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Abstract 

The growing demand for sustainable nanomaterial synthesis has driven interest in plant-mediated approaches that align with circular 
economy principles. This study presents a facile approach for generating silver nanoparticles (AgNPs) using Saba banana peel extract 
(Musa acuminata × balbisiana) as reducing and stabilizing agents. AgNPs were synthesised by reacting different ratios (1:1–1:12) of 
banana peel extract (BPE) with silver nitrate (AgNO₃, 1 mM) at 90°C for 2 h. Based on the UV-Visible spectra, the optimal BPE:AgNO₃ 
ratio was identified at 1:11. Fourier-transform infrared (FTIR) spectroscopy revealed that functional groups in the extract including 
hydroxyl, carbonyl and amine, were involved in the reduction of silver ions. Morphological analyses using Scanning electron 
microscopy (SEM) and Transmission Electron Microscopy (TEM) show the formation of spherical AgNPs with average size of 5.37 ± 
1.36 nm, while energy-dispersive X-ray (EDX) analysis indicated a high silver content (73.87 wt%). The biosynthesised AgNPs displayed 
potent antibacterial activity against Staphylococcus aureus and Escherichia coli. These findings highlight the potential of Saba banana 
peel, an abundant and underutilized biomass, as a low-cost and sustainable resource for the green synthesis of AgNPs with promising 
antimicrobial properties and potential applications in biomedical, environmental, food and energy sectors.  
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Introduction 

Silver nanoparticles (AgNPs) have garnered immense interest owing to their distinct optical and conductive properties 
as well as potent antimicrobial properties. AgNPs are now embedded in over 400 commercial products including medical 
devices, textiles, home appliances and water purification systems (Madhusudanan et al., 2025; Venkatesan et al., 2023). 
The efficacy of AgNPs is highly size-dependent, with particles below 100 nm revealing enhanced reactivity due to 
increased surface-to-volume ratios and quantum tunneling effects (Hosny et al., 2025). Despite these advantages, 
conventional methods for AgNPs synthesis mainly rely on toxic reducing agents (e.g., sodium borohydride) and 
hazardous solvents, raising environmental and health concerns. Therefore, green synthesis which harness reduction 
and stabilizing capabilities of biomolecules from plant-derived extracts including polyphenols, flavonoids and terpenoids 
has gained attention as sustainable alternatives (Ahmed et al., 2022).  

Numerous studies have reported the successful utilization of plant extracts in green synthesis of AgNPs. For example, 
extracts from Thymus vulgaris (Ejaz et al., 2024) and Citrus medica (Chandhirasekar et al., 2021) produced AgNPs with 
diameters ranging from 45 - 165 nm and 40 – 220 nm, respectively. Other examples include AgNPs synthesised using 
Naringi crenulate leaf extract (20 – 40 nm) (Vallinayagam et al., 2021), Citrus grandis (L.) Osbeck (11 ± 3.57 nm) (Gogoi 
et al., 2020), Citrullus lanatus (21.27 nm) (Aktepe & Baran, 2021), Camellia sinensis L. (47.1 nm) (Hasan et al., 2024) and 
Aristolochia bracteolata  (41.43 – 60.51 nm) (Thanh et al., 2022). These variations demonstrate the critical role of plant-
specific metabolites in modulating nanoparticle formation and stability. 
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Among underutilized agro-waste resources, Saba banana peel (Musa acuminata × balbisiana) presents a promising yet 
largely unexplored substrate for green synthesis of nanoparticles. Bananas are the fifth most significant global 
agricultural commodity, accounting for 16.8% of the world’s fruit supply. Saba bananas are extensively cultivated in 
Southeast Asia, including Malaysia, with annual banana production exceeds 350,000 metric tonnes (Onsang et al., 2023). 
However, due to the high demand of banana-based products, large quantities of peels are continuously generated which 
contribute to environmental challenges due to their accumulation in landfills and the release of greenhouse gases 
(Flores-Contreras et al., 2024; Mohd Jamil et al., 2022). Valorizing banana peel waste for nanoparticle synthesis is a 
promising strategy to mitigate environmental impact and supports waste-to-wealth initiatives within a circular economy 
framework. 

