofilm-forming capabilities. Additionally, the antibiofilm
activity of these nanoparticles was assessed to determine their
potential in disrupting bacterial biofilms, providing insights
into their prospect as alternative therapeutics for biofilm-
associated infections.

Experimental

Retrieval and preparation of P. dactylifera L. Medjool seeds
extract

A modified extraction protocol was utilized to prepare Medjool
date seeds (MdS) powder following Thirubuvanesvari-Duraivelu
et al. (2024).>° The seeds were separated from the fruit, thor-
oughly washed to remove residual pulp, and subjected to oven
drying at 45 °C for 24 hours. Once dried, the seeds were finely
ground using a high-powered grinder, and the resulting powder
was sieved through a 1-2 mm mesh to achieve uniform particle
size.

For extraction, 2 g of MdS powder was mixed with 100 mL of
80% ethanol and processed via ultrasound-assisted extraction
(UAE) using a sonication water bath (Elmasonic S60 H, Elma
Hans Schmidbauer GmbH, Singen, Germany) at 70 °C for 40
minutes, facilitating the release of bioactive compounds. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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extract was then subjected to centrifugation at 3000 rpm for 5
minutes to remove insoluble residues, followed by vacuum
filtration with Whatman No. 1 filter paper to eliminate
particulates.

To ensure the preservation of phytochemical constituents,
solvent removal was performed using a rotary evaporator at 45 °©
C, preventing thermal degradation. The resulting Medjool date
seeds extract (MdSE) was stored in glass vials at —20 °C until
further application in the phytofabrication of silver/silver
chloride nanoparticles.

Phytofabrication of Ag/AgCI-NPs using MdSE

The phytofabrication of Ag/AgCI-NPs was achieved using Med-
jool date seeds extract, which served as a natural reducing and
stabilizing agent. An aqueous solution of 1 mM silver nitrate
(AgNO;) was prepared in deionized water and combined with
the MdSE at 1 mg mL ™" in an equal 1:1 volume ratio. The
extract was introduced dropwise into the AgNO; solution while
maintaining continuous stirring on a hot plate at a controlled
temperature of 37 °C. The reaction mixture was stirred for 24
hours to ensure the thorough reduction of silver ions. A distinct
color transition from pale brown to dark brown primarily
confirmed the successful formation of MdSE mediated Ag/AgCl
nanoparticles (MdSE-Ag/AgCI-NPs). Post-synthesis, the mixture
was subjected to centrifugation at 10 000 rpm for 30 minutes to
separate the nanoparticles. The obtained nanoparticles were
then washed three times with deionized water to remove any
residual impurities and unbound compounds. Finally, the
nanoparticles were dried in an oven at 40 °C for 24 hours to
obtain a consistent powdered form and kept at 4 °C for char-
acterization and antibacterial experiments.

Characterization of MdSE-Ag/AgCI-NPs

Ultraviolet-visible spectroscopy (UV-vis). The optical prop-
erties and formation of MdSE-Ag/AgCl-NPs were confirmed
using UV-visible spectrophotometer. The absorbance spectra
from the resulting MdSE-Ag/AgCI-NPs reaction mixture were
recorded using the SpectraMax ID3 Multi-Mode Microplate
Reader (USA) within the wavelength range of 300-700 nm and at
1 nm resolution, with deionised water serving as the blank.

Dynamic light scattering (DLS) and zeta potential. The
hydrodynamic size and polydispersity index (PDI) of the phy-
tofabricated MdSE-Ag/AgCl-NPs were evaluated using the DLS
technique operated in Zetasizer Nano-ZS (Malvern Instruments,
UK). The resulting MdSE-Ag/AgCl nanoparticles were redis-
persed in deionized water and sonicated for 5 minutes at 25 °C
to achieve a uniform suspension. Measurements were con-
ducted at 25 °C with a scattering angle of 90°. The zeta potential
(6) was assessed using an electrophoretic cell with the same
Zetasizer instrument to determine the surface charge, which
reflects the stability of the nanoparticle suspension. Each
measurement was performed in triplicate to ensure the reli-
ability and reproducibility of the results.

Fourier-transform infrared spectroscopy (FTIR). FTIR was
utilized to analyze the functional groups present in MdSE and
comparing it to the spectrum produced with MdSE-Ag/AgCl-
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NPs. This is to identify the biomolecules associated with the
silver and bound to the surface atoms of the nanoparticles,
acting as capping agents. Spectral analysis was performed using
an FTIR spectrometer (Agilent Cary 630 FTIR, USA) within
a scanning range of 4000-640 cm ™.

Field emission scanning electron microscopy (FESEM). The
size and surface morphology of the synthesized MdSE-Ag/AgCl-
NPs were examined using a FESEM (JSM-7600F, JEOL, Tokyo,
Japan). Imaging was conducted at an accelerating voltage of 5
kv, with a working distance of 4.4 mm, and magnifications
ranging from 50 000 x to 100 000 x. Prior to FESEM observation,
the MdSE-Ag/AgCl-NPs powder was carefully mounted onto
a tubular aluminum stub using double-sided adhesive tape. The
sample was then sputter-coated with a thin platinum layer
using a JEOL JEC-3000FC auto fine coater, to strengthen their
conductivity and for high quality imaging.

X-ray diffraction (XRD). X-ray diffractograms of the samples
were recorded within the 26 range of 20-90° using a Rigaku
SmartLab diffractometer (Rigaku Corporation, Tokyo, Japan).
The instrument was operated at 40 kV accelerating voltage, 30
mA current, monochromatic CuKo radiation with a wavelength
of 1.54059 A, a scan rate of 3°/minute, and a parallel beam
configuration in 26/6 scan mode. The acquired diffractograms
were analyzed using SmartLab Studio II (version 4.4.241.0,
Rigaku Corporation, Tokyo, Japan). Phase identification was
performed by comparing the diffraction patterns with reference
data from the ICSD (Inorganic Crystal Structure Database). The
crystallite size of the nanoparticles was determined using the
Debye-Scherrer equation, eqn (1):

D= M (1)

(8 x cos 0)
where D denotes the average crystallite size, K is the Scherrer
constant (0.94), A represents the wavelength (1.54059 A),
8 corresponds to the full width at half maximum (FWHM), and 6
is the Bragg angle.

