
 

 
 

  

 
 

 
 

                                                    

 

 
1 

 

  

SOYBEAN-MEDIATED GREEN SYNTHESIS OF RGO/SIO₂/ZNO NANOCOMPOSITES FOR ANTIMICROBIAL 

PROTECTION AND SEED NANO-PRIMING ENHANCEMENT 
 

Mohamed M. El-Zahed*, Manal A. Abdelhamid, Mamdouh M. Nemat Alla, Enas G. Badran  
 

Address(es):  
Department of Botany and Microbiology, Faculty of Science, Damietta University, New Damietta, Egypt. 

 

*Corresponding author: mohamed.marzouq91@du.edu.eg 

 
ABSTRACT 

 
Keywords: Glycine max, Green synthesis, rGO/SiO₂/ZnO, Antimicrobial activity, Time-kill kinetics, Ultrastructural analysis, Nano-

priming, Fusarium oxysporum 

 
 

INTRODUCTION 

 

Recent years have seen a significant increase in the use of nanotechnology in 

agriculture, a rapidly evolving field, due to its potential and quick fixes that are 

essential for sustainable agriculture (Atanda et al., 2025; Singh et al., 2025). 
Nanomaterials in general are promising materials for the site-specific delivery of 

nucleotides, proteins, and chemicals under in vitro settings to accomplish 

important goals, including enhancing crop development and yield and tolerance 
against stressful signals (Banerjee et al., 2023). Nanoparticles (NPs) come in a 

wide variety of forms, and some are classified as helpful NPs because of their 
favorable effects on crop plants. Beneficial NPs that can be used as nutrients or as 

a nanocarrier for fertilizers are more effective than conventional fertilizers due to 

their unique mechanism of action, improved performance, novel physico-chemical 
properties, and low environmental pollution (Shabiya et al., 2025). 

Among NPs, zinc oxide nanoparticles (ZnO NPs) are one of the most manufactured 

NPs globally and used in agricultural applications (Bouhadi et al., 2025; Kamal 

et al., 2024). Numerous industrial goods frequently contain ZnO NPs, where the 

size, concentration, exposure duration, and plant species are essential factors that 

influence ZnO NPs' efficacy (Fayed et al., 2025; Sani et al., 2023; Pedruzzi et 

al., 2020). Numerous studies on the effects of ZnO NPs on plants' biomass, 

antioxidant activity, gas exchange, and chlorophyll content have been conducted 

in recent years (Faizan et al., 2021; Wang et al., 2016). Plants require zinc (Zn) 
as a micronutrient, and agricultural soils all over the world frequently lack it 

(Lindsay, 1972). Zn is essential for the function of several enzymes, is a crucial 

component of transcription factors belonging to the Zn finger family, and is crucial 
for the process of photosystem II repair. According to Sharma et al. 2013, a Zn 

deficit causes plants to grow less, be less able to handle stress, and produce less 

chlorophyll. In contrast, larger amounts of Zn can have hazardous consequences 
that are comparable to those of heavy metals. It encourages iron and magnesium 

insufficiency, the production of reactive oxygen species (ROS), and the removal 

of other metals from the active regions of proteins (Sagardoy Calderón et al., 

2009). 

Both top-down and bottom-up approaches are used in the synthesis of 

nanomaterials (Majumder et al., 2007). However, traditional nonbiological 
techniques (such as pyrolysis or sol-gel) frequently include hazardous reactants, 

high energy usage, and expensive expenses (Guo et al., 2016). The biological 

techniques, sometimes referred to as "green synthesis," offer a more ecologically 
friendly option (Salem and Fouda, 2021). This method is effective and friendly 

since it uses microorganisms or plant extracts to biosynthesize NPs, utilizing 

naturally available biomolecules to reduce and cap metal ions (El-Zahed et al., 

2023; Mohd Yusof et al., 2020). Several studies were conducted to green-

synthesize ZnO NPs using different plant extracts (Rafique et al., 2023; Ullah and 

Lim, 2022). However, to the best of our knowledge, there is no study that has used 

an aqueous extract of soybean in the green synthesis of ZnO NPs. As the most 

important source of vegetable oil and proteins, soybeans hold a prominent place 
among crops (Budran et al., 2023). Except for sulfur-containing amino acids like 

methionine, soy proteins constitute the main source of plant-based proteins with 

well-balanced essential amino acids (Li et al., 2025; Qin et al., 2022). Given the 

importance of the soybean plant in Egypt, it was targeted in this study as it has 

emerged as a viable agricultural solution, addressing challenges such as food 

security, import reliance, and economic diversification (Naser et al., 2024). 
Different strategies are proposed to enhance Egypt's soybean agriculture, 

emphasizing breeding programs focused on high yields, disease resistance, and 

abiotic stress tolerance. The ability of the fabricated nanomaterials was also 
modulated to enhance the soybean growth.  

The antimicrobial activity of NPs has improved recently through their combination 

with polymers, and they may be able to inhibit or eradicate germs without harming 
the surrounding tissue (Baka and El-Zahed, 2022). Silica (SiO2) and silicon (Si) 

reduce the harmful effects that different environmental pressures have on plants 

and are thought to be quasi-essential for plant growth and development (Wang et 

al., 2016). According to Kim et al. 2016, SiO2 is the second most prevalent element 

in soil after nitrogen. It is an essential part of crop production, particularly in 

reducing the adverse effects of oxidative, salinity, and drought stressors (Seleiman 

et al., 2019). Applying nano-Si to plants improves their nutritional status by 
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reducing the movement of Na+ ions from roots to leaves and raising the 

concentration of K+ ions in leaves in salinized soil (Youssif et al., 2018). Recently, 

it was shown that plants treated with nano-minerals as stimulants and nutrients 
exhibited enhanced biochemical and physiological characteristics, reduced 

oxidative damage, increased uptake of nutrients and water, and enhanced plant 

development, all of which led to higher seed yields (Liu and Lal, 2015). 
In agriculture, graphite (Gt) is essential because it acts as a soil conditioner, 

improving soil health and plant growth by increasing nutrient availability. 

