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Abstract

Plant pathogenic bacteria and fungi cause major crop losses, while
repeated reliance on conventional bactericides and fungicides raises
concerns regarding resistance and environmental impacts. This
study evaluated silver nanoparticles (AgNPs) prepared using an
aqueous clove (Syzygium aromaticum) bud extract against
Agrobacterium  tumefaciens (MG706145), Pectobacterium
carotovorum subsp. carotovorum (ON248562.1), and Alternaria
alternata. AgNPs were prepared by mixing 90 mL of 1 mM AgNOs
with 10 mL of crude clove extract, followed by heating at 60 °C for
45 min and incubation in the dark for 24 h. SEM of the clove-
mediated AgNPs showed predominantly spherical particles, with
particle sizes ranging from 22.95 to 32.95 nm and a mean size of
27.54 + 3.82 nm and a silver content of 43.87 + 0.62 wt% by EDX.
Antibacterial activity was evaluated by inhibition-zone diameter
using three replicates per treatment. AgNPs produced larger
inhibition zones than the clove extract against Agrobacterium
tumefaciens (MG706145) (14.67 = 1.15 vs. 7.67 £ 1.15 mm) and P.
carotovorum subsp. carotovorum (13.67 = 0.58 vs. 10.67 = 1.15
mm). Two-way ANOVA showed a significant treatment effect (Fi,s
=69.23, p < 0.001) and treatment X bacterium interaction (Fi,s =
11.08, p=0.010). For A. alternata, AgNPs reduced colony diameter
from 15.67 = 0.58 mm at 5% to 3.67 £ 1.15 mm at 20% (one-way
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ANOVA, Fs,s = 43.63, p < 0.001), corresponding to 82.6-95.9%
mycelial growth inhibition when calculated against a 90-mm
untreated control. Overall, the results indicate enhanced
antibacterial activity of clove-mediated AgNPs relative to the
extract alone and a concentration-dependent antifungal effect
against A. alternata.

Keywords: Silver nanoparticles; Green synthesis; Syzygium
aromaticum; Clove extract; Plant pathogens; Antibacterial activity;
Antifungal activity
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1. Introduction

Bacterial and fungal diseases are among the major constraints on
crop production. Agrobacterium tumefaciens causes crown gall
disease, Pectobacterium carotovorum subsp. carotovorum
(ON248562.1) is a widespread soft-rot pathogen affecting cultivated
plants, and Alternaria alternata includes pathotypes responsible for
diseases in important crops (Gohlke and Deeken, 2014; Perfileva et
al., 2025; Tsuge et al., 2013). Conventional disease-management
programs commonly rely on copper compounds, antibiotics, and
synthetic fungicides, while repeated use can select for resistant
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pathogen populations and raise environmental concerns (Fan et al.,
2022; Sundin and Wang, 2018; Yang et al., 2019).
Plant-derived products represent a potential complementary strategy
because their chemically diverse constituents can exhibit multiple
biological activities. Clove (Syzygium aromaticum) buds are rich in
phenolic constituents, particularly eugenol and related compounds,
and have documented antibacterial, antifungal, and antioxidant
properties (Chaieb et al., 2007; Cortés-Rojas et al., 2014; Rahim et
al., 2025).
Green nanotechnology can combine the biological properties of
plant extracts with the physicochemical properties of metallic
nanoparticles. Phytochemicals can participate in the reduction of
Ag" to Ag® and in stabilization of the resulting nanoparticles, while
silver nanoparticles can interact with microbial cell envelopes and
promote oxidative stress (Singh et al., 2010; Bansal et al., 2018; Sati
et al., 2025). Studies specifically using Syzygium aromaticum have
confirmed the feasibility of clove-mediated AgNP synthesis and
have reported antimicrobial activity, with particle size and optical
properties varying substantially according to the plant material and
synthesis conditions (Vijayaraghavan et al., 2012; Ajitha et al.,
2019; Kasim et al., 2021; Wattimena et al., 2021; Madiabu et al.,
2024; Mohammed et al., 2026).
Reported clove-mediated AgNPs have shown surface plasmon
resonance bands around 415-440 nm and particle sizes ranging from
a few nanometres to several tens of nanometres, illustrating the
strong influence of extract source and synthesis conditions on
nanoparticle characteristics (Ajitha et al., 2019; Vijayaraghavan et
al., 2012; Wattimena et al., 2021; Madiabu et al., 2024).
Antibacterial activity has also been demonstrated against several
bacterial species, while antifungal effects have been reported in
some clove-AgNP systems (Ajitha et al., 2019; Kasim et al., 2021;
Muruganandham et al., 2023). However, comparatively little
information is available on the direct activity of a clove-mediated
AgNP formulation against plant-associated bacterial pathogens
together with a concentration-response assessment against a plant-
pathogenic fungus. This study was designed to address that gap
using the available experimental formulation and measured
antimicrobial responses.
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Previous work with clove-mediated AgNPs demonstrated enhanced
biological activity relative to clove extract in an insect model (Hmed
et al., 2026). The present study extends this approach to plant-
associated microbial pathogens by comparing the antibacterial
activity of the AgNP formulation with the aqueous clove extract
against Agrobacterium tumefaciens (MG706145) and P.
carotovorum subsp. carotovorum and by evaluating concentration-
dependent effects of the AgNP formulation against A. alternata.