High resolution field emission transmission electron
microscopy (HR-FETEM). The synthesized MdSE-Ag/AgCl
nanoparticles were characterized wusing high-resolution
FETEM (JEOL JEM-2100F, Tokyo, Japan), which was equipped
with a selected area electron diffraction (SAED) attachment and
operated at an accelerating voltage of 200 kV. This technique
facilitated the examination of the nanoparticle's morphology,
size, and SAED patterns. The lattice distances observed in the
FETEM micrographs were analyzed using Gatan Digital Micro-
graph software.

For sample preparation, MdSE-Ag/AgCl-NPs powders were
dispersed ultrasonically in ethanol, after which a drop of the
resulting suspension was deposited onto a carbon coated
copper grid using a micropipette. The solvent was then allowed
to evaporate.

Energy-dispersive X-ray (EDX). Elemental identification was
performed with an energy-dispersive X-ray detector (X-Max,
Oxford Instruments, UK) integrated into the HR-FETEM
system. The elemental composition and chemical status of
the sample were acquired and processed using Aztec software
(version 3.1, Oxford Instruments, UK).

RSC Adv, 2025, 15, 27723-27737 | 27725
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Antibacterial activity

Bacterial strains. The bacterial strains used in this study
were sourced from the American Type Culture Collection
(ATCC, Rockville, Maryland, United States). The pathogenic
bacterial strains evaluated for the antibacterial activity were the
Gram-negative bacterial strains namely E. coli (ATCC 25922) and
P. aeruginosa (ATCC 27853), while the Gram-positive strain
includes S. aureus (ATCC 25923). Prior to analysis, all bacterial
strains were streaked onto blood agar plates (Thermo Scientific
Microbiology Sdn. Bhd., Malaysia) to verify their pathogenic
virulence. The presence of a haemolytic zone confirmed their
viability and pathogenicity before proceeding with further
testings.

Inoculum preparation. Bacterial strains were initially
cultured on tryptic soy agar (TSA, Oxoid, Hampshire, England)
plates and incubated at 37 °C for 24 hours to facilitate bacterial
growth. The bacterial cultures were prepared in accordance with
the guidelines established by the Clinical and Laboratory
Standards Institute (CLSI) (2018).>” Individual colonies were
solubilized into 20 mL of tryptic soy broth (TSB, Oxoid,
Hampshire, England) and incubated under the same conditions
for 24 hours to ensure bacterial proliferation. Following incu-
bation, the bacterial suspensions were diluted in 10 mL of TSB,
with the turbidity adjusted to a final concentration of 10°-10°
CFU mL " against 0.5 index of the McFarland standard, which
were then tested with varied treatments.

Minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC). The broth microdilution
assay, as recommended by the CLSI (2018),>” was employed to
determine the minimum inhibitory concentration (MIC) of
MdASE-Ag/AgCl-NPs against the tested bacterial strains using
a 96-well microtiter plate.

To prepare the bacterial inoculum, overnight bacterial
cultures were adjusted to a 0.5 McFarland standard, corre-
sponding to approximately 10°-10° CFU mL™". For the assay
setup, 200 uL of TSB medium was added to the first column,
serving as the negative growth control (devoid of nanoparticles
and bacteria), while the second column was designated as the
positive growth control, containing 200 pL of bacterial
suspension. From the third to the twelfth wells, 100 uL of TSB
was distributed into each well. Next, 100 pL of the synthesized
MdASE-Ag/AgCl nanoparticles suspension (at the highest
concentration) was introduced into the third well. A serial
twofold dilution was then performed by transferring 100 pL
from the third well to the fourth well, continuing this process
sequentially until reaching the twelfth well. Subsequently, 100
pL of the bacterial suspension was added from the third to the
twelfth wells. Alongside the nanoparticles, gentamicin antibi-
otic (as a positive standard control), Medjool date seeds extract
(MdSE), and AgNO; solution were included for comparison and
tested under identical procedures. After thorough mixing, the
microtiter plates were covered with lids and incubated at 37 °C
for 24 hours. The test was carried out in triplicates. The MIC was
defined as the lowest concentration at which no visible bacterial
growth was observed, as compared to the positive and negative
growth controls.?®
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To determine the minimum bactericidal concentration
(MBC), 10 pL of the bacterial suspension from each well was
transferred onto TSA plates. Samples from the negative and
positive growth control were also inoculated onto the agar. The
TSA plates were then incubated at 37 °C for 24 hours, after
which the MBC was recorded. The MBC value was defined as the
lowest concentration of the test compound that completely
inhibited bacterial growth on TSA after incubation.*

Tolerance level. The tolerance of the tested bacterial strains
toward MdSE-Ag/AgCI-NPs, gentamycin, MdSE, and AgNO; was
evaluated following the approach outlined by Dash et al
(2020),* utilizing their MIC and MBC values. A tolerance value
of 16 or higher indicates a bacteriostatic effect, while a value of 4
or lower is classified as bactericidal. The following eqn (2) was
used:

MBC

Tolere level = —— 2
olerance level = = (2)

In vitro biofilm inhibition assay. The anti-biofilm potential
of the synthesized MdSE-Ag/AgCI-NPs was assessed using a 96-
well microtiter plate assay conducted under aseptic conditions,
following a previously described method with slight
modifications.*~** To initiate the assay, 200 uL of fresh bacterial
suspension (0.5 McFarland) prepared in TSB, containing
varying concentrations (1/4, 1/2, 1, 2, and 4*MIC) of MdSE-Ag/
AgCI-NPs, was dispensed into designated wells of the micro-
titer plate. The plate was then incubated at 37 °C for 24 hours to
allow biofilm formation.

After incubation, the well contents were discarded by
inverting and gently tapping the plate. To remove non-adherent
bacteria, 200 pL of deionized water was added to each well,
followed by three consecutive washes. The plate was then dried
at 60 °C, after which 200 pL of 0.1% (v/v) crystal violet solution
was introduced into each well to stain the adhered biofilm. After
a 30 minutes incubation, excess dye was discarded, and the
wells were rinsed three times with deionized water to eliminate
residual stain. To solubilize the bound crystal violet, 200 uL of
95% ethanol was added to each well, and the plate was gently
agitated for 5 minutes. The optical density (OD) of the stained
biofilms was measured at 570 nm using a microplate reader
(SpectraMax ID3 Multi-Mode Microplate Reader, USA). Wells
containing sterile TSB alone served as the negative growth
control, while those containing only bacterial suspensions
functioned as positive growth control. Additionally, gentamicin
(positive standard control) and MdSE were tested under the
same conditions for comparison. The biofilm inhibition
percentage (%) was calculated using the formula, eqn (3):

OD(T)

0 1 1 ihitt — _
”o Biofilm inhibition = {1 7OD(PGC)} x 100 (3)

where OD(PGC) represents the absorbance of the positive
growth control-stained biofilm and OD(T) corresponds to the
absorbance recorded for different sample treatments (MdSE-Ag/
AgCl-NPs, gentamicin, and MdSE). All the experiments were
conducted in duplicate and results were reported as mean =+
standard deviation (SD). Statistical analysis was performed

© 2025 The Author(s). Published by the Royal Society of Chemistry
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using SPSS software (version 29.0.0.0), employing one-way
ANOVA, with p < 0.05 considered statistically significant.

