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Agricultural waste, such as empty fruit bunches (EFB) from palm oil production, poses environmental and health
risks if not effectively managed. This study addresses this issue by innovatively transforming EFB biomass into
high-value silver nanoparticles (AgNPs) via a green synthesis approach, marking the first successful biosynthesis
of AgNPs from EFB. UV-Vis, FTIR, TEM, SAED, and EDX studies were used to characterize biosynthesized EFB-
AgNPs. Biosynthesized EFB-AgNPs were tested for antibacterial, antioxidant, antidiabetic, anticoagulant, and
thrombolytic activities. EFB-AgNPs showed a surface plasmon resonance peak at 477 nm, hydroxyl and amine
group stabilization, and a silver content of 75.56 %. TEM and SAED analyses confirmed nanoscale particle di-
ameters ranging from 12.78 nm to 19.10 nm, with a characteristic face-centered cubic (FCC) crystalline struc-
ture. EFB-AgNPs inhibited Escherichia coli, Klebsiella oxytoca, Staphylococcus aureus, Proteus mirabilis, and
Pseudomonas aeruginosa dose-dependently from 40 % to 80 %, and 100 % of Aspergillus niger, A. fumigatus, and
A. flavus. Reactive oxygen species (ROS) may cause cell membrane rupture and oxidative stress. Antioxidant
testing demonstrated concentration-dependent activity across multiple assays: DPPH scavenging reached
81.49 % at 160 pg/ml, ferric-reducing activity was 90.05 % at 150 pg/ml, H20: scavenging achieved 91.00 % at
80 pg/ml, and NO scavenging reached 83.43 % at 150 ug/ml. Furthermore, EFB-AgNPs prevented blood coag-
ulation and dissolved blood clots. In addition, EFB-AgNPs inhibited a-amylase with 74.64 % at 100 ug/ml. This
unique approach of transforming EFB trash into high-value AgNPs could help sustain waste management and the
circular bioeconomy by enabling medicinal applications.

1. Introduction materials, and drug delivery systems, emphasizing their adaptability

and importance in modern medicine [42,92,94].

Nanotechnology has significantly impacted various industries,
especially medicine, by producing nanoparticles with unique properties
and diverse biological activities. Silver nanoparticles (AgNPs) have
emerged as appealing nanomaterials owing to their potent antibacterial
properties, effective against a wide range of pathogens, including bac-
teria, fungi, and viruses. The unique physicochemical properties of
AgNPs, such as their high surface area-to-volume ratio and ability to
release silver ions, augment their efficacy as antibacterial agents [46,56,
62,79,93]. Recent research have underscored the potential of AgNPs in
several biomedical applications, including wound healing, dental
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The green synthesis of metallic nanoparticles has emerged as a sig-
nificant area of research, particularly in the context of sustainable
development and environmental conservation. This approach utilizes
biological materials, such as plant extracts, to produce nanoparticles in a
manner that is eco-friendly, cost-effective, and efficient. Recent studies
have highlighted the advantages of using plant extracts for the synthesis
of various metallic nanoparticles, exhibiting unique properties suitable
for diverse applications in medicine, environmental remediation, and
catalysis [61,71,82]. The process of green synthesis not only minimizes
the environmental impact associated with traditional chemical methods
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but also enhances the stability and biocompatibility of the nanoparticles
produced. For instance, the use of plant extracts as reducing and stabi-
lizing agents has been shown to facilitate the formation of nanoparticles
with controlled size and morphology, which is crucial for their effec-
tiveness in various applications [9,76,64]. Recent studies have high-
lighted the advantages of this method, particularly in the synthesis of
silver nanoparticles (AgNPs), which have demonstrated significant
antimicrobial properties. The green synthesis of AgNPs using extracts
from plants such as Cannabis sativa, Kemloko fruit, and Moringa oleifera,
among others have been reported to yield nanoparticles with potent
antibacterial activities, making them valuable in medical and environ-
mental applications [18,59,8].

The plant extracts are abundant in phytochemicals that promote the
reduction of silver ions to nanoparticles, while also providing other
biological activities, including antioxidant and anti-inflammatory ef-
fects [48,68,91]. The dual functionality increases the therapeutic po-
tential of AgNPs, rendering them appropriate for various applications in
biomedicine. Moreover, the environmental consequences of producing
AgNPs from agricultural waste, such as EFB, must not be disregarded.
Using waste materials enhances sustainability and mitigates the envi-
ronmental impact of conventional nanoparticle manufacturing tech-
niques. This methodology is consistent with the tenets of green
chemistry, advocating for environmentally sustainable methods in
nanotechnology [103,35,83]. Researchers can employ agricultural
by-products to create economical and eco-friendly techniques for syn-
thesizing AgNPs, thereby mitigating health and environmental issues.

The characterization of AgNPs is crucial for understanding their size,
shape, and surface properties, which directly influence their biological
activities. Methods including UV-Vis spectroscopy, transmission elec-
tron microscopy (TEM), and dynamic light scattering (DLS) are
frequently utilized to examine the produced nanoparticles [24,6,86,98,
99]. Recent studies indicate that the dimensions and morphology of
AgNPs substantially influence their antibacterial efficacy, with smaller
nanoparticles demonstrating superior activity owing to their augmented
surface area and capacity to infiltrate microbial cell membranes [70,72].
Furthermore, the stability of AgNPs in biological contexts is essential for
their practical uses, requiring the investigation of diverse stabilizing
agents and formulations [11,54]. Besides their antimicrobial capabil-
ities, AgNPs exhibit considerable antioxidant activity, crucial for alle-
viating disorders associated with oxidative stress. The antioxidant
potential of AgNPs is frequently ascribed to the phytochemical constit-
uents of the plant extracts employed in their manufacture, which can
neutralize free radicals and safeguard cellular components from oxida-
tive harm [84,95]. This feature is especially significant in the realm of
chronic disorders, wherein oxidative stress is important in disease
advancement. Research indicates that AgNPs derived from diverse plant
extracts demonstrate preventive properties against oxidative damage in
cellular models [68,84].

The antidiabetic efficacy of AgNPs has been investigated, with
multiple studies demonstrating its capacity to modulate blood glucose
levels and enhance insulin sensitivity. The AgNPs derived from the fo-
liage of medicinal plants have demonstrated hypoglycemic effects in
diabetic animal models, indicating their potential as supplementary
treatments in diabetes care [69,79]. The diverse therapeutic potential of
AgNPs renders them significant candidates for tackling numerous health
issues, including metabolic disorders. Additionally, the anticoagulant
characteristics of AgNPs have attracted interest recently, especially
concerning cardiovascular health. The capacity of AgNPs to influence
coagulation pathways and improve fibrinolytic activity offers an inno-
vative strategy for preventing thrombus formation and managing car-
diovascular diseases [31,41]. Studies have demonstrated that AgNPs can
significantly impede platelet aggregation and enhance blood circulation,
underscoring their promise as therapeutic agents in vascular medicine
[29,70].