Additionally, it can help seeds flow more easily during sowing and possibly 
increase fertilizer efficiency (Qian et al., 2015). In order to create a sustainable 

cycle of resource consumption, it can be obtained from agricultural waste. It has 
the ability to raise soil organic carbon, which is essential for the cycling of nutrients 

and soil fertility in general (Hindersah et al., 2018). According to Pandorf et al. 

(Pandorf et al., 2020), nano-Gt may also improve plant productivity and soil 
nitrogen retention in addition to altering soil enzyme activity. Furthermore, Gt can 

be added to fertilizer coats, which could improve the way nutrients reach plants. 

Because of its special qualities and capacity to improve plant growth, nutrient 
absorption, and stress tolerance, graphene oxide (GO) has great promise for 

advancing agricultural methods (Singh and Das, 2024). It can be used as a 

fertilizer, a clever way to transport pesticides and nutrients, and a tool to improve 
the antibacterial qualities and soil health (Baka and El-Zahed, 2023). The makeup 

of soil microbial communities can be influenced by Gt and GO, which may have 

an effect on soil health and nutrient cycling. 
The current study aimed to prepare and characterize the newly green-synthesized 

reduced graphene oxide/silicon dioxide/zinc oxide nanocomposite 

(rGO/SiO2/ZnO), which was made of ZnO NPs and silica nanoparticles (SiO2 NPs) 
decorated on the GO sheets. The antimicrobial activity of the fabricated 

nanocomposite against different microbial strains would also be investigated, and 

the relationships between the structural parameters of this nanocomposite and its 
antimicrobial activity were evaluated. Using agar well diffusion susceptibility tests 

and a broth dilution method, the antimicrobial activity investigation was conducted 

against the Gram-positive bacteria (Bacillus paramycosides and Staphylococcus 
aureus), the Gram-negative bacteria (Escherichia coli and Salmonella typhi), and 

the fungi (Fusarium oxysporum, Penicillium digitatum, Aspergillus niger, and 

Candida albicans). In addition, in a simple preliminary experiment, the new 
nanocomposite was applied to determine how to benefit from it in various 

agricultural applications as a fungicide. The ability of the fabricated 

nanocomposite to modulate soybean growth was studied using a priming 
experiment. 

 

MATERIALS AND METHODS 

 

Plant materials 

 
The present investigation was conducted in the Physiology and Microbiology 

Laboratories of the Botany and Microbiology Department at the Faculty of 

Science, Damietta University, Egypt. The soybean [Glycine max (L.)] cultivar Giza 
21 seeds were provided by the Agricultural Research Institute in Kafr El-Sheikh, 

Egypt. Healthy, uniformly sized seeds were carefully cleaned with water and then 

soaked overnight before being planted in pots measuring 18 x 15 x 12 inches filled 
with sand soil and placed in a greenhouse. The seeds were watered daily for seven 

days and then received Long Ashton nutrient solution for ten days (Hudson, 1967). 

 
Preparation of soybean leaf extract 

 

The plant extract was prepared following the method described by Shafey (2020) 
with specific adjustments for the biosynthesis of NPs. Fresh leaves of soybean 

(Glycine max) were thoroughly washed, cut into small fragments, and ground to 

increase the surface area for extraction. The ground leaves were immersed in 
distilled water and maintained under constant agitation at 150 rpm for 24 hours at 

25°C. To ensure the removal of cellular debris and obtain a high-purity extract, the 

resulting mixture was filtered through Whatman No. 1 filter paper, followed by 
centrifugation at 4000 ×g for 20 minutes. The clarified aqueous extract was then 

transferred to light-protected containers and stored at 4°C for use in subsequent 
green synthesis experiments. 

 

Green synthesis of ZnO NPs 

 

The biosynthesis of ZnO NPs was conducted following the procedure outlined by 

Umar et al. (2019) with slight modifications. Initially, 10 mL of Glycine max 
aqueous extract was slowly added to a 250 mL Erlenmeyer flask containing 90 mL 

of 0.1 M zinc nitrate hexahydrate [Zn(NO3)2.6H2O]. The mixture was continuously 

stirred using a magnetic stirrer for three hours at 80°C. To aid in the precipitation 
of the NPs, the pH of the solution was monitored and kept between 9 and 10 by 

adding a sodium hydroxide (NaOH) solution. A noticeable color change from 

yellowish-green to yellowish-white occurred during the reaction, indicating the 
reduction and formation of the NPs. The resulting pale white precipitate was 

collected through centrifugation, washed several times with distilled water to 

eliminate any unreacted precursors or plant residues, and then dried in an oven at 

70°C for eight hours. The synthesized ZnO NPs were stored for further 

characterization and integration into the composite. 