Results and discussion
Characterization of MdSE-Ag/AgCI-NPs

Optical analysis (MdSE-Ag/AgCI-NPs synthesis and UV-vis
analysis). The initial indication of MdSE-Ag/AgCl nanoparticle
synthesis was visually observed through a distinct colour
change in the reaction mixture, from pale brown to dark brown,
upon the addition of 1 mg mL ™' MdSE to 1 mM AgNO; solution
(Fig. 1). This visual shift suggested the reduction of Ag" ions and
the formation of silver nanoparticles, a phenomenon
commonly associated with the excitation of surface plasmon
vibrations on the nanoparticle surface.

UV-vis spectrophotometric analysis further confirmed
nanoparticles formation, where a strong and well-defined
absorption peak appeared at 450 nm (Fig. 2), consistent with
the surface plasmon resonance (SPR) characteristic of silver
nanoparticles. The appearance of this peak falls within the ex-
pected SPR range for AgNPs (typically 410-455 nm),* and is
indicative of spherical nanoparticle morphology and successful
bioreduction of silver ions.** This finding aligns well with the
previous reports on phytofabricated AgNPs synthesized using
date fruit extracts and saponins derived from Ajwa date seeds,
which demonstrated a closely related SPR peak at approxi-
mately 440 nm.***” This optical feature results from the collec-
tive oscillation of conduction electrons stimulated by incident
light, and its position can be influenced by factors such as
particle size, shape, and dielectric environment. The absorption
at 450 nm observed in this study tallies closely with reports from
similar green synthesis approaches, validating the formation of

Fig. 1 Visual representation of the phytofabrication process of silver
nanoparticles using Medjool date seeds extract (MdSE). (a) Medjool
date seeds, (b) seeds ground into fine powder and, (c) ultrasonicated
extract obtained in the form of powder. Formation of MdSE-Ag/AgCl
nanoparticles indicated by a visible colour change from (f) pale brown
mixture to (g) dark brown upon the addition of (d) ethanolic MdSE at
1 mg mLtto (e) 1 mM AgNOs.
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phytofabricated MdSE-Ag/AgCl nanostructures, with bioactive
components in the Medjool extract likely acting as both
reducing and stabilizing agents during nanoparticle nucleation
and growth.

Dynamic light scattering (DLS) and zeta potential. To assess
the hydrodynamic size and dispersion behavior of the phyto-
fabricated MdSE-Ag/AgCl nanoparticles, DLS analysis was per-
formed. The particles exhibited a Z-average diameter of
168.5 nm and a PDI of 0.207 (Fig. 3a), reflecting a moderately
uniform size distribution and minimal aggregation in suspen-
sion. These findings suggest that the phytofabricated nano-
particles possess a stable colloidal profile suitable for biological
applications. The relatively larger size detected by DLS, in
contrast to the smaller diameters observed via FESEM and
FETEM imaging in many reports, can be attributed to the
measurement of hydrodynamic diameter, which accounts for
the core nanoparticle along with surface-bound biomolecules,
hydration layers, surface electrical layers, capping agents
derived from MASE, and any loosely bound stabilizing
layers.*®* This discrepancy is commonly observed in green-
synthesized nanoparticles.** Comparable findings were re-
ported by Khader et al (2022)** and Zaheer (2018),*” where
AgNPs synthesized from date seeds and fruit extracts showed
a DLS size of 203 nm and predominantly 100-200 nm, respec-
tively, while electron microscopy shows substantially smaller
particle sizes in dry state. Furthermore, zeta potential analysis
revealed a value of —36.3 mV (Fig. 3b). This confirms the strong
surface charge and electrostatic repulsion among particles,
likely the result of adsorbed free nitrate ions or negatively
charged phytochemicals, contributing to long-term colloidal
stability and minimizing agglomeration.

Fourier-transform infrared spectroscopy (FTIR). FTIR spec-
troscopy is a commonly used, rapid, reliable, and cost-effective
analytical tool for identifying functional groups present in
Medjool date seeds extract that contribute to the reduction,
capping, and stabilization of phytofabricated MdSE-Ag/AgCl
nanoparticles. A comparative evaluation in the appearance
and shifts of absorption peaks (Fig. 4a and b), identifies the
involvement of various phytochemical constituents, detected
through molecular vibration, such as stretching and bending
within the infrared region (4000-640 cm™'). Literature review
detailing date seeds and fruit extracts were referred to confirm
the profile of the FTIR peaks obtained (Table 1).

In the MdSE spectrum, a broad peak at 3425 cm™ ' corre-
sponds to O-H stretching which suggest the occurrence of
surface adsorbed alcohols (carbohydrates such as isomaltose)
and polyphenols (flavonoids and phenolic acid), which shifted
to 3444 cm™' in the nanoparticle spectrum, suggesting
hydrogen bonding interactions and its involvement in surface
binding. The weak C-H stretching vibration near 2995 and
2912 cm™ ' were retained in both spectra, likely to be originating
from aliphatic hydrocarbons (probably sugars) present in the
extract.

A prominent shift was observed at 1647 cm ™' (MdSE) to
1662 cm ™' (MdSE-Ag/AgCI-NPs), typically associated with C=C
stretching in alkene groups (flavonoid), N-H amide stretch
corresponding to the protein retrieved from the seed extract or

RSC Adv, 2025, 15, 27723-27737 | 27727
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C=0 carbonyl stretching commonly associated with biomole-
cules responsible for metal ion reduction and preventing
particle accumulation.** Apart from being found in ketones,
aldehyde and carboxylic acids, carbonyl stretching vibration
could also possibly arises from the amide linkage within
protein.** Such observations also suggest the presence and
binding of proteins with AgNPs which may be involved in the
process of their formation and stabilization. The peak at
1436 cm™' represents bending vibration of C-H bond in
methylene hydrocarbon while peaks near 1309 and 1016 were
attributed to the C-O stretching vibration of possible alcohols
of polysaccharides, flavones (flavonoids), ethers, esters,
carboxylic acids, glycosides, or anhydrides coating the surface
of the nanoparticle.**** Additional bands between 951 -
668 cm ' further support the existence of alkene stretchings.?
Notably, new or shifted bands appearing below 700 cm ™", such
as at 697 and 668 cm™ ', may indicate halo-alkane stretch or
metal-chloride vibrations,** suggesting for successful coordi-
nation with silver ions.