Empty fruit bunches (EFB), a derivative of palm oil manufacturing,
have traditionally been underexploited, as prevalent methods like
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composting or utilizing it as low-grade fuel do not fully harness their
potential [27]. Due to the rich components like lignin, cellulose, and
hemicellulose found in EFB, researchers have repurposed it for creative
applications, including biochemical synthesis and biofuel production, by
the ideals of a circular bioeconomy and sustainable development [60,78,
87]. The ample availability of EFB as a raw material for biochemical
synthesis or biofuel production underscores its significance in the tran-
sition to sustainable practices [23]. Moreover, the transformation of EFB
fibers into cellulose and carboxymethylcellulose (CMC), along with the
separation of lignin, underscores the adaptability of lignocellulosic
agro-industrial leftovers for generating higher-value products [34,36].
EFB can generate organic acids and other value-added products via re-
covery and purification processes, hence underscoring the versatility of
this lignocellulosic material [102]. Additionally, EFB has been exploited
in co-firing power plants using torrefaction procedures which empha-
sizes its potential contribution to renewable energy generation [88]. A
thorough examination of biofuels derived from EFB highlights the pre-
sent condition, potential, obstacles, and future directions for utilizing
this biomass in sustainable biofuel production [37]. The production of
bioethanol from EFB and the characterization of low-ash EFB pellets as
solid biofuels illustrate the varied possibilities of this agricultural waste
in the renewable energy sector [65]. The catalytic co-pyrolysis of EFB
and coal into liquid oil underscores the potential for efficient and
environmentally friendly alternative energy sources [40].

Despite the abundance of bioactive chemicals found in EFB and the
applications above, its utilization in nanotechnology and biological
domains remains unexplored. Employing EFB not only offers a beneficial
application for this waste material but also adheres to the tenets of green
chemistry by diminishing dependence on hazardous substances. This
study builds upon the green synthesis of AgNPs by utilizing EFB extract
for the first time. The synthesized nanoparticles were described using
various methods, and their biological activities were evaluated. The
antimicrobial efficacy of AgNPs against several bacterial and fungal
isolates was assessed via turbidimetric and poisoned plate methodolo-
gies respectively. Furthermore, the nanoparticles’ antioxidant, antidia-
betic, anticoagulant and thrombolytic activities were assessed to
evaluate their potential as multifunctional agents in biomedical appli-
cations. The study also explores the mechanisms behind AgNPs’ bio-
logical activities, aiming to deepen understanding of their effects and
safety in therapeutic applications.

2. Materials and methods
2.1. Materials

Chemicals and other reagents used in this study were procured from
K-Prime Medics Integrated Limited, with all reagents being of analytical
grade and at least 99 % purity.

2.2. Preparation of EFB Extract

The EFB was acquired from a private oil processing firm situated in
Ilorin, Kwara State, Nigeria (8.47239° N, 4.58107° E). The EFB samples
were air-dried at room temperature and then milled. The milled samples
were then extracted with water at 60 °C for one hour using a 1 % (wt/
vol) solution. After extraction, the solution was filtered using Whatman
filter paper No. 1 and centrifuged at 4000 rpm for 20 minutes. The
resulting extracts were employed immediately without further purifi-
cation [101].

2.3. Silver nanoparticle phytosynthesis and characterization

Precisely 1 ml of the filtered EFB extract was introduced into a re-
action tube containing 40 ml of a 1 mM AgNOj solution. The reaction
was conducted at ambient temperature (30 + 2 °C), with color changes
visually monitored over 24 hours [100]. Subsequently, the absorption
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spectrum was analyzed by scanning within the 200-800 nm range using
a UV-Vis spectrophotometer. The biosynthesize AgNPs were further
examined utilizing Fourier transform infrared spectroscopy (Nicolet
iS10 FTIR Spectrometer), transmission electron microscopy
(JEM-ARM200F-G TEM JOEL-JSM 7600 FJ), energy-dispersive X-ray
spectroscopy, and scanning electron microscopy (JOEL-JSM 7600 FJ).

2.4. Antimicrobial efficacy of the biosynthesized EFB-AgNPs

The antibacterial efficacy of the biosynthesized EFB-AgNPs was
assessed by a broth dilution assay [49], employing multi-drug resistant
gram-positive and gram-negative bacterial isolates (Escherichia coli,
Klebsiella oxytoca, Staphylococcus aureus, Pseudomonas aeruginosa, and
Proteus mirabilis) obtained from the University of Ilorin Teaching Hos-
pital, Oke-Oyi, Nigeria. One milliliter of each 24-hour broth culture,
calibrated to a 0.5 McFarland standard (1 x10"6 cfu/ml), was inoculated
into 8 milliliters of peptone broth. Thereafter, 1 ml of EFB-AgNPs at
concentrations of 20, 40, 60, 80, and 100 ug/ml was included in the
mixture. The control lacked nanoparticles. The cultures were main-
tained at 37 °C for 24 hours. Subsequent optical density measurements
were conducted at 600 nm, and the percentage of growth inhibition was
calculated accordingly using the formula below:

OD Control — OD Test

% Growth inhibition = 0D Control x 100 (€D)

where OD is optical density.

The antifungal efficacy of the EFB-AgNPs was assessed by a mycelial
growth inhibition test [49]. The EFB-AgNPs were included in potato
dextrose agar (PDA) at concentrations of 100 and 150 ug/ml, followed
by inoculation with 6 mm agar plugs from 48-hour-old cultures of
Aspergillus flavus, Aspergillus fumigatus, and Aspergillus niger. The control
plates were devoid of nanoparticles. All plates were incubated at 28 + 2
°C for a duration of 72 hours. The diameters (D) of fungal growth were
measured in millimeters, and the percentage of growth inhibition was
calculated correspondingly as follows:

OD Control — OD Test

% Growth inhibition = 0D Control x 100 2)

where OD is optical density.