 

Green synthesis of SiO2 NPs 

 

The synthesis of SiO2 NPs was carried out using a sustainable green chemistry 
approach mediated by soybean extract. Initially, a 1 mM aqueous solution of 

sodium silicate was prepared, and the pH was adjusted to 6. This solution was then 

mixed with the soybean aqueous extract in a 1:1 (v/v) ratio. The mixture was 
agitated on a rotary shaker at 150 rpm at room temperature for 12 hours (overnight) 

until a characteristic color change to brown was observed, indicating the formation 
of the NPs. The resulting suspension was filtered using Whatman No. 1 filter paper 

to separate the produced NPs. To ensure crystallization and phase purity, the 

obtained material underwent calcination at 180°C for five hours in a muffle 
furnace, following the protocol described by AL-Azawi et al. (2019). The final 

SiO2 NPs were stored under desiccated conditions for further characterization and 

composite fabrication. 
 

Synthesis of silicon/reduced graphene oxide nanocomposite (SiO2/GO) 

 
Commercial GO powder was sonicated for two hours in ethylene glycol (90 mL, 

Sigma Aldrich, 99%). Polyacrylic acid -functionalized GO (PAA-GO) was created 

by adding 2 g of low-molecular-weight polyacrylic acid (PAA) powder (Sigma 
Aldrich, mw ¼ 1800) to the suspension to promote the interaction of its carboxylic 

groups with the GO epoxy and hydroxyl moieties. This functionalization increased 

the interlayer gap between GO planes and decreased the restacking propensity of 
GO sheets. The PAA-GO mixture was sonicated for an additional hour before 

adding SiO2 NPs (0.1 g) and diluting them in distilled water. Further sonification 

for two hours allowed the SiO2 to disperse throughout the PAA-GO framework. 
The homogeneity of the suspension after 20 minutes of stirring at 90°C indicated 

that SiO2 NPs were anchored between the expanded GO sheets of the partially 

reduced PAA-GO. Any excess of undispersed SiO2 or PAA that was not trapped 
in the GO matrix was removed from the solution by filtering and cleaning it. The 

resulting powder was dried by baking it at 50°C overnight (Maroni et al., 2014). 

 

Decoration of ZnO NPs onto SiO2/GO 

 

The integration of ZnO NPs onto the SiO₂/GO matrix was performed using a 
modified decoration method (Jafari et al., 2018). Initially, ZnO NPs and SiO₂/GO 

were independently re-dispersed in distilled water and subjected to ultrasonication 

for one hour to ensure uniform dispersion. The two suspensions were then 
combined and stirred at 50°C for 30 minutes. To facilitate the final assembly and 

the reduction of GO, a 0.2 M NaOH solution was added dropwise to the mixture 

under constant stirring until an alkaline environment (pH 8) was achieved. The 
temperature was then increased to 95°C and maintained for 20 minutes, resulting 

in a white, gelatinous suspension. This process ensured the successful anchoring 

of the NPs onto the rGO framework. The resulting rGO/SiO₂/ZnO nanocomposite 
was collected by centrifugation, washed, and dried at 80°C for three hours to obtain 

a fine greyish powder. The comprehensive green synthesis pathway and the 

structural assembly of the rGO/SiO₂/ZnO are schematically illustrated in Fig. 1. 
 

Characterization of the rGO/SiO2/ZnO nanocomposite 

 
Fourier transform-infrared (FT-IR) (FT/IR-4100typeA), and ultraviolet-visible 

(UV/VIS/NIR Spectrophotometer V-630, Japan) spectra were utilized to 

characterize the manufactured nanomaterials. Transmission electron microscopy 
(TEM) (JEOL JEM-2100, Japan), a zeta sizer and zeta potential (Malvern 

Instruments Ltd; zs90, Worcestershire, UK), as well as X-ray diffraction pattern 

(XRD) (model LabX XRD-6000, Shimadzu, Japan) were used to analyze the 
physical characteristics of the prepared nanomaterials. 

 

Antimicrobial activity using the agar well diffusion method  

 

The antimicrobial potential of the synthesized rGO/SiO2/ZnO nanocomposite was 
evaluated using the agar well diffusion method across diverse microbial strains 

compared to GO, ZnO NPs, and SiO2 NPs, following CLSI guidelines (CLSI, 

2017). Briefly, microbial suspensions (0.5 McFarland) were inoculated via the 
pour plate method onto Müller-Hinton agar (bacteria), potato dextrose agar (fungi), 

or Sabouraud dextrose agar (yeast). Wells of 6 mm diameter were loaded with 100 

µL of the nanocomposite (150 µg/mL). Ampicillin and Fluconazole served as 
positive controls at equivalent concentrations. Following appropriate incubation 

periods (48 hours at 37°C for bacteria/yeast; 5 days at 28°C for fungi), the zones 

of inhibition were measured to quantify antimicrobial efficacy. 
 

Minimum inhibitory concentration (MIC) 

 
The MICs for the monometallic NPs, the rGO/SiO₂/ZnO nanocomposite, and the 

positive controls were determined using the broth microdilution method in 96-well 

microtiter plates, following the protocol described by Patel et al. (2011). Each 
microbial strain was standardized to a 0.5 McFarland turbidity standard 
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(approximately 1.5 × 108 CFU/mL) in appropriate broth media. Serial dilutions of 

the antimicrobial agent and positive controls were prepared to achieve a 

concentration range of 0 to 100 μg/mL. Each well was inoculated with the 
microbial suspension and incubated at the optimal temperature for each strain 

(37°C for bacteria and 28°C for fungi) for 24–48 hours. Following incubation, 

microbial growth was assessed by observing turbidity and comparing it with both 
positive (inoculated medium without treatments) and negative (sterile medium) 

growth controls to identify the lowest concentration that completely inhibited 

visible growth. 

 
Fig. 1 Sequential steps for the green synthesis of ZnO-loaded rGO/SiO2 
(rGO/SiO2/ZnO).  

