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Abstract 

Rising antimicrobial resistance has led to an urgent demand for alternative antibacterial strategies. This 

research aimed to biosynthesize silver nanoparticles using Ficus deltoidea stem extract as a green 

reducing and stabilizing agent. The AgNPs synthesis parameters were optimized firstly and surface 

plasmon resonance peaks at 445 nm indicated the successful formation of Fd-AgNPs. Dynamic light 

scattering and zeta potential revealed that Fd-AgNPs possess an average hydrodynamic size of 120.4 

nm with monodispersity and good stability. X-ray diffraction patterns exhibited (111), (200), (220), (311) 

reflection peaks, confirming its face-centered cubic crystalline structure. In antimicrobial evaluations, 

disk diffusion tests demonstrated that Fd-AgNPs possessed intrinsic antibacterial activity comparable 

to AgNO3. While ampicillin alone exhibited stronger inhibitory potency against S. aureus than E. coli, 

kanamycin and streptomycin displayed equivalent zones of inhibition across both pathogens. Crucially, 

checkerboard assays revealed a profound synergistic effect with Fd-AgNPs combining with kanamycin 

and streptomycin, resulting in 31-fold and 4-fold reductions in their minimum inhibitory concentrations, 

respectively. Overall, this study demonstrates that F. deltoidea-mediated AgNPs possess ideal 

physicochemical properties and offer promising adjuvant therapy to reduce antibiotic dosages and 

enhance their antibacterial potency in the post-antibiotic era. 
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Introduction 

Antibiotics profoundly revolutionized modern medicine, but the concurrent rise in antimicrobial 

resistance (AMR) due to indiscriminate use, combined with the slow pace of novel drug development, 

has created a pressing global public health crisis (Chi et al., 2025; WHO, 2019). Historically, 

antibacterial discovery relied on narrow targets like bacterial cell walls and ribosomes, which have been 

extensively mined (Theuretzbacher et al., 2023). Formidable barriers such as impermeable envelopes, 

efflux pumps, rapid gene mutations, and economic bottlenecks severely restrict novel antibiotic 

engagement (Galgano et al., 2025; Gargate et al., 2025; Miethke et al., 2021). Consequently, silver 

nanoparticles (AgNPs) have emerged as a promising alternative, exerting broad-spectrum activity 

through multi-targeted mechanisms, such as cell envelope disruption and reactive oxygen species 

(ROS) generation to bypass single-agent resistance (Khalifa et al., 2025).  

Unlike physical and chemical synthesis methods that suffer from high energy consumption and 

toxic reagents, plant-mediated green synthesis offers an eco-friendly, cost-effective alternative (Barros 

et al., 2018). Bioactive phytochemicals in botanical sources act as dual-functional reducing and capping 

agents, enabling stable nanoparticle formation without synthetic surfactants. Among these, Ficus 

deltoidea possesses high antioxidant potential for biogenic AgNP fabrication. Furthermore, combining 

biogenic AgNPs with conventional antibiotics can lower minimum inhibitory concentrations (MICs) and 

achieve synergistic antibacterial effects (Keshari et al., 2020). Although previous studies evaluated the 

individual antibacterial activity of F. deltoidea-mediated AgNPs using disk diffusion and microdilution 
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assays (Din et al., 2022), a critical research gap remains: the potential synergistic interactions between 

F. deltoidea-derived AgNPs and conventional antibiotics have not yet been systematically investigated.

To address this gap, this study aims to synthesize and characterize F. deltoidea-biosynthesized 

AgNPs, evaluate the individual antibacterial activities of AgNPs and three conventional antibiotics, and 

systematically investigate the antibacterial efficacy of their combination against Gram-negative 

Escherichia coli (ATCC 11229) and Gram-positive Staphylococcus aureus (ATCC 29213). Synthesis 

parameters were optimized via a one-factor-at-a-time approach, and the resulting AgNPs were 

characterized using visible spectrophotometry, dynamic light scattering, zeta potential, and X-ray 

diffraction. Following preliminary disk diffusion tests and quantitative MIC determinations via 

microdilution assays, a 96-well checkerboard assay was employed to evaluate combination behaviors 

using the fractional inhibitory concentration index (FICI). This research advances green chemistry and 

offers a viable, low-cost strategy to restore antibiotic potency, reduce required dosages, and mitigate 

the post-antibiotic crisis of antimicrobial resistance. 