Thus, these spectral variations affirms that various func-
tional groups namely O-H group of polyphenols, amide group
of proteins, carbonyl possessing compounds, C-O possessing
groups, carbohydrates, and chlorides have adsorbed to the

27728 | RSC Adv, 2025, 15, 27723-27737

surface of the silver nanoparticles or involved in the reduction
of Ag" to Ag° nanoparticles. This supports the effectiveness of
the Medjool seeds extract in the green synthesis of MdSE-Ag/
AgCl nanoparticles with stable organic surface coatings.

Field emission scanning electron microscopy (FESEM).
FESEM operates by emitting electrons that are accelerated
under a strong electric field, enabling high-resolution imaging of
nanoscale surface topographies. In this study, FESEM was used to
investigate the morphology and size distribution of the phyto-
fabricated MdSE-Ag/AgCl nanoparticles. The micrograph (Fig. 5a)
disclosed the predominantly spherical nature of the synthesized
nanoparticles exhibiting moderate agglomeration, a phenom-
enon often attributed to the high surface energy of nanoscale
materials and drying effects during sample preparation. Particle
size measurements calculated with the Image]J software revealed
an average diameter of 28.10 &+ 5.1 nm and a size distribution
ranging from 16.56 nm to 43.76 nm (Fig. 5b), indicating moderate
polydispersity. The size of synthesized MdSE-Ag/AgCI-NPs falls
within the acceptable nanoscale limit range, thus, suggesting
successful synthesis of relatively small-sized silver nanoparticles.
In contrast, SEM analysis in studies by Aldayel et al. (2021)** and
Abdel-Alim et al. (2023)* reported broader and larger size distri-
butions for silver nanoparticles synthesized from Ajwa, Iklas, and
Shishi date seeds, with size ranging from 15-80 nm, 46.79-
73.72 nm, and 527-776 nm, respectively. Despite the visible
aggregation, the particle size and well-defined individual spher-
ical shape were still visible in Fig. 5a, indicating a relatively
uniform distribution. This could be associated to the role of the
capping agents from MdASE that provides stability and preventing
the nanoparticles from agglomerating into a macro fused particle
with an unidentifiable shape.

Arshad et al. (2021)* and Acharya et al (2018)*° have
emphasised that both the nanoparticle shape and size are
critical determinants in nanoparticle therapeutic performances.
Small sized and spherical nanoparticles, as observed in this
study, were expected to penetrate pathogenic microbial
membranes more efficiently and are able to generate significant
damage to bacterial cells due to the larger specific surface area
resulting from their spherical geometry, especially when
compared to nanorod and nanowire structures.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FTIR spectra recorded from (a) MdSE and (b) phytofabricated MdSE-Ag/AgCLl-NPs, revealing peaks of functional groups involved.

X-ray diffraction (XRD). The crystalline nature of the dry
MdASE-Ag/AgCl nanoparticles was elucidated through the spec-
trum obtained from XRD analysis, conducted across a 26
scanning range of 20-90°, as shown in Fig. 6. A focused
monochromatic X-ray beam was directed at the powdered
sample, producing various diffraction patterns that were inter-
preted using Bragg's equation to reveal the crystalline charac-
teristics of the nanoparticles. Prominent diffraction peaks were
observed at 26 values of 38.12°, 44.26°, 64.48°, 77.46°, and
81.48°, corresponding to the (111), (200), (220), (311), and (222)
crystallographic reflection planes of metallic silver, Ag (ICSD
reference code: 01-080-4432). Additionally, five more diffraction
peaks appeared as a result of Bragg's reflection at 27.84°, 32.26°,
46.29°, 54.84°, and 57.53°, attributed to the (111), (200), (220),

(311), and (222) planes of the silver chloride, AgCl phase (ICSD
reference code: 00-001-1013). The XRD reflections associated
with these lattice planes confirm the formation of face-centered
cubic (fcc) crystalline structures for both Ag and AgCl nano-
particles, consistent with the standard ICSD database (DB). The
26 values and planes reported in this study closely match to
those previously observed for Ag/AgCl nanoparticles synthe-
sized using Origanum ehrenbergii,’® further assuring the coex-
istence of silver and silver chloride entities.

Most of the diffraction peaks appeared intense and narrow,
revealing the highly crystalline structure of the MdSE-Ag/AgCl
nanoparticles synthesized, particularly those corresponding to
silver. The sharp and greater intensity of Ag-related reflection at
111 plane compared to those of AgCl suggests the

Table 1 FTIR analysis and probable functional group associated to MdSE-Ag/AgCl nanoparticles

IR peak position (cm ™)

MdSE MdSE-Ag/AgCl Functional group(s)

3425 3444 O-H stretch®

2995 2996 C-H stretch®

2912 2912 C-H stretch***

1647 1662 C=C stretch/N-H amide stretch/C=0 stretch®>*>*¢

1436 1436 C-H bending®

1309 1310 C-O stretch®”

1016 1017 C-O stretch®?

951 951 C=C stretch®>*®

697 697 C-X stretch overlapping with chloride/C=C stretch**?***
668 668 C-X stretch overlapping with chloride/C=C stretch®*****

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Field emission scanning electron microscopy (FESEM) image detailing surface morphology of the synthesized MdSE-Ag/AgCl

nanoparticles and (b) histogram showing size distributions of the nanoparticles.

predominance of silver nanoparticles in the sample. Crystallite
sizes for Ag and AgCl were calculated using the Scherrer equa-
tion, yielding approximate sizes of 16.67 nm and 12.41 nm,
respectively, with a lattice parameter measured at 4.08601 A.
These results demonstrate that the phytofabrication method
employed not only enabled the successful formation of AgNPs
but also facilitated the concurrent generation of AgCl nano-
structures. This dual formation is likely driven by the presence
of chloride ions in the Medjool date seeds extract, which
potentially interacted with Ag" ions from AgNO; during
synthesis, leading to AgCl formation. Interestingly, this is the
first report detailing the concurrent formation of AgCl nano-
particles alongside Ag, deriving from date seeds extract,
particularly of Medjool variant. Furthermore, this work
uniquely reports a complete set of silver diffraction planes in
a single diffractogram, reflecting an extended crystalline silver
planes (311 or 222) compared to previous reports on date seeds
and fruit-mediated silver nanoparticle synthesis.>*>>*>%