 

 
Time-kill kinetic assay 

 

The time-kill kinetics were performed against B. paramycosides, E. coli, and C. 
albicans to evaluate the dynamic antimicrobial efficacy of the rGO/SiO₂/ZnO 

nanocomposite compared to other treatments (GO, ZnO NPs, and SiO2 NPs). The 

procedure followed the guidelines described by CLSI with minor modifications 
(CLSI, 1999). Fresh cultures were adjusted to a 0.5 McFarland standard in 

Mueller-Hinton broth (for bacteria) and Sabouraud dextrose broth (for C. 

albicans). The microbial suspensions were treated with the antimicrobial agent at 
concentrations corresponding to 1 × MIC and 2 × MIC. A growth control 

(untreated) was maintained for both strains. Aliquots (100 µL) were collected at 

specific time intervals: 0, 2, 4, 8, 12, and 24 hours of incubation at 37°C. Samples 
were serially diluted in sterile saline (0.9% NaCl), plated onto agar media, and 

incubated for 24 hours. The number of viable colonies was recorded as log10 

CFU/mL. Bactericidal and fungicidal activity was defined as a ≥ 3-log10 reduction 
in CFU/mL compared to the initial inoculum. All assays were performed in 

biological triplicate. 

 

Ultrastructural analysis 

 

To visualize the internal morphological changes in F. oxysporum following 
treatment with the rGO/SiO₂/ZnO nanocomposite, TEM was employed according 

to the protocol described by Hayat (1981) with specific modifications for fungal 

hyphae. Mycelial plugs from the edge of an actively growing culture were treated 

with the nanocomposite at its MIC for 24 hours. Untreated mycelia served as the 

negative control. Samples were fixed in 2.5% (v/v) glutaraldehyde in 0.1 M 
phosphate buffer (pH 7.2) for 24 hours at 4°C, followed by post-fixation in 1% 

osmium tetroxide for 2 hours. Hyphae were dehydrated through a graded ethanol 

series (30%–100%) and embedded in epoxy resin. Ultra-thin sections were cut 
using an ultramicrotome, collected on copper grids, and double-stained with uranyl 

acetate and lead citrate. The ultrastructure was examined using a TEM (JEOL 

JEM-2100, Japan). 
 

Seed nano-priming and pathogen challenge 

 
To evaluate the protective effects of the rGO/SiO₂/ZnO nanocomposite, soybean 

seeds were first surface-sterilized with sodium hypochlorite (NaOCl) and rinsed 

thoroughly. For the pathogen challenge, seeds were immersed in a F. oxysporum 

spore suspension (106 CFU/mL) for 8 hours at 25°C in darkness. After drying to 

their original moisture content, the infected seeds underwent nano-priming by 

immersion in rGO/SiO₂/ZnO suspensions (50, 150, and 500 mg/L) for 6 hours. The 
germination assays were conducted using a completely randomized design. Each 

treatment consisted of three biological replicates, with 40 seeds per replicate. Seeds 

were maintained at 25°C for 10 days, during which the germination percentage and 
seedling vigor index (length, fresh mass, and dry mass) were recorded. 

 

Statistical analysis 

 

All experimental procedures were conducted in three independent biological 
replicates (n=3) to ensure reproducibility. Statistical analysis was performed using 

SPSS software (Version 18.0). Before mean comparisons, the normality of data 

distribution and homogeneity of variances were verified using the Shapiro-Wilk 
and Levene’s tests, respectively. Significant differences between treatment groups 

(e.g., control, monometallic NPs, and nanocomposite) were evaluated using a one-

way analysis of variance (ANOVA). For post-hoc pairwise comparisons, Tukey’s 
Honestly Significant Difference (HSD) test was utilized to determine specific 

differences between means, as it provides a more conservative control of the 

experiment-wise error rate. Data are presented as the mean ± standard deviation 
(SD), and a p-value < 0.05 was considered the threshold for statistical significance. 

 

RESULTS AND DISCUSSION 

 

Characterization of the prepared nanomaterials  

 
The UV-vis spectra of SiO2 NPs, ZnO NPs, and rGO/SiO2/ZnO nanocomposite are 

shown in Fig. 2. The characteristic π−π* transitions of the aromatic C-C bonds in 

the graphene framework are typically identified by a peak near 230 nm. While SiO2 
NPs, being wide-bandgap insulators (Eg ≈ 9 eV), showed an absorption edge at 264 

nm, the ZnO NPs exhibited a sharp, well-defined excitonic absorption peak at 320 

nm (Musa and Qamhieh, 2019). This position is blue-shifted relative to bulk ZnO 
(359 nm), providing clear evidence of quantum confinement in the synthesized 

NPs (de Medeiros et al., 2021; Kumar et al., 2019). In the rGO/SiO2/ZnO 

nanocomposite spectrum, the emergence of a surface plasmon resonance-like 
feature at 354 nm signifies the successful integration of ZnO and SiO2 onto the 

rGO sheets. Notably, the sharp excitonic peak of isolated ZnO is lost in the 

nanocomposite, replaced by a broad shoulder in the 330–360 nm region (Ahmed 
et al., 2018). This broadening and loss of sharpness are attributed to the formation 

of new electronic states at the interfaces between the ZnO NPs, the SiO2 phase, and 

the rGO matrix, which smears out the discrete quantum confinement effects seen 
in the isolated particles. Also, Naghani et al. (2023) recorded two absorption peaks 

at 230 nm and 366 nm due to the GO and ZnO NPs, respectively. While Ain et al. 

(2018) found a broad peak occurring at 230-270 nm for GO-Si. 
 

