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Abstract:
Edwardsiella tarda infection can cause significant economic losses to the aquaculture industry. It causes
haemorrhagic septicaemia in freshwater and marine fish, and serious health issues in humans and other animals.
The abuse of antibiotics in aquaculture has been linked to the emergence of multidrug-resistant bacteria, and
silver nanoparticles (AgNPs) are regarded as a potential therapeutic alternative. This study biosynthesised
AgNPs using the methanolic leaf extract of Sonneratia caseolaris. A 0.1 mg/ml (H2) extract solution
formed AgNPs successfully as indicated by brownish colour change after 24 h incubation and evidenced by
UV-Vis spectroscopy. Energy-dispersive X-ray spectroscopy (EDS) revealed silver as the main constituent
(84.49%). Transmission electron microscopy (TEM) displayed polydisperse, near-spherical nanoparticles
with an average size of 22.3 nm. Fourier transform infrared (FTIR) analysis suggested that several functional
groups were involved in SC-AgNPs formation. SC-AgNPs exhibited strong antibacterial activity against
12 E. tarda isolates from diseased African catfish and Asian swamp eels, including a β-haemolytic strain
(ET10). The minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)
were determined to be 2.5 µg/mL. This study suggests that SC-AgNPs has the potential as an alternative to
antibiotics to reduce the risk of antibioticresistance in aquaculture.
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1. Introduction

An Edwardsiella tarda infection, known as Edwardsiellosis
has been reported globally across a diverse range of hosts,
including aquatic animals, mammals, amphibians, and rep-
tiles [1], aquatic birds [2], as well as in humans [3]. E.
tarda is one of the serious fish pathogens causing significant
losses in the aquaculture sector [4]. Fish infected with E.
tarda exhibit symptoms such as pigmentation, bulging eye
(exophthalmia), opacity of the eyes, abdominal swelling,
rectal hernia, and petechial haemorrhage in fin and skin
[5]. Common internal abnormalities in fish include fluid
accumulation in the abdominal cavity (ascites), localised
infections or pus-filled areas (abscesses), inflammation of
the abdominal lining (peritonitis), as well as congestion in
the liver, spleen, and kidneys [6–8]. The disease outbreaks
have been reported in various species of aquatic animals
worldwide. For instance, it has been reported in Nile tilapia
in Egypt [9], Japanese eels in China [10], grass carp in India
[11], olive flounder in Korea [12] and barramundi in USA
[6] and red hybrid tilapia [13] in Malaysia.
The overuse and misuse of antibiotics in disease treatment
have been linked to the emergence of multidrug-resistant
bacteria, including in the aquaculture sector [14]. Silver
nanoparticles (AgNPs) are regarded as safe and effective
alternative antimicrobials for therapeutic applications. Inno-
vative uses of AgNPs are widely adopted in aquaculture for
their unique characteristics such as good chemical stability,
catalytic, and antibacterial activity [15]. AgNPs are widely
used as antimicrobial agent in aquaculture and fisheries due
to their multiple mechanisms against bacterial activity, thus
helping prevent the development of antibiotic resistance in
fish [16]. AgNPs are among the best choices for multiple
roles in the medical field due to the characteristics of silver
ions and silver-based compounds which are highly potent to
microorganisms [17]. Previous studies have shown that Ag-
NPs are good antimicrobial agents against bacteria, viruses,
and parasites [18–20].
The biogenic synthesis of AgNPs using plant extracts is con-
sidered a form of green synthesis. They are advantageous
because they are clean, nontoxic, cost effective, and environ-
mentally acceptable [21]. Plant extracts contain compounds
that act as reducing and stabilising agents in the synthesis of
the AgNPs [22]. Secondary bioactive metabolites in plant
extracts, including aldehydes, proteins, ketones, terpenoids,
flavonoids, polyphenols, tannins, polysaccharides, alkaloids
and amines can function as reducing agents, converting sil-
ver ions to metallic silver. They also can act as capping and
stabilising agents [23]. Extracts from various plant species
have reportedly been used in the synthesis of AgNPs, in-
cluding Moringa oleifera [24], Acer oblongifolium [25],
Cocos nucifera, Calotropis gigantea L., Pistacia atlantica,
Alternanthera dentate, Desmodium gangeticum, Terminalia
cuneata, Prosopis farcta and Tribulus terrestris [26].
Mangrove plants are unique in accumulating higher con-
centrations of bioactive compounds compared to terrestrial
plants, owing to their ability to adapt to diverse environ-
mental stresses [27]. Previous studies have reported the
presence of diverse bioactive compounds in S. caseolaris
leaf extracts, including tannins, flavonoids, saponins, al-