High resolution field emission transmission electron
microscopy (HR-FETEM). Detailed analysis on the morphology
and size distribution of the MdSE-Ag/AgCl nanoparticles were
performed employing HR-FETEM. TEM is widely regarded as
one of the most suitable techniques for determining the average
size of nanoparticles, as it provides clear visualization of their
crystalline structure. Analysis of the synthesized Ag/AgCl

nanoparticles revealed a narrow size distribution, indicating
that the particles were relatively small and within an acceptable
nanosize range (Fig. 7). A histogram reflecting particle size
distribution was generated by analyzing over 150 particles using
Image] software (Fig. 7d). Based on the measurements, the
nanoparticles displayed a polydisperse profile with no agglom-
eration and a predominantly spherical morphology (Fig. 7a and
b). The particle sizes ranged from 6.23 to 38.01 nm, with an
average size of 16.75 £+ 7.25 nm, close to the crystallite size
calculated from the XRD analysis. The observed decrease in the
average diameter of the phytofabricated MdSE-Ag/AgCIl-NPs
likely results from a reduced presence of larger particles and
a greater proportion of smaller-sized nanoparticles within the
distribution. Such narrow polydispersity may be influenced by
the diverse array of phytochemical constituents present in the
extract, each contributing differently to the reduction and
stabilization process. The HR-FETEM observations on the
MdSE-Ag/AgCl nanoparticles are consistent with the findings
reported in several previous studies, where an almost similar
size ranges and spherical morphologies were obtained. For
instance, silver nanoparticles synthesized from date pits®
exhibited sizes between 1-40 nm, while those originating from
date fruits®” ranged from 3-30 nm. Similarly, AgNPs synthesized
using Cassia occidentalis L. seeds extract were reported between
6.44-28.50 nm.** On the contrary, various other ranges, broader,

200—
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Fig. 6 X-ray diffraction patterns of Ag-NPs and AgCl-NPs phytofabricated from MDSE.
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Fig. 7 High resolution field emission transmission electron microscope (HR-FETEM) images of phytofabricated MdSE-Ag/AgCl-NPs at a scale
bar of (a) 50 nm (50 000x), (b) 20 nm (100 000x), (c) selected area electron diffraction patterns (SAED), (d) particle size distribution histogram,
and (e and f) high-resolution image of single nanocrystal showing lattice fringes with a spacing of 0.245 nm at 500 000 x.

and larger size distribution were documented, namely AgNPs
derived from Ajwa date seeds (15-80 nm),* date fruit (20-100
nm),*® and a relatively narrower range (1-10 nm) from saponin-
derived silver nanostructures from dates, due to the use of
a single purified compound.*® These comparisons highlight the
efficiency of the Medjool seeds extract in producing small and
well-dispersed nanoparticles.

Further structural characterization utilizing crystallographic
technique was performed using selected area electron diffrac-
tion (SAED) during HR-FETEM analysis. The SAED patterns
exhibited distinct pattern of concentric rings formed by a set of
point reflections, showing a polycrystalline nature of the MdSE-
Ag/AgCl-NPs material (Fig. 7c). These rings corresponded to
Bragg diffraction and revealed a set of lattice planes consistent
with those of the Ag phase specifically at (111), (220), and (222),
as well as the (200) and (222) planes attributed to the AgCl
phase. The indexing of these reflections confirmed a face-
centered cubic structure for the polycrystalline Ag/AgCl nano-
particles, in full agreement with the XRD findings. Additionally,
the HR-FETEM analysis revealed lattice fringes (Fig. 7e) of
a single nanocrystal and an interplanar spacing of 2.45 A (0.245
nm) (Fig. 7f), corresponding closely with the (111) plane of

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

metallic silver which is the most intense reflection observed in
the XRD spectrum.

Energy-dispersive X-ray (EDX). The elemental composition of
phytofabricated MdSE-Ag/AgCl nanoparticles was investigated
and confirmed by the semi-quantitative analysis utilizing EDX
spectroscopy. Copper substrate was used for mounting, the
contribution of which was not taken into account in the
calculations. The EDX spectrum exhibited a strong signal peak
at 3 keV (Fig. 8), revealing the major presence of silver, which
aligns with the typical optical absorption peak of metallic silver
nanocrystallites due to surface plasmon resonance.*® Given that
silver is the primary material targeted, the spectrum also
revealed the presence of chloride peaks at 2.7 keV, confirming
the successful synthesis and co-existence of metallic MASE-Ag-
NPs with MdSE-AgCIl-NPs as nanohybrids, and this outcome
corroborate to the reports of Ag/AgCl synthesized from Oedera
genistifolia and Momordica charantia.**>*

Quantitative analysis proves the successful formation of
MdASE-Ag/AgCl nanoparticles and showed its predominant
elements to be silver with a weight percentage of 73.22%, fol-
lowed by carbon (18.20%), chlorine and oxygen (3.03%), silicon
(2.30%), and sodium (0.21), which are in line with those

RSC Adv, 2025, 15, 27723-27737 | 27731
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Fig. 8 EDX spectrum of MdSE-Ag/AgCl-NPs.

reported by Stozhko et al. (2024)*° and Yassin et al. (2022)>*
(Table 2). The prominent silver signal validates the effective
reduction of Ag" ions to elemental silver, while the presence of
other elemental peaks could have originated from the organic
shell surrounding the silver nucleus, as described by Stozhko
et al. (2024).> This shell likely attributed to the biomolecules
and organic compounds (carbohydrates and proteins) derived
from MdSE extract, which could have also functioned as natural
capping and stabilizing agents during silver nanoparticles
synthesis as suggested by Maryani and Septama (2022).>” The
detection of chloride ions (Cl™), naturally occurring macronu-
trients in plants, are known to play essential roles in regulating
photosynthesis and maintaining homeostasis in plants.*®
Furthermore, the presence of sodium likely reflects its diffusion
from the extract into the silver nanoparticles owing to their
small ionic radius and high diffusion coefficient, a phenom-
enon commonly observed in biosynthesized metallic and metal
oxide nanomaterials.***® The detection of silicon in current EDX
spectrum are supported with the findings from Allemailem et al.
(2022), who have reported the presence of carbon, oxygen,
sodium, and silicon in AgNPs synthesized from Ajwa date seeds
extracts. However, the carbon signal observed in the spectrum
may also have originated from the carbon coating on the copper
grid used for sample mounting. This corroborates the idea that
the other elemental contributions originate from the Medjool
seeds extract used in this study.