2.5. Potential mechanism of action of the biosynthesized EFB-AgNPs

The procedure use was derived from the methodology of Aguda and
Lateef [6]. Attempts were made to clarify the possible mechanisms of
action of the nanoparticles against the bacterial isolates employed. A
sterile peptone solution (6 ml) was prepared, to which 1 ml of a
24-hour-old culture of the test isolates was included, along with 1 ml of
nanoparticles at concentrations of 100 pg/ml and 150 pg/ml (individ-
ually). The resultant mixture was subsequently incubated for 24 hours at
37°C. A control broth culture was established without including nano-
particles. Subsequent to incubation, the cultures are subjected to
centrifugation at 4000 rpm for 15 min, and the optical density of the
supernatant is evaluated at 260 nm and 280 nm to determine the pres-
ence of DNA and proteins, respectively.

2.6. Anticoagulant and thrombolytic activity of the biosynthesized EFB-
AgNPs

The anticoagulant assay was performed according to the methodol-
ogy outlined by Oladipo et al. [67]. In this assay, 1 ml of EFB-AgNPs at a
concentration of 100 pg/ml was combined uniformly with blood from a
healthy donor in a sterile Eppendorf tube. Blood was collected in an
EDTA bottle for the positive control, whereas the negative controls
consisted solely of blood samples collected in a sterile Eppendorf tube.
The samples were allowed to rest for up to one hour, during which visual
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assessments were conducted to detect any blood coagulation. To confirm
the results, each Eppendorf tube was inverted to assess the presence of
anticoagulation. The contents of the tube were then placed on a slide and
examined under an optical microscope to detect the red blood cells,
following the approach outlined by Azeez et al. [16].

Thrombolytic activity was evaluated using a method outlined by
Oladipo et al. [67] for both qualitative and quantitative assessments. In
this procedure, 0.1 ml of blood was transferred into a pre-weighed,
sterile Eppendorf tube and incubated at 37 °C for 30 minutes to pro-
mote clot formation. Subsequent to clot formation, the tube was
re-weighed, and the mass of the blood clot (denoted as X) was deter-
mined by subtracting the initial mass of the tube. The coagulated blood
was then treated with 1000 pul of EFB-AgNPs. The tubes were incubated
at 37 °C for 90 minutes and then evaluated for signs of thrombolysis.
Each tube was inverted to separate the lysed clot from the non-lysed clot.
The final weight of the tube, including the residual blood clot, was
recorded, and the initial weight of the tube was subtracted to determine
the weight of the non-lysed blood clot (marked as Y). The thrombolytic
activity was measured as follows:

Thrombolytic activity =

x 100 3

2.7. Invitro antioxidant activities of the biosynthesized EFB-AgNPs

To evaluate the antioxidant activity of the biosynthesized EFB-
AgNPs, the DPPH (2,2-diphenyl-1-picrylhydrazyl) test, H2Og2
(hydrogen peroxide scavenging) assay, FRAP (ferric-reducing antioxi-
dant power) assay, and NO (nitric oxide) assay were utilized, following
the established methodology [101].

Different concentrations (100-160 pg/ml) of EFB-AgNPs were
assessed in the DPPH assay. Solutions of EFB-AgNPs were prepared at
various concentrations (100-160 ug/ml) and mixed with 4 ml ofa 1 mM
DPPH solution. The mixture was incubated in the dark for 30 minutes to
stabilize free radical interactions. Ascorbic acid served as the reference
standard. Absorbance was measured at 517 nm using a UV-Vis spec-
trophotometer (Spectro UV-2505). The % DPPH scavenging activity was
calculated using the formula:

%DPPH scavenging effect = %xloo “4)
Where: AB= Blank’s absorbance and AS= Sample’s absorbance.

To carry out HyO assay, A 40 mM solution of H20: was prepared
using phosphate buffer (pH 7.4). EFB-AgNPs were tested at various
concentrations (10-80 pg/ml). Specifically, 0.6 ml of the H20: solution
was mixed with 4 ml of distilled water and varying amounts of the
nanoparticles. The mixture was incubated for 20 minutes, after which
absorbance was measured at 610 nm using a UV-Vis spectrophotometer
(Spectro UV-2505). Ascorbic acid was used as the reference standard.
The scavenging activity was calculated using the following formula:

AC - AS
— X

AC 100 5)

% H,0, scavenging effect =

Where AC represents the absorbance of the negative control, and AS
denotes the absorbance of the sample.

For ferric reducing antioxidant power of the biosynthesized EFB-
AgNPs. EFB-AgNPs were evaluated at different concentrations (10, 20,
40, 60, 80, 100, and 150 pg/ml), with ascorbic acid serving as the
standard reference. For each sample, 2.5 ml of 200 mM phosphate
buffer (pH 6.6) and 2.5 ml of 1 % potassium ferricyanide were added.
The mixtures were incubated at 50°C for 20 minutes and rapidly cooled.
Next, 2.5 ml of 10 % trichloroacetic acid (TCA) was added to terminate
the reaction, followed by centrifugation at 3000 rpm for 10 minutes.
The supernatant (2.5 ml) was combined with 2.5 ml of deionized water
and 1 ml of 0.1 % ferric chloride solution. Absorbance was measured at
700 nm using a UV-Vis spectrophotometer (Spectro UV-2505). A blank
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devoid of nanoparticles was used as a control. The reducing activity was
calculated using the formula:

Asample - Ablank

x100 (6)
Ablank

% reducing activity =

where A is Absorbance

Different concentrations of EFB-AgNPs (10-150 pg/ml) were pre-
pared, with ascorbic acid serving as the standard reference for the nitric
oxide scavenging assay. A 5mM sodium nitroprusside solution in
phosphate-buffered saline (pH 7.4) was used to generate nitric oxide
(NO) radicals. One milliliter of sodium nitroprusside solution was mixed
with varying concentrations of EFB-AgNPs and incubated at 25°C for
30 minutes. Following incubation, 2 ml of Griess reagent (1 % sulfa-
nilamide, 2 % phosphoric acid, and 0.1 % N-1-naphthyl ethylenedi-
amine dihydrochloride) was added to the reaction mixture to detect
nitrite formed from NO. Absorbance was measured at 546 nm using a
UV-Vis spectrophotometer (Spectro UV-2505). The nitric oxide scav-
enging activity was calculated using the following formula:

AS

AC —
% scavenging effect = CAicxloo @)