kaloids, steroids, terpenoids, proteins, vitamins, and en-
zymes [28–30]. It has also been reported as a more potent
bioreductant mangrove species than Sonneratia apetela and
Avicennia alba in green synthesis of AgNPs [31]. Audah
et al. [32] further demonstrated that S. caseolaris crude
extract exhibited higher yield of phenolic compounds and
stronger antioxidant activity than mangrove species such as
Avicennia marina, Rhizophora mucronate, and Rhizophora
apiculate. These bioactive compounds have strong reducing,
capping, and stabilizing abilities, underscoring the plant’s
potential for AgNPs synthesis. In Malaysia, the ecological
abundance of S. caseolaris in the mangrove forests along
the east coast of Peninsular Malaysia provides a sustain-
able and readily available source for the AgNPs synthesis.
However, the limited studies on its use for this purpose have
hindered its application in the country.
The present study employed a green synthesis approach for
AgNPs using the methanolic leaf extract of S. caseolaris
(common names: crabapple mangrove, mangrove apple,
firefly mangrove). The characteristics of SC-AgNPs were
analysed using UV-Vis spectroscopy, Fourier transform in-
frared spectroscopy (FTIR), scanning electron microscopy-
energy dispersive X-ray spectroscopy (SEM-EDS), and
transmission electron microscopy (TEM). The antibacte-
rial activities were evaluated against E. tarda isolates from
diseased freshwater fish.

2. Materials and methods

2.1 Fish samples
Thirty-nine diseased freshwater fish, including African
catfish (Clarias gariepinus, n = 12), Asian swamp eel
(Monopterus albus, n = 13), snakehead (Channa striatus,
n = 4), climbing perch (Anabus testudineus, n=5), and
red hybrid tilapia (Oreochromis spp., n = 5), all exhibiting
haemorrhagic and necrotic lesions on their bodies, were
collected from the East Coast states of Terengganu (Bukit
Tunggal and Chabang Tiga) and Kelantan (Rantau Panjang)
in Peninsular Malaysia (West Malaysia) (figure 1).

2.2 Isolation and identification of E. tarda
The fish were euthanised under deep anaesthesia induced
with Tricane Methanesulfonate (MS222) (Syndel, Canada),
and aseptically dissected. The liver, kidney, gill, eye and
skin lesions were sampled for bacterial isolation using xy-
lose lysine deoxycholate (XLD) agar (Merck, Germany)
with 24 to 48 h incubation at 28 °C. Clear pink colonies
measuring 1 to 3 mm in diameter with a black centre on
XLD agar, were subcultured onto tryptic soy agar (TSA)
(Merck, Germany) to obtain pure cultures for further use
and storage. The isolates were characterised by Gram stain-
ing, oxidase and indole tests, and haemolysis assay (blood
agar) [2], the BBL Crystal Enteric/Nonfermenter (E/NF)
Identification System, and 16S ribosomal RNA gene se-
quence analysis.
DNA was extracted from colony (TSA culture) suspension
in TE buffer (500 µL, pH 8.0) in microcentrifuge tubes by
boiling technique (100 °C for 15 min, then instantly placed
in ice for 15 min) [33]. DNA samples were diluted 1:100
with sterile distilled water, and quantified spectrophotomet-
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Figure 1. Map of Peninsular Malaysia showing the sampling sites in the east coast states of Terengganu and Kelantan.

rically (260/280). The 16S rRNA gene PCR was conducted
as outlined by Nurhafizah et al. [14], using the forward
primer fD1 (5′-AGAGTTTGATCCTGGCTCAG-3′) and re-
verse primer rP2 (5′-ACGGCTACCTTGTTACGACTT-3′)
in a reaction volume of 30 µL in a Nexus Gradient Flexlid
Master Cycler (Eppendorf, Germany) with the following
conditions: 1 cycle at 95 °C for 2 min; 40 cycles at 94 °C
for 30 s, 58 °C for 30 s, 72 °C for 1 min 30 s; 72 °C for
7 min final extension, and hold at 10 °C. PCR product (6
µL) was analysed in parallel with 100 bp DNA ladder (Fer-
mentas, Lithuania) by 1.5% agarose gel electrophoresis in
1X TBE buffer at 90V for 60 min. The gel was stained and
viewed using UV transilluminator to verify the presence
of the 1,500 bp target band. The remaining PCR products
were purified using GeneMatrix PCR/DNA Clean-up DNA
Purification Kit (EURx, Poland), and subjected to commer-
cial dideoxy chain termination DNA sequencing (First Base,
Malaysia). The deduced sequences were processed using
BioEdit, and then subjected to NCBI BLAST analysis for
taxonomic identification.

2.3 Preparation of Sonneratia caseolaris leaf extract

Mangrove apple S. caseolaris leaves were collected from
the mangrove wetland located near the campus of Univer-
siti Malaysia Terengganu (UMT). The plant species was
identified based on plant morphology (the shape and size

of the leaves and fruits) by the General Biology Laboratory,
UMT. The samples were washed and dried in oven at 50
°C for three days before being grinded into powder. The
leaf powder was soaked in 80% methanol (1:10 w/v) for
three days. The methanolic extract was then filtered with
Whatman filter paper (11 µm), concentrated by rotary evap-
oration [34], and freeze-dried. The dry extract powder was
stored at −20 °C for further use.