 
Figure 2 UV-vis absorption spectra of SiO₂ NPs, ZnO NPs, and the rGO/SiO₂/ZnO 

nanocomposite. The spectra illustrate the characteristic excitonic absorption peak 

of ZnO at 320 nm. The ternary nanocomposite exhibits a significant red shift and 
an enhanced broadband absorption profile across the UV-visible range, suggesting 

electronic coupling and optical synergy between the rGO matrix and the anchored 

oxide NPs. 
 

FT-IR spectroscopy displayed the chemical bonding and synergistic interaction 

between the rGO support and the inorganic nanofillers (Fig. 3). The near-total 
absence of the strong C=O carbonyl stretching peak (typically at 1720 cm⁻¹) 

suggests that the soybean extract effectively reduced GO to rGO during synthesis 

(Gijare et al., 2023). The SiO2 spectrum is dominated by the asymmetric Si-O-Si 
stretching at 1080 cm⁻¹ and surface Si-OH groups at 950 cm⁻¹ (Al-Rawashdeh et 

al., 2020). ZnO is identified by the characteristic Zn-O stretching vibration below 
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550 cm⁻¹ (Karthiga et al., 2025). The successful architecture of the rGO/SiO2/ZnO 

is evidenced by specific spectral shifts. The reduction in intensity and broadening 

of the C=C aromatic vibrations (1625 cm⁻¹) and the C-O-C epoxy stretching (1260 
cm⁻¹) indicate the involvement of these sites in NPs anchoring (Toselli et al., 

2015). The overlapping and shifting of peaks in the 900–1200 cm⁻¹ region suggest 

the formation of interfacial Si-O-C bonds, resulting from the reaction between 
silanol groups on SiO2 and the residual oxygen functional groups on the rGO 

backbone. The slight shift of the Zn-O peak toward higher wavenumbers suggests 

that ZnO is not merely physically mixed but is coordinated to the rGO/SiO2 
framework. 

 

 
Figure 3 FT-IR Spectra of SiO2 NPs, ZnO NPs, and the rGO/SiO2/ZnO. The 

nanocomposite spectrum successfully merges the characteristic Si-O-Si stretching 
of SiO2 (1080 and 604 cm-1) and the Zn-O stretching (below 550 cm-1 onto the rGO 

matrix (C=C stretching at 1625 cm-1). The absence of the C=O stretching vibration 

at 1720 cm-1 indicates the successful reduction of GO to rGO by the Glycine max 
extract, reflecting the removal of oxygen-containing functional groups during the 

green synthesis process. The shifts and broadening in the Si-O and C-O-C regions 

(≈950 - 1260 cm-1) serve as strong evidence for the formation of interfacial bonding 
between the rGO backbone and the inorganic NPs. 

 

The XRD pattern of the rGO/SiO2/ZnO shows highly crystalline peaks at 2θ = 
26.616°, 42.591°, 44.689°, 54.688°, and 77.596° (Fig. 4). The high crystallinity of 

ZnO and SiO2 is responsible for the decoration of NPs on GO sheets in the presence 
of an alkaline medium. The drying process eliminated the distinctive peak of rGO. 

The ZnO crystalline peaks observed at 44.689°, 54.688°, and 77.596° 

corresponded to the lattice planes (102), (110), and (202) (JCPDS No. 36–1451). 
The XRD pattern of SiO2 NPs (JCPDS No. 47-0715) displayed prominent 

diffraction peaks at 2θ = 8.866°, 25.489°, 26.616°, and 42.591°, corresponding to 

the lattice planes (200), (210), (011), and (211). These measured diffraction peaks 
aligned with findings from Goswami & Mathur (Goswami and Mathur, 2022) and 

El-Nour et al. (Abd El-Nour et al., 2023), supporting the crystalline structure of 

ZnO NPs and SiO2 NPs, respectively. Impurity-related diffraction peaks, not 
visible in the XRD graph,  were used to validate the high purity. XRD analysis was 

utilized to investigate the typical crystal size and composition of the NPs integrated 

over GO sheets, providing a comprehensive overview of the crystal states 
mentioned. The NPs' size was determined using the Scherrer equation (D = 

kλ/βcosθ), resulting in an average size of 55 nm. 

 

 
Figure 4 X-ray diffraction pattern of rGO/SiO2/ZnO. 

 
SiO2 NPs and ZnO NPs were successfully loaded onto the monolayered GO sheets, 

as shown by TEM (Fig. 5). The image clearly displays a large, crumpled, sheet-

like structure with varying degrees of transparency. This morphology is 

characteristic of rGO sheets. The presence of folds and ripples is characteristic of 

the material's two-dimensional (2D) nature and suggests the retention of a high 
effective surface area following functionalization. With a scale bar of 2 μm, the 

visible rGO flake in the image is several micrometers wide, demonstrating the 

successful exfoliation of GO into large, monolayer or few-layer sheets. Distributed 
NPs across the transparent rGO sheet are numerous, distinct, dark, quasi-spherical 

spots. The NPs appear as spherical-like particles with an average size between 33 

and 78 nm. The average diameter of the spherical NPs was calculated using Nano 
Measurer 1.25 software and recorded as 55 ± 2.3 nm, which is in excellent 

agreement with the mean crystallite size of 55 nm as determined by the Scherrer 
equation. The TEM micrographs strongly suggest the formation of a genuine 

ternary nanocomposite rather than a simple physical mixture, as evidenced by the 

intimate interfacial contact and homogeneous distribution of the ZnO and SiO₂ NPs 
across the rGO sheets. The NPs are observed to be strongly anchored to the rGO 

surface and are not merely clumped together away from the sheet. According to 

several researchers, different plant extracts were used to generate ZnO NPs and 
SiO2 NPs with a spherical shape and a size range of 50–108.5% (Baka et al., 2024; 

Elumalai and Velmurugan, 2015; Madan et al., 2016; Sri Sindhura et al., 

2014). 