Materials and methods 

F. deltoidea was purchased from Juaseh Tengah, Negeri Sembilan, Malaysia, and cultivated for 4 years

prior to harvest. Sliced plant materials were rinsed with deionized (DI) water and dried at 40 °C overnight

(Azizah et al., 2025). The dried biomass was pulverized using a mechanical blender, passed through a

104-mesh sieve, and stored at 4 °C. For extract preparation, 2 g of powdered biomass was suspended

in 100 mL of freshly boiled DI water (2% w/v) and stirred at 100 °C for 30 min on a magnetic hotplate.

The mixture was cooled to 25 °C, filtered through Whatman No. 1 filter paper, and the filtrate was

preserved at 4 °C (Permatasari et al., 2026; Azizah et al., 2025).

Reaction parameters were optimized using a one-factor-at-a-time (OFAT) strategy in triplicate to 

ensure consistent physicochemical properties. Initially, F. deltoidea extracts at concentrations of 0.1%, 

0.5%, 1.0%, 1.5%, and 2.0% (w/v) were prepared. Each extract variant of 5 mL was mixed with 10 mL 

of 1 mM AgNO₃ solution and incubated at ambient temperature for 24 h. AgNPs formation was 

monitored visually by color change and measured over the 350 – 800 nm range using a Jenway 7200 

Visible Spectrophotometer. The AgNO₃ concentration gradient was set at 0.1, 0.5, 1.0, 1.5, and 2.0 

mM. Lastly, the ratios of optimal plant extract to optimal AgNO3 solution were set to 1:1, 1:2, 1:5, 1:10, 

and 1:15. 

With the optimal reaction conditions established, lab-scale production of AgNPs was carried 

out in a 1 L round-bottom flask. The reaction mixture was incubated for 1 day at 25°C. The synthesized 

AgNPs were centrifuged at 9,500 rpm for 10 mins. The collected AgNPs pellets were completely dried 

at 60°C in an oven for 24 hours. Visible spectrophotometry was employed to observe Surface Plasmon 

Resonance (SPR) and confirm the successful synthesis, Dynamic Light Scattering and Zeta Potential 

for size distribution and colloidal stability, and finally X-ray Diffraction (XRD) to confirm the crystal 

structure. 

Before performing the disk diffusion test, both E. coli and S. aureus were cultured and incubated. 

A bacterial suspension was prepared and adjusted to a 0.5 McFarland standard. This standard 

corresponded to a bacterial turbidity of approximately 1.5 × 108 CFU/mL. For each bacterial strain, one 

mueller hinton agar (MHA) plates contained a blank paper disc loaded with deionized water as a 

negative control, a disc loaded with plant extract, a disc loaded with 1 mM AgNO3 solution, and a disc 

loaded with 1 μg/mL silver nanoparticles. The other dish contained three conventional antibiotics of 100 

µg/mL. Each bacterial strain was tested in triplicate, resulting in a total of six petri dishes. 

The MIC values for three individual antibiotics and AgNPs were determined using the 

microdilution method in 96-well plates, following the Clinical and Laboratory Standards Institute (CLSI) 

guidelines (Alotaibi et al., 2022). Each treatment well was composed of 100 µL of bacterial inoculum, 

50 µL of AgNPs colloidal solution or certain antibacterial reagent and 50 µL of distilled water. All 

antibacterial solutions were prepared via serial two-fold dilution of the stock solution and the bacterial 

suspension was adjusted to the 0.5 McFarland standard. Subsequently, the standardized suspension 

was diluted in Mueller-Hinton Broth (MHB, Oxoid, UK) to a final density of 106 CFU/well. The optimally 

synthesized AgNPs were collected by centrifugation at 9,500 rpm for 10 min. Approximately three-
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quarters of the supernatant was carefully removed, and the remaining suspension was resuspended to 

obtain a concentrated AgNPs colloidal stock solution. Antibiotic stock concentrations were selected 

based on CLSI breakpoints, and dilutions ranged to cover both susceptible and resistant strains (CLSI, 

2015). Experimental controls comprised blank (200 µL uninoculated MHB), positive (200 µL pure 

ethanol), and negative (100 µL bacterial suspension and 100 µL distilled water) wells. The plates were 

incubated for 16 hours at 37 °C. 10 µL of resazurin reagent was added to each well for 2-hour incubation 

at 37 °C. The MIC was defined as the lowest concentration preventing the resazurin color change from 

blue to pink or slight purple. 

