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The increasing prevalence of antimicrobial resistance (AMR) bacteria poses a major global health threat,
compounded by the limited development of new antibiotics. To address this challenge, alternative
strategies, including nanoparticle-based therapies, are being explored. This study investigates the
antimicrobial properties of green-synthesized silver nanoparticles (AgNPs) derived from leaf extracts of
Ocimum gratissimum (OG), Apium graveolens (AG), and Aloe arborescens (AA). These plant extracts act
as reducing, capping, and stabilizing agents during the synthesis process. By controlling the reaction
parameters, the synthesized AgNPs displayed surface plasmon resonance (SPR) peaks at 434, 427, and
435 nm for OG, AG, and AA, respectively, indicating successful nanoparticle formation. The particles
were predominantly spherical, with average sizes of 28.5 + 6.3 nm (AgNPs-OG), 15.07 + 3.8 nm (AgNPs-
AA), and 20.2 + 2.5 nm (AgNPs-AG), although some particles exhibited triangular and cylindrical shapes.
X-ray diffraction (XRD) confirmed the formation of crystalline, face-centered cubic (FCC) metallic silver,
while Fourier Transformation Infrared (FTIR) identified functional groups such as alcohols, amines,
amides, carboxyl, and esters capping the surface of AgNPs. Energy dispersive spectroscopy (EDS) further
confirmed the purity of the AgNPs. The antimicrobial activity of the synthesized AgNPs was tested
against Gram-negative E. coli and Gram-positive S. aureus bacteria. Notably, AQNPs demonstrated high
antimicrobial efficacy, particularly with smaller-sized, spherical particles showing superior performance.
The minimum inhibitory concentration was as low as 1.016 ng mL™, highlighting the strong antimicrobial
potential of AgNPs, whereas the minimum bactericidal concentration was recorded for E. coli, indicating
greater susceptibility of Gram-negative bacteria to AgQNPs and a concentration-dependent bactericidal
effect. A comparison analysis showed that the antimicrobial effectiveness of the aqueous extract was
significantly enhanced when AgNPs were incorporated, whereas higher antimicrobial performance was
observed for green-synthesized AgNPs compared with wet chemically synthesized AgNPs reported in
the literature. This is attributed to enhanced biocompatibility and a synergistic effect between the
nanoparticles and plant-derived bioactive compounds. The mechanism of action of AgNPs involves silver
ion (Ag*) release and reactive oxygen species (ROS) generation via surface oxidation and
photoactivation. These findings underscore the potential of green-synthesized AgNPs as an alternative
strategy in mitigating AMR.

1 Introduction

Antimicrobial resistance (AMR), also known as a ‘silent
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pandemic’, has become a growing threat to the effective treat-
ment of infections caused by microorganisms. AMR leads to
decreased efficacy of drugs targeting these infections, making
patient treatment more challenging, expensive, or in some cases,
impossible. With over 5 million deaths already attributed to
AMR," projections indicate that more than 40 million additional
deaths could occur between now and 2050.> The increasing
prevalence of antibiotic-resistant microorganisms has prompted
a growing interest in alternative antimicrobial agents, such as
AgNPs, which have shown remarkable antibacterial, antifungal,
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and antiviral properties.** AgNPs are known for their broad-
spectrum antimicrobial activity, biocompatibility, and ease of
synthesis, making them a promising candidate for a variety of
medical, industrial, and environmental applications.’

The synthesis of AgNPs using green chemistry methods
involving plant extracts has gained attention as an environ-
mentally friendly and cost-effective alternative to traditional
chemical processes.®” In particular, the use of plant extracts for
the biosynthesis of AgNPs has garnered attention due to the
variety of bioactive compounds, including essential oils, flavo-
noids, and polysaccharides, that can serve as reducing and
stabilizing agents in nanoparticle (NPs) formation®** These
compounds facilitate the reduction of silver ions (Ag") to silver
atoms (Ag°/AgNPs), subsequently enhancing their stability and
improving their activity because of the functional groups
attached to their surfaces." Among the numerous plants with
potential for NPs synthesis, Ocimum gratissimum (African basil),
Apium graveolens (celery), and Aloe arborescens (a species of aloe)
stand out for their rich chemical compositions and known
antimicrobial properties.’>** Each of these plants contains
a variety of bioactive compounds that exhibit antimicrobial,
antioxidant, and anti-inflammatory activities. Ocimum gratissi-
mum (abbreviated as, OG), for instance, is rich in essential oils
like eugenol and methyl eugenol, which have demonstrated
effective antimicrobial activity."® Apium graveolens (AG) contains
volatile oils such as limonene and apiole, which also possess
antimicrobial properties.’® Aloe arborescens (AA), on the other
hand, is known for its high content of polysaccharides like
acemannan and anthraquinones, which have been shown to
have significant antimicrobial and skin-healing effects.”