2.4 Green synthesis of AgNPs mediated with S. caseo-
laris leaf extract

AgNPs were synthesised based on method presented by
Ravichandran et al. [35] with slight modifications. Four
reaction mixtures (H1, H2, H3, and H4) were prepared
by adding 0.5 mL, 0.1 mL, 0.05 mL, and 0.01 mL of 10
mg/mL S. caseolaris leaf extract solution, respectively, to
1 mL of 0.01 M AgNO3 solution. The total volume was
adjusted to 10 mL with deionised water in a volumetric flask
to yield working extract concentrations of 0.5 mg/mL (H1),
0.1 mg/mL (H2), 0.05 mg/mL (H3), and 0.01 mg/mL (H4),
respectively, along with a working concentration of AgNO3
solution at 0.001 M. The reaction mixtures were kept at
room temperature (28±0.5 °C) in the dark conditions for
24 h until the brownish colour fully developed, indicating
the completion of Ag+ ion reduction to metallic silver (Ag0),
and the synthesis of SC-AgNPs.
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2.5 Characterisation of S. caseolaris-mediated silver
nanoparticles (SC-AgNPs)

The surface plasmon resonance (SPR) absorption of the pre-
pared brownish SC-AgNPs colloidal solution was observed
using a Shimadzu UV-1800 UV/Visible spectrophotometer
(Shimadzu, North America) in the range of 380−450 nm
[35]. The colloidal SC-AgNPs was analysed with scanning
electron microscope-energy dispersive X-ray spectroscopy
(SEM-EDS) (JEOL, Japan) for morphology and elemental
composition. Briefly, a drop of the colloidal sample was
mounted on the stub, and the sample was dried at room tem-
perature. The stub was then coated with gold, and subjected
to SEM-EDS. Transmission electron microscopy (TEM)
was used to further determine the size and shape of the col-
loidal SC-AgNPs. Colloidal samples (10 µL) were loaded
onto carbon-coated copper grid, dried at room tempera-
ture, and analysed using a JEM-1200 EX TEM at 120 kV
(JEOL, Japan). SC-AgNPs were harvested from colloidal
solution using centrifugation (5,000 RPM, 15 min). The
SC-AgNPs pellet was dried in oven (40 °C, 2 h). Using the
dried S. caseolaris extract as control for comparison, the
dried nanopowder was analysed with Fourier transform in-
frared spectroscopy (FTIR) to identify the functional groups
potentially involved in SC-AgNPs synthesis. The FTIR
measurements were carried out using FTIR Spectrum 100
(PerkinElmer, USA) with the KBr pellet technique. The
FTIR spectra were collected at a resolution of 4 cm−1 in the
transmission mode, covering a range of 4000 to 400 cm−1.

2.6 Antibacterial activity analysis

SC-AgNPs were tested for antibacterial activity by well
diffusion method against 12 E. tarda isolates (ET1-ET12)
from diseased freshwater fish. The pure cultures of the bac-
terial isolates were cultured in tryptic soy broth (TSB) at
35 °C for 24 h. The bacterial suspensions were adjusted to
0.5 McFarland (1.2×108 CFU/mL) in 0.85% physiologi-
cal saline. Wells of 6 mm diameter were made on sterile
Muller Hinton agar (MHA) using a sterile cork borer. Each
bacterial isolates were spread uniformly onto the individual
MHA plates using sterile cotton swabs. 50 µL of SC-AgNPs
suspension (resuspended from the dried form of SC-AgNPs
using deionised water) was filled into each well of the plates,
and the agar plates were incubated at 35 °C for 24 h. An-
tibiotic discs (Erythromycin 30 µg, E30) were used as a
positive control, and S. caseolaris leaf extract was used as
a negative control. Zone of inhibition measurements were
taken following a 24-hour incubation period.

2.7 Minimum inhibitory concentration (MIC) test

The MIC of SC-AgNPs was determined following the
method of Krishnan et al. [36] with slight modification
using two-fold dilution method in a microtitre plate. SC-
AgNPs concentrations ranging from 10 to 0.00125 mg/mL
were tested in triplicates. 100 µL of triptic soy broth (TSB)
was added into each well of the microtitre plate. 100 µL
of SC-AgNPs (10 mg/mL) was then added into the second
well and two-fold dilutions were made. Positive growth
control was consisted of broth and inoculums (without SC-
AgNPs). Following that, 5 µL of the bacterial suspension at

1.2×108 CFU/mL (0.5 McFarland turbidity standard) was
introduced to the wells. The plates were incubated for 24 h
at 32 °C, and observed for turbidity. Microtitre plate with no
turbidity was interpreted as negative, whereas the presence
of turbidity was interpreted as positive for bacterial growth.
Approximately 10 µL of 0.1% 2,3,5-triphenyltetrazolium
chloride (TTC) was added into each well and incubated for
1 h at 32 °C, and subsequently observed for colour changes.

2.8 Minimum bactericidal concentration (MBC) test
MBC was determined by sub-culturing 3 µL of the MIC
serial dilutions after 24 h of incubation. The bacterial cul-
ture was dropped onto Mueller Hinton Agar (MHA) and
swabbed with sterile cotton bud, then incubated for 24 h at
28 °C. Bacterial growth was observed and recorded. MBC
was determined as the lowest concentration that inhibited
the growth of any bacterial colonies on agar medium. The
antibacterial activity of SC-AgNPs was measured based on
the MBC/MIC ratio. A ratio ≤ 4 is considered bactericidal,
while a ratio > 4 is regarded as bacteriostatic [37].

