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The green synthesis of nanoparticles (NPs) offers a sustainable, rapid, and cost-effective alternative to traditional
chemical and physical methods, with diverse applications across various fields. This study reports the synthesis of
silver nanoparticles (AgNPs) using Ehretia rigida (Er) leaf aqueous extract and evaluates their biological activities.
The formation of the NPs was confirmed by the change in colour from clear to dark brown. The synthesis pa-
rameters, such as pH, temperature, Er extract and silver nitrate (AgNO3) concentrations, reaction ratio, and
incubation time, were optimized for high yields, controlled size, and stability of the NPs. The optimized Er-AgNPs
were characterized using ultraviolet-visible (UV-vis) spectroscopy, dynamic light scattering (DLS), Fourier
transform infrared (FTIR) spectroscopy, and high-resolution transmission electron microscopy (HR-TEM). The
Er-AgNPs sample presented a characteristic absorbance peak at 408 nm, a hydrodynamic size of 74.02 + 0.19
nm, a polydispersity index (PDI) of 0.39 + 0.05, and a zeta potential of —25.4 + 6.26 mV. FTIR analysis revealed
the nature of the biomolecules responsible for the reduction and stabilization of the NPs. HR-TEM revealed that
the Er-AgNPs were spherical, with core sizes ranging from 6 to 18 nm. The Er leaf aqueous extract and Er-AgNPs
possessed antioxidant activities, with the Er leaf extract having higher activity than Er-AgNPs. The Er leaf extract
did not exhibit any antimicrobial activity, whereas the Er-AgNPs demonstrated broad-spectrum antimicrobial
activities against all the tested pathogens. This study provides a sustainable, easy and cost-effective method to
produce AgNPs for biomedical applications.

physicochemical properties, which include a large surface-ar-
ea-to-volume ratio, high reactivity, and electrical conductivity [5].

1. Introduction

Metal-based nanoparticles (MNPs) have gained increasing attention
in materials science because of their unique morphology, size distribu-
tion, and optical, magnetic, and biological properties, which are
different from those of bulk metals [1,2]. These exceptional and multi-
faceted properties have driven extensive research and development in
multidisciplinary fields such as biotechnology, medicine, agriculture,
electronics, energy, and environmental science [2-4]. Metals, including
gold, silver, platinum, palladium, iron, copper, zinc, and titanium, are
integral to the synthesis and application of various MNPs. In particular,
AgNPs have garnered significant attention because of their remarkable

AgNPs are invaluable in diverse applications, especially in agriculture,
medicine, water purification, pharmaceutics, catalysis, and bio-labelling
[6-10]. In agriculture, AgNPs have been used to increase crop growth
and overall agricultural sustainability by acting as nano-fertilizers or
nano-pesticides and by protecting crops against plant pathogens [11].
Their biomedical applications include the development of cutting-edge
antimicrobial agents, materials for tissue restoration and regeneration,
drug delivery formulations, detection and diagnosis platforms, and
performance-enhanced treatment alternatives [10].

Currently, researchers are actively investigating the full potential of
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AgNPs through innovative synthesis methods and functionalization
techniques to improve their efficiency, specificity and safety. For
example, a variety of physical (laser ablation, thermal evaporation, etc.)
and chemical (chemical reduction, sol-gel, chemical vapour decompo-
sition, hydrothermal fabrication, etc.) techniques have been used in the
synthesis of AgNPs [3,4,12,13]. While most of these methods provide
the benefit of bulk synthesis with good control of the particle size dis-
tribution, the use of costly and hazardous materials, extreme reaction
conditions, and non-biocompatibility of the resulting NPs limit their
applications [1-3,14]. Consequently, green chemistry has shifted the
interest of researchers toward the search for non-toxic, eco-friendly, and
cost-effective approaches to fabricate nanomaterials [3,15].

The green chemistry approach is characterized by high versatility,
energy efficiency, reproducibility, and the use of non-toxic materials
[16]. Although microorganisms resources can offer viable and
eco-friendly alternatives to traditional synthesis, plant extracts are often
preferred because of their simplicity, ease of handling, scalability,
chemical diversity, and cost-effectiveness [14,15]. Additionally, plant
extracts can be obtained from multiple parts, including the stem, root,
latex, fruits, seeds, leaves, flowers, agro-waste, peels, and bark [15,17,
18]. These benefits make plant extract-based synthesis of NPs more
attractive, particularly in large-scale production for agricultural and
biomedical applications of MNPs.

Various extracts have been used as reducing or capping agents in the
synthesis of AgNPs for different applications. For example, AgNPs syn-
thesized from the leaf extract of Cymbopogon citratus have proven to be
potent sources of antioxidants and have demonstrated antibacterial ac-
tivity against drug-resistant pathogens such as Bacillus cereus, Entero-
coccus faecalis, Escherichia coli, and Shigella flexneri [1]. Similarly, the
synthesis of AgNPs using aqueous extracts of Sanvitalia procumbens [12],
Euphorbia rigida [19], Acalypha indica [20] and Clinacanthus nutans [21]
has been reported to involve an abundance of phytoconstituents that aid
in the fabrication of AgNPs, which have been exploited for other ap-
plications, such as the photocatalytic degradation of dyes and anticancer
studies. Some of these phytoconstituents, including flavonoids, ketones,
aldehydes, terpenoids, tannins, carbohydrates, and phenolic acids, have
been implicated in the reduction of Ag * to Ag® during the synthesis and
stabilization of AgNPs [20,22,23].

E. rigida, also known as puzzle bush, is a deciduous shrub or small
tree belonging to the Boraginaceae family and is native to Southern
Africa, particularly in regions such as South Africa, Botswana, and
Namibia, where it is valued for its medicinal properties [24]. Traditional
healers in these regions use the leaves of this plant for
anti-inflammatory, antimicrobial, and antioxidant activities and as
natural remedies against a wide range of diseases. These activities
highlight its importance in ethnomedicine [24]. As part of an attempt to
unlock all the benefits and integrate their use into modern medicine,
Shukla et al. [25] systematically explored the pharmacological potential
of the Ehretia genus. The authors reported that the crude extracts or
individual compounds from the genus presented antioxidant,
anti-inflammatory, antibacterial, antitubercular, antiallergic, and
anti-snake venom activities. In another study, phytoconstituents from
Ehretia species were isolated and characterized to identify the com-
pounds responsible for their medicinal properties [26]. Furthermore, a
recent publication from our research group investigated the antimicro-
bial activities of some of these phytoconstituents against Klebsiella
pneumoniae carbapenemase at the molecular level [27]. However, there
is still a paucity of information regarding the use of Ehretia rigida in
green nanotechnology. Driven by the pressing public health challenges
of multidrug-resistant pathogens and the potential of green nanotech-
nology, the present study was undertaken to synthesize AgNPs from
E. rigida leaves. The synthesized Er-AgNPs were confirmed by UV-vis
spectroscopy and characterized via DLS and HR-TEM. The potential
biological applications of Er leaf aqueous extract and Er-AgNPs were
subsequently tested through antioxidant and antibacterial assays.
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2. Methodology
2.1. Plant selection, identification, and collection

The plant E. rigida was selected for the present study based on
available knowledge of its traditional medicinal use. The leaves of the
plant E. rigida (identification number; 175/69) were collected in June at
the Kirstenbosch National Botanical Garden (South African National
Biodiversity Institute, Cape Town, South Africa). The leaves were
transported immediately to the Nanobiotechnology Research Labora-
tory (Department of Biotechnology, University of the Western Cape) for
further studies.