 
Figure 5 (A) TEM micrograph of rGO/SiO2/ZnO. The micrographs illustrate the 

sheet-like, rippled morphology indicative of rGO nanosheets, where the observed 

wrinkling points to a high degree of structural flexibility and surface availability. 

Dark, quasi-spherical NPs ZnO or SiO2) are observed to be anchored and 

distributed across the surface of the rGO backbone. The close physical association 

between the particles and the rGO sheets validates the formation of the desired 
heterogeneous structure necessary for synergistic applications. (B) The magnified 

part showed the spherical-like NPs with a particle range of 33-78 nm. (C) 

Nanogravimetric image showing the particle size distribution. Scale bar = 2 µm. 
 

Fig. 6 illustrates that the zeta potential of the rGO/SiO2/ZnO nanocomposite is -

30.9 ± 10.4 mV. This high absolute value (exceeding the ± 30 mV threshold) 
indicates strong electrostatic repulsion between the particles, which is a key 

indicator of high colloidal stability. The negative surface charge is primarily 

attributed to the residual oxygen functional groups (such as carboxyl and hydroxyl 
groups) on the rGO sheets and the silanol (Si-OH) groups on the SiO2 surface. This 

systematic electrostatic stabilization prevents the significant agglomeration often 

seen in unmodified metallic or metal-oxide NPs, ensuring a uniform dispersion of 
the nanocomposite in the aqueous medium. Rosnan et al. (2018) created a ZnO-

decorated GO nanocomposite material with ZnO NPs using the sol-gel process, 

which has a zeta potential value of -28.23 mV (Mahdavi et al., 2022). Chemically 
prepared GO/SiO2 and GO/ZnO. 

 

 
Figure 6 Zeta potential of rGO/SiO2/ZnO, indicating the presence of a negative 
surface charge − 30.9±10.4 mV. 
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Antimicrobial activity  

 

The antimicrobial efficacy of the synthesized ternary nanocomposite was assessed 
against clinically relevant pathogens, including Gram-positive bacteria (S. aureus, 

B. paramycosides), Gram-negative bacteria (E. coli, S. Typhi), and the yeast C. 

albicans. These strains were chosen due to their association with medically linked 
infections and antibiotic resistance (Simões et al., 2010). As shown in Fig. 7 and 

Table 1, the biosynthesized reduced rGO/SiO₂/ZnO nanocomposite exhibited 

significant antimicrobial activity. Overall, the nanocomposite demonstrated 
greater effectiveness than the individual components (GO, ZnO NPs, and SiO₂ 

NPs), with efficacy levels comparable to positive controls such as ampicillin and 
fluconazole (Table 1). The nanocomposite showed the largest zones of inhibition 

against B. paramycosides (18 ± 0.03 mm) and E. coli (21 ± 0.14 mm). Particularly 

noteworthy is its activity against E. coli, which was 3.5 times higher than that of 
pure ZnO NPs (6 ± 0.14 mm). This synergistic enhancement is credited to the rGO 

backbone, which acts as a high-surface-area framework that prevents NPs 

aggregation and enables multiple antimicrobial mechanisms. These results are 

consistent with El-Zahed et al. (2024), who reported promising activity of 
rGO/ZnO composites against E. coli and C. albicans compared to traditional 

agents. Similarly, Elbasuney et al. (2021) and Bhaisare et al. (2016) recorded the 

increased susceptibility of Gram-negative bacteria to these nanocomposites. The 
observed variation in susceptibility between Gram-negative and Gram-positive 

bacteria is likely connected to cell wall topology; the thick peptidoglycan layer of 

Gram-positive bacteria may offer more resistance to penetration compared to the 
thinner, lipopolysaccharide-shielded membrane of Gram-negative bacteria (Liu et 

al., 2011). Furthermore, the nanocomposite exhibited significant activity against 
fungal strains, particularly Fusarium oxysporum (22 ± 0.14 mm) and Aspergillus 

niger (20 ± 0.14 mm), achieving efficacy comparable to Fluconazole. 

 
 

 

 
Figure 7 Antimicrobial activity of rGO/SiO2/ZnO nanocomposite (NC), compared to ZnO NPs, SiO2 NPs, GO, ampicillin (AMP), and fluconazole (FCZ) against 

Bacillus paramycosides; (A), S. aureus; (B), E. coli; (C), S. typhi; (D), F. oxysporum; (E), P. digitatum; (F), A. niger; (G), and C. albicans; (H). 

 

Table 1 Antimicrobial activity of green synthesized rGO/SiO₂/ZnO and its individual components using the agar well diffusion method. 

Antimicrobial 

agent 

Zone of inhibition (mm ± SD)  

Gram-positive bacteria 
Gram-negative 

bacteria 
Fungi  Yeast 

B. 

paramycosides 
S. aureus E. coli S. typhi 

F. 

oxysporum 

P. 

digitatum 
A. niger C. albicans 

GO 7 ± 0.14e* 8 ± 0.03e N.A. 11 ± 0.06c 13 ± 0.06c 11 ± 0.14c 11 ± 0.14c 12 ± 0.03c 
ZnO NPs 9 ± 0.06d 8 ± 0.06e 6 ± 0.14c 10 ± 0.14d 14 ± 0.03b 8 ± 0.14d 13 ± 0.14b 10 ± 0.03d 

SiO2 NPs 8 ± 0.06e 7 ± 0.14f N.A. 9 ± 0.06e 13 ± 0.14c N.A. 10 ± 0.14d N.A. 