Various parts of banana plant including leaves  (Abonyi et al., 2024), flowers (Weiming et al., 2023) and peels (Goh et 
al., 2023) have been investigated for AgNPs synthesis. However, the use of Saba banana peel remains underexplored 
despite its abundance and phytochemical richness. This variety contains bioactive compounds such as tannins, 
flavonoids and alkaloids which can serve as natural reducing and stabilizing agents for green nanomaterial fabrication. 
Additionally, while the effect of reaction conditions such as temperature, pH and reaction time on the production of 
AgNPs through green synthesis route has been widely examined, the extract-to-precursor ratio has received 
comparatively little attention. This ratio has significant influence on the balance between phytochemical reducing 
agents and silver ions, which is critical for controlling nucleation kinetics, particle size distribution and colloidal stability. 
Systematic investigation of this factor is of fundamental importance to elucidate the role of banana peel in nanoparticle 
formation and enables optimization of synthesis conditions for reproducible and stable AgNPs production. 

This study investigates the role of BPE in mediating the synthesis of AgNPs under various BPE:AgNO₃ ratios. The 
physicochemical properties of the resulting AgNPs were analyzed using UV–Vis spectroscopy, FTIR, SEM and EDX, and 
their antibacterial efficacy was assessed using Staphylococcus aureus and Escherichia coli. By utilizing the abundant and 
underutilized Saba banana peel, this work not only contributes to the advancement of green nanotechnology but also 
offers a sustainable approach to agricultural waste management. 

Materials and Methods 

Materials 

Saba bananas (Musa acuminata x balbisiana) were bought from a local market in Kota Kinabalu, Sabah, Malaysia. Ethanol 
and silver nitrate (AgNO3, ≥99.7% purity) were purchased from Classic Chemicals Sdn Bhd (Shah Alam, Malaysia). Luria 
Bertani agar and broth were procured from Merck (Darmstadt, Germany). Escherichia coli and Staphylococcus aureus 
were acquired from Microbiology Laboratory, Biotechnology Research Institute, Universiti Malaysia Sabah. Deionised 
water was used throughout the experiment. 

Preparation of Banana Peel Extract (BPE) 

The BPE was prepared following a modified protocol adapted from Saallah et al. (2020). Saba bananas (maturity level 7, 
yellow with brown spots) were manually peeled, thoroughly washed with tap water and subsequently rinsed with 
deionised water to eliminate surface contaminants. The cleaned peels were immersed in a 0.1% (w/v) sodium 
metabisulfite solution for 10 minutes to prevent enzymatic browning. The pre-treated peels were dried at 60 °C in oven 
until they reached a constant weight. The dried peel was ground into a fine powder using a commercial blender and 
followed by sieving with a 200-mesh sieve to obtain uniform particle size. For extract preparation, 25 g of peel powder 
was suspended in 300 mL of deionized water and heated under continuous magnetic stirring (80 °C, 60 min, 500 rpm). 
The mixture was cooled to room temperature (25 °C) for 30 min and subsequently filtered under vacuum through 
Whatman No. 1 filter paper to remove solid residues. The resulting aqueous BPE was collected and stored at 4 °C in 
amber glass vials until further use.   

Synthesis of AgNPs 

Synthesis of AgNPs was carried out using Saba BPE as green reducing agent and silver nitrate as metal salt precursor 
following protocol adapted from Jaffar et al. (2024) as illustrated in Figure 1. The effect of different volume ratios of 
BPE:AgNO3 on nanoparticle formation were evaluated in the range of 1:1 to 1:12. Specifically, 20 ml BPE aliquots were 
mixed with 20 to 240 ml of AgNO3 solution. The reaction mixtures were heated on a hot plate stirrer at 90°C for 2 h. 
The formation of AgNPs was indicated by a distinct color change from pale yellow to dark yellowish-brown due to the 
reduction of Ag⁺ to metallic Ag⁰. After synthesis, the mixtures were cooled to ambient temperature (25 °C) and 
subjected to centrifugation (7,500 × g, 5 min) to concentrate the nanoparticles. The resulting pellets were washed three 
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times with ethanol to remove residual solvent and subsequently air-dried at room temperature for 24 h.   The final 
biosynthesised nanoparticles (denoted as BPE-AgNPs) were stored in sterile amber vials at 4°C prior to characterization 
and antibacterial evaluation. 