2.2. Preparation of extracts

The E. rigida plant leaves were thoroughly washed under running tap
water, rinsed with distilled water, and oven-dried at 70 °C for 3 days.
The dried leaves were ground to a fine powder using a coffee grinder and
stored in airtight plastic bags until further use. The protocols described
by Dube et al. [28] were adapted for the aqueous extraction of Er leaf
powder. Briefly, 40 g of leaf powder was mixed with 400 ml of deionized
water (ddH20) in a 1000 ml Erlenmeyer flask. The mixture was heated
in a microwave for 5 min and then stirred for 24 h at room temperature.
Thereafter, the sample was centrifuged on a Sorvall Lynx 6000 super-
speed centrifuge (Thermo Fisher Scientific, Massachusetts, USA) at
9000 rpm for 10 min at room temperature. The supernatant was vacuum
filtered with Whatman No. 1 filter paper and further microfiltered with a
0.45 pm filter to remove residual plant material. The sample was then
frozen overnight at —80 °C and subsequently freeze-dried (SP Scientific
Pennsylvania, USA) at —53 °C to obtain the dried aqueous extract. The
percentage yield of the powdered aqueous extract was determined, and
the sample was kept in a desiccator for later use.

2.3. Synthesis of Er-AgNPs

The synthesis of AgNPs was performed by reducing AgNO3 with the
Er leaf aqueous extract. To this end, the crude extract was dissolved in
ddH0 to yield a 125 mg/ml stock solution. A preliminary experiment
was performed, where 1 mM AgNOs was preheated on a thermomixer
(Eppendorf, Hamburg, Germany) to 90 °C for 5 min, and an aliquot of
12.5 mg/ml extract was added at a 1:9 v/v ratio to a final volume of 400
pl. The mixture was then incubated at 750 rpm for 1 h at 90 °C in the
dark.

2.3.1. Optimization of the synthesis of Er-AgNPs

The effects of various parameters, which include temperature, pH, Er
leaf extract concentration, AgNO3 concentration, the ratio of leaf extract
to AgNOg3, and incubation time, on the synthesis of Er-AgNPs, were
evaluated to determine the optimal conditions required to produce
AgNPs. The effect of temperature was studied by incubating a mixture of
AgNOj3 and extract on a thermomixer at temperatures ranging from 25 to
90 °C. For pH, the natural pH of the extract was determined and
thereafter adjusted to different pH values ranging from 3 to 11 prior to
synthesis. The extract concentration was optimized to range from 1.56
to 100 mg/ml, and the AgNO3 concentration ranged from 0.5 to 5 mM.
The effect of the leaf extract to AgNOs ratio on the spectrum transition
was determined by increasing the volume of AgNOj in the solution
against the Er leaf extract to ratios of 1:1, 1:3, 1:5, 1:7, and 1:9. The
effect of incubation time on the synthesis of Er-AgNPs was determined
by recording the changes in the SPR peaks and maximum absorbance at
different time intervals between 0 min and 8 h while keeping all opti-
mized parameters constant. All reactions were subjected to centrifuga-
tion at 16,000 rpm for 45 min at room temperature and thereafter
washed two times with ddH;0. The absorption spectra of the samples
were subsequently measured at 300-800 nm using a POLARstar Omega
microplate reader (BMG LABTECH, Offenberg, Germany). Finally, Er-
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AgNPs synthesis was scaled up to 30 ml following the optimum condi-
tions and was used for further studies.

2.3.2. Characterization of Er-AgNPs

Characterization of Er-AgNPs was performed using the methods
described in previous studies [28,29]. A DLS Zetasizer (Nano-ZS; Mal-
vern Instruments, UK) was used to determine the hydrodynamic size,
size distribution, PDI, and zeta () potential at 25 °C and a 90° angle. To
measure the hydrodynamic size and PDI, the Er-AgNPs were diluted
with ddH20 at a 1:10 (v/v) ratio and transferred into a 10 mm square
polystyrene cuvette. Similarly, for the { measurements, 800 pl of the
diluted sample was loaded into a disposable folded capillary cell and
analysed at a voltage of 4 mV. The FTIR data of the leaf extract and
Er-AgNPs were determined in the wavenumber range of 4000 cm'-400
cm? using a PerkinElmer Spectrum Two Spectrometer FTIR instrument
(Waltham, MA, USA). The dried samples were mixed with potassium
bromide (KBr) powder and pressed into a round disk. A pure KBr disk
was used for background correction. The spectra were then analysed via
OriginPro 8.5 software (OriginLab Corporation, Massachusetts, USA).
The detailed core size and morphology of the Er-AgNPs were determined
via HR-TEM (Thermo Fisher Scientific, Massachusetts, USA). One drop
of an ultrasonically dispersed sample was placed on a carbon-coated
copper grid via the drop-coating method [30]. The sample was then
analysed on an FEI Tecnai G2 20 field-emission gun operated in bright
field mode at an accelerating voltage of 200 kV. Finally, the micrograph
images obtained from the HR-TEM analysis were used to estimate the
core size of the Er-AgNPs via ImageJ software (National Institute of
Health, USA) and OriginPro 8 SR4 software (V8.0951).

2.3.3. Invitro stability test

The in vitro stability of the Er-AgNPs in selected biological media was
assessed according to previous studies [28,31] with slight modifications.
This study was carried out by diluting a stock suspension of Er-AgNPs
with Miieller-Hinton broth (MHB) or ddH-O at a 1:1 ratio to a final
volume of 1 ml. The mixture was incubated at 37 °C, and the UV-vis
absorbance was recorded at different intervals for 24 h.

2.4. Quantitative phytochemical and total antioxidant capacity

2.4.1. Total phenolic content (TPC)

Phenolic compounds are integral plant components that contain
hydroxyl groups that are responsible for facilitating free radical scav-
enging activities [32]. The TPC in the Er leaf extract and Er-AgNPs were
determined via a slight modification to the Folin-Ciocalteu spectro-
photometric method described by Kocazorbaz [19] and Singh et al. [33].
Overall, the reaction was carried out by mixing 100 pl of the test samples
at 800 pg/ml with 1 ml of 10 % Folin-Ciocalteu reagent, and the mixture
was incubated for 5 min at room temperature in the dark. Subsequently,
800 pl of sodium carbonate (NaxCOs, 7.5 %) was added, and the mixture
was further incubated for 60 min. The absorbance of the solutions was
read at 760 nm against a blank reagent (samples replaced with ddH;0)
using a UV-vis spectrophotometer. Gallic acid (0-400 pg/ml) dissolved
in methanol was used as a standard to obtain the calibration curve. The
total phenolic content was determined as mg of gallic acid equivalents
(GAE) per gram of dried sample.

2.4.2. Total flavonoid content (TFC)

The TFC of the Er leaf extract and Er-AgNPs was estimated via the
aluminium chloride method reported by Mat et al. [21], with slight
modifications. The reaction consisted of 25 pl of the samples at a con-
centration of 800 pg/ml, 125 pl of ddH,0, and 7.5 pl of NaNOs (5 %
w/v). The mixture was incubated at room temperature for 5 min. Sub-
sequently, 15 pl of AICl3 (10 % w/v) solution was added to the mixture,
which was left at room temperature for 6 min before 50 pl of 1 M NaOH
and 27.5 pl of ddH20 were added. The mixture was incubated in the
dark for 20 min, and the absorbance was measured at 510 nm. The TFC
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was expressed as mg quercetin (QE) per gram of dried extract using
quercetin as a standard curve.

