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Introduction 

 
Nanotechnology has profoundly impacted numerous 

scientific fields, particularly in the development of innovative 

antimicrobial agents. Among the most extensively studied 

nanomaterials are silver nanoparticles (AgNPs), renowned for their 

broad-spectrum antimicrobial activity, high surface-area-to-volume 

ratio, and distinctive physicochemical properties that facilitate diverse 

interactions with microbial cells.1,2 The antimicrobial mechanisms of 

AgNPs include disruption of bacterial cell membranes, interference 

with DNA replication, and the induction of oxidative stress via reactive 

oxygen species (ROS) generation.3,4 
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Beyond their bactericidal effects, AgNPs have also demonstrated 

substantial efficacy in disrupting bacterial biofilms, positioning them as 

promising candidates for the treatment of persistent and biofilm-

associated infections.5,6 Conventional chemical and physical methods 

for synthesizing silver nanoparticles (AgNPs) often involve toxic 

solvents, hazardous reducing agents, and high energy input, raising 

concerns about environmental sustainability and biomedical safety. To 

address these challenges, green synthesis approaches have emerged as 

sustainable and biocompatible alternatives. These methods utilize 

natural biological systems, particularly plant extracts7, to reduce silver 

ions and stabilize nanoparticles under ambient conditions. Plant-

mediated synthesis is beautiful due to its simplicity, cost-effectiveness, 

and the abundance of phytochemicals, such as flavonoids, alkaloids, 

phenolics, and terpenoids, which can serve dual roles as reducing and 

capping agents. These bioactive compounds may also enhance the 

functional properties of AgNPs, contributing synergistically to their 

antimicrobial activity 8 Despite the growing interest in green 

nanotechnology, many medicinal and ornamental plants remain 

underexplored for their nanoparticle-synthesizing potential. Acalypha 

godseffiana, an ornamental plant from the Euphorbiaceae family, is one 

such example.9 Preliminary phytochemical studies have identified 

several secondary metabolites in A. godseffiana, including saponins, 

tannins, flavonoids, and phenolic acids,10 which are known for their 

antimicrobial and antioxidant properties. These compounds hold 

promise for facilitating the green synthesis of nanoparticles.  

However, limited research has investigated the use of A. godseffiana in 

nanoparticle synthesis, and its antimicrobial potential in nanoform 
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The emergence of multidrug-resistant (MDR) pathogens, including the ESKAPE group 

(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter 

baumannii, Pseudomonas aeruginosa, and Escherichia coli), underscores the urgent need for 

novel antimicrobial agents. This study reports the green synthesis of silver nanoparticles (AgNPs) 

using Acalypha godseffiana leaf extract and evaluates their potent antibiofilm activity against 

these critical pathogens. UV–Vis spectroscopy confirmed nanoparticle formation through a 

characteristic surface plasmon resonance peak at 437 nm. In comparison, transmission electron 

microscopy (TEM) revealed spherical nanoparticles ranging from 1 to 20 nm, stabilized by plant-

derived phytochemicals. Energy-dispersive X-ray (EDX) analysis verified the presence of 

elemental silver with a peak at 3.0 keV, accompanied by organic capping agents. The 

biosynthesized AgNPs demonstrated dose-dependent inhibition of biofilm formation, exhibiting 

maximal activity against S. aureus (61.71% inhibition at 100 μg/mL) and A. baumannii (52.58%). 

Minimum biofilm eradication concentrations (MBEC) indicated complete disruption of 

established biofilms at 200 μg/mL for P. aeruginosa and 400 μg/mL for E. faecium. Mechanistic 

investigations suggest that the antibiofilm effects are mediated by reactive oxygen species (ROS) 

generation, degradation of extracellular polymeric substances (EPS), and disruption of bacterial 

membranes, potentiated by synergistic interactions with flavonoids and phenolic compounds from 

the plant extract. These findings highlight A. godseffiana-derived AgNPs as a sustainable and eco-

friendly alternative to conventional antibiotics, particularly for managing biofilm-associated MDR 

infections. The study provides critical insights and dosage thresholds essential for future 

translational applications, including medical device coatings and topical antimicrobial 

formulations. 
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remains largely uncharacterized. The clinical relevance of green-