 

 Processes involved in green synthesis of AgNPs from Saba banana peel extract. 

Characterization of BPE-AgNPs 

Synthesis of BPE-AgNPs were monitored using a UV-Visible spectrophotometer (Thermo Scientific NanoDrop 2000c). 
Deionised water was used as blank. The absorbance spectrum was recorded across the visible region of electromagnetic 
spectrum (400 – 700 nm). The presence of a distinct surface plasmon resonance (SPR) peak at this region indicates the 
reduction of Ag⁺ ions to metallic Ag⁰ and the formation of AgNPs.  To investigate the chemical interactions between BPE 
and the synthesised AgNPs, FT-IR spectroscopy (Agilent Cary 630, Agilent Technologies Inc.) analysis was performed. 
Spectra were obtained in the range of 500–4000 cm⁻¹ at room temperature. The morphological information including 
particle size, shape and structure was obtained using Scanning Electron Microscope (Hitachi S3400N) and Transmission 
Electron Microscope (Tecnai G2 Spirit BioTWIN). Prior to analysis, the sample was mounted on a stub using double-
sided tape. The sample was observed under vacuum at an accelerating voltage of 15 kV. It is worth mentioning that 
sputter coating was not required for this sample to eliminate disturbance from gold element during analysis. The 
elemental composition was determined using energy-dispersive X-ray spectroscopy (EDX) (Bruker Nano GmbH) 
connected to the SEM with the primary beam energy set at 15 keV.  

Antibacterial Activity of BPE-AgNPs 

Disk diffusion assay was performed to evaluate the antibacterial activity of BPE-AgNPs following the protocol adapted 
from  Jaffar et al. (2024). Staphylococcus aureus and Escherichia coli as representative of Gram-positive and Gram-
negative bacteria, respectively. Bacterial cells were retrieved from glycerol stocks, streaked onto the Luria-Bertani (LB) 
agar plates and incubated overnight at 37°C to obtain single colonies. Individual colonies were subsequently inoculated 
into LB broth and incubated overnight at 37°C to prepare bacterial cultures for antibacterial assays. Sterile solutions of 
ampicillin, BPE and BPE-AgNPs were prepared at a concentration of 1.0 mg/mL in a biological safety cabinet. Bacterial 
suspensions were spread evenly on Mueller-Hinton agar by using sterile swabs. After that, sterile blank discs (6 mm) 
were impregnated with 10 μl of the sample solutions, dried and placed onto the inoculated agar plates. Sterile water 
and ampicillin were used as the negative and positive control, respectively. The agar plates were incubated overnight 
at 37 °C, and inhibition zones were measured to assess antibacterial activity. All assays were performed in triplicate 
(n=3). Data were presented as mean ± standard deviation. 

Results  

Green Synthesis of AgNPs Using Different BPE:AgNO₃ Ratios 

Silver nanoparticles were successfully synthesised using BPE as a green reducing and stabilizing agent. As shown in 
Figure 2, nanoparticles formation was initially indicated by a shift in color from light yellow to dark brown after heating 
the reaction mixture at 90 °C for 2 hours. The synthesised AgNPs were further evaluated using UV-Vis spectroscopy to 
monitor nanoparticle formation and determine the optimal BPE:AgNO3 ratio. The spectra of BPE and AgNO3 alone 
displayed no characteristic absorption peak, confirming the absence of surface plasmon resonance (SPR) associated 
with AgNPs formation. When BPE and AgNO3 were mixed, distinct SPR bands between 400 nm to 500 nm were 
observed, indicating the formation of AgNPs. At lower precursor concentrations (1:1 to 1:6), no SPR peaks were 
recorded. Increasing the AgNO₃ concentration (1:7 to 1:12), resulted in the appearance of characteristic SPR peak of 
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AgNPs. The λmax values of the synthesized AgNPs ranged from 438 to 450 nm, with the highest wavelength recorded 
at the 1:8 ratio (450 nm). The λmax was then blue-shifted and stabilized at 443 nm for ratios between 1:9 and 1:12. The 
highest absorption intensity was recorded at a BPE:AgNO3 ratio of 1:11, while a subsequent decline in peak intensity 

was observed at the 1:12 ratio. Based on the UV–Vis spectral characteristics, the BPE:AgNO₃ ratio of 1:11 was selected 
as the optimum synthesis condition for subsequent characterization. 