2.4.3. 1,1 diphenyl-2-picrylhydrazyl (DPPH) assay

The free radical scavenging potential of the Er leaf extract and Er-
AgNPs was determined by measuring the radical scavenging activity
of DPPH, as described by Maungchanburee et al. [34], with slight
modifications. A 0.3 mM DPPH solution was prepared by dissolving 5.9
mg of DPPH in 50 ml of methanol. The mixture was covered with
aluminium foil and homogenized in an ultrasonic water bath for 30 s.
Aliquots (100 pl) of different concentrations of the test samples
(6.25-100 pg/ml) were mixed with the DPPH solution at a 1:1 ratio in a
96-well plate. The mixture was incubated at room temperature in the
dark for 30 min. Ascorbic acid (AA) was used as the standard, and
methanol was used as a negative control. After incubation, the residual
absorbance of the DPPH radical was measured at 517 nm, and the free
radical scavenging potency (% scavenging activity) was calculated via
the following formula:

(A1 —A2)

Al x 100

% Antioxidant activity =

where:
Al = the absorbance of the negative control, and A2 = the absor-
bance of the test sample.

2.4.4. ABTS (2,2-azino-bis (3-ethylbenzthiazoline-6-sulphonic acid))
radical scavenging assay

The ABTS radical scavenging activity of the Er extract and AgNPs
was determined according to a previously described method [35,36],
with slight modifications. The ABTS free radical was obtained by mixing
an equal volume of 2.45 mM K5S;0g and 7.4 mM ABTS stock solution
and incubating it in the dark for 16 h at room temperature. The absor-
bance (at 734 nm) of the mixture was then adjusted to 0.700 + 0.02 by
adding methanol to obtain the working solution. The antioxidant ac-
tivity was measured by mixing 20 pl of test samples at different con-
centrations (6.25-100 pg/ml) with the ABTS working solution at a ratio
of 1:9 in a 96-well plate. After incubating the sample in the dark for 15
min, the absorbance was measured at 734 nm using a plate reader. AA
was used as the positive control, and methanol was used as the negative
control. Finally, the percentage of inhibition of radicals was determined
using the following formula:

Al — A2
% inhibition = g X

100
where:

Al = the absorbance of the negative control (ABTS radical +
methanol), and A2 = the absorbance of the test samples/standard.

2.4.5. Ferric-reducing antioxidant power (FRAP) assay

The FRAP of the Er extract and AgNPs was determined using an assay
described previously [37], with slight modifications. Fresh FRAP re-
agent was prepared by mixing 300 mM acetate buffer (pH 3.6), 10 mM 2,
4,6-tris(2-pyridyl)-s-triazine, and 20 mM ferric chloride solutions at a
10:1:1 (v/v/v) ratio. The mixture was kept in the dark for 30 min. The
FRAP activity was measured by mixing 10 pl of test samples at different
concentrations (12.5-400 pg/ml) with 300 pl of FRAP reagent thor-
oughly in a 96-well plate. After incubating the sample for 30 min in the
dark, the absorbance was read at 593 nm using a microplate reader. The
reagent blank (FRAP reagent + distilled water) and AA were used as
negative and positive controls, respectively. An aqueous solution of
FeSO4 was used to generate a standard curve. The FRAP activity was
presented as the ferrous (Fe?") equivalent in uM.



S.0. Oselusi et al.
2.5. Antimicrobial effects of the leaf extract and Er-AgNPs

2.5.1. Microbial strains and culture

The antimicrobial effects of Er leaf extract and Er-AgNPs were tested
against eight bacterial strains: Staphylococcus aureus, methicillin-
resistant Staphylococcus aureus, Streptococcus pyogenes, Acinetobacter
baumannii, Escherichia coli, Enterobacter cloacae, Klebsiella pneumoniae,
Pseudomonas aeruginosa, and one fungal strain, Candida albicans. Mac-
Farland’s turbidity standard was used for the standardization of the
antimicrobial susceptibility tests following the method outlined by
Balouiri et al. [38] with slight modifications. Briefly, each of the bac-
terial strains was streaked onto Miieller-Hinton agar (MHA, Sigma-
Aldrich) and incubated at 37 °C for 24 h. Similarly, the fungus was
streaked on potato dextrose agar (PDA, Sigma-Aldrich) and incubated
at 37 °C for 48 h. Thereafter, single colonies from the different cultures
were inoculated in 2 ml of their respective broths and incubated for 1 h
at 37 °C in a shaking incubator set at 200 rpm. The bacterial cultures
were adjusted to 0.5 McFarland standard corresponding to an ODggg of
0.08-0.1.

2.5.2. Antimicrobial effects of Er leaf extract and Er-AgNPs determined
using agar well diffusion assay

The antimicrobial test was carried out using the agar well diffusion
method according to the Clinical & Laboratory Standards Institute for
bacteria and yeast testing [38]. Using sterile cotton swabs, the selected
bacterial and yeast suspensions at 0.5 McFarland turbidity standard
were evenly spread on MHA and PDA plates, respectively. Thereafter, 4
mm diameter wells were prepared on the plates using the blunt end of
sterile 200 pl micropipette tips. Subsequently, 50 pl of the extract (800
pg/ml), Er-AgNPs (800 pg/ml), positive controls (ciprofloxacin and
amphotericin-B; 10 pg/ml), and negative control (broth) were added to
the respective wells. The plates were left at room temperature for 30 min
and then incubated at 37 °C for 24 h for bacterial and 48 h for yeast
samples. After incubation, the antimicrobial activities of the test samples
were assessed by observing the formation of clear zones of inhibition
(ZOls) around the wells. The clear zones were measured in millimetres
using a Vernier calliper.

2.5.3. Antimicrobial effects of Er-AgNPs using a micro broth dilution assay

The Er-AgNPs that showed antimicrobial activity in the agar well
diffusion assay were subjected to a micro broth dilution assay as
described in previous studies [38,39]. The bacterial inoculums in MHB
and fungi in potato dextrose broth (PDB) were standardized to 0.5
MacFarland. At a density of 10® CFU/ml, 50 pl aliquots of each of the
microbes were added to equal amounts of twofold dilutions of the
samples in their respective broths in 96-well microtiter plates. After
mixing, the inoculated plates were incubated at 37 °C for 24 h for bac-
terial and 48 h for yeast samples. The wells were visually examined for
the absence of microbial growth/turbidity, and the lowest concentration
which resulted in growth inhibition was identified as the minimum
inhibitory concentration (MIC). This was further verified by measuring
the absorbance of the suspension spectrophotometrically at ODggo. The
same process was used to determine the MICs for ciprofloxacin and
amphotericin-B, which were used as positive controls for bacterial and
fungal cultures, respectively.

2.5.4. Determination of the minimum bactericidal/fungicidal concentration

The minimum bactericidal and minimum fungicidal concentrations
(MBC and MFC) were determined using the methods described by Loo et
al. [39] and Mackeen et al. [40], with slight modifications. A loopful of
the wells that showed no visible bacterial growth were seeded on their
respective agar plates and further incubated as described above for
bacteria and yeast. The lowest concentration of Er-AgNPs or positive
control that resulted in no growth on the plate was recorded as the
MBC/MEFC.
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2.6. Statistical analysis

All data were analysed statistically using GraphPad Prism software,
version 8.0.1 (GraphPad Software Inc., San Diego, CA). The descriptive
data were expressed as mean + standard error of the mean (SEM) or
standard deviation (SD), and statistical variations were determined
using one way analysis of variance (ANOVA). The differences were
considered statistically significant when p < 0.05.