synthesized AgNPs becomes increasingly evident in the face of 

antimicrobial resistance (AMR), a pressing global health challenge. The 

rise of multidrug-resistant (MDR) bacteria has compromised the 

efficacy of conventional antibiotics and led to a surge in healthcare-

associated infections. Of particular concern are the ESKAPE pathogens, 

Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa, and Escherichia 

coli,11 which are responsible for the majority of nosocomial infections 

and are notorious for their capacity to "escape" antimicrobial treatments 

via mechanisms such as efflux pumps, enzymatic degradation, and 

target-site modifications.12 A key feature of many ESKAPE pathogens 

is their ability to form biofilms—structured microbial communities 

embedded within an extracellular polymeric substance (EPS) matrix.13  

Biofilms provide enhanced protection against antimicrobial agents and 

host immune responses and are commonly associated with chronic 

infections and medical device-related complications. Within biofilms, 

bacteria exhibit altered metabolic activity and gene expression, leading 

to phenotypic resistance even in the absence of genetic mutations.14 

This makes biofilm-associated infections especially challenging to treat 

and a significant barrier in managing MDR pathogens 15 In light of this 

challenge, there is increasing interest in developing antimicrobial 

agents that also possess biofilm-disruptive properties. Silver 

nanoparticles, especially those synthesized via green methods, offer a 

promising dual-function approach. The presence of phytochemicals in 

plant-mediated AgNPs may enhance their interaction with microbial 

surfaces and EPS components, thereby improving antibiofilm efficacy. 

This study explores the green synthesis of silver nanoparticles using an 

aqueous leaf extract of Acalypha godseffiana. It evaluates their 

antibiofilm activity and minimum biofilm eradication concentration 

(MBEC) against ESKAPE pathogens, including Escherichia coli. The 

synthesized AgNPs are characterized using standard analytical 

techniques, including ultraviolet-visible (UV-Vis) spectroscopy, 

scanning electron microscopy (SEM), energy-dispersive X-ray (EDX), 

and transmission electron microscopy (TEM), to determine their size, 

morphology, and elemental composition. Their antimicrobial properties 

are then assessed in both planktonic and biofilm states using clinically 

relevant ESKAPE strains. By integrating plant-based green 

nanotechnology with antimicrobial evaluation, this study aims to 

contribute to the development of sustainable, biologically active 

nanomaterials capable of addressing the increasing burden of resistant 

and biofilm-associated infections. The findings also provide insights 

into the potential of underutilized botanical species in the eco-friendly 

production of nanotherapeutics with clinical relevance.  
 

Materials and Methods 

Chemicals and Equipment 

Methanol and silver nitrate, both of analytical grade, were obtained 

from Ceman Scientific LTD in Nigeria. Standard bacterial strains 

(ATCC), Enterococcus faecium ATCC 700221, Staphylococcus aureus 

(MRSA) ATCC BAA-1720, Klebsiella pneumoniae ATCC BAA-1705, 

Acinetobacter baumannii ATCC BAA-1710, Pseudomonas aeruginosa 

ATCC BAA-1744, and Escherichia coli ATCC 14714 were acquired 

from the Microbiology Laboratory at Bayero University, Kano. 

Deionized, double-distilled water was used to prepare all aqueous 

solutions. The study employed a mechanical blender, centrifuge, UV–

Vis spectrophotometer, SPSS software, incubator, autoclave, sterile 6 

mm paper discs, micropipettes, 96-well polystyrene microtiter plates, 

MHA/MHB, and a biosafety cabinet. 

Collection, Identification, and Extraction of Acalypha godseffiana 

Leaves 

Fresh leaves of Acalypha godseffiana were collected from the botanical 

garden of Bayero University, Kano, Nigeria (11.9837° N, 8.4776° E). 

The plant was taxonomically identified at the university herbarium and 

assigned the accession number BUKHAN 0352. The leaves were 

washed thoroughly with tap water, followed by distilled water, to 

remove surface impurities. They were then cut into small pieces and air-

dried at room temperature. Once completely dried, the leaves were 

ground into a fine powder using a mechanical blender. For extraction, 

62.5 g of the powdered leaf material was subjected to Soxhlet extraction 

using 250 mL of methanol for 3 hours. The resulting extract was 

concentrated using a rotary evaporator at 40 °C. The concentrated 

extract was then poured into a petri dish, spread to a uniform thickness 

of 4–5 mm, and dried in an oven at 50 °C for 18 hours. The dried 

methanolextract was stored at −4 °C until further use. 16  

Green Synthesis of Silver Nanoparticles 

Silver nanoparticles (AgNPs) were synthesized via an eco-friendly 

method, using the methanolic extract of Acalypha godseffiana as both 

the reducing and stabilizing agent. A 1 mM aqueous solution of silver 

nitrate (AgNO₃, 90 mL) was mixed with 10 mL of the plant extract 

(1 mg/mL) under continuous magnetic stirring at 1200 rpm for 60 

minutes at room temperature. The formation of AgNPs was indicated 

by a visible color change from pale yellow to dark brown. The resulting 

colloidal suspension was centrifuged at 6000 rpm for 20 minutes, and 

this process was repeated three times to ensure thorough purification. 