Where: AC= absorbance of control and AS= absorbance of sample

2.8. Invitro anti-diabetic assay

2.8.1. a-Amylase inhibitory activity

The in vitro antidiabetic efficacy of biosynthesized EFB-AgNPs
(concentrations 20-100 pg/ml) was assessed using a conventional
a-amylase technique [101]. Various concentrations of EFB-AgNPs (20,
40, 60, 80, and 100 ug/ml) were tested, with acarbose serving as the
standard reference. To conduct the assay, 500 pl of each EFB-AgNPs
concentration was mixed with 500 ul of 0.2 mM phosphate buffer (pH
6.9) containing a-amylase solution (0.5 mg/ml). The reaction mixture
was incubated at room temperature for 10 minutes, followed by the
addition of 500 pl of a 1 % starch solution in 0.02 M sodium phosphate
buffer (pH 6.9). The reaction was allowed to proceed for another
10 minutes and was terminated by the addition of 1 ml of 3,5-dinitrosa-
licylic acid (DNS) reagent. The reaction mixtures were heated in a
boiling water bath for 5 minutes, cooled to room temperature, and
diluted with 10 ml of distilled water. Absorbance was measured at
540 nm using a UV-Vis spectrophotometer (Spectro UV-2505). A control
sample was prepared without EFB-AgNPs. The percentage inhibition of
a-amylase activity was calculated using the formula:
%inhibition = ACA;CAleoo ®
Where: AC represents the absorbance of the control, and AS denotes the
absorbance of the sample.

2.9. Statistical analysis

All experimental results were statistically analyzed using SPSS
Version 27.0 statistical software. Data were expressed as mean
+ standard error (SE) and were derived from three independent exper-
iments conducted triplicate, depending on the assay. Significant differ-
ences among experimental groups were determined using one-way
analysis of variance (ANOVA), followed by Duncan’s post-hoc test to
compare the means and highlight significant variations among samples.
A p-value < 0.05 was considered statistically significant.

3. Results and discussion
3.1. Biosynthesis of AgNPs

In the production of AgNPs utilizing EFB extract, a notable color
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change occurred in the AgNO3 solution, shifting from colorless imme-
diately upon mixing to a deep dark brown as the reaction reached
equilibrium (Fig. 1a). This change, took place within one hour and
stabilizing over 24 hours, is indicative of effective nanoparticle pro-
duction. Color alterations have been documented in the phytosynthesis
of nanoparticles [24,6,100]. Numerous researchers have recorded these
color differences, indicating the variability in nanoparticle synthesis
circumstances and the properties of the final product. The dark brown
hue noted in this investigation signifies the establishment of a stable
colloidal suspension of AgNPs. The hue and intensity can yield infor-
mation regarding the dimensions, distribution, and concentration of the
nanoparticles, that are influenced by the distinctive phytochemicals in
the EFB extract. The bioactive chemicals in the extract function as bio-
reductants, enabling the reduction of silver ions to nanoparticles and
influencing the unique features of the generated AgNPs. The brown hue
exhibited by the EFB-AgNPs is a notable feature among the diverse
colors of AgNPs documented in the literature, which include light yel-
low, brown, and dark brown tones [26,44].

3.2. Characterization of the biosynthesized EFB-AgNPs

The Amax of the biosynthesized EFB-AgNPs was observed at 477 nm
with an absorbance of 0.7621, as illustrated in Fig. 1b, indicating the
existence of nanoparticles and associated with the phenomenon of sur-
face plasmon resonance (SPR), characterized by the collective oscilla-
tion of free electrons at the surface of metallic nanoparticles when
excited by incident light. AgNPs exhibit SPR predominantly within the
observable spectrum, often ranging from 400 nm to 500 nm, influenced
by variables such as particle size, morphology, and the surrounding
medium [20]. Literature indicates that authors have documented Amax
values between 400 and 500 nm for biosynthesized AgNPs [74,85]. The
absorption peak at 477 nm signifies the production of AgNPs. This peak
indicates the reduction of silver ions (Ag™) to metallic silver (Ago),
implying that the nanoparticles are uniformly scattered in the solution.
The absorbance values near the peak at 477 nm signify stable nano-
particle formation. At 475nm: 0.7619, 476 nm: 0.7620, 477 nm:
0.7621, 478 nm: 0.7621, and at 479 nm: 0.7620, indicating a relatively
consistent size distribution of the nanoparticles. Additionally, a broad
absorption band extending from 350 to 650 nm was observed, which is a
characteristic feature of nanoparticles with diverse size distributions
and morphological variations. Such broadening in the SPR band has
been previously reported in green-synthesized AgNPs, where the
complexity of reducing and stabilizing agents in plant extracts in-
fluences the size, shape, and aggregation state of nanoparticles [30]. In
this study, phytochemicals in the EFB extract likely acted as reducing
and capping agents, influencing nanoparticle nucleation and growth.
This resulted in irregular shapes and a size distribution as confirmed by
TEM analysis.

The FTIR spectrum of biosynthesized EFB-AgNPs indicates essential
functional groups implicated in their synthesis and stability (Fig. 2). The
notable peak at 3383.40 cm is ascribed to O-H stretching vibrations of
hydroxyl groups, in accordance with previous studies [43,45], indi-
cating their function in reducing silver ions. A peak at 1638.19 signifies
N-H bending vibrations of amine groups, corroborating previous find-
ings by Lee et al. [50], demonstrating the function of proteins in the
stability of nanoparticles. The peak at 410.35 corresponds to
metal-oxygen (Ag-O) stretching vibrations. which are indicative of
AgNPs. These vibrations indicate that the synthesis process successfully
produced AgNPs, as these vibrations are generally linked to the bonding
interactions between silver and oxygen atoms derived from the plant
extract. The establishment of Ag-O bonds in AgNPs signifies efficient
capping by constituents of plant extracts, which inhibits agglomeration
and improves nanoparticle stability. The capping is essential for pre-
serving the distinctive characteristics of AgNPs, as emphasized by
Obiazikwor and Shittu [66] and Liaqat et al. [53], who observed that
phytochemicals are instrumental in the reduction of silver ions and the
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Fig. 1. The course of biosynthesis of EFB-AgNPs (A); SPR of the UV-Vis absorption of the biosynthesized EFB-AgNPs (B).
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Fig. 2. FTIR spectra of biosynthesized EFB-AgNPs.

stabilization of nanoparticles.

The Energy Dispersive X-ray (EDX) analysis of EFB-AgNPs reveals a
predominant silver (Ag) composition, constituting 75.56 % by weight
and 60.20 % by atomic percentage, hence confirming successful nano-
particle production (Fig. 3a). Oxygen (O) is also important, probably
because capping agents from the EFB extract possess oxygen-rich func-
tional groups. Smaller amounts of carbon (C) and nitrogen (N) suggest
the existence of organic molecules derived from the extract, aiding in
nanoparticle reduction and stabilization. Sodium (Na) is present in trace
amounts, potentially aiding in nanoparticle stability, whereas a modest
silicon (Si) signal is ascribed to the substrate or contamination.