 

 UV–Vis spectra of BPE, AgNO3 and BPE-AgNPs synthesised at different BPE:AgNO₃ ratios. Inset images show BPE 
before the reaction and BPE-AgNPs obtained after the reaction with AgNO₃ at a BPE:AgNO₃ ratio of 1:11. 

Characterization of BPE-AgNPs 

FTIR Spectroscopic Analysis 

The FTIR spectrum of BPE-AgNPs is presented in Figure 3. Several absorption bands were observed within the range of 
500–4000 cm⁻¹. A broad absorption band at 3671 cm⁻¹ was assigned to O–H stretching vibrations. Peaks at 2992 and 
1465 cm⁻¹ corresponded to C–H stretching vibrations associated with aliphatic compounds. A minor peak at 2425 cm⁻¹ 
was attributed to carboxylic acid (-COOH) stretching vibrations. The absorption bands observed between 2000 and 2181 
cm⁻¹ were assigned to C≡C stretching vibrations associated with alkyne or nitrile functional groups. A weak absorption 
band at 1819 cm⁻¹ corresponded to C=O stretching vibrations. Furthermore, peaks at 1139 cm⁻¹ and 837 cm⁻¹ were 
attributed to C–N stretching vibrations of aliphatic amines and aromatic C–H bending vibrations, respectively. 

 

 FT-IR spectra of BPE-AgNPs. 
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Morphology and Size Distribution Analysis 

The morphology and size distribution of BPE-AgNPs were evaluated using SEM and TEM analysis (Figure 4). SEM imaging 
revealed a moderate degree of nanoparticle aggregation (Figure 4a). To obtain precise morphological information, TEM 
analysis was performed which revealed spherical nanoparticles with relatively inform distribution (Figure 4b). The 
average particle diameter determined from TEM analysis was 5.37 ± 1.36 nm (Figure 4c). 

 (a) SEM image of BPE-AgNPs; (b) TEM image of BPE-AgNPs; (c) Corresponding particle size distribution graph of the 
TEM image analyzed using ImageJ. 

Elemental Composition Analysis 

The elemental composition of BPE-AgNPs was analyzed using EDX spectroscopy (Figure 5). A strong silver signal above 
3 keV was detected which confirmed the presence of metallic silver within the synthesised nanoparticles. Additional 
signals corresponding to carbon (C), oxygen (O), chlorine (Cl), and sulfur (S) were also observed. Quantitative EDX 
analysis revealed that silver represented the major component of the sample, accounting for 73.87 wt% of the sample 
composition, followed by chlorine (15.45 wt%), carbon (6.12 wt%), oxygen (3.63 wt%) and sulfur (0.94 wt%) (Table 1). 

 

 EDX spectra of BPE-AgNPs. 
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Table 1 Elemental composition of BPE-AgNPs 

Elements Weight % Atomic % 
Carbon 6.12 27.01 
Oxygen 3.63 12.03 
Chlorine 15.45 23.10 

Silver 73.87 36.31 
Sulfur 0.94 1.55 
TOTAL 100.00 100.00 

Antibacterial Activity of BPE-AgNPs  

The antibacterial activity of BPE-AgNPs against Escherichia coli and Staphylococcus aureus was evaluated using the disc 
diffusion assay (Figure 6). Clear inhibition zones were observed surrounding the discs containing BPE-AgNPs, whereas 
no inhibition zones were observed for the negative control (deionised water) and BPE alone. The diameter of zones of 
inhibition is summarized in Table 2. The BPE-AgNPs exhibited inhibition zones of 10.0 ± 0.0 mm against E. coli and 8.0 ± 
0.0 mm against S. aureus. The positive control, ampicillin, produced inhibition zones of 13.3 ± 0.6 mm and 12.3 ± 0.6 
mm against E. coli and S. aureus, respectively. 