The resulting pellet was washed with deionized water and air-dried. The 

dried nanoparticles were stored and subsequently used for 

characterization and biological assays.17 

Characterization of green-synthesized silver nanoparticles 

Visual Observation 

The formation of silver nanoparticles (AgNPs) was initially monitored 

through a visible color change in the reaction mixture, indicating the 

reduction of silver ions (Ag⁺) to elemental silver. 

 

UV-Vis spectroscopy  

The optical properties of the biosynthesized Acalypha godseffiana-

mediated AgNPs were analyzed using a double-beam UV–Vis 

spectrophotometer (LI-2800 Ex, Lambda Scientific, China) over a 

wavelength range of 200–800 nm. Spectral measurements were 

recorded at different time intervals to monitor the progression of 

nanoparticle synthesis, with distilled water used as the reference 

blank.18,19 

Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray 

Spectroscopy (EDX) 

The surface morphology and particle size distribution of the synthesized 

AgNPs were examined using high-resolution scanning electron 

microscopy (SEM) (Model: JSM-7600F, JEOL Ltd., Tokyo, Japan). 

For SEM analysis, AgNPs were dispersed in deionized water 

(1 mg/mL), sonicated for homogeneity, and a drop of the suspension 

was placed on a clean glass slide, air-dried, and subsequently sputter-

coated with gold. 20 Elemental composition was confirmed through 

Energy-Dispersive X-ray (EDX) spectroscopy, which provided 

qualitative and semi-quantitative data on the elemental constituents of 

the synthesized nanoparticles.21 

Transmission electron microscopy 

The morphological characteristics of the biosynthesized Acalypha 

godseffiana-mediated AgNPs were examined using a transmission 

electron microscope (JEM-2100, JEOL Ltd., Japan) operated at an 

accelerating voltage of 200 kV. Before imaging, five milliliters of 

AgNP colloidal solution were centrifuged twice at 20,000 rpm for 20 

minutes to remove unbound molecules. The resulting pellet was re-

dispersed in 1 ml of distilled water, and a few drops of the suspension 

were placed onto a carbon-coated copper grid. The grid was dried in a 

hot air oven at 60℃ for four hours before analysis.22, 23 

 

Biofilm Inhibition Assay Using Green-Synthesized Silver Nanoparticles 

The inhibitory effects of biosynthesized silver nanoparticles (AgNPs) 

on biofilm formation were assessed against the same ATCC strains of 

ESKAPE pathogens using the microtiter plate method. A 96-well sterile 

microtiter plate was inoculated with 100 μL of bacterial suspensions 

prepared from overnight cultures of Enterococcus faecium ATCC 

700221, Staphylococcus aureus (MRSA) ATCC BAA-1720, Klebsiella 

pneumoniae ATCC BAA-1705, Acinetobacter baumannii ATCC BAA-

1710, Pseudomonas aeruginosa ATCC BAA-1744, and Escherichia 

coli ATCC 14714. Each well was then treated with 100 μL of AgNPs at 
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varying concentrations (25, 50, 75, and 100 μg/mL). The plates were 

incubated at 37 °C for 24 hours to allow biofilm development. After 

incubation, non-adherent cells were removed by gently washing the 

wells with sterile distilled water. Adherent biofilms were fixed by 

staining with 1% crystal violet for 30 minutes, followed by thorough 

rinsing and decolorization using 95% ethanol. Biofilm biomass was 

quantified by measuring the absorbance at 590 nm using a microplate 

reader. 24, 25 The percentage of biofilm inhibition relative to untreated 

controls was calculated using Equation 1.  