The Selected Area Electron Diffraction (SAED) pattern of bio-
synthesized silver nanoparticles (AgNPs) derived from empty fruit
bunch (EFB) extract offers essential insights into their crystallinity and
phase structure. The SAED pattern displays distinct bright spots orga-
nized in concentric rings, characteristic of polycrystalline materials
(Fig. 3b). This configuration signifies multiple crystallographic planes,
affirming that the EFB-AgNPs possess a crystalline structure typical of
face-centered cubic (FCC) silver. The presence of these rings corresponds
to specific crystallographic planes, which can be indexed to the (111),
(200), (220), and (311) planes of FCC silver, as validated by various
studies [14,89,97].

The TEM analysis of the biosynthesized silver nanoparticles (AgNPs)
from empty fruit bunch (EFB) extract shows that the particles are mostly
spherical, with sizes ranging from about 12.78 nm to 19.10 nm (Fig. 3c).
Well-synthesized silver nanoparticles have a narrow size distribution
and spherical shape. The fact that the EFB-AgNPs are dispersed well, as

shown by the lack of agglomeration, suggests that the nanoparticles are
stable. This is likely due to the phytochemicals present in the EFB
extract, which can act as both reducing and stabilizing agents during the
synthesis process. The presence of these biomolecules not only stabilizes
the nanoparticles but may also make them more biocompatible and
effective for a wide range of biomedical uses, such as drug delivery and
antimicrobial therapies [3].

3.3. Antimicrobial efficacy of the biosynthesized EFB-AgNPs

3.3.1. Antibacterial activity

In this study, EFB-AgNPs exhibit significant broad-spectrum anti-
bacterial activity against various bacterial strains, including Escherichia
coli, Klebsiella oxytoca, Staphylococcus aureus, Pseudomonas aeruginosa,
and Proteus mirabilis (Fig. 4). The observed inhibition rates varied be-
tween 40 % and 80 % across the tested bacterial strains, demonstrating
a distinct dose-dependent effect when concentrations increased from
20 pg/ml to 100 pg/ml. Notably, S. aureus was the most sensitive, with
up to 80 % inhibition at the highest concentration tested. This matches
the results of [17], who found that S. aureus was similarly inhibited
(61.29 %) at 50 pg/ml. Furthermore, [17] demonstrated the sensitivity
of S. marcescens and P. aeruginosa to AgNPs, with inhibition rates of
59.34 % and 54.42 % at 50 pg/ml, respectively, which is consistent with
our findings of 49 %-74 % inhibition for P. aeruginosa. The antibacterial
efficacy observed may be attributed to mechanisms such as cell mem-
brane disruption and oxidative stress induction by silver nanoparticles,
as supported by additional mechanistic studies conducted here, which
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Fig. 3. EDX signals of biosynthesized EFB-AgNPs (A); SAED patterns of biosynthesized EFB-AgNPs (B); TEM micrographs of the biosynthesized EFB-AgNPs (C).

B E. coli S. aureus

90

K. oxytoca P. aeruginosa W P. mirabilis

(%) w -~ n (=) 2 ®
<= <= <= = = = =
H
H
H
H
H
H

Antibacterial Inhibition rate (%)

p—
<=

<=

20 40 60 80 100
Concentration (ug/ml)

Fig. 4. Antibacterial activity of EFB-AgNPs against various bacterial strains at

different concentrations. Data are presented as mean =+ SE from three inde-

pendent experiments performed in triplicate. Statistical significance was

determined by ANOVA with Duncan’s test for mean comparison (p < 0.05).
Error bars indicate the standard error of the mean.

will be discussed in a later section. Statistical analysis confirmed that the
observed differences across bacterial strains and concentrations were
significant (p < 0.05), reinforcing the potential of EFB-AgNPs as anti-
microbial agents. These results align with previous research empha-
sizing the antibacterial potency of AgNPs against both Gram-positive
and Gram-negative bacteria [33,38,6,96,100].

3.3.2. Antifungal activity

The antifungal efficacy of EFB-AgNPs exhibited total suppression of
the fungal strains A. niger, A. fumigatus, and A. flavus at concentrations of
100 and 150 mg/ml (Fig. 5). This discovery underscores the potential of
EFB-AgNPs as a viable antifungal drug, especially given the rising
resistance of fungi to traditional antifungal therapies. The findings
correspond with prior research that has recorded the antifungal efficacy
of AgNPs against many fungal infections, including those from the
Aspergillus genus [12,19].

The antifungal mechanism of action of AgNPs is ascribed to multiple
causes. AgNPs primarily interact with the fungal cell membrane,
resulting in enhanced permeability and subsequent cellular apoptosis.
This is enabled by the production of ROS that impair cellular functioning
and metabolic processes. For instance, Moreno-Vargas et al. [58]
demonstrated that AgNPs could agglomerate around fungal cell mem-
branes, generating ROS that deactivates essential enzymes involved in
nutrient exchange, ultimately causing cell dehydration and nutrient loss.
Such mechanisms are likely responsible for the inhibition observed in
the current study.
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Fig. 5. Antifungal activity of biosynthesized EFB-AgNPs.

Similar to this study, Aguda and Lateef [6] reported that
PBWW-AgNPs exhibited antifungal qualities, with inhibition rates
varying between 67.50 % and 76.25 % at 100 and 150 pg/ml, high-
lighting that EFB-AgNPs achieve higher efficacy at the same concen-
tration. This supports the notion that varieties of fungi can be efficiently
inhibited by AgNPs produced utilizing environmentally friendly tech-
niques, demonstrating the great potential of biosynthesized AgNPs as
strong antifungal medications that might be utilized to treat illnesses
brought on by resistant fungus.

3.4. Possible mechanism of action of the biosynthesized EFB-AgNPs on
bacterial cells

The optical density (OD) values at 260 nm and 280 nm were higher
in cultures that were treated with EFB-AgNPs than in normal cultures.
This showed that nucleic acids and proteins were present (Table 1). This
observation suggests that AgNPs compromise cellular integrity, leading
to cell death, as has been reported by Abdellatif et al. [1] and Salmen
and Alharbi [80]. The observed increase in optical density corresponds
with the findings of Aguda and Lateef [6], further supporting that AgNPs
disrupt cellular structures. One proposed mechanism is the ability of
AgNPs to penetrate bacterial membranes and release Ag" ions directly
into the cytoplasm, enhancing antibacterial efficacy. Hossain et al. [39]
demonstrated that AgNPs act as effective carriers for Ag™ ions, facili-
tating their passage across bacterial cell membranes. AgNPs can also
compromise the structural integrity of bacterial cell walls and mem-
branes, causing leakage of intracellular contents and leading to cell lysis
[6,51].