Although several studies have explored the potential of
individual plants for synthesizing AgNPs,'** direct compari-
sons of their effectiveness in NP formation and antimicrobial
activities remain limited. The existing literature provides a solid
foundation for understanding the comparative capabilities of
different plant extracts in AgNP synthesis, highlighting key
characteristics such as size, morphology, stability and antimi-
crobial properties.*”*> However, there is a lack of comparative
studies specifically evaluating OG, AG, and AA in this context.
To address this gap, this study systematically investigates the
ability of these three plant extracts to facilitate NPs synthesis
and assesses their potential antimicrobial applications.
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By synthesizing AgNPs using these plant extracts and
assessing their antimicrobial activity, this project aims to
enhance the understanding of how the chemical composition of
each plant affects the properties and effectiveness of NPs
against microbial pathogens. Specifically, the extracts from the
leaf materials (as depicted in Fig. 1) of OG, AG, and AA were
used to synthesize AgNPs. As part of an additional green
chemistry strategy, water, a clean, safe, less expensive, and non-
toxic solvent, was used to extract the active ingredients that were
fundamental during NPs synthesis. The antimicrobial activity of
the as-synthesized plant extract NPs was then tested against
Gram-negative and Gram-positive bacteria. In addition to
achieving green-synthesized NPs, the study aimed to enhance
the antimicrobial performance of plant extracts using the NPs,
thereby lowering the high concentrations typically reported in
the literature™™* and improving the antimicrobial efficacy at
low concentrations. Similarly, incorporating NPs into plant
extracts was also intended to potentially reduce biotoxicity**>*
and increase the biocompatibility of AgNPs.

2 Materials and methods
2.1 Materials

Silver nitrate (AgNO; = 99.9%), Luria Bertani Broth (LB), Tryptic
Soy Agar (TSA), and Petri dishes were purchased from Sigma-
Aldrich, Germany, and used as received. Distilled (DI) water
was used as a solvent. OG and AA plant materials were collected
from the Maseno University farm, whereas AG was purchased
from a local market around Maseno University. Gram-negative
(Escherichia. coli) and Gram-positive (Staphylococcus. Aureus)
bacteria strains were obtained from the DSI/Mintek Nanotech-
nology Innovation Centre and the Centre for Metal-based Drug
Discovery, South Africa.

2.2 Plant extract preparation

The collected fresh leaves of OG, AG, and AA were washed
several times with DI water to remove the surface dirt and
inorganic impurities. The leaves were then dried at room
temperature for approximately 72 h. The dried leaves were
crushed into fine powder using a Sayonapps blender. The
prepared samples were then packed in air-tight bags for
extraction purposes. 2.5 g of crushed leaves were boiled

Fig. 1 Photographic representations of (a) OG, (b) AG, and (c) AA, plant materials.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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separately in 100 mL of DI water for approximately 20 min. The
resultant extract was subsequently filtered through Whatman
No. 1 filter paper using a Buchner funnel, followed by centri-
fugation at 5000 rpm for 10 min. Clear supernatants were
collected and stored at 4 °C until further use in the synthesis of
AgNPs.

2.3 Synthesis of AgNPs using AA, OG, and AG leaf extracts

A one-pot colloidal synthesis method was used to fabricate
AgNPs. In this process, approximately 70 mL of DI water was
heated to 80 °C in a round-bottom three-neck flask with
continuous stirring under reflux. Next, 0.102 g (6 mM) of AgNO;
dissolved in 10 mL of DI water and 20 mL of OG-leaf extract were
added to the flask in a 20 : 80 volume ratio (plant extract to silver
ions). A reduction in the reaction temperature and color change
from colorless to pale yellow were then observed. The solution
was then stabilized at 75 °C, and aliquots were collected at 15,
30, and 60 minutes of synthesis. Each aliquot was allowed to
cool to room temperature before the characterization of AgNPs-
OG and further applications. The procedure was repeated at
room temperature (25 °C) and 50 °C. Additionally, at 75 °C,
reactions were conducted with AgNO; concentrations of 1 mM
and 3 mM, and plant extract to silver nitrate solution ratios of
5:95 and 10 : 90. Following the same procedure, AgNPs-AA and
AgNPs-AG were synthesized at 75 °C for 60 minutes, with
a 6 mM concentration of AgNO; and a plant extract to AgNO;
solution ratio of 20 : 80.