 

%Inhibition =  (ODcontrol −
ODtreated

ODcontrol
) × 100----------Equation 1 

 

Determination of Minimum Biofilm Eradication Concentration 

(MBEC) 

The Minimum Biofilm Eradication Concentration (MBEC) was 

determined using a modified 96-well microtiter plate assay, adapted 

from previously established protocols.26,27  Briefly, 24-hour-old 

biofilms of the selected ESKAPE pathogens were established in flat-

bottom 96-well polystyrene microtiter plates (Costar, Sigma-Aldrich, 

USA), as previously described. Following biofilm formation, the wells 

were gently washed twice with sterile phosphate-buffered saline (PBS, 

pH 7.4) to remove non-adherent planktonic cells, and subsequently air-

dried under sterile conditions. 

Serial two-fold dilutions of the test antimicrobial agents, including the 

green-synthesized silver nanoparticles, were prepared in fresh nutrient 

broth at concentrations selected based on previously determined MIC 

values. A total of 200 μL of each dilution was added to the wells 

containing preformed biofilms. The plates were incubated at 37 °C for 

24 hours under static conditions. Post-treatment, the wells were rinsed 

three times with PBS to remove residual antimicrobial agents. Biofilms 

were then mechanically disrupted by scraping the well surfaces with 

sterile pipette tips. The recovered biofilm material was transferred to 

sterile Eppendorf tubes containing 1 mL of PBS and subjected to 

ultrasonic treatment in a water bath sonicator (40 kHz) for 10 minutes 

to enhance the detachment and dispersion of biofilm-embedded cells. 

Thereafter, 100 μL aliquots from each suspension were plated on 

Mueller-Hinton agar and incubated at 37 °C for 24 hours. Colony-

forming units (CFUs) were enumerated, and the MBEC was defined as 

the lowest concentration of the antimicrobial agent that resulted in no 

visible CFU growth. All experiments were conducted in triplicate, and 

appropriate controls were included: untreated biofilms (positive 

control) and media-only wells (negative control). 

Statistical analysis 

All experiments were carried out in triplicate for each of the four 

different concentrations tested. Data were analyzed using the SPSS 

software package for Windows. Results were expressed as mean ± 

standard deviation (SD). One-way analysis of variance (ANOVA) was 

performed to assess the significance of differences among groups. A p-

value of less than 0.05 was considered statistically significant. 

 

Results and Discussion 
Green synthesis of silver nanoparticles 

A distinct color change in the reaction mixture initially indicated the 

formation of silver nanoparticles (AgNPs). Upon the addition of 

Acalypha godseffiana leaf extract to a one mM silver nitrate (AgNO₃) 

solution, the solution color shifted from colorless to golden brown (Fig. 

1A). This color change signifies the reduction of silver ions (Ag⁺) to 

elemental silver (Ag⁰), a hallmark of nanoparticle formation in green 

synthesis protocols. The brown coloration arises from surface plasmon 

resonance (SPR), a phenomenon associated with the collective 

oscillation of electrons on the surface of silver nanoparticles in response 

to light. To confirm nanoparticle formation, UV–Visible spectroscopy 

was performed. The absorption spectrum exhibited a pronounced peak 

at approximately 437 nm (Fig. 1B), characteristic of the SPR band of 

AgNPs. This peak confirms the presence of colloidal silver 

nanoparticles and supports the visual observation. Furthermore, the 

sharpness and position of the SPR peak suggest the formation of small, 

well-dispersed nanoparticles. These findings validate the efficacy of A. 

godseffiana extract as a reducing and stabilizing agent for the green 

synthesis of silver nanoparticles.28 

 

Figure 1: (A) Visual inspection of color change as AgNPs are 

synthesized, (B) UV–visible spectra of AgNPs. 

Scanning Electron Microscopy (SEM) Analysis  

The SEM analysis revealed a heterogeneous surface morphology 

characterized by irregularly shaped and aggregated particles dispersed 

over a rough and uneven matrix (Fig. 2A–2C). Although silver 

nanoparticles are conventionally expected to be spherical, the 

synthesized AgNPs displayed significant agglomeration and non-

uniformity in shape. These are likely due to the presence of 

phytochemicals from Acalypha godseffiana extract acting as natural 

reducing and stabilizing agents. Some rounded structures were visible; 

however, their fused or embedded appearance suggests poor dispersion 

and potential structural deformation, likely arising from particle 

coalescence during synthesis.29 These morphological features indicate 

a partially crystalline structure, commonly observed in green-

synthesized nanoparticles mediated by plant-derived biomolecules.  
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Figure 2: Scanning Electron Microscopy (SEM) images and 