Antibacterial activity

MIC and MBC. The antimicrobial potential of bio-
synthesized MdSE-Ag/AgCIl-NPs, gentamycin, MdSE, and AgNO;

Table 2 Quantitative results obtained from elemental analysis of
MdSE-Ag/AgCL-NPs

Element Wt (%)
Ag 73.22
C 18.20
Cl 3.03
(@) 3.03
Si 2.30
Na 0.21

27732 | RSC Adv, 2025, 15, 27723-27737
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were assessed using the broth microdilution method, against E.
coli, P. aeruginosa, and S. aureus as tabulated in Table 3. The
MdSE-Ag/AgCl nanoparticles showed superior antibacterial
activity, by demonstrating lower MIC values against all tested
bacterial strains at 0.039 mg mL ™" for E. coli and 0.078 mg mL ™"
for P. aeruginosa and S. aureus. The MBC values were recorded at
either 0.078 mg mL ™" (E. coli) or 0.156 mg mL ™" (P. aeruginosa
and S. aureus). Among the strains, E. coli exhibited the greatest
susceptibility, showing the lowest MIC and MBC (0.039 mg
mL ™" and 0.078 mg mL~"). This value corresponds to a previ-
ously reported AgNPs synthesized from date seed variant of
Iklas, that scored an MIC value at 32.6 g mL ™%
Additionally, the values recorded in this study are consider-
ably more effective when compared with previously reported
green-synthesized AgNPs. For example, AgNPs synthesized
using Trigonella foenum-graecum seeds extract exhibited an MIC
of 125 ug mL ™' against E. coli,”* while those derived from
Ephedra gerardiana and Annona reticulata showed MICs of 125
pg mL™' and 62.5 ug mL™", respectively.®*> Adding to this,
phytochemically derived Ag/AgCl nanoparticles from O. ehren-
bergii reported an MIC of 62.5 ug mL ™" against E. coli, further
highlighting the superior potency of the MdSE-Ag/AgCl nano-
particles developed in the present study.' In the case of P.
aeruginosa, Pteris vittata-mediated AgNPs were reported to have
an MIC of 100 pug mL~*,%* whereas Moringa oleifera-based AgNPs
exhibited an even higher MIC of 250 ug mL™ "% Similarly,
against S. aureus, AgNPs from Priva cordifolia and Ag/AgCl-NPs
from O. genistifolia required 100 ug mL ™' and as high as 500
pg mL™! to inhibit growth, respectively.’®* In addition, the
MBC values obtained against all tested bacterial strains were
substantially lower than the Ag/AgCl nanoparticles reported by
Hachem et al. (2024), that required a concentrations of =1 mg
mL ™" to completely kill the bacteria.’ The MIC and MBC values
retrieved in the current study are also notably lower than those
of the crude MdSE, which required much higher concentrations
(MICs: 3.125-12.5 mg mL™'; MBCs: 25 mg mL ') to achieve
bacterial inhibition and complete eradication. The enhanced
performance of the phytofabricated nanoparticles over the
extract can be attributed to the well-established synergistic
interaction between silver ions and phytochemicals derived
from plant matrices.®® This reinforces their broad-spectrum
antibacterial efficacy and the potential advantage of using
Medjool date seeds extract as a reducing and stabilizing agent

Table 3 Determination of MIC and MBC values (mg mL™) for various
treatments against selected microbial pathogens

E. coli (ATCC  P. aeruginosa  S. aureus

25922) (ATCC 27853)  (ATCC 25923)
Treatments MIC MBC MIC MBC MIC MBC
MdSE* 12.5 25.0 6.25 25.0 3.125 25.0
MdSE-Ag/AgCl-NPs®  0.039 0.078 0.078 0.156 0.078 0.156
Gentamicin® 0.010 0.039 0.010 0.020 0.010 0.020
AgNO,* 0.039 0.039 0.039 0.078 0.156 0.312

“ The concentration of the treatments are in mg mL ™.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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for nanoparticle biosynthesis. Gentamicin, on the other hand,
exhibited much lower MIC and MBC values for all bacterial
strains, thereby validating the experiment.

AgNO; exhibited an MIC of 0.039 mg mL "' for Gram-
negative bacteria and 0.156 mg mL ™" for S. aureus, confirming
its strong antimicrobial action. Although both AgNO; and plant-
mediated silver nanoparticles exhibit cytotoxic properties,
AgNO; is known to display significantly higher cytotoxicity,
particularly at higher concentrations.®” Its application is often
limited clinically when compared to biogenically synthesized
silver nanoparticles. In contrast, biosynthesized AgNPs like
MdASE-Ag/AgCI-NPs offer improved safety and stability, aligning
with the principles of green nanotechnology.

The underlying working mechanism of silver nanoparticles
lies in their ability to disrupt bacterial function at multiple
simultaneous targets, thereby reducing the likelihood of
bacteria developing resistance to AgNPs. These targets include
their interactions with the bacterial cell membrane, cell wall,
intracellular proteins, lipopolysaccharides (LPS), nucleic acids,
and metabolic enzymes inhibition (FOF1-ATPase) in charge of
bacterial growth and reproduction.®® Eventually, these interfer-
ence to metabolic pathways and intracellular changes, elevates
oxidative stress, membrane disintegration, and ultimately, cell
death. Supporting this, SEM observations of E. coli and S. aureus
treated with silver nanoparticles revealed morphological
surface distortions compared to the control cells, illustrating
a contact-action mechanism in which proposes the capability of
AgNPs adsorbing to the bacterial cytoderm, penetrating the
cytomembrane, and triggering apoptosis.®*

It is worth pointing that several physicochemical factors
influence the antimicrobial performance of AgNPs, particularly
particle size, shape, surface charge, and concentration.” These
parameters appear to correlate with the outcomes of the present
study, in which spherical MdSE-Ag/AgCl nanoparticles with an
average diameter of 16.75 nm was produced. Among the various
nanoparticle morphologies (spherical, disk-shaped, and trian-
gular plate), previous studies have shown that spherical nano-
particles exhibit superior antibacterial activity, largely due to
their enhanced silver ion release, which intensifies interactions
with planktonic bacterial cells and accelerates bacterial
killing.”* Furthermore, the nanoscale size of the MdSE-Ag/AgCl-
NPs may enhance their ability to traverse bacterial membranes,
facilitating intracellular entry, and inflicting irreversible cellular
damage. A similar size-dependent mechanism was proposed by
Loo et al. (2018),”” who suggested that smaller nanoparticles
more readily penetrate the bacterial cell wall, disrupting
essential cellular structures, functions, and inducing cell death.