 
(a) (b) 

 Representative agar plates from disk diffusion analysis of BPE-AgNPs (1.0 mg/mL) against the bacteria (a) E. coli and 
(b) S. aureus.  Ampicillin and deionised water were used as positive and negative controls, respectively. 

Table 2 Zone of inhibition from the disk diffusion assay. 

Bacteria 

Zone of Inhibition (mm)* 

Deionised Water BPE 
Ampicillin 

(0.1 mg/mL) 
BPE-AgNPs 

(1.0 mg/mL) 

E. coli 0.0 ± 0.0 0.0 ± 0.0 13.3 ± 0.6 10.0 ± 0.0 
S. aureus 0.0 ± 0.0 0.0 ± 0.0 12.3 ± 0.6 8.0 ± 0.0 

*Average value from triplicate measurements (n=3). 

Discussion 

Mechanism of BPE-Mediated AgNPs Formation 

The successful formation of AgNPs was confirmed by the development of the brown coloration and the appearance of 
SPR bands in the UV–Vis spectra. The brown color formation after reaction between BPE and AgNO₃ is associated with 
collective oscillation of conduction electrons on the AgNPs surface following reduction of Ag⁺ ions into metallic Ag⁰ 
nanoparticles (Hosny et al., 2025). The absence of SPR signals from BPE and AgNO₃ alone indicates that nanoparticle 
formation occurred only after interaction between silver ions and phytochemical constituents present in BPE (Jaffar et 
al., 2023). The SPR response was strongly influenced by the BPE:AgNO₃ ratio, demonstrating the importance of 
precursor availability in controlling nucleation and nanoparticle growth (Tesfaye et al., 2023). At lower AgNO₃ 
concentrations (1:1–1:6), limited nanoparticle formation may have occurred due to insufficient silver ion availability for 
effective nucleation. Increasing AgNO₃ concentration enhanced nanoparticle formation, resulting in increased SPR 
intensity. However, excessive silver precursor concentration at the 1:12 ratio reduced the SPR intensity, suggesting 
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decreased nanoparticle stability possibly due to uncontrolled particle growth or aggregation (Chouhan & Guleria, 2020; 
Savvidou et al., 2024).  

The optimum synthesis condition observed at a BPE:AgNO₃ ratio of 1:11 indicates that an appropriate balance between 
silver ion reduction and phytochemical-mediated stabilization was achieved. During green synthesis, biomolecules 
present in BPE function as electron donors, facilitating the conversion of Ag⁺ into Ag⁰, while simultaneously acting as 
stabilizing and capping agents to regulate nanoparticle growth. This dual functionality represents a major advantage of 
plant-mediated synthesis, as it eliminates the requirement for additional synthetic reducing and stabilizing chemicals. 

The proposed mechanism of BPE-mediated AgNPs formation is illustrated in Figure 7. The phytochemical constituents 
in BPE initiate electron transfer to silver ions (Ag⁺), resulting in the formation of silver atoms (Ag°). These atoms 
subsequently undergo nucleation to form small nuclei. The growth of these nuclei continues as additional Ag⁺ ions are 
reduced and attached to the existing particles, leading to the formation of larger nanoparticles. The process continues 
until a dynamic equilibrium is achieved, where the rates of nucleation and growth offset each other. This mechanism 
emphasizes the dual role of BPE as both a reducing and stabilizing agent in the synthesis of AgNPs (Gün Gök et al., 2021; 
Thanikodi, 2026; Yi et al., 2022).  

 

 Mechanism of BPE-AgNPs formation through reduction of Ag+ to Ag0 by biomolecules present in BPE followed by 
nucleation, growth, capping and stabilization. 