2. Materials and Methods
2.1 Plant material and aqueous extract preparation
Clove buds were obtained from a local market, identified by a
botanist, and ground to powder. An aqueous extract was prepared
by macerating 50 g of powdered clove in 250 mL of distilled water
for 24 h with regular shaking. The mixture was filtered through
Whatman No. 1 paper, centrifuged, and the supernatant was stored
at 4 °C (Hmed et al., 2026).
2.2 Green synthesis of AgNPs
AgNPs were prepared using the clove-mediated biogenic reduction
procedure reported by Hmed et al. (2026). Briefly, 90 mL of I mM
AgNOs was mixed with 10 mL of crude aqueous clove extract and
heated at 60 °C for 45 min under continuous magnetic stirring while
protected from direct light. The reaction mixture was then
maintained in darkness for 24 h. Formation of AgNPs was indicated
by the change in solution colour from pale to dark brown.
2.3 Characterization of AgNPs
Particle morphology and elemental composition were assessed by
scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX). The SEM micrographs and EDX spectrum
used in this manuscript correspond to the same clove-mediated
AgNP batch characterized in Hmed et al. (2026). For
characterization of that batch, the AgNP suspension was centrifuged
at 12,000 rpm for 20 min, washed three times with distilled water,
dried at 80 °C, gently ground with a few drops of ethanol to obtain
a fine powder, and stored at 7 °C until analysis. SEM/EDX
measurements were performed using a JSM-IT200 scanning
electron microscope (JEOL, Japan) at 20 kV, 10 mm working
distance, X170 magnification, under high vacuum, with a 30-s live
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time; quantitative elemental analysis used the standardless ZAF
correction method (Hmed et al., 2026). The reported EDX analysis
showed a prominent Ag signal with a silver content of 43.87 & 0.62
wt% (10.53 £ 0.15 atomic%).
Six representative particle diameters were re-measured from the
available SEM micrographs, ranging from 22.95 to 32.95 nm (mean
27.54 + 3.82 nm), for descriptive reporting only. The FTIR
procedure reported for the same clove-derived material used a
Perkin-Elmer SPECTRUM 10 spectrometer, with spectra recorded
from 450-4000 cm™ at a resolution of 8 cm™; the FTIR bands
summarized in this manuscript are reference data from Hmed et al.
(2026) and are not presented as a newly acquired spectrum for the
current nanoparticle sample. No UV—Vis spectrum is reported for
the present formulation.
2.4 Plant pathogens
The tested microorganisms were Agrobacterium tumefaciens
(MG706145), Pectobacterium carotovorum subsp. carotovorum
(ON248562.1), and Alternaria alternata.
2.5 Antibacterial assay
Antibacterial activity of the clove extract and clove-mediated
AgNPs was evaluated against Agrobacterium tumefaciens
(MG706145) and Pectobacterium carotovorum subsp. carotovorum
(ON248562.1) using the paper-disc diffusion method described
previously (Jadalla, 2024). Bacterial suspensions adjusted to 10?
CFU/mL were spread on nutrient agar with a sterile cotton swab,
and sterile blank discs loaded with 20 uL of the clove extract or the
AgNP suspension were placed on the inoculated plates. The plates
were incubated at 28 + 2 °C for 24 h, and inhibition-zone diameter
was then recorded in millimetres. Three replicates were used for
each treatment. The aqueous clove extract served as the comparator
for the AgNP formulation. No standard (reference) antibiotic,
AgNO:s treatment, or negative control was included in the bacterial
assay. The disc diameter and the concentration of the test materials
loaded on the discs were not available in the experimental records
and are therefore not reported.
2.6 Antifungal assay
The effect of clove-mediated AgNPs on Alternaria alternata was
evaluated at 5, 10, 15, and 20% (v/v) using the poisoned-food
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technique in 9-cm Petri dishes containing potato dextrose agar
(PDA), with three replicates per concentration and an untreated
control. The dishes were incubated at 25 °C until the untreated
control colony completed its growth, which took approximately one
week. Colony diameter (mm) refers to the measured diameter of the
fungal colony, not the radial growth (radius) from the inoculation
point. Because the radius is half the diameter, MGI is unchanged
whichever measure is used, provided the same convention is applied
to control and treated dishes. The untreated control colony reached
the edge of the 9-cm Petri dish, corresponding to 90 mm. Mycelial
growth inhibition (MGI) was calculated as: MGI (%) = [(DC — DT)
/ DC] x 100, where DC is the untreated control colony diameter and
DT is the treated colony diameter. The fungal inoculum size was not
available in the experimental records and is therefore not reported.
A parallel clove-extract treatment was not included in the antifungal
assay; the antifungal results therefore describe the AgNP
formulation alone and cannot be compared directly with the extract.
2.7 Statistical analysis