The observed high susceptibility of E. coli in this study may
also be explained by its thin peptidoglycan layer, a characteristic
of Gram-negative bacteria, which allows easier access for MdSE-
Ag/AgCl-NPs and makes them more vulnerable to internal
structural damage.®® In contrast, Gram-positive bacteria like S.
aureus possess a thicker cell wall, which may provide added
resistance to nanoparticle penetration and action.

Tolerance level (TL). The bactericidal or bacteriostatic nature
of an antimicrobial agent can be evaluated by calculating its
tolerance level, defined as the ratio of MBC to MIC. This value

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Tolerance level (MBC/MIC) of selected bacterial strains
treated with Medjool date seeds extract (MdSE), MdSE-Ag/AgCl-NPs,
gentamicin, and AgNOs

Tolerance level®

E. coli P. aeruginosa S. aureus
Treatments (ATCC 25922)  (ATCC 27853)  (ATCC 25923)
MdSE 2 4 8
MdSE-Ag/AgCI-NPs 2 2 2
Gentamicin 3.9 2 2
AgNO; 1 2 2

“ Tolerance values = 16 indicate a bacteriostatic response, while values
= 4 reflect bactericidal activity.

refers to the tolerance potential of an antimicrobial agent
against selected pathogens. An inverse relationship is observed
between the tolerance level and their pathogenicity. Following
the standard classification, a TL value of =4 indicates a bacte-
ricidal effect, while a value =16 suggests a bacteriostatic
response. The distinction lies in whether the agent actively kills
the bacteria or merely inhibits their growth.

Present study proves that the MdSE-Ag/AgCI-NPs exhibited
TL values of 2 across all tested strains (E. coli, P. aeruginosa, and
S. aureus), indicating strong bactericidal activity (Table 4).
These findings support the assertion that phytofabricated silver
nanoparticles using MdSE possess potent killing efficacy across
both Gram-negative and Gram-positive bacteria. Numerous
studies have similarly reported the bactericidal potential of
seeds-derived biogenic AgNPs, with Nigella sativa and Peganum
harmala-mediated AgNPs showing a TL values of ~2 against E.
coli, S. aureus, and P. aeruginosa.”’* This reinforces the rele-
vance of MdSE-Ag/AgCI-NPs as promising bactericidal agents
with broad-spectrum effectiveness.

The crude extract (MdSE) showed a broader tolerance range
for S. aureus, with a TL of 8, followed by bactericidal TL values of
4 for P. aeruginosa and 2 for E. coli. While its effect remained
bactericidal against E. coli and P. aeruginosa, the value of 8 for S.
aureus suggests reduced killing efficiency, potentially indicating
a shift toward a static effect in this strain. However, the toler-
ance ratios for all the 3 strains were achieved at substantially
higher concentrations of the extract, unlike the MdSE-Ag/AgCl-
NPs, which were effective at much lower concentrations. This
highlights the enhanced potency gained through nanoparticle
synthesis.

Silver nitrate (AgNO3) recorded TL values of 1 for E. coli and 2
for both P. aeruginosa and S. aureus, indicating a consistent
bactericidal profile. However, its known cytotoxic effects as
discussed earlier may limit its practical applications despite its
efficacy. Similarly, gentamicin, used as a positive standard
control, also exhibited bactericidal activity, with TL values of 3.9
for E. coli, and 2 for P. aeruginosa and S. aureus, which validates
the experiment.

In vitro biofilm inhibition assay. Biofilms, which shield
bacterial communities from external threats, are composed of
a mixture of hydrophilic substances (proteins, nucleic acids,

RSC Adv, 2025, 15, 27723-27737 | 27733
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and polysaccharides) and hydrophobic components (lipids and
surfactants).”’® Among the materials under study, silver
nanoparticles (AgNPs) have drawn significant interest for their
ability to penetrate the protective matrix, disrupting biofilm
integrity, and killing the bacterial cells. This action becomes
possible, as it comes into close contact with the biofilms and are
consistent with previous reports.*”””” Guided by these findings,
this study evaluated the antibiofilm potential of phytofabricated
MdASE-Ag/AgCl nanoparticles in comparison with MdSE and
positive standard control, gentamicin, as shown in Fig. 9.

To enable a fair and dose-dependent comparison, each
treatment was tested at concentrations equivalent to 1/4, 1/2, 1,
2, and 4 times its respective MIC. For E. coli, MdSE-Ag/AgCl was
evaluated at 0.010, 0.020, 0.039, 0.078, and 0.156 mg mL "’
while for P. aeruginosa and S. aureus, it ranged from 0.020,
0.039, 0.078, 0.156, and 0.312 mg mL ™. Gentamicin, used as
a reference drug, was consistently tested across all strains at
0.0025, 0.005, 0.010, 0.020, and 0.039 mg mL'. The crude
extract required much higher concentrations, ranging from
3.125, 6.25,12.5,25.0, and 50.0 mg mL ™~ for E. coli, 1.563, 3.125,
6.25,12.5, and 25.0 mg mL ™ for P. aeruginosa, and 0.781, 1.563,
3.125,6.25, and 12.5 mg mL ™" for S. aureus, corresponding to 1/
4, 1/2, 1, 2, and 4*MIC, respectively. This concentration-based
approach allowed for detailed profiling of antibiofilm effects
among treatments.

As depicted in Fig. 9, MdSE-Ag/AgCl-NPs demonstrated
potent, concentration-dependent inhibition of biofilm forma-
tion across all tested strains. In E. coli, biofilm inhibition ranged
from 15.38% at 1/4*MIC to 72.91% at 4*MIC. According to
established criteria, where inhibition above 50% is regarded as
good antibiofilm activity and values below 50% as poor
activity,”® the nanoparticles exhibited a good antibiofilm effect
at concentrations of 1*MIC and above. Interestingly, at 2* and
4*MIC, no significant difference was observed between MdSE-
Ag/AgCl-NPs and gentamicin at 1*MIC (70.72%) (p > 0.05),
indicating a comparable antibiofilm effect between the bio-
synthesized nanoparticles and the conventional antibiotic at
higher concentrations. In contrast, the crude MdSE extract only
reached 45.93% inhibition at 4*MIC, falling into the poor
activity range and showing significantly lower performance
than the nanoparticle treatments (p < 0.05).