2.9 Statistical analysis
The data of antibacterial assay were presented as mean
± standard deviation. Independent samples t-tests were
performed to compare differences between groups using
SPSS® Statistics version 20.0 for Windows®. Exact p-
values and 95% confidence intervals (CI) were reported.
Each group consisted of three independent replicates (n =
3).

3. Results

3.1 Isolation and identification of E. tarda
Clinically, although all the diseased fish exhibited haem-
orrhagic and necrotic lesions (figure 2), E. tarda was only
successfully isolated from the diseased eels and African
catfish. Of the 12 E. tarda isolates (ET1-ET12), only isolate
ET10 exhibited β-haemolysis on blood agar. Six isolates
(50%) were derived from the skin lesions, two (17%) each
from the gill lesions and the kidney, one each (8%) from
the eye lesion and the liver (Table 1). The biochemical and
enzymatic reaction of all isolates were shown in Table 3 (a)
and Table 3 (b). All isolates appeared as small (1−3 mm)
scattered pinkish colonies with black centre on XLD agar
plate, and whitish colonies on TSA (figure 3). The 16S
rRNA gene PCR amplified target DNA fragment of ap-
proximately 1,500 bp from the representative isolate ET10.
BLAST analysis of the deduced DNA sequence showed
highest similarity (99.78%) with the 16S rRNA gene se-
quence of E. tarda strain C7-5M (HQ663902.1). The se-
quence of ET10 was deposited into GenBank as KF751244
(http://www.ncbi.nlm.nih.gov/nuccore/KF751244).

3.2 Verification and characterisation of SC-AgNPs
The addition of S. caseolaris leaf extract solution to the
AgNO3 solution led to a dose-dependent change of colour
in the reaction mixtures from light green colour of AgNO3
solution to an increasing density of brownish colour (fig-
ure 4), indicating reduction of Ag+ ions to metallic silver
(Ag0). However, UV-Vis spectroscopy only verified SC-
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Figure 2. Lesions observed in catfish and eel, (a) Haemorrhagic and necrotic skin lesions in African catfish, (b) multiple focal haemorrhages on the
abdomen of African catfish, (c) ulceration on the skin of eel, (d) ulceration on the skin of African catfish.

AgNPs formation in reaction mixture H2 (at an extract
concentration of 0.1 mg/mL). Surface plasmon resonance
(SPR) screening of AgNP synthesis reaction samples was
carried out between 300 and 500 nm after 24 h of reaction.
The UV-Vis spectra analysis showed a single and optimum

absorbance peak at 424 nm for the H2 sample, and the
broadening of peak indicated that the SC-AgNPs were poly-
disperse (figure 5). Reaction mixtures H1, H3 and H4 did
not result in absorbance peak. Thus, sample H2 was used
for further analyses of SC-AgNPs.

Table 1. Sources of E. tarda isolates and their haemolytic properties.

Isolates Species Organ Origin Haemolysis

ET 1 African catfish Skin
Chabang Tiga,

Terengganu
α

ET 2 African catfish Skin
Rantau Panjang,

Kelantan
α

ET 3 Eel Gill
Bukit Tunggal,

Terengganu
α

ET 4 Eel Kidney
Bukit Tunggal,

Terengganu
α

ET 5 Eel Kidney
Bukit Tunggal,

Terengganu
α

ET 6 Eel Liver
Bukit Tunggal,

Terengganu
α

ET 7 Eel Skin
Bukit Tunggal,

Terengganu
α

ET 8 Eel Skin
Bukit Tunggal,

Terengganu
α

ET 9 Eel Gill
Bukit Tunggal,

Terengganu
α

ET 10 African catfish Eye
Bukit Tunggal,

Terengganu
β

ET 11 African catfish Skin
Bukit Tunggal,

Terengganu
α

ET 12 Eel Skin
Bukit Tunggal,

Terengganu
α

Keys: (ET) E. tarda isolates, (−) negative reaction, (+) positive reaction
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Table 2. Functional groups involved in the synthesis of SC-AgNPs.

Frequency (cm−1) Functional group Molecular motion Intensity

3381 Alcohol O-H stretch Strong

2928 Alkane C-H stretch Strong

1615 Aromatic C=C stretch Medium-Weak

1441 Aromatic C=C stretch Medium-Weak

Carboxylic acid O-H bend Medium

1204 Alcohol C-O stretch Strong

1045 Alcohol C-O stretch Strong

Figure 3. E. tarda colonies on (a) XLD and (b) TS agar. (a) The colonies were 1 to 3 mm in size, clear pink with black centre (white arrows); (b) whitish
colonies of 1 to 3 mm on TS agar plate (black arrow).