Bacterial inhibition-zone data were analysed using two-way
analysis of variance (ANOVA) with treatment and bacterial
species/isolate as factors, followed by Tukey’s HSD test. Fungal
colony diameter was analysed by one-way ANOVA followed by
Tukey’s HSD test. Data are presented as mean + standard deviation
(SD), with three replicates per treatment. Statistical significance was
considered at p < 0.05. With three replicates per group, the
assumptions of ANOVA (normality and homogeneity of variance)
could not be tested reliably.

3. Results

3.1 Characterization of the clove-mediated AgNPs

The SEM micrographs correspond to the same clove-mediated
AgNP batch previously characterized by Hmed et al. (2026). Six
representative particle diameters visible in those micrographs
(23.87,32.95, 22.95,26.43, 29.51, and 29.51 nm) were re-measured
for descriptive reporting, giving a mean of 27.54 &+ 3.82 nm and an
observed range of 22.95-32.95 nm (Fig. 1; Table 1). The previously
reported EDX spectrum from the same batch showed a prominent
Ag signal at approximately 3 keV, with Ag accounting for 43.87 +
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0.62 wt% and 10.53 + 0.15 atomic % (Fig. 2; Table 1). Carbon and
oxygen were also prominent, while Na, Mg, Si, S, Cl, K, and Ca
occurred at lower levels (Table 1). The mean obtained here is based
on six measurements and differs slightly from the 28.34 + 1.203 nm
reported by Hmed et al. (2026) from a size-distribution analysis of
multiple images; both values fall within the same size range.