EDX of silver nanoparticles synthesized using A. godseffiana 

extract 

 

Scanning Electron Microscopy (SEM) images of silver nanoparticles 

synthesized using A. godseffiana extract, shown at different 

magnifications: (A) 8,000×, (B) 12,000×, and (C) 10,000×. The images 

reveal aggregated, irregularly shaped particles distributed across a 

rough surface, with evidence of particle fusion and limited dispersion, 

likely due to the presence of phytochemical capping agents from the 

plant extract. (C) EDX of AgNPs 

Similar aggregation patterns have been reported in AgNPs synthesized 

using other plant extracts, where compounds such as flavonoids, 

phenolics, and proteins are implicated in promoting particle fusion and 

irregular shapes. While aggregation may reduce surface area and 

influence the colloidal stability of the nanoparticles, it may also enhance 

biocompatibility and reduce cytotoxicity—desirable features for 

biomedical applications. Overall, the SEM findings support the 

involvement of A. godseffiana phytoconstituents in the synthesis and 

stabilization of AgNPs, highlighting their role in shaping nanoparticle 

morphology during the green synthesis process. 

Energy Dispersive X-ray (EDX) Analysis  

The EDX spectrum of the biosynthesized silver nanoparticles 

confirmed the presence of elemental silver through a characteristic 

strong peak around 3.0–3.2 keV (Fig. 2D), validating the successful 

reduction of Ag⁺ to Ag⁰. In addition to silver, signals corresponding to 

elements such as carbon (C), oxygen (O), phosphorus (P), sulfur (S), 

potassium (K), calcium (Ca), and chlorine (Cl) were also detected. 

These elements likely originate from phytochemicals present in the 

Acalypha godseffiana extract, which acted as natural reducing and 

stabilizing agents during the synthesis process. The detection of 

chlorine suggests the potential formation of silver chloride (AgCl) as a 

minor secondary phase, consistent with XRD findings.30 The presence 

of other plant-derived elements indicates effective bio-capping of the 

nanoparticles by secondary metabolites such as phenolics, flavonoids, 

and proteins. These findings are in line with earlier reports on green 

synthesis of AgNPs, where residual plant-based biomolecules are 

commonly observed on the nanoparticle surface.31 The organic capping 

not only stabilizes the particles but may also enhance their interaction 

with microbial membranes, contributing to the observed antimicrobial 

activity. Overall, the EDX analysis supports the role of A. godseffiana 

phytochemicals in nanoparticle formation, capping, and functional 

performance.32,33 

Transmission Electron Microscopy (TEM) Analysis 

Transmission Electron Microscopy (TEM) images (Fig. 3A–C) 

revealed the successful synthesis of silver nanoparticles (AgNPs) with 

predominantly spherical morphology and a narrow size distribution. 

The nanoparticles were uniformly dispersed with minimal aggregation, 

and their sizes ranged from approximately 1.47 nm to 5.80 nm. At lower 

magnification (Fig. 3A), the particles appeared well distributed, with 

the majority measuring below 20 nm, indicating efficient nanoscale 

synthesis. Higher magnification images (Fig. 3B–C) confirmed these 

size estimates and showed well-defined particle boundaries, further 

supporting the crystalline and monodispersed nature of the AgNPs. 

 

 
 

Figure 3: Transmission Electron Microscopy (TEM) images 

of silver nanoparticles synthesized using A. godseffiana 

extract, shown at different magnifications: (A) 100nm, (B) 

50nm, and (C) 20nm. 

Although minor clustering was observed in certain regions, most 

particles maintained discrete boundaries without significant fusion. 

These suggest the presence of phytochemicals from Acalypha 

godseffiana acting as natural capping and stabilizing agents during the 

synthesis process. The small particle size and predominantly spherical 

shape are consistent with previous reports on green-synthesized AgNPs, 

where plant-derived compounds such as flavonoids and tannins play a 

critical role in controlling nucleation, preventing overgrowth, and 

stabilizing the nanoparticles.34  

The ultrasmall dimensions observed, particularly within the 2–4 nm 

range, are noteworthy, as they offer a high surface area-to-volume ratio 

and enhanced biological reactivity. These features are advantageous for 

antimicrobial applications. These morphological characteristics, 

combined with the absence of irregular shapes or large aggregates, 

further underscore the effectiveness of the biosynthetic route employed. 