A checkerboard assay was carried out in 96-well plates using a two-dimensional serial dilution 

strategy. AgNPs were serially diluted twofold along the vertical axis, spanning concentrations from MIC 

to 1/64 × MIC. Similarly, each antibiotic was added in two-fold serial dilutions horizontally, covering the 

concentration range from MIC to 1/128 × MIC. Each well contained a pair of AgNPs concentrations and 

a specific antibiotic, along with a bacterial inoculum, resulting in a final volume of 200 µL. The plates 

were incubated at 37 °C for 16 hours. Bacterial viability was assessed using a resazurin-based 

colorimetric assay after incubation. The fractional inhibitory concentration index (FICI) was calculated 

as follows: 

𝐹𝐼𝐶𝐼 =  (
𝑀𝐼𝐶𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛𝐴𝑔𝑁𝑃

𝑀𝐼𝐶𝑎𝑙𝑜𝑛𝑒𝐴𝑔𝑁𝑃

)  + (
𝑀𝐼𝐶𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛𝐴𝑛𝑡𝑖𝑏𝑖𝑜𝑡𝑖𝑐

𝑀𝐼𝐶𝑎𝑙𝑜𝑛𝑒𝐴𝑛𝑡𝑖𝑏𝑖𝑜𝑡𝑖𝑐

) 

The interactions are interpreted as synergistic (FICI ≤ 0.5), additive (0.5 < FICI ≤ 1), indifferent (1< FICI 

≤ 4), or antagonistic (FICI > 4). 

Results and discussion 

As shown in Figure 1, nanosilver formation was visually confirmed by a color shift from nearly 

transparent to deep red. Increasing the silver nitrate concentration up to 1.5 mM continuously enhanced 

the surface plasmon resonance peak intensity to its maximum, whereas 0.1 mM showed no visible peak 

due to insufficient yield, as noted by Chandraker et al. (2021). The decline in absorbance at 2.0 mM 

without peak broadening indicates partial precipitation from insufficient reducing agents rather than 

severe aggregation, establishing 1.5 mM as the optimal precursor concentration. 

Figure 1 Colour intensity (a) of synthesized AgNPs using different concentrations of AgNO3 and 

Visible Spectra (b) of AgNPs at different AgNO3 concentrations 

Figure 2 demonstrates that increasing the plant extract concentration from 0.1% to 1.5% weight 

by volume produced a strong hyperchromic effect, beyond which the absorption spectra plateaued due 

to reaction equilibrium, as reported by Rahman et al. (2024). The surface plasmon resonance bands 

narrowed up to 1.5% and remained consistently centered between 440 and 450 nm, confirming 

improved size uniformity and core particle stability without significant size shifts. 
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Figure 2 Colour intensity (a) of synthesized AgNPs using different concentrations of F. 

deltoidea and Visible Spectrum (b) of AgNPs at different plant extract Concentrations 

As depicted in Figure 3, increasing the extract-to-precursor volume ratio from 1:1 to 1:5 sharply 

elevated peak absorbance to approximately 4.3 arbitrary units (a.u.) due to accelerated nucleation 

kinetics (Ansari et al., 2023). Further increasing the ratio to 1:10 and 1:15 caused absorbance to drop 

and peaks to broaden due to insufficient phytochemical capping and particle agglomeration, 

establishing 1.5 mM precursor, 1.5% weight by volume extract, and a 1:5 ratio as the optimal 

parameters. 

Figure 3 Colour Intensity (a) of synthesized AgNPs using different volume ratio between plant 

extract and AgNO3 and Visible Spectrum (b) of AgNPs at different volume ratios 

between plant extract and AgNO3 

The characteristic surface plasmon resonance band centered at 445 nm confirms the 

successful formation of AgNPs after optimization, consistent with the complete silver ion reduction 

reported by Malek et al. (2023). A high peak absorbance of ~4.33 a.u. indicates excellent conversion 

efficiency and yield within the colloidal solution. Furthermore, the narrow, symmetrical peak profile 

reflects a narrow size distribution and good monodispersity among the biosynthesized nanoparticles 

(Rahman et al., 2019; Rolim et al., 2019). 
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Figure 4 Visible Spectrum of AgNPs synthesized under the optimized reaction conditions. 

Dynamic light scattering analysis revealed that the synthesized Fd-AgNPs exhibited an average 

hydrodynamic diameter of 109.8 – 131 nm with low polydispersity index (PDI) values of 0.219 – 0.230 

as shown in Figure 5. A PDI below 0.3 confirms a narrow size distribution and desirable monodispersity 

(Bhattacharjee, 2016). This is further supported by the size distribution profile, which displays a 

unimodal peak with 100% intensity, verifying the absence of large agglomerates in the colloidal 

suspension (Stetefeld et al., 2016). 