2.4 Use of the well-diffusion method

The as-synthesized AgNPs were evaluated using the well-
diffusion method for their antibacterial efficacy against Gram-
positive S. aureus and Gram-negative E. coli. To ensure homo-
geneous distribution, 20 mL of TSA medium was added to
sterilized plates. Using an L-shaped cell spreader, about 100 pL
(1 x 10° CFU mL™") of each bacterial strain was evenly
distributed onto TSA plates. Using a cork borer, wells were
created on the plates, followed by loading 100 pL of AgNPs (65
ug mL ") solution. The wells were incubated for 24 h at 37 °C. A
ruler was used to obtain the disc scale, and Image]J and Origin
software were used to calculate the length of the inhibition
zones. The experiment was performed in triplicate.

2.5 Assay of minimum inhibitory concentration (MIC)

The MIC of the synthesized AgNPs was determined using
a standard broth dilution method.* About 2 mL (65 ug mL ™) of
either AgNPs-AA, AgNPs-OG, or AgNPs-AG was loaded into
a 2 mL LB broth solution dispensed inside sterilized test tubes.
Two-fold dilution methods were used to obtain concentrations
of 0.254, 0.508, 1.016, 2.031, 4.063, 8.125, 16.25, and 32.5 g
mL . The McFarland method was used to adjust the bacterial
concentration to 1 x 10° CFU mL™ . A 10 pL inoculum of either
S. aureus or E. coli was added to each tube. The tubes were gently
mixed and then incubated for 24 h at 37 °C with shaking at
250 rpm. The MIC is the lowest concentration of the plant-based
AgNPs that inhibits the visible growth of bacteria.
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2.6 Minimum bactericidal concentration (MBC)

After the MIC determination of AgNPs, aliquots of 10 pL of the
materials from the tubes that showed no visible bacterial
growth were cultured on TS agar plates and incubated for 24 h at
37 °C, after which observations were made for the presence or
absence of bacterial growth. MBC is the lowest concentration of
an antimicrobial agent that kills 99.9% of the initial bacterial
population.

2.7 Characterization of as-synthesized silver nanoparticles

The Ocean View Optics FLMT11918 UV-VIS-NIR spectropho-
tometer was used to perform optical measurements of the as-
synthesized AgNPs. The measurements were performed on
samples placed in quartz cuvettes (1 cm, path length) using
distilled water as a reference solvent. The size and shape of
AgNPs were determined using FEI Talos F200A AEM +X-FEG+
Super-x at the University of Manchester. A portion of the sample
(AgNPs-OG, AgNPs-AG, and AgNPs-AA) was sonicated and
deposited onto a TEM grid, which was then left to air-dry before
analysis. The operation was performed in TEM mode with
a beam spot size of 20-100 nm and an electron acceleration
voltage of 200 kV. The elemental analysis of the NPs was per-
formed wusing Scanning Transmission Electron-Energy-
Dispersive Spectroscopy (STEM-EDS). The STEM-EDX spec-
trum image data were acquired using a dwell time of 200 ps per
pixel (over a 512 by 512 pixels area) with a total acquisition time
per dataset of ~35 to 40 minutes, and data were processed using
Velox 2.6 software. The shapes were determined visually, and
the particle sizes were measured using Image] software. Grains
of more than 100 (of different samples) were measured from the
TEM images, and the average size was reported. The analysis of
bioactive functional groups on the surface of plant-based AgNPs
was conducted using a Bruker Tensor 27 Fourier Transform
Infrared (FTIR) spectrometer. The samples were first centri-
fuged, and the concentrated residue was collected and
dispersed in ethanol. After air-drying, their spectral wave-
lengths were obtained between 4000 and 400 cm ' range. The
crystallinity and phase structure of the dried samples were
investigated using a Bruker D2 Phaser XRD with Cu Ka radia-
tion source (A = 1.54056) at 30 kV and 10 mA.

3 Results and discussions

3.1 Effect of reaction parameters on optical properties of
AgNPs

The effects of various parameters on the properties of AgNPs
were initially explored using OG extract to identify the condi-
tions for NP synthesis. The absorption spectra of the monitored
parameters are presented in Fig. 2. Reaction temperatures were
adjusted to 25 °C, 50 °C, and 75 °C, with corresponding SPR
peaks observed at 431 nm, 429 nm, and 426 nm, respectively. A
blue shift in the SPR peak with increasing temperature indi-
cates the formation of smaller NPs.* At a lower temperature (25
°C), the reduced kinetic energy results in a slower nucleation
rate because fewer atoms acquire enough energy to overcome
the activation barrier. This leads to fewer nuclei and slower

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 UV-vis spectra of AgNPs synthesized using OG plant extract under varying conditions: (a) reaction temperature (b) time, (c) AgNOs

concentration, and (d) plant extract to silver ion volume ratio.