Additionally, the high degree of uniformity and dispersity among the 

nanoparticles reflects a well-regulated green synthesis process that 

successfully balances the reduction of silver ions with stabilization by 

phytochemicals from Acalypha godseffiana 35 

Similar trends have been reported in AgNPs synthesized from other 

medicinal plants, where nanoparticle properties were strongly 

influenced by the type and concentration of capping phytochemicals.36 

The findings in this study further reinforce that A. godseffiana extract 

2A 2B 

2C 2D 
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functions not only as a reducing agent but also as an effective stabilizer, 

contributing to the consistent size and spherical morphology of the 

synthesized nanoparticles. Overall, the TEM analysis confirms the 

successful biosynthesis of highly uniform, ultrasmall AgNPs, 

highlighting their suitability for biomedical and antimicrobial 

applications37  

Antibiofilm Activity of green-synthesized AgNPs 

The antibiofilm activity of AgNPs was assessed against all test strains 

using OD₅₉₀ measurements and corresponding percent inhibition values. 

An apparent concentration-dependent inhibition of biofilm formation 

was observed across all strains. The highest inhibition occurred at 

100 µg/mL AgNPs, with Staphylococcus aureus MRSA showing 

61.71% inhibition and Acinetobacter baumannii exhibiting 52.58%. 

Although Pseudomonas aeruginosa and Enterobacter spp. 

Demonstrated strong baseline biofilm production (OD₅₉₀ Control 

~1.15), AgNP treatment still led to substantial inhibition (48.50% and 

42.59%, respectively, at 100 µg/mL). The lowest inhibition levels were 

recorded for Klebsiella pneumoniae (43.56%) and Enterococcus 

faecium (39.60%) (Table 1; Fig. 4).  

 

Table 1: Percentage biofilm inhibition by AgNPs (25–100 µg/mL) across ESKAPE pathogens. Data represent mean inhibition values 

based on OD₅₉₀ readings. 

Pathogen AgNPs Conc. (µg/mL) OD₅₉₀ (Mean ± SD) % Inhibition  

Enterococcus faecium 0 (Control) 0.1843 ± 0.01 0.00% 

 100 0.0970 ± 0.06 47.38% 

 75 0.1333 ± 0.01 27.71% 

 50 0.1213 ± 0.02 34.18% 

 25 0.1843 ± 0.01 0.00% 

Staphylococcus aureus 0 (Control) 0.175 ± 0.01 0.00% 

 100 0.067 ± 0.02 61.71% 

 75 0.097 ± 0.03 44.57% 

 50 0.122 ± 0.02 30.29% 

 25 0.131 ± 0.02 25.14% 

Klebsiella pneumonia 0 (Control) 0.143 ± 0.01 0.00% 

 100 0.081 ± 0.04 43.56% 

 75 0.095 ± 0.02 33.57% 

 50 0.122 ± 0.004 14.69% 

 25 0.138 ± 0.01 3.50% 

              Acinetobacter baumannii 0 (Control) 0.1735 ± 0.01 0% 

 100 0.0823 ± 0.03 52.58% 

 75 0.0967 ± 0.02 44.26% 

 50 0.1273 ± 0.01 26.63% 

 25 0.1377 ± 0.01 20.66% 

Pseudomonas aeruginosa 

 
0 (Control) 0.1915 ± 0.04 0% 

 100 0.0757 ± 0.05 48.50% 

 75 0.1030 ± 0.05 29.93% 

 50 0.1250 ± 0.01 15.01% 

 25 0.1197 ± 0.01 18.59% 

Escherichia coli 0 (Control) 0.9715 ± 0.04 0% 

 100 0.1083 ± 0.05 42.59% 

 75 0.1657 ± 0.08 12.19% 

 50 0.1657 ± 0.04 12.19% 

 25 0.1590 ± 0.02 15.76% 
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Figure 4: Percentage Biofilm Inhibition by AgNPs (25–100 