Moreover, AgNPs are recognized for producing reactive oxygen
species (ROS) when interacting with bacterial cells. These ROS can
induce oxidative stress, resulting in damage to biological components

Table 1
Possible mechanism of action of the biosynthesized EFB-AgNPs on bacterial cells.

like lipids, proteins, and DNA [10]. Oxidative damage significantly en-
hances the antibacterial activity of AgNPs by inducing cellular
dysfunction and death. Additionally, the green synthesis of AgNPs using
EFB extract may incorporate bioactive phytochemicals that synergisti-
cally boost the antibacterial efficacy of the nanoparticles [5]. These
compounds stabilize the nanoparticles, preventing aggregation and
maintaining antibacterial potency over time [57].

3.5. Anticoagulant activity of EFB-AgNPs

This study assessed the anticoagulant efficacy of EFB-AgNPs, which
showed a considerable ability to obstruct blood coagulation. This dis-
covery is consistent with the emerging evidence that AgNPs can alter the
coagulation cascade, suggesting potential therapeutic benefits in set-
tings requiring anticoagulation [15,4]. Three distinct samples were
analyzed in the visual observations: blood combined with EFB-AgNPs,
clotted blood (negative control), and blood mixed with EDTA (positive
control) (Figure 6.1a). The tube containing blood with EFB-AgNPs had
no evident clotting, indicating that these nanoparticles effectively
inhibited coagulation. This suggests that EFB-AgNPs may interfere with
the

coagulation process by interacting with clotting factors or chelating
calcium ions, both of which are required for clotting. In contrast, the
clotted blood in the negative control tube displayed the usual coagula-
tion process. Simultaneously, the positive control, which included blood
and EDTA, showed no clotting, which is consistent with EDTA’s
demonstrated anticoagulant properties. The microscopic investigation
confirmed these findings (Figure 6.1b and c). The blood cells in the
EDTA-treated sample were found to be dispersed and unaggregated,
confirming the absence of clot formation. Similarly, the blood sample
exposed to EFB-AgNPs showed no signs of clot formation, with blood

Organisms Concentration (ug/ml)

100 pg/ml 150 pg/ml CONTROL

260 nm 280 nm 260 nm 280 nm 260 nm 280 nm
Staphylococcus aureus 0.041 0.029 0.124 0.133 0.00 0.00
Klebsiella oxytoca 0.126 0.134 0.169 0.172 0.00 0.00
Escherichia coli 0.157 0.161 0.172 0.176 0.00 0.00
Pseudomonas aeruginosa 0.161 0.166 0.169 0.172 0.00 0.00
Proteus mirabilis 0.165 0.171 0.177 0.173 0.00 0.00
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cells staying dispersed, showing the nanoparticles’ anticoagulant char-
acteristics. {{{Fig. 6}}}

EFB-AgNPs’ anticoagulant impact may be due to their ability to bind
and potentially delay essential coagulation cascade components such as
thrombin or fibrinogen. Thrombin is a key enzyme in the clotting
cascade, facilitating the conversion of fibrinogen to fibrin, which is
necessary for clot formation [52]. EFB-AgNPs can successfully prevent
clotting by inhibiting thrombin activity. Another possible mechanism is
the chelation of calcium ions, which are required at numerous stages of
the coagulation process [77]. EFB-AgNPs may potentially cause struc-
tural changes in blood proteins related with coagulation, reducing their
efficacy. The findings suggest that EFB-AgNPs could be used as potential
therapeutic agents for the prevention of thrombosis and other
clot-related illnesses.

3.6. Thrombolytic activity of EFB-AgNPs

The visual data from the thrombolytic activity assay of EFB-AgNPs
shows that the nanoparticles are effective at lysing blood clots
(Figure 6.2). The initial image, "A," shows a tube with clotted blood,
which serves as the negative control. The blood clot stays intact, with no
signs of disintegration or lysis, indicating a normal coagulation process
without the use of any thrombolytic agents. The second image, "B,"
shows a tube containing clotted blood and EFB-AgNPs. The blood clot in
this sample has been completely dissolved, as evidenced by the liquid
state of the blood, demonstrating that the nanoparticles successfully
eliminate the fibrin network that causes clot formation. The high
thrombolytic activity of EFB-AgNPs suggests that the nanoparticles have
strong fibrinolytic properties. These findings are corroborated by the
quantitative data shown in Table 2, which indicate that EFB-AgNPs have
100 % thrombolytic activity, since the whole thrombus was lysed,
whereas the untreated control had 0 % activity.

The mechanism underlying this activity could involve the nano-
particles directly interacting with the clot’s fibrin network, either by
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boosting the activation of endogenous fibrinolytic enzymes like plasmin
or by directly degrading the fibrin structure [32]. The surface features of
EFB-AgNPs, such as charge, size, and shape, may facilitate these in-
teractions, hence increasing their ability to inhibit clot formation.
Recent research indicates that the size and morphology of AgNPs may
significantly alter their biological interactions, particularly their
thrombolytic activity [81]. The ability of EFB-AgNPs to dissolve blood
clots implies their potential use as a novel thrombolytic medicine, of-
fering an alternative to standard thrombolytic treatments, which usually
have significant side effects and limitations. The use of EFB-AgNPs may
provide a more accurate and successful way for clot dissolution,
particularly in the treatment of thrombotic diseases such as deep vein
thrombosis, pulmonary embolism, and myocardial infarction.

3.7. Invitro antioxidant activities of EFB-AgNPs

3.7.1. DPPH (2,2-diphenyl-1-picrylhydrazyl) Assay

The DPPH assay was used to determine the antioxidant activity of
EFB-AgNPs in comparison to ascorbic acid, a known antioxidant. The
color shift in the DPPH solution containing EFB-AgNPs demonstrated
the nanoparticles’ radical scavenging ability. The color change from
violet to bright yellow indicates the antioxidant capacity of the gener-
ated nanoparticles, which was then measured with a spectrophotometer.
The results for EFB-AgNPs show a significant dose-dependent increase in
activity showing significant differences between EFB-AgNPs and ascor-
bic acid across all tested concentrations (p < 0.05) (Fig. 7a). EFB-AgNPs
showed 23.67 % scavenging activity at 100 ug/ml, increasing to
81.49 % at a maximum concentration of 160 ug/ml. Ascorbic acid, the
positive control, demonstrated significantly higher activity at all con-
centrations, starting at 77.20 % at 100 ug/ml and reaching 93.27 % at
160 pg/ml. The gradual increase in activity revealed in this study is
consistent with previous research that has demonstrated the antioxidant
properties of AgNPs [13,21,25,63,90].