diffusion and the growth of larger, more polydisperse NPs. As
the temperature rises, the increased kinetic energy accelerates
nucleation, resulting in the formation of many small nuclei that
rapidly grow into smaller NPs.>” Additionally, SPR peaks were
recorded at 437, 438, and 440 nm for reaction times of 15, 30,
and 60 min, respectively, at 75 °C. The observed redshift
suggests an increase in NPs size due to the Ostwald ripening
process,”® where larger particles grow at the expense of smaller
ones. When the AgNO; concentration was varied, SPR peaks
were observed at 415, 426, and 434 nm for 1 mM, 3 mM, and
6 mM, respectively, at 75 °C for 60 min. The redshift with
increasing AgNO; concentration indicates the formation of
relatively larger NPs because higher monomer concentrations
lead to a rapid burst of nucleation, producing more nuclei that
grow into larger NPs.” Finally, SPR peaks were recorded at 430,
433, and 434 nm for volume ratios of plant extract to silver ions
of 5:95, 10: 90, and 20: 80, respectively, at 75 °C for 60 min
with a concentration of 6 mM AgNO;, indicating a higher
concentration of NPs. This suggests that a greater abundance of
active phytochemicals in the extract enhances the reduction
and capping ability of NPs.*

Notably, the intensity of the SPR peak of AgNPs is primarily
related to the size and concentration of the particles, with larger

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

and more concentrated NPs generally producing stronger SPR
signals. The peak position (wavelength) and intensity are also
affected by the shape of the NPs and the properties of the
surrounding environment.** For the sake of this study, the
conditions that produced NPs with the highest intensity were
used as a template for synthesis using the other two plant
extracts AA and AG. Therefore, AgNPs-AA and AgNPs-AG were
synthesized at 75 °C temperature for 60 min using 6 mM AgNO;
concentration, and a 20:80 mL plant extract to silver ion
volume ratio.

3.2 Visual characterization

The plant leaf extract was used as a reducing, capping, and
stabilizing agent. The antioxidant properties of the bioactive
compounds present in these extracts chemically transform
AgNO; into active species (monomers), which then form
nanocrystals that grow in the presence of organic surfactants
from the plant extract. The addition of plant extract to AgNO;
induces a distinct colour change from pale yellow to dark
brown, as illustrated in Fig. 2a-c. The color change indicates the
reduction of monovalent silver ion (Ag") from silver salt solution
to zero-valent silver (Ag°), forming AgNPs. This phenomenon
occurs due to SPR, in which free-moving, unbound electrons on

RSC Adv, 2025, 15, 14170-14181 | 14173
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Fig. 3 Photographic representation of sequential color changes observed during the synthesis of AgNPs using OG extract at a temperature of

75 °C and time (a) 15 min, (b) 30 min and (c) 60 min.

the surface of NPs collectively oscillate in response to light.**
Similar findings were reported by Chakravarty, Ahmad,*® Pratim
Sarma, Barman,** and Saygi, Bayram,* who synthesized AgNPs
using fruit extracts of Syzygium cumini, leaf extract of Murraya
koenigii and flower petals of Cynara scolymus L., respectively.
The observed color change confirmed the successful synthesis
of AgNPs.*® The same trend in color change was observed in
AgNPs synthesized using AG and AA when the reaction duration
was changed over one hour period. The synthesized NPs were
subsequently subjected to further characterization, as detailed
below (Fig. 3).

3.3 Structural properties of AgNPs

FTIR was employed to investigate the functional groups capping
the surface of the synthesized AgNPs, as depicted in Fig. 4. The
notable absorption bands observed were as follows: a band at
around 3290 cm ™! corresponds to the O-H stretch of carboxylic
acids. The band at 2890 cm ™ is attributed to the C-H stretching
of aromatic compounds and alkenes. The notable band at
approximately 2340 cm ™' represents the -N=C=0 stretch of
isocyanates and the -C=N stretch of nitriles. The band
observed at around 2101 cm™ " indicates the C=C stretch of
alkynes. The band at around 1860 cm ' corresponds to the

AgNPs-OG /\
[AgNPs-AG /\‘\/\—
3 Aal
Y
(%]
c '
s
£ |AgNPs-AA
E N /\vf~\ /\
c
! c=c¢=0i|
.N=c=0 C=O|
-C=N
_ N-H{/NO;,
35'00 l3;00 25I00 20'00 15IOO 10IOO 560

Wavenumber(cm™)