rGO/SiO2/ZnO  18 ± 0.03b 14 ± 0.14b 21 ± 0.14b 12 ± 0.14b 22 ± 0.14b 13 ± 0.14b 20 ± 0.14a 19 ± 0.06a 
Antibiotics# 15 ± 0.14c 16 ± 0.03a 24 ± 0.06a 14 ± 0.06a 26 ± 0.06a 16 ± 0.14a 20 ± 0.14a 18 ± 0.14b 

*Values are expressed as mean ± SD (n = 3 biological replicates). Means within each column followed by different superscript letters are significantly different (p 

≤ 0.05) according to Tukey’s HSD test. N.A.: No Activity (Inhibition zone < 6 mm). #Positive controls: Ampicillin for bacteria and fluconazole for fungi/yeast. 

 

Minimum inhibitory concentration 

 
The MIC is defined as the lowest concentration of an antimicrobial agent that 

prevents detectable microbial growth. Fig. 8 illustrates the MIC values of the 

reduced rGO/SiO₂/ZnO nanocomposite compared to its individual components: 
ZnO NPs, SiO₂ NPs, and GO. The results indicated that the MIC values for the 

individual components were generally higher than those for the nanocomposite 

across most tested strains. For GO, MIC values ranged from 110 to 140 µg/mL 
against fungal strains and 130 to 150 µg/mL against bacterial strains. Similarly, 

ZnO NPs exhibited MIC values between 110–140 µg/mL for fungi and 140–150 

µg/mL for bacteria, while SiO₂ NPs showed values around 140–150 µg/mL. In 
contrast, the ternary nanocomposite exhibited significantly lower MIC values, 

recorded at ≥50 µg/mL against Gram-negative bacteria (E. coli and S. typhi) and 

≥80 µg/mL against Gram-positive bacteria (B. paramycosides and S. aureus). For 
fungal action, including C. albicans, the MIC values for the nanocomposite ranged 

from 30 to 70 µg/mL. These findings suggest that the integration of ZnO NPs into 

the composite structure promotes the antimicrobial activity, which is consistent 
with previous observations by Chowdhuri et al. (2015). The differential 

susceptibility observed between bacterial groups may be attributed to variations in 
their cell wall architectures. Gram-negative bacteria were found to be more 

susceptible to the rGO/SiO₂/ZnO nanocomposite, while the denser peptidoglycan 

layer in the cell walls of Gram-positive bacteria may provide a higher level of 

resistance (El-Fallal et al., 2023). Additionally, the increased activity of the 
nanocomposite is likely influenced by the size and surface area of the NPs. The 

TEM results from this study showed a narrow size range for the synthesized NPs. 

According to Stanković et al. (2013), smaller NPs typically demonstrate higher 
bioactivity due to their increased surface area-to-volume ratio, which augments 

interaction with microbial membranes. 

 
Dynamic Killing Efficacy 

 

The time-kill analysis revealed a potent, concentration-dependent microbicidal 
effect for the rGO/SiO2/ZnO nanocomposite against both tested pathogens (Fig. 9). 

The growth control of bacterial strains reached its stationary phase within 12 hours. 

In contrast, the 1 × MIC treatment exhibited a steady decline in viability, achieving 
a 3-log reduction within 8 hours. The 2 × MIC treatment showed a rapid 

bactericidal effect, with no detectable viable cells observed after 18 hours of 

exposure. The killing kinetics of rGO/SiO2/ZnO nanocomposite against C. 
albicans were slightly slower but equally effective. The 1 × MIC dose suppressed 

yeast growth significantly compared to the control. At 2 × MIC, the nanocomposite 
achieved a fungicidal state by the 18-hour mark, demonstrating its ability to 

compromise the more complex eukaryotic cell wall of the yeast. The kinetic data 
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elucidate the multifunctional properties of the rGO/SiO2/ZnO architecture, 

providing a quantitative basis for its concurrent antimicrobial and biostimulatory 

performance. While the inhibition zone tests provided a snapshot of efficacy, the 
time-kill assay demonstrates that the material doesn't just inhibit growth—it 

actively eradicates cells. The rapid decline in E. coli viability (within 4 hours at 2 

× MIC) supports the proposed hypothesis of immediate physical membrane 
disruption. The sharp peripheral edges of the rGO sheets—associated with the 

peripheral edge interaction mechanism—are hypothesized to initiate mechanical 

structural damage to the microbial membranes. This initial disruption may be 
further exacerbated by the localized release of Zn2+ ions and the putative generation 

of surface-bound ROS, consistent with synergistic models of nanocomposite 

toxicity (Chowdhuri et al., 2015). For C. albicans, the delayed but steady killing 

rate suggests that the nanocomposite must first overcome the chitinous cell wall. 
The integration of SiO₂ likely serves as a crucial stabilizer, ensuring a sustained 

release of active species over 24 hours. These results align with recent findings by 

Amama & Adeoye (2026), Elemike & Ivwurie (2020), Gautam et al. (2024), 
and Sani et al. (2023), who noted that ternary metal-carbon heterojunctions 

provide superior kinetic profiles compared to pristine ZnO NPs due to enhanced 

electron transfer and higher surface area contact. 
 

 

 
Figure 8 Minimum inhibitory concentrations of the rGO/SiO₂/ZnO nanocomposite compared to monometallic ZnO NPs, SiO₂ NPs, and GO. Data are 

presented as mean ± SD (n=3 biological replicates). Error bars labeled with different lowercase letters indicate significant differences at p < 0.05 

according to Tukey’s HSD test. The absence of bars for certain components (e.g., E. coli and P. digitatum) indicates no inhibitory activity within the 
tested concentration range (>150 µg/mL). 