3.3 FTIR spectroscopic analysis

The FTIR analyses of SC leaf extract (control) and SC-
AgNPs revealed spectra with peaks at 3381, 2928, 1710,
1615, 1441, 1204 and 1045 cm−1 for the control, and 3239,
2932, 1648, 1385, 1202, 1047 and 930 cm−1 for SC-AgNPs
(figure 6). The functional groups deduced to be involved
in the synthesis of SC-AgNPs were shown in Table 2. A
peak at 3381 cm−1 is a characteristic of the O-H stretch of
saponin and tannin groups present in the phytoconstituents.
The peaks at 2928 and 1615 cm−1 can be assigned to the
C-H stretch and C=C stretch, denoting the presence of tan-
nin groups in the S. caseolaris extract. The 1441 and 1204
cm−1 peaks were attributed to the C=C stretch, O-H bend,

and C-O stretch of the phenolic groups in tannin. The peaks
at 3381, 1710, 1441, and 1204 cm−1 in the control were
shifted to lower frequencies at 3239, 1648, 1385, and 1202
cm−1, respectively, in SC-AgNPs, suggesting the involve-
ment of the corresponding functional groups, such as the
phenolic group in the extract, in the synthesis of SC-AgNPs.

3.4 SEM-EDS analysis of SC-AgNPs

The EDS profile of SC-AgNPs revealed peaks correspond-
ing to silver (Ag, predominantly Lβ signal at ∼ 3.00 keV),
oxygen (O, Kα ∼ 0.52 keV), fluorine (F, Kα ∼ 0.68 keV),
and sulfur (S, Kα ∼ 2.31 keV and Kβ ∼ 2.46 keV). The
composition summary indicated that Ag accounted for

Figure 4. The colour changes to brownish during AgNP synthesis reactions with 0.5 mg/mL (H1), 0.1 mg/mL (H2); 0.05 mg/mL (H3), and 0.01 mg/mL
(H4) of S. caseolaris extract. (A) zero hour; (B) 24 h.
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Table 3. (a) BBL Crystal E/NF biochemical reaction profiles of E. tarda isolates.

ET 1 ET 2 ET 3 ET 4 ET 5 ET 6 ET 7 ET 8 ET 9 ET 10 ET 11 ET 12
Biochemical
reaction
Indole + + + + + + + + + + + +

Oxidase − − − − − − − − − − − −
Arabinose − − − − − − − − − − − −
Mannose + + + − + − − + + + + +

Sucrose − − − − − − − − − − − −
Melibiose − − − − − − − − − − − −
Rhamnose − + − − − − − − − − − −
Sorbitol − − − − − − − − − − − −
Mannitol − − − − − − − − − − − −
Adonitol − − − − − − − − − − − −
Galactose − − − − − − − − − − − −
Inositol − − − − − − − − − − − −
Esculin − − − − − − − − − − − −
p-nitro-DL-
phenylalanine

− − − − − − − − + − − −

Urea − − − − − − − − + − − −
Glycine − − − − − − − − + − − −
Citrate − − − − − + + − + + − −
Molanate + − − − − − − − − − − −
Tetrazolium + − − − − − − − − − − −
Arginine − − − − − + + − − − − −
Lysine + + + + + + + + + + + +

Keys: (ET) E. tarda isolates, (−) negative reaction, (+) positive reaction

Table 3. (b) BBL Crystal E/NF enzymatic reaction profiles of E. tarda isolates, and identification confidence level (%).

ET 1 ET 2 ET 3 ET 4 ET 5 ET 6 ET 7 ET 8 ET 9 ET 10 ET 11 ET 12
Enzymatic
reaction
p-n-p-phosphate + + + + + + + + − + + +

p-n-p-α-β-
glucoside

− − − − − − − − − − − −

p-n-p-β-
galactoside

− − − − − − − − − − − −

Proline p-
nitroanilide

+ + + + + + + + + + + +

p-n-p bis
phosphate

− − − − − − − − − − − −

p-n-p-xyloside − − − − − − − − − − − −
p-n-p-α-
arabinoside

− − − − − − − − − − − −

p-n-p-
phosphorylcholine

− − − − − − − − − − − −

p-n-p-β-
glucuronide

− − − − − − − − − − − −

p-n-p-N-acetyl
glucosaminideend

+ + + + + − − + + + + +

γ-L-glutamyl
p-nitroanilide

− − − − + − − − − − − −

Confidence value
(%)

99.99 99.98 99.99 99.95 99.94 99.58 99.58 99.99 99.99 99.99 99.99 99.99

Keys: (ET) E. tarda isolates, (−) negative reaction, (+) positive reaction
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Figure 5. UV-Vis absorption spectra of AgNP synthesis reaction mixtures using different concentrations of S. caseolaris extract (H1, 0.5 mg/mL; H2, 0.1
mg/mL; H3, 0.05 mg/mL, H4, 0.01 mg/mL).

most of the nanoparticle weight at 84.49%, followed by O
at 11.01%, and F at 4.50%. However, the contribution of S
was below the reporting threshold (figure 7).

3.5 TEM analysis of SC-AgNPs
Morphological analysis using TEM showed polydisperse,
near-spherical SC-AgNPs (figure 8). Particle size distribu-
tion (PSD) analysis showed range from 10 to 40 nm with
the average size of 22.3 nm (figure 9).