Fig. 4 FTIR spectra showing the functional groups capping the
surfaces of the three synthesized AgNPs.
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C=0O0 stretching of acid anhydrides. The band at 1663 cm ' is
attributed to the C=O0 stretch of amides (amide I, secondary or
tertiary), which is coupled with a band at 1528 cm ™', corre-
sponding to the N-H stretch of amides and possibly the NO,
stretch of nitro groups. The band at 1370 cm ™" corresponds to
the O-H bending (in-plane) of alcohols and phenols. The band
at 1184 cm™ ' indicates an O-C stretch of the esters. The notable
band at approximately 1019 cm ™' represents the C-N stretching
vibrations of primary or secondary amines. Bands below
1000 cm ™" correspond to out-of-plane C-H bending vibrations.
These absorption bands suggest the presence of functional
groups such as phenols, alcohols, esters, amides, amines,
carboxylic acids, acid anhydrides, alkyl groups, and aromatic
compounds attached to the surface of AgNPs.

PXRD was used to investigate the crystallinity and phase
structure of the synthesized AgNPs, as shown in Fig. 5. The
diffraction peaks observed at 26 values of 38.10°, 44.60°, 64.67°,
77.55°, and 81.50° were indexed to the (111), (200), (220), (311),
and (222) planes, respectively, corresponding to the face-
centered cubic (FCC) crystal structure of the pure silver metal
according to the JCPDS file (No. 00-001-1167). The space group
associated with this structure is Fm3m (225). The high peak

140
120 ] @ JCPDS 00-001-1167,
100 - J AgNPs-AA
= . & A\ A An
G 80-
2 AgNPs-AG
2 60 -
[]
T
(1) AgNPs-0G
20 4
J (200) (220)  (311) (222)
0 e — —— N——
[ ) ) ® e
30 4'0 5I0 610 7I0 810
20(Degree)

Fig. 5 XRD crystallographic patterns showing the phase structures of
the synthesized AgNPs.
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Fig.6 STEM-EDS elemental mapping of (a) AgNPs-OG, (b) AQNPs-AA, (c) AgNPs-AG, and the corresponding EDS spectra showing the elemental

composition of the synthesized samples.

intensity indicates a high degree of crystallinity in the formed
NPs.

The composition of the as-synthesized AgNPs was confirmed
using STEM-EDS, as shown in Fig. 6. The elements observed in
the material include silver, carbon, oxygen, copper, and traces
of silicon and calcium, where the Cu signal originates from the
copper grid used during sample preparation. The presence of
oxygen and carbon likely results from the oxygen- and carbon-
containing functional groups in the plant extract used for
synthesis. Traces of silicon and calcium may be attributed to
impurities introduced during sample preparation for STEM-
EDS analysis. A prominent peak at 3 KeV corresponding to the
Lo line qualitatively confirms the presence of metallic silver in
the AgNPs. Overall, the analysis indicated that approximately
99% of the material consisted of silver, which aligns with the
observed SPR peak in the UV-vis spectrum.

3.4 Morphological properties

The TEM micrographs shown in Fig. 7 illustrate the size and
shape distribution of AgNPs obtained using the three plant
extracts. The dominant spherical-like shape was observed. The
recorded average particle sizes were 28.5+ 6.3 nm (AgNPs-OG),
15.07 + 4.8 nm (AgNPs-AA), and 20.2 £ 2.5 nm (AgNPs-AG). The
NPs were noted to be polydisperse, as indicated by the high
standard deviations observed in the size measurements. The
irregularity in shapes is attributed to the selective coordination
of various functional groups, such as carbonyl (C=0), carboxyl
(-COOH), amine (-NH,), and hydroxyl (-OH) from the plant
extract, with the surface atoms of the forming NPs. This

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

selective coordination can either hinder or promote growth in
specific directions, leading to anisotropic shapes such as
triangles, rods, and cylindrical forms.*”

3.5 Optical properties

Absorption spectroscopy was used in this study to examine the
optical properties of the synthesized AgNPs, and the plant
extract and their respective spectra are shown in Fig. 8. A
characteristic SPR peak was observed at 434, 427, and 435 nm
for AgNPs-OG, AgNPs-AG, and AgNPs-AA, respectively. The SPR
peak occurs when the AgNPs are exposed to incident light,
causing the free electrons on the surface of the AgNPs to
collectively oscillate. This oscillation produces electric fields
around the metal-dielectric interface when the incoming
photon energy matches the frequency of the oscillating elec-
trons.*> There was no significant difference in the SPR peak
position despite the difference in the sizes of the NPs,
a phenomenon that may be attributed to the presence of
organic molecules from plant extracts, as they adsorb on the
surface of the NPs. These molecules can influence the surface
plasmon resonance by altering the dielectric environment,
potentially masking the effect of particle size on the SPR
peak.’®**® In this case, the interaction between AgNPs and
organic molecules may alter the overall SPR behavior in ways
that make size differences less pronounced. Additionally,
broadening of the SPR peak was observed, as the full width at
half maximum (FWHM) values for AgNPs-OG, AgNPs-AG, and
AgNPs-AA were 186, 318, and 338 nm, respectively. These values
indicate the polydispersity of the NPs, which is consistent with