(a

(b)

Fig.1. Previously reported SEM micrographs of the same clove-mediated
AgNP batch characterized by Hmed et al. (2026), showing
predominantly spherical particles. The marked particle diameters were

re-measured in the present analysis: (a) 23.87, 32.95, 22.95 nm; (b)
26.43,29.51, 29.51 nm. Scale bar: 500 nm.

Table 1. Previously reported characterization data for the same
clove-mediated AgNP batch (Hmed et al., 2026).

Parameter Value

Shape Predominantly spherical
Mean particle size (SEM) 27.54 + 3.82 nm (range: 22.95-32.95 nm)
Ag (EDX) 43.87 + 0.62 wt%; 10.53 £ 0.15 atomic %
C /0 (EDX) 20.57/21.04 wt%
Other elements (EDX, Cl16.57; K 2.33; Ca2.26; Na 1.07; S 0.99; Mg 0.72;
wt%) Si0.56
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Fig.2. Previously reported EDX elemental spectrum and quantitative
composition of the same clove-mediated AgNP batch characterized by
Hmed et al. (2026). The figure is reproduced from the previously
reported characterization record and is included here with citation.
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3.2 Antibacterial activity

Clove-mediated AgNPs produced larger inhibition zones than the
clove extract against both bacterial targets (Table 2; Fig. 3). Against
Agrobacterium tumefaciens (MG706145), the inhibition zone
increased from 7.67 £ 1.15 mm with the extract to 14.67 + 1.15 mm
with AgNPs. Against P. carotovorum subsp. carotovorum, the
corresponding values were 10.67 + 1.15 and 13.67 = 0.58 mm. Two-
way ANOVA showed a significant treatment effect (Fi,s = 69.23, p
< 0.001) and a significant treatment % bacterium interaction (Fi,s =
11.08, p=10.010; Fig. 4), whereas the main effect of bacterium was
not significant (Fi,s =2.77, p = 0.135).

Table 2. Inhibition-zone diameter (mm, mean + SD, n = 3).

Agrobacterium P. carotovorum subsp.
Treatment .
tumefaciens carotovorum
Clove-mediated AgNPs 1467+ 1.15a 13.67+£0.58 a
Clove extract 7.67+1.15¢ 10.67+1.15b

Different letters indicate significant differences among the four means (Tukey’s
HSD, p <0.05).

18 Antibacterial activity of clove extract and clove-mediated AgNPs

Hmm Clove extract
mmm Clove-mediated AgNPs

Inhibition zone (mm)

Agrobacterium sp. P. carotovorum
subsp. carotovorum

Fig.3. Antibacterial inhibition zones produced by clove extract and
clove-mediated AgNPs.
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Treatment X bacterium interaction

18
—8— Clove extract
16 Clove-mediated AgNPs
14
E 12 -
E
2 10 -
o
N
S 8-
S
S 61
4 -
2 4
Agrobacterium sp. P. carotovorum

subsp. carotovorum

Fig.4. Treatment x bacterium interaction for inhibition-zone diameter.

3.3 Antifungal activity against Alternaria alternata

Colony diameter decreased progressively as the AgNP
concentration increased (Table 3; Fig. 5). Mean colony diameter
was 15.67 = 0.58 mm at 5%, 9.33 + 1.53 mm at 10%, 6.50 £ 1.80
mm at 15%, and 3.67 £ 1.15 mm at 20%. One-way ANOVA
indicated a highly significant concentration effect (Fs,s =43.63, p <
0.001). Using a 90-mm untreated control, the corresponding MGI
values were 82.6, 89.6, 92.8, and 95.9%, respectively (Table 3; Fig.
0).

Table 3. Effect of clove-mediated AgNP concentration on A.
alternata colony diameter.