3.6 Antibacterial activity of SC-AgNPs
The antibacterial activity of SC-AgNPs (H2) was presented
in figure 10. The antibacterial effect of SC-AgNPs (H2) on
ET1, ET2, ET5, ET8, ET11, and ET12 was higher compared
to positive control (E30). An independent sample t-test
showed significantly higher antibacterial activity of SC-
AgNPs (H2) than E30 against ET4 (t(2) = −5.00, p =
0.038), with a mean difference of −1.67 (95% CI: −3.10
to −0.23). Significantly higher antibacterial activities of

SC-AgNPs (H2) were also observed in ET8 (t(4) = 3.46, p
= 0.026) with a mean difference of 2.00 (95% CI: 0.40 to
3.60), ET11 (t(2) = 8.00, p = 0.015) with a mean difference
of 2.67 (95% CI: 1.23 to 4.10), and ET12 (t(2) = 5.00, p
= 0.038) with a mean difference of 1.67 (95% CI: 0.23
to 3.10). The negative control (SCE) did not produce an
inhibition zone, indicating no antibacterial activity against
the E. tarda isolates. SC-AgNPs produced inhibition zones
ranging from 10 to 14 nm in diameter against isolates ET1-
ET12, demonstrating variation in their susceptibility to the
antibacterial effect. The highest antibacterial effect of SC-
AgNPs was recorded against isolate ET10 (14 nm) while
the lowest was on isolate ET6 (10 nm).

3.7 MIC and MBC values

The antibacterial effectiveness of SC-AgNPs was assessed
by MIC and MBC tests against isolate ET10, which was
presumed to be most virulent on the basis β-haemolytic
property. The MIC and MBC values were determined to

Figure 6. FTIR spectra of S. caseolaris extract and SC-AgNPs tracked the chemical changes during SC-AgNPs formation.
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Figure 7. (a) SEM image and (b) EDS spectrum (elemental analysis) of SC-AgNPs. The EDS spectrum shows signals corresponding to Ag (mainly Lβ
peak ∼ 3.00 keV), O (Kα peak ∼ 0.52 keV), F (Kα peak ∼ 0.68 keV), and S (Kα peak ∼ 2.31 keV, Kβ peak ∼ 2.46 keV). The composition summary
shows that Ag constitutes the bulk of the nanoparticle’s weight at 84.49%, followed by O at 11.01%, and F at 4.50%. S is below the composition reporting
threshold.

be 2.5 µg/mL. No growth of isolate ET10 was observed on
MHA at 2.5 µg/mL and higher concentrations of SC-AgNPs
(figure 11). The antibacterial effect was considered to be
bactericidal on ET10 because the MBC/MIC ratio was 1.

Figure 8. TEM images of near-spherical SC-AgNPs, and particle size
distribution (PSD) analysis.

4. Discussion
Edwardsiellosis is among the serious infectious diseases in
the aquaculture sector. It can significantly affect the quality,
growth performance, and survival rate of the fish. In the
present study, E. tarda infected fish exhibited haemorrhagic,
ulcerative, and necrotic lesions on the skin. Previous study
by Park et al. [10] reported hernia, exophthalmia, ascites,
haemorrhages and severe lesions in the internal organs of
E. tarda-infected fish. According to Goh et al. [38], fish
infected with E. tarda showed loss of pigmentation, skin
haemorrhages, exopthalmia, haemorrhagic ascites, and con-
gestion in the liver, spleen, and kidney. In the present study,
50% of E. tarda isolates were obtained from the skin lesions

Figure 9. SC-AgNP size distribution ranges from 10 to 40 nm, with an
average size of 22.3 nm.

of the fish. According to Rediet et al., [5], E. tarda are most
prone to invading the abraded skin and intestine of the fish.
In contrast, Butar-butar et al. [39] found that the highest
isolation of E. tarda is from kidney, which probably due to
poor water quality and high organic content in the water,
that disrupted the normal physiological functions of the fish
kidney. In the current study, the β-haemolytic strain ET10
is generally regarded as virulent, given its ability to lyse
the red blood cells. Haemolysin, the pore-forming toxin, is
one of the virulence factors of bacteria alongside adhesion
factors, biofilm formation, motility and exoenzymes such
as proteases, deoxyribonucleases (DNase), and lipase [40].
In the present study, the brownish colour appearance in
the S. caseolaris extract and silver nitrate (AgNO3) aque-
ous solution mixture during incubation indicated successful
reduction of silver ions (Ag+) to metallic silver (Ag0) by
the reducing agents in the extract. This phenomenon of
colour change is called surface plasmon resonance (SPR),
and occurs due to the excitation of surface plasmon vibra-
tions (quantum oscillations of the free electrons) in silver
nanoparticles [41], suggesting an ongoing process of Ag-
NPs formation. The colour change will stop when all the
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Figure 10. Antibacterial activity of SC-AgNPs (H2) against 12 E. tarda isolates. Data was expressed as mean ± SD. *P< 0.05.