RSC Adv, 2025, 15, 14170-14181 | 14175
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Fig.7 TEM micrographs of (a) AgNPs-OG, (b) AgNPs-AA, and (c) AgNPs-AG, illustrating the particle size, shape, and distribution at high (top) and

low (bottom) magnifications, respectively.
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Fig. 8 Absorption spectra of (a) plant extract and (b) AgNPs synthesized from the extracts of the three plants.

the findings from the TEM analysis. From the values of the
FWHM, it can be deduced that the OG extract produced more
significantly uniform NPs followed by AG extract than AA
extract, a phenomenon that may be attributed to the different
bioactive groups found in the different plants as presented by
the FTIR spectra thereby presenting differences in binding and
reducing Ag" capabilities. From the literature, the broadening
of the SPR peak is an indication of possible different size and
shape distributions, aggregation and the existence of surface
defects in the NPs.***' The TEM micrographs and FWHM values
indicate that the SPR peak broadening may be associated with

14176 | RSC Adv,, 2025, 15, 14170-14181

the size and shape distribution. Further, the size of the NPs is
a known factor that affects the intensity of the SPR peak.
Smaller NPs typically have weaker SPR peak intensities due to
fewer surface atoms, less efficient plasmon coupling, and
higher curvature and surface-to-volume ratios. In contrast,
larger NPs generally exhibit stronger and sharper SPR peaks
because they have more surface atoms for plasmon excitation,
although very large NPs may experience redshift and peak
broadening due to increased damping and reduced plasmonic
coupling efficiency.*>** Thus, larger AgNPs-OG showed a slightly
intense and narrow SPR peak, followed by AgNP-AG and then

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Visible inhibitory Zones generated by AgNPs-AA, AgNPs-AG, and AgNPs-OG against (a) E. coli and (b) S. aureus.

AgNP-AA based on their sizes from TEM analysis. Finally, the
shoulder bands in the 270-300 nm range of the spectra in
Fig. 8b correspond to the m-m * absorption of various chro-
mophores, such as -C=0, -NH,, -C=N, and -NO,,** present in
the bioactive molecules from the plant extracts that are involved
in capping the AgNPs. Fig. 8a shows that the peaks between 270
and 300 range belonged to the plant extract.

3.6 Antimicrobial activity of AgNPs

The well-diffusion method was used to determine the antimi-
crobial activity of the synthesized AgNPs. As shown in Fig. 9,
visible inhibition zones were generated, whereas Table 1
summarizes the measured inhibition zones (mean =+ standard
deviation(SD)). Water was used as a negative control. A higher
inhibitory effect was observed for E. coli than for S. aureus. This
difference is attributed to variations in cell structure. Gram-
negative bacteria, such as E. coli, have a thin peptidoglycan
layer and a thick layer of lipopolysaccharide (LPS) (endotoxin) in
the outer cell membrane, which makes them susceptible to
AgNPs. In contrast, Gram-positive bacteria, like S. aureus, have
a thicker peptidoglycan layer and a thinner LPS layer. The
thicker peptidoglycan layer in Gram-positive bacteria acts as
a barrier, reducing the penetration ability of AgNPs into the
cells.*

A two-fold dilution method was used to determine the MIC
of AgNPs, with a summary outlined in Table 1. AgNPs

Table 1 Summary of the inhibition zone, MIC, and MBC of AgNPs

Zone of inhibition MIC MBC

(mm) (g mL) (g mL")
Sample E.coli S. aureus E. coli S. aureus E. coli S. aureus
AgNPs-AA  17.5 £0.5 14.5+ 0.6 1.016 1.016 32,5 —
AgNPs-OG 17.4 £0.3 12.8 £ 0.5 2.031 2.031 32,5 —
AgNPs-AG 16.1 £0.3 16.4 + 0.1 1.016 2.031 32.5 —