S e () | diame;g)(mm’ mean = MGI (%)
Control 90 0

5 15.67+0.58a 82.6
10 933+1.53b 89.6
15 6.50 + 1.80 be 92.8
20 367+1.15¢ 95.9
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Different letters indicate significant differences among AgNP
concentrations (Tukey’s HSD, p < 0.05); the control was not
included in the test. The untreated control colony reached the edge
of the 9-cm dish, corresponding to 90 mm.

Concentration-dependent inhibition of Alternaria alternata

7.5 4

Colony diameter (mm)
=
)
o

5.0

0.0

5 10 15 20
AgNP concentration (%)

Fig.5. Concentration-dependent reduction in A. alternata colony
diameter.

100 Mycelial growth inhibition of Alternaria alternata

95 4
90 A

851

Mycelial growth inhibition (%)

80 A

75

5I ll(J 1IS 2I0
AgNP concentration (%)

Fig.6. Mycelial growth inhibition (%) of A. alternata relative to the 90-

mm untreated control.
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4. Discussion
The present results support the potential of clove-mediated AgNPs
as a plant-derived antimicrobial formulation. The antibacterial
response was consistently greater for AgNPs than for the aqueous
clove extract, with the strongest relative enhancement observed
against Agrobacterium tumefaciens (MG706145). This pattern
agrees with previous studies showing antibacterial activity of clove-
mediated AgNPs and, in some systems, greater activity of the
nanoparticle preparation than the corresponding plant extract
(Ajitha et al.,, 2019; Madiabu et al., 2024; Al-Khafaji, 2025;
Muruganandham et al., 2023). The agreement should nevertheless
be interpreted cautiously because the earlier studies used different
clove materials, nanoparticle preparation conditions, bacterial
species, and assay formats.
The antifungal results showed a clear concentration-dependent
reduction in A. alternata colony diameter. At 20% AgNPs, the
calculated MGI reached 95.9% relative to the 90-mm control. The
progressive response is compatible with reported antifungal activity
of clove-mediated AgNPs (Ajitha et al., 2019; Muruganandham et
al., 2023) and with the broader antimicrobial activity reported for
green-synthesized silver nanoparticles. However, direct quantitative
comparison with previous studies is limited because fungal species,
nanoparticle concentrations, exposure periods, and response metrics
differed among experiments. At the cellular level, silver
nanoparticles can interact with microbial membranes and induce
oxidative stress (Sati et al., 2025; Gwada et al., 2025).
The re-measured particle size range from the previously reported
SEM micrographs (22.95-32.95 nm; mean 27.54 + 3.82 nm) falls
within the range reported for several clove-derived AgNP systems.
Madiabu et al. (2024) reported particles of 14-32 nm from clove
leaf extract, while Wattimena et al. (2021) reported a broader 2.9—
33.6 nm range with a mean of 20.5 = 4.9 nm. Other studies have
reported smaller or larger particles depending on the synthesis
system, including approximately 9.5 nm in a recent clove-mediated
preparation and 38—79 nm in a study using clove extract against
antibiotic-resistant bacteria (Mohammed et al., 2026; Al-Khafaji,
2025). These comparisons illustrate the variability of particle size
across clove-mediated synthesis systems and should be interpreted
13 ISTJ - Volume 39 - 2 2 - 39 2aall - &yl 5 o slall 4] all Alaall
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in relation to extraction method, AgNOs concentration, reaction
conditions, and characterization technique.