3. Results and discussion
3.1. Plant extraction and Er-AgNPs synthesis

The Er leaf aqueous extract was obtained using microwave-assisted
macerationafter which the samples were stirred for 24 h at room tem-
perature. to ensure complete extraction. Maceration techniques are
preferred for extraction to sustain the presence of heat-labile com-
pounds, which can be altered or degraded when heating is performed for
a long period [41]. Aqueous extraction is preferred because of its sig-
nificant advantages in terms of accessibility, safety, efficacy, and per-
centage yield [21,42]. The percentage yield of the extraction of Er leaf
extract powder was 12.96 %.

A synthesis reaction at 90 °C using a mixture of 12.5 mg/ml Er leaf
aqueous extract and 1 mM AgNOj3 solution at a ratio of 1:9 produced a
visual colour change from clear to dark brown (Fig. 1a), indicating the
formation of AgNPs during the reaction. This was further confirmed by
the presence of an SPR peak at approximately 402 nm (Fig. 1b).

One of the primary and most fascinating characteristics of MNPs is
their optical properties, which change proportionately with size and
shape [12]. In the present study, the Er leaf extract and AgNO3 solution
did not present an absorbance peak in the visible region (Fig. 1b).
However, incubation of a mixture of AgNO3 and Er leaf aqueous extract
at 90 °C resulted in absorption spectra in the wavelength range of
300-700 nm. The formation of an SPR peak at 402 nm indicated the
presence of Er-AgNPs in the aqueous colloidal solution. This is due to the
abundance of phytochemicals present in the leaf extract, which act as
either reducing or capping agents or both and aid in the biosynthesis of
AgNPs [5]. This observation is consistent with those reported in the
literature, where a colour change in the reaction mixture between the
AgNOj solution and plant extracts resulted in the formation of AgNPs
[12,43]. Other studies have also established that the SPR band for AgNPs
occurs in the range between 400 and 450 nm [44,45] due to the exci-
tation of surface plasmon vibrations [46].

3.2. Optimization of Er-AgNPs synthesis

Different parameters, such as temperature, pH, Er leaf extract and
AgNOj3 concentrations, and reaction time, have been shown to have
direct effects on the crystallinity, size, shape, and dispersity of MNPs
[32,47]. As a result, the effects of these parameters on the synthesis of
Er-AgNPs were investigated via UV-vis, in which one variable was
changed at a time.

3.2.1. Effects of the reaction temperature on Er-AgNPs biosynthesis
Optimization of the reaction temperature was performed by syn-
thesising the Er-AgNPs at different temperatures and monitoring
changes in UV-vis spectroscopy for each reaction after 1 h. As shown in
Fig. 2a, the SPR peaks of Er-AgNPs synthesized at 25 °C with or without
shaking (static) were characterized by the appearance of a shoulder,
which may imply that various sizes and shapes of Er-AgNPs were
formed. Above 25 °C, Er-AgNPs with symmetrical and narrow SPR peaks
were observed, resulting in efficient and optimal production at 50 °C. A
further increase in the reaction temperature (up to 90 °C) resulted in a
corresponding decrease in the absorbance intensity, which indicated the
formation of fewer Er-AgNPs. Therefore, 50 °C was selected as the op-
timum temperature for Er-AgNPs synthesis. This study corroborates
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Fig. 1. Er leaf aqueous extract. (a) Visual observation of colour change indicating the synthesized Er-AgNPs, and (b) UV-vis spectra of the Er leaf extract and Er-
AgNPs. The change in colour to dark brown was characterized by the presence of an SPR peak at 402 nm, which indicated the production of Er-AgNPs.
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Fig. 2. UV-vis spectra showing the effects of varying temperatures (a) and pH values (b) on the synthesis of Er-AgNPs.

findings from AgNPs synthesis using Zingiber officinale root extract [48]
and Saussurea costus [49], both of which achieved an optimum reaction
temperature of 50 °C and produced uniform-sized AgNPs. Salvia afri-
cana-Lutea [28] and Azadirachta indica [50] leaf extracts established an
optimum reaction temperature of 70 °C for plant extract-mediated
AgNPs production. In addition, Aloe fleurentinorum leaf extracts [51],
Euclayptus cameldulensis leaf extracts, and Terminalia arjuna bark ex-
tracts [20] have been reported to synthesize AgNPs at optimum reaction
temperatures of 60 and 75 °C, respectively. Other studies have shown
that higher reaction temperatures can lead to smaller-sized AgNPs [52],
whereas excessively high temperatures can result in adverse effects,
such as the decomposition of reducing agents in the extracts or changes
in the morphology and stability of the MNPs [52,53].

3.2.2. Effects of pH on Er-AgNPs biosynthesis

pH is a crucial parameter that influences the stability, size, and
morphology of NPs [54,55]. This is due to its ability to change the
charge of biomolecules, affecting their capping and stabilizing abilities.
In this study, the natural pH (unpH’d) of the extract was established to
be 5.8, which was further adjusted to various pH values ranging from 3
to 11 using 0.1 M NaOH to achieve a basic pH and 0.1 M HCI for an
acidic pH. Afterwards, each sample was made up to a final concentration
of 12.5 mg/ml Er leaf extract and used to determine the optimal pH for
the synthesis of Er-AgNPs. Fig. 2b shows the UV-vis spectra obtained at
various pH values. The acidic pH (from 3 to 5.8) resulted in no colour
change, and the absence of the SPR peaks further confirmed that low pH
values did not lead to the synthesis of AgNPs. In contrast, at neutral pH
(7.0), a band with a maximum absorption peak was observed at 412 nm,
which implied the formation of Er-AgNPs. Increasing the pH from 7 to
11 increased the absorption intensity, which can be interpreted as an
increase in the nucleation rate and concentration of Er-AgNPs [56]. This
could also imply that the high pH of the medium improved the reducing
and stabilizing capacity of the biomolecules present in the Er leaf
extract. Therefore, the most favourable synthesis of Er-AgNPs occurred

at pH 11. The absence of definite SPR peaks at acidic pH values could be
related to the electrostatic repulsion of anions present in the solution.
This finding is in agreement with the literature that established the
importance of the alkaline medium in the synthesis of AgNPs [12,55,57,
58].

3.2.3. Effects of the AgNO3 concentration on Er-AgNPs biosynthesis

The concentration of the AgNOj3 precursor is a critical parameter in
the formation of AgNPs which directly impacts the size, shape, optical
properties, stability, and yield of the AgNPs. Therefore, it is essential to
optimize this parameter based on the desired properties and application
of the NPs to achieve controlled and reproducible results in nano-
material synthesis [59]. Fig. 3a shows the UV-vis spectra of Er-AgNPs
synthesized with different concentrations of AgNOs. A dose-dependent
increase in the SPR peak and absorption intensity (0.22-1.40) was
observed in the range of selected concentrations. The SPR peak shifted
from 406 nm at 0.5 mM to 416 nm at 5 mM AgNOs. Synthesis at the
lowest AgNOg3 concentration (0.5 mM) revealed an asymmetric shape,
which indicated that the formation of Er-AgNPs was not favourable at
this concentration.