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

demonstrated effectiveness at concentrations of 1.016 and
2.031 pg mL~ ! when varying concentrations (0.254, 0.508, 1.016,
2.031,4.063, 8.125, 16.25, and 32.5 pg mL ') were tested. The
high antimicrobial performance observed for AgNPs-AA and
relatively AgNPs-AG compared to AgNPs-OG is attributed to the
smaller NP sizes as well as the functional groups attached to the
surfaces of the NPs. Smaller NPs can penetrate the cell
membrane, causing the release of Ag'. Ag" then binds to and
interacts with vital cell biomolecules, such as proteins, amino
acid residues, and DNA, causing toxicity. Additionally, the
spherical sizes of AgNPs-AA and AgNPs-AG provide a larger
surface area for the generation of Ag' ions, enhancing their
antimicrobial activity compared to the anisotropic shapes
observed in AgNPs-OG. The functional groups on the surfaces of
the NPs also contribute to their superior performance against
bacteria. Although plants appear to have similar functional
groups as observed in FT-IR analysis, the high intensity of
phytochemicals such as O-H, N-H, and C=0 in Ag-AA can be
attributed to their superior antimicrobial performance.*

To prevent the possibility of misinterpretation due to the
turbidity of insoluble compounds in the broth dilution tubes,
the MBC was determined. Approximately 10 pL of the samples
from the tubes that showed no visible growth were cultured on
TS agar plates and incubated at 37 °C for 24 hours. The obser-
vations summarized in Table 1 revealed no visible growth at
higher concentrations of AgNPs in the case of Gram-negative E.
coli, while visible growth was observed in all plates for Gram-
positive S. aureus. This suggests that E. coli is more sensitive
to AgNPs than S. aureus.

3.7 Comparative studies

Table 2 presents a comparative analysis of the antimicrobial
performance of the synthesized AgNPs versus the aqueous plant
extract reported in the literature. The enhanced antimicrobial
efficacy observed when AgNPs are incorporated into the
aqueous plant extract is attributed to the synergistic effect

RSC Adv, 2025, 15, 14170-14181 | 14177
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Table 2 Comparative test of inhibition zone, MIC, and MBC of the synthesized AgNPs with the plant extracts reported in the literature

Zone of inhibition (mm)

MIC (ug mL ")

MBC (ug mL ™)

Sample E. coli S. aureus E. coli S. aureus E. coli S. aureus References
AA extract 15.0 + 2.0 4.0 £ 1.0 — — — — 14

OG extract 14.0 £ 0.0 12.0 £ 0.2 50000 100 000 — — 12

AG extract 11.0 £ 1.2 134 £1.5 1250 1250 — — 13
Incorporation of AgNPs

AgNPs-AA 17.5 £ 0.5 14.5 £ 0.6 1.016 1.016 32.5 — This study
AgNPs-OG 17.4 £ 0.3 12.8 £ 0.5 2.031 2.031 32.5 — This study
AgNPs-AG 16.1 + 0.3 16.4 £ 0.1 1.016 2.031 32.5 — This study

Table 3 Comparative test of inhibition zone, MIC, and MBC of green-synthesized AgNPs with the chemical-based AgNPs reported in the

literature

Zone of inhibition (mm) MIC (ug mL™") MBC (ug mL %)
Sample E. coli S. aureus E. coli S. aureus E. coli S. aureus References
Phytochemical synthesis of AgNPs
AgNPs-AA 17.5+£ 0.5 14.5 = 0.6 1.016 1.016 32.5 — This study
AgNPs-OG 174+ 0.3 12.8 £ 0.5 2.031 2.031 32.5 — This study
AgNPs-AG 16.1 £ 0.3 16.4 = 0.1 1.016 2.031 32.5 — This study
Wet chemical synthesis of AgNPs
AgNPs-NaBH, 1.4 1.1 — — — — 46
AgNPs-ascorbic acid — — 156 312 — — 47
TA-AgNPs 3.8 1.7 16 32 — — 48

between the antimicrobial properties of AgNPs and the bioac-
tive compounds present in the extract. Table 3 presents
a comparative evaluation of the antimicrobial performance of
the green-synthesized AgNPs obtained in this study and the
chemically synthesized AgNPs reported in the literature. The
superior antimicrobial performance of green-synthesized
AgNPs is attributed to their increased biocompatibility with
cell membranes and the synergistic effect of the antimicrobial
properties of AgNPs and the phytochemicals from the plant
extract. The observed high antimicrobial performance of the
green-synthesized AgNPs at low concentrations potentially

minimizes their biotoxicity to the cellular structure, making
them potentially suitable for in vivo applications. A comparative
study with the existing literature (Table 4) was also conducted to
evaluate the performance of the AgNPs synthesized in this study
relative to previous studies. Notably, the AgNPs produced using
the green colloidal synthesis method exhibit comparable effi-
cacy against the investigated pathogens. Furthermore, their
performance was consistent across the different assays used to
assess therapeutic effectiveness, a distinction not observed in
previous studies.