Figure 5 Size distribution by intensity of Fd-AgNPs 

The physicochemical properties of the synthesized Fd-AgNPs, including their hydrodynamic size, 

polydispersity, and surface charge, are summarized in Table 1. 

Table 1: Physicochemical characterization of Fd-AgNPs including Hydrodynamic Diameter, PDI, 

Zeta-potential, and Peak 1 intensity. 

Sample Hydrodynamic 

Diameterc(nm) 

PDI Zeta-Potential 

(mV) 

Fd-AgNPs 120.4 ± 10.6 0.223 ± 0.006 -2.95 ± 0.1

Regarding the surface charge, the zeta potential of the Fd-AgNPs was measured to be 

approximately -3.0 mV, with a range of -2.84 to -3.02 mV. 
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Figure 6 Zeta Potential Distribution of Fd-AgNPs 

Although electrostatic stabilization typically requires a zeta potential magnitude above 30 mV 

(Malvern Instruments, 2011), the synthesized Fd-AgNPs remained uniformly dispersed despite a low 

zeta potential. This indicates that colloidal stability was governed primarily by steric hindrance rather 

than electrostatic repulsion (Lima et al., 2020). Phytochemicals and biological macromolecules from the 

Ficus deltoidea extract serve as capping agents, forming a spatial barrier around the nanoparticles to 

prevent aggregation (Das et al., 2021; Keshari et al., 2020; Shaikh et al., 2021; Zuhrotun et al., 2023). 

This finding aligns with Azizah et al. (2026), who similarly reported stable Fd-AgNPs at a low zeta 

potential (~ –1.2 mV) due to steric stabilization provided by secondary botanical metabolites. 

As shown in Figure 7, the XRD pattern of Fd-AgNPs exhibited prominent Bragg reflections at 

2θ values of 38°, 44°, 64°, and 77°, indexing to the (111), (200), (220), and (311) planes of face-centered 

cubic metallic silver (ICDD card 04-0783) (Asif et al., 2022; Waiezi et al., 2023). Applying the Debye–

Scherrer equation to the dominant (111) peak yielded an average crystallite size of 10 – 10.6 nm 

(Permatasari et al., 2025). Minor peak shifts were attributed to surface lattice strain induced by 

phytochemical capping (Waiezi et al., 2023). Additionally, low-intensity secondary peaks at 27°, 32°, 

46°, 54°, and 57°,  confirmed the co-existence of a minor silver chloride (AgCl) phase (ICDD card 00-

031-1238), a common occurrence in plant-extract-mediated synthesis (Permatasari et al., 2025).

Figure 7: X-ray diffraction pattern of the biosynthesized Fd-AgNPs. The prominent Bragg

reflections at 2θ values correspond to the (111), (200), (220), (311), and (222) planes

of the face-centred cubic crystal structure of silver.
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Figure 8: Images of DDT results against (a) E. coli and (b) S. aureus. 

Table 2: DDT results of plant extracts, negative controls, biosynthesized AgNPs, and three antibiotics 

(ampicillin, kanamycin, and streptomycin) against E. coli and S. aureus. 

Type of Sample Concentration Zone of Inhibition (mm) 

E. coli S. aureus

Negative 

Control 

Deionized water None None 

Plant Extract 2% w/v None None 

Silver Nitrate 1mM 9.7 ± 0.6 13.7 ± 0.6 

AgNPs 100 µg/mL 9.3 ± 0.6 12.7 ± 0.6 

Ampicillin 100 µg/mL 9.7 ± 0.6 41.3 ± 1.5 

Kanamycin 100 µg/mL 17 ± 0 18 ± 1 

Streptomycin 100 µg/mL 16.7 ± 0.6 17 ± 1 

As presented in Figure 8 and Table 2, neither the negative control nor the 2% w/v plant extract 

exhibited a zone of inhibition (ZOI), confirming that antibacterial activity originates solely from the Fd-

AgNPs and their sustained silver ion release. The AgNO3 precursor generated slightly larger ZOIs than 

Fd-AgNPs, reflecting direct ion availability. Fd-AgNPs exhibited broad-spectrum antibacterial activity 

against both pathogens; unexpectedly, a larger ZOI was formed against Gram-positive S. aureus than 

Gram-negative E. coli. While Gram-negative strains are typically more vulnerable due to their thinner 

cell wall (Vazquez-Muñoz et al., 2019), this inverse trend suggests specific surface interactions with the 

thick peptidoglycan layer of S. aureus or higher intrinsic resistance in the tested E. coli strain (Dakal et 

al., 2016). 