Comparable studies have showed increased DPPH scavenging

Fig. 6. Anticoagulant and thrombolytic activity of biosynthesized EFB-AgNPs. 1:(A: 1, blood ; AgNPs; 2, negative control; 3, positive control); B: microscopic view of
blood in positive control, at 40X; C: microscopic view of blood treated with EFB-AgNPs, at 40X. 2: (A: depicts the control sample, exhibiting clotted blood without
treatment, in which the clot stays unaltered (0 % lysis); B: illustrates the EFB-AgNP-treated sample, exhibiting total clot breakdown (100 % thrombolytic activity)).
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Table 2
Thrombolytic Activity of EFB-AgNPs.
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Sample Initial Tube Tube + Clotted Weight of Blood Clot Final Tube Weight of Non-Lysed Blood ~ Thrombolytic activity =
Weight (a) Blood (b) (X=b-a) Weight (c) (Y=c-a) X - Yx1 00
X
Control (No 0.983 g 1.565 g 0.582 ¢ 1.565 g 0.582 ¢ 0%
treatment)
EFB-AgNPs 0.983 g 1.565g 0.582¢g 0.983 ¢ 0g 100 %
Treated
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Fig. 7. Antioxidant activity of biosynthesized EFB-AgNPs: (A) DPPH activity, (B) H202 scavenging activity, (C) FRAP activity, and (D) NO scavenging activity. Data
are expressed as mean + SE from three independent experiments conducted in triplicate. Statistical analysis was performed using ANOVA with Duncan’s test for

mean comparison (p < 0.05). Error bars indicate the standard error of the mean.
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efficacy at reduced doses. The scavenging activity of Brachychiton pop-
ulneus-derived AgNPs, for instance, was 95 % at just 70 pg/ml, sur-
passing that of EFB-AgNPs at comparable and even higher doses [63]. In
contrast, AZNPs made from Rhodiola rosea showed DPPH inhibition rates
ranging from 50.66 % to 98.53 % over a wider concentration range of
10-450 pg/ml, according to [22]. While EFB-AgNPs showed strong
scavenging action within a smaller range (100-160 ug/ml), highlighting
their efficacy at low concentrations, RR-AgNPs obtained higher maximal
inhibition but required larger concentrations. Similarly, [28] docu-
mented DPPH scavenging for Fusarium nygamai - derived AgNPs,
achieving 66.91 % inhibition at 200 ug/ml. EFB-AgNPs displayed
greater scavenging efficiency, reaching 81.49 % at 160 ug/ml compared
to El-Ansary’s results at higher concentrations. Differing phytochemical
compositions and capping agents in the plant extracts utilized during
synthesis may be the cause of this performance disparity, which can
improve radical-scavenging capabilities.

3.7.2. Hydrogen peroxide (H202) scavenging activity

EFB-AgNPs were tested for their ability to scavenge H20: and
compared to ascorbic acid. The results show a clear trend in Hy05
scavenging activity as the amounts of ascorbic acid and EFB-AgNPs in-
crease (Fig. 7b). Ascorbic acid’s scavenging activity ranges from
77.80 % at 10 pg/ml to 94.87 % at 80 ug/ml, while EFB-AgNPs show a
corresponding increase from 22.62 % to 91.00 % at the same concen-
trations. This indicates that both ascorbic acid and EFB-AgNPs effi-
ciently reduce oxidative stress by scavenging HyO3, a common ROS
associated with a variety of clinical disorders. El-Ansary [28] reported
that AgNPs derived from Fusarium nygamai exhibited H202 scavenging
activity, with superior efficacy noted at higher concentrations. Notably,
FN-AgNPs reached 70.3 % scavenging at 200 ug/ml, slightly below the
performance of EFB-AgNPs at lower concentrations, indicating that
EFB-AgNPs may achieve higher H.0: neutralization efficiency within a
moderate dosage range.

The mechanism by which AgNPs exhibit antioxidant effects is com-
plex. According to research, the antioxidant properties of AgNPs are due
to their large surface area and biomolecule stability, which may boost
their interaction with free radicals like HoO5 [22,28]. Moreover, the
antioxidant capabilities of AgNPs have been documented to exceed
those of traditional antioxidants such as ascorbic acid in some scenarios,
underscoring their potential as more effective free radical scavengers
[28].The concentration-dependent improvement in scavenging activity
reported for both ascorbic acid and EFB-AgNPs coincides with findings
from previous studies that highlight the necessity of dosage in achieving
optimal antioxidant effects [47,101].

3.7.3. Ferric reducing activity

The results from the ferric-reducing power assay for ascorbic acid
and EFB-AgNPs demonstrate a clear relationship between antioxidant
activity and the concentration of the tested substances (Fig. 7c). The
study indicates that EFB-AgNPs have enhanced ferric-reducing capacity
relative to ascorbic acid across all tested concentrations. At a concen-
tration of 10 pg/ml, ascorbic acid demonstrates a ferric-reducing ac-
tivity of 73.14 %, while EFB-AgNPs achieve merely 20.25 %. At a
concentration of 150 pg/ml, ascorbic acid attains a maximum activity of
92.49 %, while EFB-AgNPs achieve 90.05 %. This suggests that while
both compounds demonstrate antioxidant properties, ascorbic acid is a
more effective ferric-reducing agent at lower concentrations.

The ferric-reducing power of a substance typically signifies its total
antioxidant capability, since it demonstrates the capacity to donate
electrons and convert ferric ions (Fe3") to ferrous ions (Fe®"). This
mechanism is crucial for alleviating oxidative stress by counteracting
free radicals and ROS that can induce cellular damage. The observed
concentration-dependent increase in reducing power aligns with prior
studies indicating that antioxidant activity often follows this trend.
([28]) reported FN-AgNPs exhibited a 65.7 % reducing power at
200 pg/ml, substantially lower than EFB-AgNPs’ 90.05 % at 160 pg/ml,
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suggesting EFB-AgNPs may achieve superior reducing power efficiency
at moderate dosages. The ferric reduction capacity of EFB-AgNPs may be
due to the unique properties of AgNPs, which possess inherent antioxi-
dant qualities. The synthesis of AgNPs from EFB likely involves several
phytochemicals that augment their antioxidant capabilities.