Ag+ ions or reducing agents present are exhausted. The
bio-molecule content in the plant extract, and its concentra-
tions are responsible for the extent of colour changes and
reduction of Ag+ ions [42]. Similar findings were reported
by using different plant extract include Malachra capitata
(L.) leaf extract, Avicennia marina extract and Eugenia rox-
burghii extract [43–45].
However, despite the reduction of Ag+ ions in all four reac-
tion mixtures in the present study, successful synthesis of
SC-AgNPs was only confirmed in reaction mixture H2 by
UV-Vis analysis, which demonstrated an absorption peak
at 424 nm. This agrees with Abd El-Aziz and Yousef [46],
who stated that the characteristic peaks of the absorption
spectra of AgNPs range between 350−550 nm. According

to Vijayaraj et al. [43], the occurrence of absorption peak
is due to the excitation of plasmon vibrations on the outer
surface of the AgNPs by the applied electromagnetic field.
In addition, the current study also demonstrated that SC-
AgNPs, with an absorption peak at 424 nm were stable, and
well-dispersed without aggregation. Similarly, the AgNPs
synthesised using mangrove Avicennia marina extract [44]
and rosemary extracts [46] exhibited SPR at 420 nm. In the
study by Asif et al. [47], AgNPs synthesised using Moringa
oleifera extracts recorded an SPR peak around 419 nm. In
the present study, UV-Vis spectroscopy revealed unsuccess-
ful SC-AgNPs formation in reaction mixtures H1, H3, and
H4, despite the successful conversion of Ag+ ions to Ag0.
The formation likely failed during the stabilisation or cap-

Figure 11. (a) No bacterial growth in the well at a concentration of 2.5 µg/mL. (b) No bacterial growth on the MH agar at 2.5 µg/mL (red box).
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ping process due to suboptimal concentrations of stabilising
or capping agents in the extract. The low and high con-
centrations of S. caseolaris leaf extract can cause failure in
AgNP synthesis [48]. The present study demonstrated that
0.1 mg/mL S. caseolaris leaf extract in 0.001 M of AgNO3
aqueous solution is optimal for SC-AgNP formation.
FTIR is an advanced technique for analysing the in-
volvement of phytochemical functional groups, including
flavonoids, terpenoids, alkaloids, phenolic acids, and pro-
teins in the reduction and stabilisation processes of AgNP
synthesis [49]. In this study, FTIR analysis showed the
presence of various organic functional groups in the S. case-
olaris leaf extract. The functional compounds in the plant
extract collectively play reduction, capping and stabilisa-
tion roles during AgNP synthesis [50]. In the present study,
tannins and steroids likely acted as reducing agents, while
saponins and other possible oxygen-containing compounds
stabilised the SC-AgNPs. According to Nguyen et al. [51],
compounds containing oxygen such as saponins, tannins,
and phenolics act as potential capping and stabilising agents
for nanoparticles. It also agrees with El-seedi et al. [52],
that the functional groups from diverse metabolites of plant
extracts react with metal ions, and reduce them to metal-
lic nanoparticles. Jeyapaul et al. [53] have also reported
that nanoparticles synthesised using plant extract were sur-
rounded by a thin layer of organic compounds from the
extracts, which acted to cap and stabilise the nanoparticles.
In the present study, the EDS profiling detected signals
corresponding to Ag (primarily at ∼ 3.00 keV), O (∼ 0.52
keV), F (∼ 0.68 keV), and S (∼ 2.31 and ∼ 2.46 keV),
and deduced a composition of 84.49% Ag, 11.01% O, and
4.50% F for SC-AgNP, with S falling below the reporting
threshold. The findings strongly support the formation of
SC-AgNPs. The finding agrees with Yu et al. [54], who
also reported X-ray emission signal of approximately 3 keV
for AgNPs. On the other hand, AgNPs synthesised using M.
capitata (L.) exhibited EDX spectra showing 70.36% Ag at
3 keV [43]. The EDS pattern in the present study did not
show any signal for nitrogen (N), suggesting the absence
of detectable trace of nitrogen ions from the initially used
AgNO3, which is supported by the findings of Kambale et al.
[55]. According to Das et al. [56], the presence of oxygen
and fluorine is possibly derived from the environment and
plant extract, respectively. Kambale et al. [55] suggested
that the presence of oxygen atoms in the AgNPs sample
is indicative of the existence of organic compounds on the
surface of the AgNPs.
The formation of polydisperse near-spherical nanoparticles
of 10−40 nm in the present study agrees with the findings
of Hassan and Mustafa [57], due to the presence of diverse
reducing, capping and stabilising agents. According to Higo
et al. [58], the formation of polydisperse AgNPs, with a
layer of the organic material surrounding the AgNPs will
result in good dispersion of the nanoparticles in solution. In
the current study, nanoparticles in the size range of 21−25
nm constituted the highest percentage (36%), while those
in the 36− 40 nm range accounted for the lowest (2%).
Khalandi et al., [59] revealed that the size of AgNPs plays
an important role in their antimicrobial activity. This is