Regarding conventional antibiotics, ampicillin displayed markedly higher efficacy against S. 

aureus than E. coli, consistent with its primary mechanism targeting Gram-positive cell wall synthesis 

(Peechakara et al., 2023). In contrast, kanamycin and streptomycin exhibited comparable inhibitory 
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capability against both strains without significant selectivity. This uniform potency aligns with their 

shared mode of action as aminoglycosides, which disrupt protein synthesis at the 30S ribosomal subunit 

to induce secondary membrane disruption (Tevyashova et al., 2022; Webster et al., 2022). 

Quantitative checkerboard assays demonstrated that AgNPs exerted a pronounced strain-

dependent potentiating effect when combined with conventional antibiotics, as summarized in Table 3. 

Combining AgNPs with kanamycin exhibited exceptional synergistic action against E. coli as FICI 

equals to 0.282, drastically reducing the MIC of kanamycin from 6.25 µg/mL to 0.2 µg/mL while 

concurrently lowering the MIC of AgNPs from 12.5% to 3.125%. A strong synergistic interaction was 

likewise observed with streptomycin with FICI of 0.375, whereas ampicillin combinations displayed 

additive activity with FICI of 0.75. In contrast, against S. aureus, combinations with kanamycin and 

streptomycin produced only additive effects with both FICIs equaling to 0.75, reducing their respective 

MICs from 1.56 µg/mL and 0.78 µg/mL to 0.39 µg/mL. Furthermore, ampicillin exhibited an indifferent 

interaction against S. aureus, leaving the conjugated AgNP MIC unchanged at 12.5%. 

Table 3: Synergistic, additive, and indifferent effects of silver nanoparticles combined with antibiotics 

against E. coli and S. aureus. The table presents the MIC values for individual agents and their 

combinations, along with the calculated FICs and interpretations of interactions. 

Strains 
Combina

-tion

MIC (alone) MIC (conjugated) FICI Interpre

-tation
Antibiotics 

(µg/mL) 

AgNPs 

(%) 

Antibiotics 

(µg/mL) 

AgNPs 

(%) 

E. coli

Amp + 

AgNPs 
100 

12.5 

50 

3.125 

0.75 Additive 

Kan + 

AgNPs 
6.25 0.2 0.282 

Synergi

–stic

Str + 

AgNPs 
3.125 0.78 0.375 

Synergi

s-tic

S. aureus

Amp + 

AgNPs 
0.78 

12.5 0.39 

12.5 1.5 
Indiffere

-nt

Kan + 

AgNPs 
1.56 

6.25 0.75 

Additive 

Str + 

AgNPs 
0.78 Additive 

These results highlight that biosynthesized AgNPs serve as highly potent antibiotic adjuvants, 

exhibiting greater therapeutic efficacy against Gram-negative bacteria than Gram-positive strains. By 

significantly lowering the required dosage of conventional antibiotics, this combined administration 

strategy effectively minimizes off-target drug toxicity and offers a highly promising therapeutic approach 

to combat antimicrobial resistance. 

Conclusion 

In this study, optimized green synthesis using Ficus deltoidea extract successfully produced crystalline 
AgNPs under optimized conditions of 1.5% (w/v) extract concentration, 1.5 mM AgNO₃, and a 1:5 
precursor-to-extract ratio. The synthesized nanoparticles exhibited a characteristic SPR peak at 
approximately 445 nm, face-centered cubic crystalline structure, and narrow particle size distribution 
with hydrodynamic diameters ranging from 108 to 128 nm and PDI values of 0.22 – 0.23. Despite their 
low zeta potential of approximately −3.0 mV, phytochemical capping contributed to nanoparticle 
stability. Antibacterial assessment demonstrated that AgNPs enhanced the efficacy of selected 
antibiotics in a strain-dependent manner, with kanamycin- and streptomycin-loaded AgNP combinations 
showing synergistic effects against E. coli, while predominantly additive interactions were observed 
against S. aureus. Importantly, this study successfully quantified the antibacterial efficacy of each AgNP 
+ antibiotic combination against S. aureus and E. coli and determined the effective concentrations of
each antimicrobial component within the combinations. This research provides useful reference data
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for the future development of AgNPs-assisted antimicrobial therapies and combination treatment 
strategies. 
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