3.7.4. Nitric oxide assay

The nitric oxide (NO) scavenging efficacy of EFB-AgNPs was assessed
and compared with the conventional antioxidant, ascorbic acid, at
different concentrations (10-150 pg/ml) (Fig. 7d). Ascorbic acid, a
powerful antioxidant, exhibited consistently higher scavenging activity,
with a percentage oscillating from 80.18 % at 10 ug/ml to 92.38 % at
150 pg/ml. The EFB-AgNPs exhibited a dose-dependent improvement in
NO scavenging activity, beginning at 44.50 % at the lowest concentra-
tion and attaining 83.43 % at 150 ug/ml. At concentrations of 10 and
20 pg/ml, the scavenging activity of EFB-AgNPs (44.50 % and 54.02 %,
respectively) was markedly inferior to that of ascorbic acid (80.18 %
and 81.24 %, respectively). As the concentration increased, the scav-
enging activity of EFB-AgNPs significantly improved, reaching 70.31 %
at 60 pug/ml and 80.89 % at 100 pg/ml. At higher doses (150 pg/ml), the
scavenging efficacy of EFB-AgNPs (83.43 %) approached that of ascor-
bic acid (92.38 %).

The capacity of EFB-AgNPs to scavenge nitric oxide radicals can be
ascribed to the presence of AgNPs, which are known to possess antiox-
idant characteristics by neutralizing free radicals and mitigating
oxidative stress. The progressive enhancement in scavenging activity
with increasing concentrations suggests that the EFB-AgNPs can effec-
tively mitigate nitric oxide-mediated oxidative stress at higher doses,
which could have implications for their potential therapeutic applica-
tions in conditions involving oxidative stress and inflammation.

The comprehensive antioxidant evaluation of EFB-AgNPs, as shown
by the DPPH, H20:, FRAP, and NO tests, validates their strong, dose-
dependent capacity to scavenge free radicals. Interestingly, the nano-
particles’ capacity to lessen oxidative stress is consistent with results
from prior investigations of plant-based AgNP, where phytochemical
capping agents play a major role in increased antioxidant activity. The
promise of EFB-AgNPs as a multipurpose antioxidant source is high-
lighted by this body of evidence, especially considering that they
perform similarly to other common antioxidants like ascorbic acid.

3.8. Antidiabetic (alpha-amylase inhibitory) assay

The antidiabetic test of AgNPs derived from EFB demonstrates a
dose-dependent enhancement in activity, indicating its efficacy in
modulating blood glucose levels. At lower concentrations (20 ug/ml and
40 pg/ml), the antidiabetic efficacy of EFB-AgNPs is markedly minimal,
exhibiting 10.5 % and 12.7 % inhibition, respectively, which is much
inferior than ascorbic acid’s effectiveness at 65.9 % and 69.1 %.
Nevertheless, an increase in the concentration of EFB-AgNPs signifi-
cantly enhances antidiabetic action. At a dose of 60 pg/ml, the nano-
particles exhibit a significant increase to 42.9 %, which escalates
markedly at higher concentrations, attaining 66.8 % at 80 pg/ml and
84.9 % at 100 pg/ml. At this maximum concentration, the antidiabetic
efficacy of EFB-AgNPs is equivalent to that of ascorbic acid (83.1 %),
demonstrating its significant potency (Fig. 8). The concentration-
dependent enhancement of inhibition found for EFB-AgNPs aligns
with findings from earlier research that underscore the significance of
dosage in attaining optimal antidiabetic effects. For instance, Qamar
et al. [73] shown that higher concentrations of specific herbal extracts
led to enhanced inhibition of alpha-amylase, underscoring the principle
that successful antidiabetic therapies frequently depend on suitable
dose. Likewise, a study by Ahmad [7] showed that the inhibitory effi-
cacy of several natural substances on alpha-amylase increases at higher
concentrations, hence corroborating the present findings.

This study aligns with the study of [25], who reported a-amylase
inhibition of 82.43 % at 200 ug/ml and 85.75 % at 400 ug/ml for
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Fig. 8. Antidiabetic activity of biosynthesized EFB-AgNPs. Data are expressed
as mean + SE from three independent experiments conducted in triplicate.
Statistical analysis was performed using ANOVA with Duncan’s test for mean
comparison (p < 0.05). Error bars indicate the standard error of the mean.

MA-AgNPs, indicating that EFB-AgNPs achieve similar efficacy at
roughly half the concentration needed for MA-AgNPs. This efficiency
may be attributed to the presence of bioactive compounds in EFB that
enhance its alpha-amylase inhibitory properties. Prior research indicates
that AgNPs derived from diverse plant extracts demonstrate consider-
able anti-diabetic properties, presumably attributable to the presence of
bioactive chemicals such as flavonoids and phenolics that can engage
with the enzyme [55]. Furthermore, the mechanism of alpha-amylase
inhibition in this study likely involves competitive binding of the
nanoparticles to the enzyme’s active sites, reducing the breakdown of
carbohydrates into glucose. Such enzyme inhibition can lower post-
prandial blood glucose levels, which is beneficial for managing type 2
diabetes mellitus [2,75].

4. Conclusion

This study demonstrated the potential of agricultural waste in the
sustainable manufacture of nanomaterials by effectively synthesizing
silver nanoparticles (AgNPs) from empty fruit bunch (EFB) extract. The
potent antibacterial, antioxidant, antidiabetic, anticoagulant, and
thrombolytic properties of EFB-AgNPs were established by this inno-
vative method. Thorough characterization demonstrated the nano-
particles’ broad-spectrum biomedical applicability by confirming their
stability, effectiveness, and structural integrity across assays. While EFB-
AgNPs’ antioxidant and antidiabetic actions highlight their applicability
in treating oxidative stress and metabolic diseases, their antibacterial
and antifungal qualities make them promising against multidrug-
resistant infections. Crucially, this green synthesis technique promotes
waste valorization and lessens the environmental effects usually con-
nected to the manufacture of nanoparticles, which is in line with the
circular bioeconomy principles. Our findings support EFB-AgNPs as
versatile agents in nanotechnology, underscoring EFB’s potential to
foster high-value products aligned with the Sustainable Development
Goals (SDGs) for Good Health and Well-being (SDG 3) and Responsible
Production and Consumption (SDG 12). Integrating EFB within a cir-
cular bioeconomy framework effectively converts this waste from an
environmental liability into a valuable resource, promoting sustainable
innovation across various fields.
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