µg/mL) Across ESKAPE Pathogens 

Bar chart showing mean percentage inhibition of biofilm formation by 

green-synthesized AgNPs at increasing concentrations (25–100 µg/mL) 

across six ESKAPE pathogens. Inhibition was calculated based on 

OD₅₉₀ absorbance values. The data indicate a concentration-dependent 

response, with S. aureus and A. baumannii showing the highest 

susceptibility. These findings demonstrate that green-synthesized 

AgNPs possess dose-dependent antibiofilm activity against both Gram-

positive and Gram-negative multidrug-resistant strains. The observed 

inhibition aligns with recent studies suggesting that AgNPs disrupt 

biofilm formation by interfering with bacterial quorum sensing, 

inhibiting extracellular polymeric substance (EPS) production, and 

increasing cell membrane permeability.38  Since biofilms contribute 

significantly to antimicrobial resistance by shielding bacteria from host 

defenses and antibiotics,39 such disruption is of considerable therapeutic 

value. The more potent inhibition observed in S. aureus MRSA and A. 

baumannii may be due to differences in cell wall composition or biofilm 

architecture. In contrast, the lower inhibition in K. pneumoniae and E. 

faecium could be linked to denser EPS matrices or intrinsic resistance 

mechanisms.40 In summary, the results support the potential of green-

synthesized AgNPs as effective antibiofilm agents, especially against 

multidrug-resistant pathogens. Their dual antimicrobial and antibiofilm 

activities suggest promising applications in biomedical settings, such as 

coatings for medical devices, wound dressings, and adjunctive 

treatments for chronic or device-associated infections.41 These 

properties position AgNPs as valuable candidates in the ongoing battle 

against antimicrobial resistance. 

Minimum Biofilm Eradication Concentration (MBEC) 

The Minimum Biofilm Eradication Concentration (MBEC) of the 

synthesized silver nanoparticles (AgNPs) was evaluated to determine 

the lowest concentration required to eliminate mature biofilms (CFU = 

0) with no observable regrowth. As shown in Table 2, AgNPs exhibited 

concentration-dependent eradication activity against all tested bacterial 

pathogens. Pseudomonas aeruginosa was the most susceptible strain, 

with complete biofilm eradication achieved at 200 µg/mL. Moderate 

susceptibility was observed in Staphylococcus aureus, Klebsiella 

pneumoniae, and Acinetobacter baumannii, each with MBEC values of 

300 µg/mL. In contrast, Enterococcus faecium and Escherichia coli 

required higher concentrations (400 µg/mL) for complete eradication of 

their biofilms. 

 

 

Table 2: Minimum Biofilm Eradication Concentration (MBEC) of synthesized silver nanoparticles against biofilms of ESKAPE 

pathogens. 

Pathogen 

Max 

Inhibition 

@100 µg/mL 

AgNP 

Conc. 

(µg/mL) 

log CFU/mL 

before 

treatment 

log CFU/mL 

after 

treatment 

Log 

Reduction 

MBEC 

(µg/mL) 

>99.99% 

Regrowth 

Observed 

(Y/N) 

Enterococcus 

faecium 
39.6% 100 8 8 0 — Yes 

  150 8 7 1 — Yes 

  200 8 6 2 — Yes 

  250 8 5 3 — Yes 

  300 8 2 6 — Yes 

  400 8 0 8 400 No 

Staphylococcus 

aureus 
61.71% 100 8 8 0 — Yes 

  150 8 6 2 — Yes 

  200 8 5 3 — Yes 

  250 8 2 6 — Yes 

  300 8 0 8 300 No 

Klebsiella pneumonia 43.56% 100 8 7 1 — Yes 

  150 8 6 2 — Yes 

  200 8 5 3 — Yes 
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  250 8 1 7 — Yes 

  300 8 0 8 300 No 

Acinetobacter 

baumannii 
52.58% 100 8 8 0 — Yes 

  150 8 5 3 — Yes 

  200 8 5 3 — Yes 

  250 8 2 6 — Yes 

  300 8 0 8 300 No 

Pseudomonas 

aeruginosa 
48.5% 100 8 6 2 — Yes 

  150 8 5 3 — Yes 

  200 8 0 8 200 No 

  250 8 0 8 200 No 

Escherichia coli 42.6% 100 8 8 0 — Yes 

  150 8 7 1 — Yes 

  200 8 6 2 — Yes 

  250 8 5 3 — Yes 

  300 8 2 6 — Yes 

  400 8 0 8 400 No 

These results highlight that the antibiofilm efficacy of AgNPs is both 

strain-dependent and influenced by the structural and physiological 

properties of the bacterial species. The higher susceptibility of P. 