The optical properties of the Er-AgNPs were further characterized by
measuring the full width at half maximum (FWHM). FWHM is
commonly used to assess the broadness or sharpness and size of spectral
peaks in UV-visible spectroscopic data. A smaller FWHM value indicates
a narrower size distribution and sharper spectral peak, whereas a higher
FWHM value signifies broader size distributions, wider spectral peaks,
and less uniform NPs [60,61]. In this study, an increase in the AgNO3
concentration resulted in a corresponding increase in the FWHM, which
might be indicative of larger Er-AgNPs (Table S1). The narrowest ab-
sorption band, determined by the FWHM, was observed at 2 mM.
Therefore, 2 mM AgNOs (characterized by an SPR peak at 408 nm and
an absorbance intensity of 0.97) was considered the optimum concen-
tration of AgNOs required for the reaction. Studies by Hashemi et al. [3]
and Liaqat et al. [20] demonstrated that 0.5 mM AgNOs is not sufficient
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Fig. 3. UV-vis spectra showing the effects of varying (a) AgNO3 concentrations and (b) Er concentrations in the leaf extracts.

for the synthesis of AgNPs. Other studies have shown that increasing the
concentration of AgNOs3 can lead to a direct increase in the size of the
AgNPs produced [59,62,63].

3.2.4. Effects of Er leaf extract concentration on Er-AgNPs biosynthesis

Various concentrations of Er leaf extracts (1.56-100 mg/ml) were
used to evaluate the effects of the extract concentration on the synthesis
of Er-AgNPs. The UV-vis spectra of the Er-AgNPs synthesized with
various extract concentrations are shown in Fig. 3b. The lowest con-
centration of extract (1.56 mg/ml) had an SPR peak at 408 nm and an
absorbance intensity of 0.48. Furthermore, upon increasing the con-
centration of Er leaf extract (up to 12.5 mg/ml), the absorbance intensity
increased without a significant change in the SPR peak. However, a
further increase in the extract concentration was characterized by a
drastic reduction in the absorbance intensity and a broadening of the
SPR peaks. The broadening and asymmetrical characteristics of the
peaks became more obvious above 50 mg/ml. This finding implied that
aggregation of AgNPs might be inevitable at Er concentrations greater
than 12.5 mg/ml. Compared with higher concentrations, 6.25 mg/ml
displayed the lowest FWHM absorbance peaks (Table S1), indicative of a
desirable and smaller particle size distribution. Therefore, the optimum
concentration of Er leaf extract required for the synthesis of Er-AgNPs
was 6.25 mg/ml. An increase in extract concentration can increase the
production of AgNPs by providing more reducing agents, thereby lead-
ing to a faster and more efficient reduction of Ag*. However, it has been
reported that high concentrations of extract can lead to the presence of
excess reducing agents, which can potentially result in secondary
reduction on the surface of the preformed nuclei and consequential
aggregation of NPs [52,64,65].

3.2.5. Effects of Er leaf extract and silver nitrate ratio on the reaction

Various aqueous Er leaf extracts and AgNO3 (v/v) were used to
determine the effects of different reaction ratios on the synthesized Er-
AgNPs. As shown in Fig. 4, the absence of a characteristic SPR peak
was observed at the lowest reaction volume of the AgNO; solution
(Fig. 4a), indicating that Er-AgNPs were not formed under these con-
ditions. An increase in the volume of AgNO3 had an impact on the size
and shape of the resulting NPs. This occurred because an increase in the
volume of AgNO3 solution was directly proportional to an increase in the
peak intensity (Fig. 4b), indicating that more Er-AgNPs were produced.
Overall, a maximum absorbance spectrum at 414 nm (Fig. 4b) at a ratio
of 1:9 (v/v) was obtained as the optimal reaction ratio, and the amount
of Er-AgNPs produced due to the reduction in Ag" ions was determined
from the absorbance. These findings are consistent with those reported
in the literature, where the optimal condition for the synthesis of AgNPs
from aqueous extracts of Acacia cyanophylla and Cedrela toona was a 1:9
(v/v) ratio of plant extract to AgNO3 [66,67].

3.2.6. Effect of reaction time

The influence of reaction time was investigated by periodically
examining the synthesis of Er-AgNPsat various time intervals. A visible
colour change was observed almost immediately after the initiation of
the reaction between the leaf extract and the AgNOj3 solution under the
optimized conditions. The hue and absorbance intensity steadily
increased as the reaction continued, reaching its highest peak after 4 h,
where a sharper SPR band at approximately 408 nm was observed at an
absorbance intensity of 1.85 (Fig. 5a and b). A further increase in the
reaction time from 4 h to 8 h led to a noticeable decrease in the absor-
bance intensity (Fig. 5a and b). The latter indicated possible aggregation
of the AgNPs [68,69], leading to a decrease in the concentration of

b M= Absorbance
» 8= Wavalength|

a.
0,65 = - . : - 720
0,9 4
1]
0,60 /
Y L 410
el o 058 z
< =
] —01:03 g 2
g £ =
£ —01:05 _g 0,50 =
2 - & 400 &
- —01:07 -
—01:09 = E
i . I 390
0 T T T T T ¥ ¥ | 0,35} B , ; ; ;
300 350 400 450 500 550 600 650 700 750 01:01 01:03 01:08 01:07 01:09
Wavelengths (nm) Ratio of extract to AgNO,

Fig. 4. Effect of the ratio of Er leaf extract to AgNO3 volume in the reaction mixture. The figures show (a) the UV-vis spectra of the reaction mixture and (b) a plot of
the changes in the wavelength and maximum absorbance of the reaction mixture.
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Fig. 5. UV-vis spectra of Er-AgNPs synthesized as a function of time. The figures show (a) the time-dependent UV-vis spectra for the reaction solution and (b) the
plot of changes in the wavelength corresponding to the peak absorbance during synthesis.

Er-AgNPs. Therefore, the optimum time for Er-AgNPs was 4 h. The in-
crease in absorbance intensity with time is due to an increased yield of
Er-AgNPs formed from the reduction of Ag™ ions and biomolecules in the
Er leaf extract [21,32]. A similar conclusion was drawn from studies
which synthesized AgNPs from aqueous extracts of Sambucus ebulus [3]
and Cedrela toona leaves [67]. These studies reported that the intensity
of the absorption peak increased with increasing reaction time up to 4 h.

3.3. Proposed mechanisms of action through which Ehretia rigida leaf
phytochemicals facilitate the reduction and stabilization of Er-AgNPs

Based on the results obtained above, the mechanism of silver nano-
particles using Er rigida leaf aqueous extract was proposed as follows.
The phytochemicals present in the extract, including phenolic acids and
flavonoids, likely play a crucial role in the reduction and stabilization
processes. These compounds contain hydroxyl (-OH) or carboxyl
(-COOH) functional groups, which are believed to undergo deprotona-
tion under the initial reaction conditions. The deprotonation process
generates negatively charged species that exhibit enhanced reactivity
and effectively interact with Ag* to facilitate their reduction to Ag® [70].
Following the reduction, atomic nuclei cluster together, initiating the
nucleation and growth of AgNPs. As the NPs grow and approach their
maximum size, their increasing hydrophobicity appears to attract
capping agents from the extract to their surface. These capping agents
likely stabilize the surface energy, preventing further aggregation and
ensuring the colloidal stability of the NPs. An overview of this mecha-
nism is presented in Equation I — V below, offering an insight into the
stepwise formation and stabilization of Er-AgNPs.

Step 1: Activation of phytochemicals.
Increasing the pH of Er leaf extract facilitates deprotonation of

functional groups, enhancing their ability to act as electron donor for
reduction and stabilization of NPs.

Phytochemicals in Interaction with silver

the leaf extract ions

CisH100;"2C15Hs0, Na* + H,0 o

Step 2: Dissociation of AgNO3 in aqueous medium.