A similar trend was observed for P. aeruginosa, where MdSE-
Ag/AgCl nanoparticles demonstrated even better biofilm eradi-
cation compared to their activity in E. coli. The nanoparticles
achieved 73.57% inhibition at 1*MIC, surpassing the 50%
threshold for good antibiofilm activity, and further increased to
90.77% inhibition at 2*MIC, which remained consistent
through 4*MIC (p > 0.05). From 2* MIC onward, MdSE-Ag/AgCl
nanoparticles exhibited biofilm inhibition levels exceeding
90%, and the differences compared to gentamicin were not
statistically significant (p > 0.05). This suggests that the nano-
particles reached a near-complete biofilm disruption in P. aer-
uginosa as performed by gentamicin, without requiring further
concentration increases. Meanwhile, the MdSE showed modest
overall performance, with the extract exhibiting a delayed onset
of efficacy, reaching the threshold for good antibiofilm activity
only at 2*MIC (71.42%), and peaking at 82.13% inhibition at
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Fig. 9 Effect of Medjool date seeds extract (MdSE) (yellow bars),
phytofabricated MdSE-Ag/AgCl-NPs (orange bars) and antibiotic
gentamicin (positive standard control) (turquoise bars) on bacterial
biofilm inhibition, evaluated on (a) E. coli, (b) P. aeruginosa, and (c) S.
aureus. Results are expressed as mean =+ standard deviation (SD).
Statistical significance among treatments across various concentra-
tions is indicated using uppercase letters, lowercase letters, and
numerical values, respectively. The symbol (*) denotes significant
differences (p < 0.05) observed when comparing each treatment with
the MdSE-Ag/AgCL-NPs group. Tukey post hoc tests were used for
multiple comparisons.

4*MIC. However, despite this concentration-dependent
improvement, inhibitory effect of MdSE remained signifi-
cantly lower than that of the MdSE-Ag/AgCI-NPs across all tested
concentrations (p < 0.05).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Among the three tested strains, S. aureus exhibited the most
pronounced susceptibility to MdSE-Ag/AgCI-NPs. The nano-
particles achieved 64.54% inhibition even at 1/2*MIC, a level of
antibiofilm activity not observed at sub-MIC concentrations in
E. coli and P. aeruginosa, where inhibition remained below 50%.
At 1*MIC, MASE-Ag/AgCl-NPs reached 88.66% inhibition,
maintaining this high level through 2*MIC (p > 0.05), and again
demonstrating no statistically significant difference (p > 0.05)
when compared to gentamicin at the same concentrations. This
indicates that 1* or 2* MIC could serve as effective and prefer-
able concentrations for practical application, offering substan-
tial antibiofilm activity without the need to escalate dosing to
4*MIC. Concurrently, Mohanta et al. (2020)”° reported
a comparable inhibition level (~80%) using AgNPs synthesized
from Glochidion lanceolarium at 80 pg mL ", closely aligning
with the 88.66% inhibition achieved at 0.078 mg mL ™" (1*MIC)
in the present study. In contrast to MdSE-Ag/AgCI-NPs, MdSE
showed considerably lower antibiofilm performance against S.
aureus. Its maximal inhibition of 53.18% at 4*MIC barely sur-
passed the threshold for good activity, and inhibition levels
remained relatively unchanged with no significant difference
between 1/2*MIC to higher doses. This plateau suggests that the
extract alone lacked the concentration-responsive efficacy as
demonstrated by the nanoparticle formulation, and signifi-
cantly less functionable compared to MdSE-Ag/AgCI-NPs at all
concentrations (p < 0.05) against S. aureus.

Comparatively, a study performed by Allemailem and his
colleagues (2022)* reported the AgNPs synthesized using Ajwa
variant date seeds extract to show <40% biofilm inhibition
against P. aeruginosa, and ~70% for S. aureus and E. coli at 100
pg mL ™" In contrast, MASE-Ag/AgCl nanopatrticles in this study
achieved comparable or greater inhibition at just 78 pg mL ™",
indicating the enhanced antibiofilm potential with MdSE-based
formulation. Biogenically synthesised Ag/AgCl-NPs from O.
ehrenbergii (averagely 13.5 nm sized) showed nearly equivalent
antibiofilm performance against E. coli, with ~54% inhibition
at 31 pg mL . This aligns closely with the 50.62% inhibition
observed in our study at 39 ug mL ™" (1*MIC). Furthermore, the
MdSE-based nanoparticles produced in this study presented
enhanced biofilm inhibition compared to the discussed O.
ehrenbergii-derived Ag/AgCl nanoparticles which recorded
approximately 52% and 56% inhibition against P. aeruginosa
and S. aureus, respectively, despite being tested at considerably
higher concentrations of 250 ug mL™* and 125 pg mL~'.*°

Overall, the findings from current experiment emphasizes
MdSE-Ag/AgCI-NPs to possess potent antibiofilm performance
even at lower concentrations, beginning at 1*MIC for Gram-
negative bacteria (E. coli and P. aeruginosa) and 1/2*MIC for S.
aureus. This, in many instances matched the efficacy of genta-
micin (especially at 2*MIC and 4*MIC), while consistently
outperforming the crude extract. The incorporation of bioactive
components from Medjool seeds extract during the synthesis
may have improved nanoparticle stability and silver ion release
which may have interfered with the gene expression in charge of
biofilm formation,*® without compromising biocompatibility.
Hence, this study suggests MdSE-Ag/AgCI-NPs as a promising

© 2025 The Author(s). Published by the Royal Society of Chemistry
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natural alternative for the management of biofilm-associated
infections.

Conclusion

Current study demonstrates the potential of Medjool date seeds
extract as an effective natural precursor for the green synthesis
of Ag/AgCl nanoparticles. The biosynthesized nanoparticles
exhibited antibacterial activity against both Gram-negative and
Gram-positive pathogens, as confirmed through MIC, MBC, and
TL evaluations. Additionally, the MdSE-Ag/AgCI-NPs showed
promising antibiofilm effects, suggesting their potential in
disrupting biofilm-associated infections. These results support
the use of Medjool seeds extract in developing eco-friendly
nanomaterials with enhanced antimicrobial performance.
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