The previously reported characterization data provide context for
the biological activity. The predominantly spherical morphology
and nanoscale size provide a surface for interaction with microbial
cells, while the EDX profile confirms a strong silver signal. The
carbon and oxygen content may reflect plant-derived organic
residues associated with the nanoparticle preparation. FTIR bands
previously reported for the clove extract, including O-H, C=0,
aromatic C=C, and C-O/C-O-C signals, support the possible
participation of phenolic and other oxygen-containing constituents
in the reduction and stabilization process (Hmed et al., 2026).
Eugenol is the principal phenolic constituent of clove buds and is
widely regarded as a major contributor to the bioactivity of clove
preparations (Chaieb et al., 2007; Cortés-Rojas et al., 2014; Rahim
et al., 2025). In the green synthesis of AgNPs, phenolic compounds
such as eugenol are generally proposed to act as both reducing and
stabilizing agents: the phenolic hydroxyl group can donate electrons
(and hydrogen) to reduce Ag" to Ag®, while the oxidized phenolics
and other oxygen-containing molecules can adsorb onto the particle
surface and limit aggregation through steric and electrostatic
stabilization (Singh et al., 2010; Bansal et al., 2018; Sati et al.,
2025). The colour change to dark brown observed during synthesis
is consistent with AgNP formation, although it is only a visual
indicator because no UV—Vis spectrum was recorded, and the FTIR
bands previously reported for the clove extract (O-H, C=O,
aromatic C=C, and C-O) are compatible with the participation of
such constituents (Hmed et al., 2026). Because eugenol was not
quantified and the capping molecules on the particle surface were
not identified in the present work, the involvement of eugenol
should be regarded as a plausible mechanism supported by the
literature rather than a finding of this study.

The greater antibacterial activity of the AgNPs than of the extract
alone may reflect the combined action of silver and extract-derived
surface molecules. Both bacterial targets are Gram-negative, and
AgNPs are generally thought to adhere to the outer membrane,
increase membrane permeability, and release Ag" ions that interact
with membrane proteins, thiol-containing enzymes, and nucleic
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acids; these events can disturb respiratory activity and promote the
generation of reactive oxygen species (ROS), leading to oxidative
stress and cell damage (Sati et al., 2025; Gwada et al., 2025).
Eugenol associated with the nanoparticle surface could add to this
effect, since eugenol itself is known to affect membrane integrity
(Chaieb et al., 2007; Rahim et al., 2025), which would be consistent
with an additive or synergistic response. A comparable sequence of
interaction with the cell wall and plasma membrane, ion release, and
oxidative stress may underlie the inhibition of A. alternata hyphal
growth, although fungal cell-wall composition differs from that of
bacteria. These mechanisms are inferred from the literature;
membrane integrity, ROS generation, and Ag* release were not
measured here, so the mechanistic interpretation remains
hypothetical.

An important limitation is that AgNOs alone was not tested as a
separate treatment. Therefore, the contribution of residual silver
ions cannot be completely separated from the activity attributable to
the nanoparticle formulation. In addition, the bacterial assay did not
include a negative control or a standard antibiotic, and only three
replicates were available, so the statistically significant treatment x
bacterium interaction should be interpreted with appropriate
caution. The fungal experiment evaluated the nanoparticle
formulation but did not include a parallel clove-extract treatment;
consequently, the contribution of the extract’s own antifungal
constituents (for example, eugenol) to the observed inhibition could
not be separated from that of the nanoparticles. Furthermore, the
fungal inoculum size, disc diameter, and the concentration of
material loaded per disc were not documented, which limits the
exact reproducibility of both assays. Future work should therefore
include AgNOs, appropriate negative and positive controls (a
reference antibiotic and a reference fungicide), a parallel extract
treatment in the antifungal assay, fully documented assay
conditions, MIC/MBC/MFC determinations, and host-plant assays.

5. Conclusion

Clove-mediated AgNPs showed enhanced antibacterial activity

compared with the aqueous clove extract against Agrobacterium

tumefaciens (MG706145) and P. carotovorum subsp. carotovorum,
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with the greater relative enhancement observed against
Agrobacterium. The same formulation produced concentration-
dependent inhibition of A. alternata growth, reaching 95.9%
calculated MGI at 20% relative to the 90-mm untreated control.
Together, these findings support further investigation of clove-
mediated AgNPs as a plant-derived antimicrobial formulation,
particularly ~ through  controlled  dose-response  studies,
MIC/MBC/MEFC testing, phytotoxicity assessment, and in vivo
plant-pathogen experiments.
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