supported by Dakal et al. [60], who classified AgNPs with
sizes less than 50 nm as effective antimicrobial agents. In
a previous research by Khalandi et al., [59], AgNPs in the
size range of 25− 30 nm exhibited more potent biocidal
activity compared to those in the range of 35−52 nm. The
high percentage of small-sized particles (21−25 nm) in the
SC-AgNPs synthesised suggests their strong potential as
effective antibacterial agents.
The SC-AgNPs synthesised in the present study inhibited
the growth of all 12 E. tarda isolates, with most of them
producing a larger inhibition zone than the positive con-
trol (Erythromycin 30 µg), indicating strong antibacterial
activity against E. tarda. The significant antibacterial ac-
tivity against E. tarda may be attributed to the antibacterial
property of silver and the small size of SC-AgNPs (aver-
age 22.3 nm), and the synergistic antibacterial effects of
fluorine, sulfur, and phytobioactive compounds coating the
AgNPs as a layer of capping agents. In comparison with
chemically synthesised AgNPs, Ibrahim et al. [61] had re-
ported that green synthesis of AgNPs using pomegranate
extract exhibit higher antibacterial activity compared with
chemically synthesised AgNPs, possibly due to the faster
rate of nanoparticle stabilisation mechanism by organic
compounds in the extract. Bahraminezhad et al. [62] also
reported that green synthesised AgNPs using Abrimonia
eupatoria L. extract demonstrated significant antibacterial
activity against Escherichia coli compared with chemically
synthesised AgNPs. The smaller size of AgNPs provides
a larger contact surface with bacteria, thus increasing their
effectiveness in causing bacterial death [59]. This agrees
with the findings of Salahuddin et al. [63], who found that
small-sized AgNPs are excellent growth inhibitors for bac-
teria.
The actual antibacterial mechanisms of AgNPs are, however,
still controversial. More et al. [64] reported that AgNPs can
cause oxidative stress, protein dysfunction, cell membrane
disruption and DNA damage which lead to bacterial cell
death. According to Roy et al. [65], AgNPs attach to the
microbial cell wall and membrane due to the electrostatic
attraction between the negatively charged microbial cell
membrane and positively charged AgNPs. The morpho-
logical changes in the membrane structure triggered by the
nanoparticles lead to disruption of membrane permeabil-
ity and respiratory functions via membrane depolarisation.
The infiltration of AgNPs into the bacterial cells causes en-
zyme inactivation, protein denaturation, DNA damage and
ribosome disassembly. As a consequence of increased mem-
brane permeability and cell wall disruption, cellular con-
tents including enzymes, proteins, ions, DNA, metabolites
and energy reservoir leak into the environment, ultimately
leading to loss of cell integrity and cell death. Therefore,
the primary antibacterial mechanism of AgNPs is the disin-
tegration of the cell wall by the nanoparticles’ adhesion.
Siddiqi et al. [66] has proved the association between Ag-
NPs and microbial cells with scanning and transmission
electron microscopy (SEM and TEM) analyses. TEM re-
vealed cell wall disruption and numerous electron-dense pits
at sites of AgNP-induced damage. The strong interaction
between ionic Ag+ and thiol groups of cysteine residues
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of protein in the cell wall is one of the mechanisms by
which the Ag+ permeated the cell wall [67]. Girma et. al.
[67] reported that the toxic effects of Ag+ cause the in-
crease in cellular oxidative stress in microbes. The ability
of AgNPs to generate reactive oxygen species (ROS) and
free radicals including hydrogen peroxide (H2O2), super-
oxide anion (O−

2 ), hydroxyl radical (OH•), hypochlorous
acid (HOCl) and singlet oxygen (1O2) contributes to their
strong antibacterial activity. These chemical species induce
oxidative stress in bacterial cells, leading to antibacterial
effects. AgNPs possess a high oxidation potential, which
can result in lipid peroxidation, protein oxidative carbonyla-
tion, DNA/RNA strand breakage, and membrane structure
damage. Additionally, AgNPs can denature cellular ribo-
somes, thereby inhibiting translation and protein synthesis.
In addition, Ahmad et al. [68] reported that AgNPs inhibit
respiratory chain enzymes and disrupt bacterial cell divi-
sion. Previous studies have shown that Ag+ ions released
from AgNPs interact with the thiol group (-SH) in bacterial
proteins, compromising their structural integrity and func-
tion, as well as interfering with DNA replication [68, 69].
Interestingly, AgNps can effectively target biofilms as both
AgNPs and their released Ag+ ions can penetrate extracellu-
lar polymeric substances. They interact with various biofilm
components, disrupting bacterial metabolism and other vital
cellular functions [70].

5. Conclusions
The methanolic leaf extract of S. caseolaris biosynthesised
stable, polydisperse and near-spherical SC-AgNPs with
an average size of 22.3 nm. SC-AgNPs demonstrated
significant antibacterial activity against 12 E. tarda isolates
including the β-haemolytic strain. The present findings
suggest the potential of SC-AgNPs as an alternative
therapeutic agent to antibiotics for the treatment of
edwardsiellosis.
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