AgNO; - Ag" +NO; an

Step 3: Deprotonated phytochemicals in equation (I) will act as
reducing agents for Ag™ in equation (II).

C15H907’Na+ JrAng =+ NO; - C15H907Ag + NaNO;

CisHs0,Ag — Cy5HoO; + Ag® (1

Step 4: Reduction of silver ion in equation (III) to zerovalent silver
(AgNPs).

Ag' +e — Ag® (AgNPs) )

The Ag? formed in equation (IV) collides and sticks together due to
attractive forces, forming small clusters which results in the nucleation
and growth of the synthesized NPs.

Step 5: The oxidized phytochemicals will bind to the surface of the
AgNPs, stabilizing them and preventing aggregation.

AgNPs + C15Hg0;, — C15HgO; — AgNPs W)
Overall, equations (I) - (V) is represented as follows;

AgNO; + C;5H9O;Na — AgNPs + C;5sHyO7; + NaNO3

In summary, an illustration of the above mechanism is provided in the
Scheme 1 below:

O

Reduction of Ag* to
Ag°

Stabilizing agent

Scheme 1. Proposed mechanism of Er-AgNPs synthesis.
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3.4. Characterization of Er-AgNPs

Er-AgNPs were characterized using several techniques, such as DLS,
HR-TEM, selected area electron diffraction (SAED), and energy-
dispersive X-ray spectroscopy (EDX), which were used to characterize
the Er-AgNPs.

3.4.1. DLS analysis

DLS is a rapid and non-invasive tool that uses Brownian motion to
estimate the particle size distribution and ¢ potential in a suspension. It
is an essential characterization step prior to any application of charged
particles [71]. In this study, the hydrodynamic size, PDI, and ¢ potential
of Er-AgNPs were evaluated. The average size of the Er-AgNPs was
88.058 + 8.24 nm (Fig. 6a), and the PDI was 0.36 + 0.03, which indi-
cated that the biosynthesized Er-AgNPs were monodispersed in terms of
size distribution. The ¢ potential was —25.43 + 1.04 mV (Fig. 6b),
indicating the influence of strong repulsive forces between the Er-AgNPs
in suspension, which prevented their aggregation in solution. These
findings are in agreement with other studies where negative values of {
potential were obtained for green synthesized AgNPs [72,73]. A previ-
ous study also established that ¢ potential values within the range of
+30 mV were moderately stable in solution [74]. Therefore, it can be
concluded that AgNPs stabilized with phytochemicals from the Er leaf
extract forms a stable suspension.

3.4.2. FTIR spectroscopy of Er leaf extract and Er-AgNPs

FTIR spectroscopy revealed the organic and inorganic functional
groups present in the Er leaf extract and the Er-AgNPs. Fig. 7 shows an
overlay of the spectra of the leaf extract and Er-AgNPs Peaks are visible
at approximately 3440, 2090, 1638, and 683 cm™! for the leaf extract.
The broad signal at 3440 cm ™! corresponds to the stretching vibrations
of bound and non-bonded O-H groups from alcohols or phenols. The
peak at approximately 2090 cm-1 can be assigned to C =C stretching.
The sharp peak at 1638 cm™! can be assigned to N-H, corresponding to
the presence of amino acids or amide I. The peak at approximately 683
em ™! can be assigned to the G-Cl bending vibrations of aromatic rings.
The FTIR spectrum of the Er-AgNPs shifted from 3440 cm' to 3290 cm™!
for O-H, and from 1638 em! to 1623 em™! for C=0. These shifts, and
the loss of peaks at approximately 2090 and 683 cm™! indicated that
certain functional groups of biomolecules which could include phenolic
compounds, flavonoids, proteins, and saponins present in the aqueous
extract were directly involved in the reduction of Ag' ions and the
stabilization of the synthesized NPs. These findings are in agreement
with the literature, where similar functional groups have been reported
to play key roles in the synthesis of plant extract-based NPs [75-77].
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Fig. 7. FTIR spectra of Er leaf aqueous extract and the synthesized Er-AgNPs.

3.4.3. HR-TEM, SAED and EDX

The morphology and core size of the Er-AgNPs were further analysed
using HR-TEM. Fig. 8a shows that the phytochemical reduction of Ag™"
ions resulted in the formation of spherical Er-AgNPs. The core sizes of
the Er-AgNPs ranged from 5 to 18 nm (Fig. 8b), with an average size
distribution of 10.08 + 2.49 nm. This size was smaller than those ob-
tained by DLS. This is because HR-TEM measures the core size, whereas
DLS measures the hydrodynamic diameter in the hydrated state,
including the core size and any associated solvation layers and coatings,
leading to variations in size [78]. The crystallographic properties of the
Er-AgNPs, as determined from the SAED pattern, are presented in
Fig. 8c. The micrograph showing concentric rings with intermittent dots
confirms the face-centred crystalline nature of the Er-AgNPs. Further-
more, EDX analysis, which reveals the elemental composition of the NPs,
revealed an optical adsorption peak at 3 keV, which further confirmed
that the Er-AgNPs contained Ag (Fig. 8d). Similar results were previ-
ously reported for leaf extract-synthesized AgNPs, which presented an
optical adsorption peak in the range of 2-4 keV [46,79]. The presence of
strong adsorption peaks of copper and carbon was due to the TEM grid
that was used to support the sample, whereas the presence of oxygen
peaks was attributed to the capping biomolecules.

3.5. Quantitative phytochemical screening and total antioxidant capacity

3.5.1. Phytochemical screening: TPC and TFC analysis

The TPC of both the Er leaf extract and Er-AgNPs were measured as a
function of the gallic acid standard, expressed as mg gallic acid equiv-
alents (GAE) per gram of sample in dry weight (mg GAE/g). The TPC of
Er-AgNPs was equivalent to 58.28 + 1.02 mg GAE/g, and that of the Er
leaf extract was 189.03 + 6.35 mg GAE/g (Table 1). In the case of TFC,
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Fig. 8. HR-TEM analysis of Er-AgNPs. (a) TEM images of Er-AgNPs at the 20 nm scale; (b) size distribution of the Er-AgNPs calculated from the TEM micrograph; (c)

SAED pattern; and (d) EDX spectrum for elemental composition analysis.

quercetin was used as a standard and expressed as mg of quercetin
equivalents (QE) per gram of sample in dry weight (mg QE/g). The TFC
of Er-AgNPs was 294.54 + 8.50 mg QE/g, and that of the Er leaf extract
was 179.17 + 2.42 mg QE/g. The results revealed an abundance of
flavonoids rather than phenolics in the Er-AgNPs extract compared with
the Er leaf extract. This indicates that flavonoids may have played a
more significant role in synthesis of the NPs compared to non-flavonoid
compounds. The low amount of phenolic contents in Er-AgNPs could be
attributed to the alteration or loss of these compounds during synthesis
since this process involves exposure to high temperatures and pH
changes [80]. Therefore, further optimization of these parameters may
enhance the retention of antioxidant properties. Flavonoids possess
unique chemical properties and a high affinity for metallic ions [81].
Dzoyem et al. [82] studied the antioxidant activity of leaf acetone ex-
tracts of twelve plants used traditionally to alleviate pain and inflam-
mation in South Africa. They reported that E. rigida (1 mg/ml) presented
a TPC of 103.28 + 4.26 mg GAE/g and a TFC of 6.34 + 2.77 mg QE/g.
Phull et al. [83] synthesized AgNPs from the rhizome of Bergenia ciliate
and reported increased TPC and TFC values compared with those of the
leaf extract. Saad et al. [84] fabricated AgNPs from the peel of pome-
granate and watermelon peel extracts and reported that the TPC of the
AgNPs was significantly greater (10-75 %) than that of their respective
extracts.