Table 4 Comparison of the antibacterial efficacy of the synthesized AgNPs in this study with those reported in the literature

Zone of inhibition (mm) MIC (pg mL™) MBC
Sample Synthesis method E.coli S.aureus E.coli S.aureus E.coli S.aureus References
Literature
AgNPs-OG Laminar air flow synthesis 20 + 0.32 13+ 0.2 — — — — 22
AgNPs-AA Sunlight synthesis — 13 +£ 0.5 — — — — 21
AgNPs-AG — — — — — — — No studies to the best of

our knowledge

Current study
AgNPs-AA Colloidal synthesis 17.5 £ 0.5 14.5 £ 0.6 1.016 1.016 32.5 — This study
AgNPs-OG 17.4 £ 0.3 12.8 £ 0.5 2.031 2.031 32.5 — This study
AgNPs-AG 16.1 + 0.3 16.4 + 0.1 1.016 2.031 32.5 — This study
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Fig. 10 Schematic illustration of the antibacterial mechanism of action of AgNPs.

3.8 Mechanism of action

The antimicrobial effectiveness of AgNPs can be primarily due
to their high surface area-to-volume ratio and nanoscale prop-
erties, which allow them to interact with cell components,
interfering with the cell machinery, and potentially causing
toxicity (Fig. 10). The binding ability of nanoparticles through
electrostatic interactions,* penetration, and adherence to
bacterial cell walls causes morphological changes and damage
to the cell wall and cytoplasmic components. The morpholog-
ical changes experienced by the cell wall can increase the
membrane permeability, causing irregular transport through
the plasma membrane and leading to cell death. AgNPs can also
undergo surface oxidation in the presence of water, body fluid,
or tissue, generating bioactive Ag", which is more toxic to cells.
The generated Ag" is more sensitive to the Sulphur (SH) con-
taining groups such as proteins and DNA, causing disorder in
regular functions, resulting in cellular toxicity and cell death.
Moreover, the local surface plasmon resonance (LSPR) property
of AgNPs contributes to the transfer of hot electrons to the cell
metabolism of the microbes, releasing ROS such as H,0,, O, ",
and 'OH with subsequent release of Ag".°® The ROS can then
bind covalently or non-covalently to cell macromolecules such
as DNA and proteins, inducing toxicity by altering their normal
functions.®* Additionally, the high concentration of ROS in the
bacterium results in an increase in oxidative stress, which
damages the cytoskeleton, proteins, nucleic acid oxidation, and
DNA replication, causing chromosomal aberrations and cell
death.

4 Conclusions

This study successfully synthesized AgNPs using phytochemi-
cals from O. gratissimum, A. graveolens, and A. arborescens

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

extracts as reducing, capping, and stabilizing agents. Reaction
conditions, including temperature, time, AgNO; concentration,
and the volume ratio of plant extract to silver ions, were found
to influence the properties of the AgNPs. Predominantly
spherical NPs with triangular and cylindrical shapes were
produced. The particles were noted to differ in size and were
capped with functional groups such as alcohol, amine, amide,
and carboxyl groups. Optical studies confirmed the successful
synthesis of AgNPs through the observation of an SPR peak at
distinct wavelengths. The characteristics of the SPR peak,
including broadening and intensity, differed depending on the
plant extract used for synthesis. Specifically, the SPR peak
exhibited increasing broadening and intensity in the order:
AgNPs-OG < AgNPs-AG < AgNPs-AA. The elemental analysis
(EDS) showed that the material was primarily silver for all the
plant extracts used. XRD analysis confirmed a highly crystalline
FCC structure of silver. AgNPs displayed notable antimicrobial
efficacy against E. coli and S. aureus, with superior activity
observed in smaller, spherical NPs. The MIC was as low as 1.016
pg mL™', highlighting potent antimicrobial activity, and the
MBC for E. coli demonstrated the heightened susceptibility of
Gram-negative bacteria to AgNPs. All three plant-extract-
synthesized AgNPs exhibited strong antimicrobial activity
against the tested pathogens. However, their efficacy against E.
coli followed the order: AgNPs-AA > AgNPs-AG > AgNPs-OG,
with a similar trend observed against S. aureus. This under-
scores the superior antibacterial potential of AgNPs-AA, making
it a promising candidate for combating bacterial infections. The
study also found that incorporating AgNPs into plant extracts
significantly boosted the antimicrobial effect of the extracts,
while functionalizing AgNPs with bioactive compounds
enhanced the efficacy of chemically synthesized AgNPs at lower
concentrations, potentially minimizing associated biotoxicity.
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In conclusion, colloidal synthesis is an effective approach for
synthesizing highly potent NPs with enhanced antibacterial
properties. Following the necessary therapeutic assays for
evaluating antimicrobial agents, this method is a promising
strategy for developing efficient nanoparticle-based treatments
against bacterial pathogens.
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