Physicochemical Properties of BPE-AgNPs 

The FTIR analysis provided evidence for the involvement of oxygen-, carbonyl-, and nitrogen-containing functional 
groups derived from banana peel phytochemicals in AgNPs formation. Negatively charged groups such as hydroxyl (O-
H) and carbonyl (C=O) exhibit strong affinity for Ag⁺ ions due to their electron-donating capacity, thereby facilitating the 
reduction of Ag⁺ to Ag⁰ (Pirtarighat et al., 2019; Thongnopkun et al., 2018). These findings are consistent with earlier 
studies which demonstrated that functional groups in plant extracts play a significant role in nanoparticle synthesis. 
Following reduction, biomolecules from BPE can adsorb onto the nanoparticle surface, forming an organic corona that 
prevents excessive aggregation and improves colloidal stability. Banana peel contains abundant cellulose, 
hemicellulose, pectin, phenolic compounds and other secondary metabolites, which collectively provide reducing and 
capping functions. Therefore, the phytochemical composition of BPE plays a critical role in controlling nanoparticle 
formation and maintaining colloidal stability. 

The TEM analysis revealed spherical nanoparticles with an average diameter of 5.37 ± 1.36 nm, indicating efficient 
nucleation and growth regulation by BPE-derived biomolecules. Although slight aggregation is also observed, the 
nanoparticles remain spatially separated due to a thin layer of organic corona around the nanoparticles that imparts 
colloidal stability and biocompatibility. Ibrahim (2015) also reported spherical morphology for AgNPs derived from Musa 
paradisiaca BPE but with significantly larger size (23.7 nm) while some studies report spherical particles without clearly 
defined size distribution (Goh et al., 2023; Mishra, 2021). This indicates that the BPE-mediated system in the present 
study yields comparatively smaller and more uniformly dispersed nanoparticles. Furthermore, the ultrasmall size of BPE-
AgNPs is consistent with the previously reported biogenic AgNPs such as those synthesised using Solanum nigrum leaf 
extract (3.45 - 8.79 nm) (Abd-elhamed et al., 2025), Lysiloma acapulcensis extract (5 nm) (Garibo et al., 2020) and 
Bacillus subtilis (3 – 20 nm) (Alsamhary, 2020). The variation in particle size across different studies are probably 
influenced by factors such as differences in phytochemical composition, reduction kinetics and capping efficiency. The 
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ultrasmall size of BPE-AgNPs provides a high surface area-to-volume ratio, which may enhance interactions with 
biological targets and contribute to their antibacterial activity. 

Although SEM analysis showed some degree of aggregation, this phenomenon is commonly observed during 
nanoparticle characterization due to sample drying effects. During drying, water molecules migrate from the centre of 
the droplet towards the edge, carrying suspended nanoparticles and causing them to accumulate at the droplet 
perimeter. This process promotes localized aggregation in the absence of a dispersing medium (Goh et al., 2023; Jaffar 
et al., 2023). Nevertheless, TEM analysis confirmed that the nanoparticles remained individually distinguishable, 
suggesting that BPE-derived biomolecules effectively stabilized the nanoparticles and minimized irreversible 
aggregation. The EDX analysis further confirmed successful formation of metallic AgNPs, with silver representing the 
dominant elemental component. The absence of nitrogen originating from AgNO₃ suggests effective conversion of silver 
ions during synthesis (Molina et al., 2019). Meanwhile, residual carbon, oxygen, sulfur and chlorine signals are likely 
derived from the phytochemicals present in the BPE which form organic-inorganic mixed precipitates or residual capping 
agents on the nanoparticle surface (Ibrahim, 2015). Such biomolecular residues are commonly reported in 
green‑synthesised nanoparticles and contribute to colloidal stability by forming protective layers around the metallic 
core (Gün Gök et al., 2021; Riaz et al., 2022; Wan et al., 2021). 