3.5.2. Total antioxidant capacity

The antioxidant activity of the Er leaf extract and Er-AgNPs was
examined using DPPH, ABTS, and FRAP radical scavenging assays. As
shown in Fig. 9a, the Er leaf extract and Er-AgNPs exhibited dose-
dependent increases in the radical scavenging activities of DPPH. The

Table 1

TPC and TFC of Er leaf extract and Er-AgNPs.
Sample TPC mg GAE/g TFC mg QE/g
Leaf extract 189.03 + 6.35 179.17 £ 2.42
Er-AgNPs 58.28 +1.02 294.54 + 8.50

Data are presented as the means + SD (n = 6).

percentage of inhibition at the highest concentration (100 pg/ml) of the
Er leaf extract was 58.77 & 2.31 %, whereas the same concentration of
Er-AgNPs resulted in a scavenging yield of 34.35 + 1.44 %. These
findings implied that the leaf extracts presented significantly greater (p
< 0.005) scavenging properties than the Er-AgNPs extracts did. How-
ever, the antioxidant activity of the extract was lower than that of the
standard AA, which showed an inhibition percentage of 91.91 + 4.54 %
at 100 pg/ml.

As shown in Fig. 9b, all the tested samples exhibited dose-dependent
scavenging activities against the ABTS radical. The Er leaf extract
significantly (p < 0.001) inhibited the growth, with percentages ranging
from 8.79 + 1.78 to 93.79 + 3.39 % across a concentration range of
6.25-100 pg/ml, whereas the Er-AgNPs concentration ranged between
6.77 + 2.06 and 60.65 + 4.75 %. The AA standard revealed higher
scavenging activities than the ABTS standard did, ranging from 28.69 +
2.25 t0 99.93 + 1.11 %. Non-etheless, Er leaf extract at 100 pg/ml had
equivalent scavenging activity to that of AA (93.79 4+ 3.39vs 99 + 1.11
%).

The FRAP assay was used to determine the ability of the samples to
reduce ferric (III) iron to ferrous iron, expressed as pM Fe (II) equiva-
lents. As shown in Fig. 9¢c, the FRAP values of all the samples increased
in a dose-dependent manner, with significant differences (p < 0.001)
observed between them. The FRAP value of the Er leaf extract ranged
from 40.82 + 5.10 to 449.45 + 41.38 pM Fe (II) equivalent across a
concentration range of 12.5-400 pg/ml. In comparison, Er-AgNPs pre-
sented FRAP values ranging from 37.93 + 4.85 and 355.14 + 25.56 uM
Fe (II) equivalent, whereas the AA standard presented higher scavenging
activity, with values ranging from 80.82 & 7.46 to 768.47 + 5.80 %. The
FRAP assay directly estimates the amount of antioxidants in a sample by
measuring their ferric-reducing activity. Overall, the results confirmed
that the tested samples possessed antioxidant activity, although the
activity was lower for Er-AgNPs extracts than for Er leaf extracts, which,
in turn, was lower than that for AA. The greater antioxidant activity of
the Er leaf extract compared to the Er-AgNPs could be attributed to the
abundance of phenolic compounds in the Er leaf extract. These findings
are consistent with previous reports on the total antioxidant capacities
of plant extracts and their AgNPs [85,86]. In contrast, AgNPs
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Fig. 9. Scavenging activities of Er leaf extract, Er-AgNPs, and AA at various concentrations against (a) DPPH, (b) ABTS, and (c) FRAP radicals. Each value represents
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comparison test, and statistical significance was indicated with **p < 0.005 and ***p < 0.001 for comparisons between Er leaf extract and Er-AgNPs or Er leaf extract

and AA.

synthesized from other extracts such as, walnut fruits (Juglans regia)
[871, aerial parts of Echium vulgare and Salvia absconditiflora [88,89], as
well as Desmostachya bipinnata and Sambucus ebulus leaf extracts [23,
901, have been shown to have higher antioxidant activities compared to
their respective extracts. Non-etheless, the leaf extracts from E. rigida
and their AgNPs could serve as valuable antioxidants for health pro-
tection against oxidative stress-related diseases.

3.6. Stability of Er-AgNPs in biological media

The colloidal stability of NPs in biological media can influence their
surface charge, protein corona formation, biodistribution, bioavail-
ability, and toxicity. Therefore, it is crucial to synthesize stable NPs that
can minimize ion dissolution and retain their physicochemical proper-
ties during biological and analytical applications [31]. In the present
study, the stability of the optimized Er-AgNPs in ddH20 and culture
medium at 37 °C was determined via UV-vis spectrum analysis. As
indicated in Fig. 10a, Er-AgNPs were stable in ddH3O. The Er-AgNPs
placed in MHB were characterized by broadening and flattening of the
absorption peaks over time (Fig. 10b); however, the resulting wave-
length corresponding to the SPR peak of Er-AgNPs remained relatively
the same. The observed decrease in the spectra with MHB might be due
to the combination of changes in size distribution and aggregation of
NPs in the culture medium [28]. The culture medium contains proteins,
starch, casein hydrolysate, peptone, meat/yeast extracts, and salts.
Some of these components support optimal growth, whereas others
adsorb on the surface of the NPs, forming a corona that alters their
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biological identity. This corona can enhance the stability of the NPs
while also altering their activity. Other components, including salts and
charged proteins, can affect the stability of nanoparticles and promote
the formation of clusters, lowering the total surface area and thus
masking the antimicrobial efficacy of the NPs [91,92].

3.7. Antimicrobial studies

3.7.1. Agar well diffusion

An agar well diffusion assay is a preliminary method used to evaluate
the antimicrobial activity of a sample, typically indicated by a clear zone
around the well containing the test sample on an agar plate and the
subsequent measurement of the clear zone to assess the level of anti-
microbial activity. In this study, the antimicrobial activities of Er leaf
extract and Er-AgNPs were screened against three Gram-positive
(S. aureus, MRSA, and S. pyogenes) strains, five Gram-negative
(A. baumannii, E. coli, E. cloacae, K. pneumoniae, and P. aeruginosa)
bacterial strains, and one yeast (C. albicans) strain using an agar well
diffusion assay. As shown in Fig. 11 and Table 2, no clear ZOIs were
observed for any of the bacteria and fungus treated with the Er leaf
extract. These findings indicated that the extract had no antimicrobial
effects at the tested concentrations. In most cases, extracts are usually
effective at very high concentrations. For example, methanolic leaf ex-
tracts prepared from E. serrata demonstrated promising antibacterial
activities against all tested human pathogens (Azospirillum lipoferum, P.
aeruginosa, and S. aureus) at 40 mg/ml [93]. Similarly, E. laevis Roxb
extracts produced with different solvents (chloroform, methanolic, and
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Fig. 10. Stability of the synthesized Er-AgNPs during incubation in (a) ddH,O and (b) MHB at 37 °C. UV-vis analysis of the NPs was performed over a 24-hr period.
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Fig. 11. Selected agar well diffusion results showing the ZOIs for the various treatments against MRSA, S. aureus, E. cloacae, P. aeruginosa, K. pneumoniae, and
C. albicans. Treatments: (a) Er leaf aqueous extract, (b) Er-AgNPs, (c) ciprofloxacin/amphotericin B, and (d) MHB/PDB.