aeruginosa may be attributed to its relatively thinner extracellular 

polymeric substance (EPS) matrix and increased sensitivity to reactive 

oxygen species (ROS) generated by AgNPs.42 Conversely, the more 

resistant nature of E. faecium and E. coli biofilms likely stems from 

their denser and more complex EPS architecture, which acts as a 

formidable barrier to nanoparticle penetration and antimicrobial 

action.43 Overall, these findings demonstrate that green-synthesized 

AgNPs possess potent antibiofilm activity against both Gram-positive 

and Gram-negative pathogens. However, higher concentrations may be 

required for strains with more robust biofilm-forming capabilities. The 

ability of AgNPs to disrupt and eradicate mature biofilms reinforces 

their promise as alternative or adjunctive agents in the management of 

biofilm-associated infections, particularly in settings where 

conventional antibiotics fail due to resistance. 

Statistical Analysis of Antibiofilm Activity 

To evaluate the significance of the inhibitory effects of silver 

nanoparticles (AgNPs) on biofilm formation, a one-way analysis of 

variance (ANOVA) was conducted for each ESKAPE pathogen using 

OD₅₉₀ values obtained from the biofilm quantification assays. The tested 

AgNP concentrations were 25, 50, 75, and 100 µg/mL, with untreated 

bacterial cultures serving as negative controls. The analysis revealed 

that AgNP concentration had a statistically significant effect on biofilm 

formation in Enterococcus faecium (F = 6.58, p = 0.008), 

Staphylococcus aureus (F = 4.59, p = 0.026), and Acinetobacter 

baumannii (F = 4.95, p = 0.021), indicating a dose-dependent inhibition 

of biofilm biomass in these strains. These results confirm the sensitivity 

of these pathogens to nanoparticle-mediated biofilm disruption. In 

contrast, the ANOVA results for Klebsiella pneumoniae (F = 1.55, 

p = 0.258), Pseudomonas aeruginosa (F = 1.95, p = 0.180), and 

Escherichia coli (F = 1.79, p = 0.207) did not reach statistical 

significance, despite observed trends toward reduced OD₅₉₀ values at  

higher AgNP concentrations (Table 3). This lack of significance may 

be attributed to greater variability within treatment groups, possibly 

reflecting more robust or heterogeneous biofilm matrices and higher 

tolerance to AgNP exposure. 

 Table 3: One-Way ANOVA Summary Table. Statistical 

significance was determined using one-way ANOVA for OD₅₉₀ 

values (n = 3). p < 0.05 indicates a significant difference across 

AgNP concentrations. 

Pathogen F P-value Significance 

E. faecium 6.58 0.008 Significant  

S. aureus 4.59 0.026 Significant 

K. pneumonia 1.55 0.258 NS 

A. baumannii 4.95 0.021 Significant 

P. aeruginosa 1.95 0.180 NS 

E. coli 1.79 0.207 NS 

These findings are further corroborated by the percent inhibition data, 

where S. aureus exhibited the highest biofilm inhibition (61.71%) at 

100 µg/mL, followed by A. baumannii (52.58%) and P. aeruginosa 

(48.50%) (Table 1). While P. aeruginosa showed relatively high 

inhibition in absolute terms, the variation among replicates likely 

reduced the statistical power to detect a significant difference. In 

summary, the statistical analysis supports the efficacy of green-

synthesized AgNPs in disrupting biofilm formation, particularly in S. 

aureus, A. baumannii, and E. faecium. The species-specific differences 

in response underscore the complexity of biofilm behavior and 

highlight the importance of tailored approaches in evaluating and 

applying nanoparticle-based antimicrobials. 
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Conclusion  

This work establishes a green approach for synthesizing silver 

nanoparticles (AgNPs) using Acalypha godseffiana leaf extract, 

resulting in small, stable, and biomolecule-capped nanostructures. The 

biosynthesized nanoparticles were confirmed through multiple 

characterization techniques and demonstrated promising biological 

activity against clinically important pathogens. Their mechanism of 

action appears linked to oxidative stress and biofilm disruption, 

suggesting their potential role in combating multidrug-resistant 

infections. Overall, these findings highlight A. godseffiana-mediated 

AgNPs as sustainable nanomaterials with strong potential for 

biomedical applications, particularly in infection control and 

therapeutic formulations. Future investigations will focus on evaluating 

in vivo efficacy, toxicity profiling, and formulation optimization, 

including synergistic combinations with conventional antibiotics for 

enhanced therapeutic outcomes. 
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