Antibacterial Performance and Potential Applications of BPE-AgNPs 

The antibacterial activity of BPE-AgNPs against both Gram-negative (E. coli) and Gram-positive (S. aureus) bacteria 
demonstrates their functional potential as antimicrobial nanomaterials. Gram-negative bacteria such as E. coli have 
thinner peptidoglycan layers, rendering them more susceptible to AgNPs penetration and subsequent disruption. In 
contrast, the thicker peptidoglycan wall of Gram-positive S. aureus provides greater resistance against nanoparticle 
penetration (Arsène et al., 2021; Huq, 2020). Kokila et al. (2015) reported a similar observation for AgNPs produced 
using Cavendish banana peel extract with maximum zone of inhibition of 10.75 mm against E. coli and K. pneumoniae. 
Yi et al. (2022) observed a considerably lower zone of inhibition (4 ± 0.05 mm) against E. coli which may be attributed 
to the variations in phytochemical composition among different banana varieties as well as the differences in 
physicochemical properties of the synthesized nanoparticles including size, stability and surface functionalization.  
Furthermore, similar antibacterial trends have been reported for other biogenic AgNPs systems with zone on inhibition 
ranging from 7.0 to 11.0 mm for E. coli and 6.0 to 8.7 mm for S. aureus at AgNPs concentrations of 0.05 to 1.0 mg/mL 
(Jaffar et al. 2024). These findings indicate that the antibacterial performance observed in the present study is 
comparable to previously reported biogenic AgNPs systems. 

AgNPs are widely recognized for their potent antimicrobial properties, which are significantly enhanced at the nanoscale 
due to their high surface area and unique physicochemical characteristics. Unlike conventional antibiotics such as 
ampicillin, AgNPs are less likely to induce bacterial resistance due to their multi-target mode of action, which poses a 
greater challenge for bacterial adaptation compared to antibiotics that act through specific mechanisms. Although the 
precise antibacterial mechanism of AgNPs is not fully understood, several plausible pathways have been proposed 
(Dakal et al., 2016; Ribeiro et al., 2020; Vanlalveni et al., 2021). AgNPs can interact directly with bacterial cell 
membranes, causing structural damage and increased permeability. Once internalized, they may interfere with 
respiratory enzymes, impair ATP production and induce the generation of reactive oxygen species (ROS). These ROS can 
interact with DNA, where sulfur and phosphorus are key components, leading to genotoxic effects that disrupt DNA 
replication and repair processes. The cumulative impact of these events ultimately results in bacterial cell death. 
Therefore, these findings highlight the potent and multifaceted antibacterial activity of BPE‑AgNPs as effective biogenic 
nanomaterials for antimicrobial applications. 

Besides their physicochemical properties and antibacterial performance, from a sustainability perspective, the use of 
banana peel extract for green synthesis of AgNPs offers strong potential within a circular economy framework.  This 
approach enables valorization of abundant agro-industrial waste into high-value nanomaterials while eliminating the 
need for hazardous chemicals which is align with United Nations Sustainable Development Goals Responsible, 
specifically Responsible Consumption and Production (SDG 12). In terms of scalability, the simplicity of the synthesis 
process which involves mild reaction conditions in aqueous media could enabled large-scale production with minimal 
energy input. Therefore, the integration of banana peel-mediated AgNP synthesis into industrial processes offers a 
promising pathway toward sustainable nanomaterial production with potential applications in biomedical, 
environmental, food and energy sectors (Gong et al., 2024; Kurul et al., 2025). 
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Conclusions 

This study successfully demonstrated the green synthesis of AgNPs using Saba banana peel extract as an effective 
bioreducing and stabilizing agent. The optimized BPE:AgNO₃ ratio of 1:11 produced AgNPs with a surface plasmon 
resonance peak at 443 nm. FTIR confirmed the involvement of hydroxyl, carbonyl and amine groups in nanoparticle 
formation. SEM analysis revealed spherical AgNPs with sizes below 100 nm, while EDX confirmed a high silver content 
(73.87 wt%), supporting the efficiency of the biogenic synthesis. The synthesised BPE-AgNPs displayed strong 
antibacterial activity against both Gram-negative (E. coli) and Gram-positive (S. aureus) bacteria. These findings 
reinforce the viability of banana peel waste as a sustainable and low-cost precursor for nanoparticle production, in 
alignment with circular economy principles. The approach not only valorizes agricultural waste but also provides an 
environmentally friendly alternative to conventional synthesis. Moving forward, further studies involving advanced 
characterization such as XRD and DLS are required to further validate the structural properties and colloidal stability of 
the biosynthesized AgNPs, and in-depth toxicological assessments are necessary to ensure biocompatibility and safe 
integration of BPE-AgNPs in various applications including biomedical, environmental, food and energy sectors. 
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