Table 2

Antimicrobial activities of Er leaf extract and Er-AgNPs were determined using agar well diffusion assay.

Pathogens Leaf extract Er-AgNPs (Mean + SD) Ciprofloxacin/Amphotericin B (Mean + SD)
Gram-positive MRSA 0.00 12.33 £ 2.31 20.33 + 3.2]%%**

S. aureus 0.00 11.67 + 1.15 25.67 + 0.58 ****

S. pyogenes 0.00 16.33 + 0.57 39.00 + 1.00 ****
Gram-negative A. baumannii 0.00 12.00 + 0.00 36.67 + 1.53 ****

E. cloacae 0.00 12.33 £ 0.58 36.33 + 1.53****

E. coli 0.00 10.33 + 0.57 38.67 + 0.58 ****

K. pneumoniae 0.00 15.00 + 0.00 34.67 + 2,52 ****

P. aeruginosa 0.00 13.33 £ 0.58 23.67 + 3.51%%**
Fungus C. albicans 0.00 18.33 + 1.57 17.33 + 2.52

The results are displayed as the mean diameter (mm) of three independent experiments. Each value was expressed as the mean =+ standard deviation. Data analysis was
performed using one-way ANOVA, and the statistical significance (p < 0.0001) between Er-AgNPs-treated pathogens and the positive control is indicated with an

asterisk (****).

water extracts) had excellent antibacterial activities against a wide
range of pathogens [94]. In another study, dried leaf powder and fresh
leaf paste (50-100 mg/ml) of E. laevis leaves extracted separately with
acetone or ethyl alcohol (95 %) showed excellent antibacterial and
antifungal activities against oral pathogens, particularly S. aureus and
Candida spp [95].

As shown in Fig. 11 and Table 2, Er-AgNPs effectively inhibited both
Gram-positive and Gram-negative bacteria, which indicated that the
antibacterial activity of Er-AgNPs was not affected by differences in
bacterial cell walls. These results are in agreement with those of previ-
ous studies [39,74], whereas other reports have established that
Gram-negative bacteria are more susceptible to green synthesized
AgNPs [9,72,75]. Compared with the Er leaf extract and Er-AgNPs, the
positive control, ciprofloxacin, had greater antibacterial activity. The
susceptibility of C. albicans to Er-AgNPs was comparable to that of
amphotericin B, with ZOIs of 18.33 + 1.57 and 17.33 + 2.52 mm,
respectively. This observation is consistent with the study by Malathi
et al. [96], who reported a ZOI value of 18 mm for C. albicans treated
with amphotericin B, whereas values ranging from 20 + 0.75 to 22 +
0.43 were obtained for those exposed to AgNPs. The enhanced antimi-
crobial activity of the Er-AgNPs in this study could be attributed to
better diffusion and penetration of the small Er-AgNPs into the microbes
than the leaf extracts [97]. Additionally, the observed antimicrobial
activities of Er-AgNPs may also result from the adhesion of the AgNPs
onto the surface of the cell wall and membrane, their penetration into
the cell, and subsequent damage to intracellular structures and
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biomolecules such as DNA and RNA [2,98].

3.7.2. Minimum inhibitory and minimum bactericidal/fungicidal
concentrations

To further validate the antimicrobial effects observed by agar well
diffusion tests, further tests, such as MIC and MBC/MFC, are essential to
provide more detailed information about the antimicrobial properties of
a test sample. These tests determine the lowest concentration that in-
hibits growth (MIC) and the lowest concentration that kills bacteria or
fungi (MBC/MFC) [99]. In this study, the MICs of Er-AgNPs and cipro-
floxacin/amphotericin B were determined against the nine tested
pathogens. Er-AgNPs inhibited all the pathogens at concentrations
ranging from 200 to 800 pg/ml (Table 3). Among them, MRSA and
C. albicans were observed to require the highest inhibitory concentration
of 800 pg/ml, while the MICs of A. baumannii, E. coli, and S. pyogenes
were 400 pg/ml. The growth of S. aureus, K. pneumoniae, E. cloacae, and
P. aeruginosa was inhibited the least at a concentration of 200 pg/ml,
suggesting increased sensitivity to Er-AgNPs. Ciprofloxacin had an MIC
range of 0.078-1.25 pg/ml against bacteria, whereas amphotericin B
had an MIC value of 2.5 pg/ml against C. albicans.

The MBC/MEFC of the treatments was determined by re-culturing the
diluted MIC cultures on fresh agar plates. As shown in Table 3, S aureus
and E. coli had the lowest bactericidal concentrations, requiring 200 and
400 pg/ml, respectively. All other tested bacteria had MBCs >800 pg/
ml. In line with the present findings, AgNPs synthesized using an
aqueous extract of Ducrosia flabellifolia had potent anti-ESKAPE activity,
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Table 3
MIC and MBC values of Er-AgNPs and known antibiotics against selected bac-
terial strains and fungus.

Pathogens Er-AgNPs Ciprofloxacin/Amphotericin B
MIC (ug/ml)  MBC (ug/ml)  MIC (pg/ml)  MBC (pg/ml)

MRSA 800 800 0.313 0.650

S. aureus 200 200 0.313 0.625

S. pyogenes 400 >800 0.625 2.500

A. baumannii 400 >800 0.625 2.500

E. cloacae 200 >800 0.078 0.625

E. coli 400 400 0.156 0.156

K. pneumoniae 200 >800 0.078 1.250

P. aeruginosa 200 >800 1.250 2.500

C. albicans 800 >800 1.250 2.500

Notes: Results are expressed as the means of three independent experiments.

with MIC and MBC values ranging from 78 to 312 and 312-625 pg/ml,
respectively [100]. AgNPs synthesized using Salvia africana-Lutea (SAL)
had MIC values of 187.5 and 375 pg/ml against S. epidermidis and
P. aeruginosa, respectively, whereas Sutherlandia frutescens (SF) had a
higher MIC value of 750 pg/ml for both pathogens [28]. Other studies
have also demonstrated that AgNPs from various leaf aqueous extracts
presented significantly increased antimicrobial activities against
S. aureus, E. coli, K. pneumoniae, P. aeruginosa, Citrobacter freundi, Ach-
romobacter xylosoxidans, Morganella morganii, K. oxytoca, Salmonella
enteritidis, and Candida species [23,101-103]. Therefore, the Er-AgNPs
synthesized in this study have potential as broad-spectrum antimicro-
bial agents.

4, Conclusion

In this study, Er-AgNPs was successfully synthesized using Er leaf
aqueous extract. The green synthesis approach employed here offers a
rapid, cost-effective, and efficient method for fabricating AgNPs. The Er-
AgNPs were synthesized under the optimal conditions of pH 11, 50 °C,
6.25 mg/ml Er leaf extract and 2 mM AgNOs at a 1:9 ratio, with a re-
action time of 4 h. The resulting Er-AgNPs were stable, spherical, and
crystalline, with an average size of 10.08 + 2.49 nm. FTIR confirmed the
direct involvement of biomolecules from phenolic compounds, flavo-
noids, proteins, and saponins in the reduction of Ag* and stabilization of
the synthesized NPs. The Er leaf extract exhibited stronger antioxidant
activity than the Er-AgNPs. In contrast, the Er-AgNPs demonstrated
enhanced antimicrobial activity against a wide range of pathogenic
bacteria and fungus. Overall, this research underscores the potential of
Er leaf extract as a valuable reducing and capping agent for the green
synthesis of AgNPs, thus offering a sustainable and eco-friendly alter-
native to conventional chemical and physical synthesis methods.
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