 

 
Figure 9 Time-kill kinetic profiles demonstrating the concentration-dependent antimicrobial efficacy of the rGO/SiO₂/ZnO nanocomposite. The 

survival curves illustrate the dynamic response of (A) B. paramycosides, (B) E. coli, and (C) C. albicans when exposed to concentrations of 2 × MICs 
compared to an untreated growth control. Data points represent the mean ± SD (n = 3). 

 

Ultrastructural alterations study 

 

The TEM micrographs revealed profound differences in the cellular integrity of F. 

oxysporum between the control and treated groups (Fig. 10). The untreated fungal 
cells exhibited a healthy and well-defined architecture (Fig. 10A). A distinct, rigid 

cell wall and an intact, continuous plasma membrane were observed. The 

cytoplasm appeared dense and compact, containing normal, small vacuoles and 
regularly distributed organelles, reflecting active metabolic health. On the other 

hand, significant structural degradation was evident following exposure to the 

rGO/SiO₂/ZnO nanocomposite (Fig. 10B). The appearance of a prominent 

extracellular mucilage substance was noted, effectively gluing or connecting 

adjacent hyphae, likely as a defensive stress response. The formation of abnormally 

large, expanded vacuoles indicates a disruption in osmotic balance and internal 
cellular pressure. A high accumulation of lipid droplets was observed in the 

cytoplasm, suggesting severe metabolic stress and potential lipid peroxidation of 

the membrane systems. The transition from the compact, organized cytoplasm of 
the control to the disorganized, lipid-heavy state of the treated samples provides 

clear evidence of cytotoxicity. The presence of lipid droplets and enlarged vacuoles 

is particularly telling. In fungal pathology, the accumulation of lipid bodies is a 
recognized hallmark of stress, often resulting from the breakdown of membrane 

phospholipids due to ROS or enzymatic disruption (Nour El-Dein et al., 2021; 

Umar et al., 2019). This supports our hypothesis that the nanocomposite triggers 
oxidative stress within the fungal cell. Furthermore, the observed secretion of 

mucilage-like substances may represent a protective stress response by F. 

oxysporum, potentially serving to encapsulate the nanocomposite particles or 

buffer the mycelia against the mechanical peripheral edge interaction of the rGO 
sheets. However, the internal damage—specifically the loss of cytoplasmic 

density—indicates that these defensive measures are insufficient. These findings 

are consistent with studies by El-Zahed et al. (2022) and Wang et al. (2016), 
which observed similar organelle degradation in fungi exposed to metal and metal-

oxide heterojunctions, reinforcing the conclusion that our ternary nanocomposite 

acts through a combination of physical membrane compromise and internal 
metabolic collapse. 

 

Protection and enhancement of soybean seedling vigor using rGO/SiO2/ZnO 

 

The efficacy of the rGO/SiO₂/ZnO nanocomposite in mitigating F. oxysporum-

induced stress is detailed in Fig. 11. The fungal pathogen significantly suppressed 
germination, reducing it from 60% (healthy control) to 18% (infected control). 

Nano-priming treatments demonstrated a systematic restorative effect; notably, the 

150 mg/L treatment increased the germination rate to 84%—a 400% improvement 
over the infected control. In the post-germination phase, the 150 mg/L dose was 

identified as the optimal concentration, resulting in a 197% and 200% increase in 

fresh and dry mass, respectively, compared to the healthy control. Furthermore, 
this treatment normalized the root/shoot ratio to 0.20, counteracting the 

developmental shift toward excessive root growth (0.45) observed in stressed 

plants. 
The data reveal a hormetic response typical of engineered nanomaterials. While 

the 150 mg/L concentration provided maximum growth promotion, a slight decline 

in germination (to 80%) was observed at the 500 mg/L concentration. This suggests 
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that while the nanocomposite is highly effective at moderate doses, higher 

concentrations may trigger concentration-dependent phytotoxicity or osmotic 

stress. Identifying this therapeutic window (150 mg/L) is critical for agricultural 
applications to ensure antimicrobial protection without compromising plant health, 

a trend consistent with previous studies on ZnO NPs-mediated antioxidant activity 

in chickpeas (Farhana et al., 2022). 
 

 
Figure 10 TEM illustrating the impact of the rGO/SiO₂/ZnO nanocomposite on 

the cellular ultrastructure of F. oxysporum. (A) Untreated control hyphae exhibited 
a healthy, organized architecture with a distinct cell wall (W), intact plasma 

membrane (PM), small, well-distributed vacuoles (V), and dense, compact 
cytoplasm (Cy). (B) Treated hyphae demonstrating significant cellular 

degradation. Notable alterations include the accumulation of dense lipid droplets 

(L), significant vacuolar expansion (V), and the formation of a prominent 
extracellular mucilage substance (M), causing hyphal aggregation. 

 

The experimental data reveal a significant dose-dependent response in soybean 

seedlings, where the 500 mg/L concentration yielded the maximal enhancement in 

biomass and root system architecture. While this represents the peak performance 

in the current study, it must be weighed against potential long-term accumulation 
risks in agricultural soils, as the transition from biostimulation to phytotoxicity 

often occurs across a narrow threshold in nano-agriculture. Although no immediate 

phenotypic toxicity—such as leaf chlorosis or root stunting—was observed at 500 
mg/L within the controlled setting, this dosage warrants a cautious interpretation 

regarding sustained field application (Sagardoy Calderón et al., 2009). High 

dosages of ZnO-based nanocomposites may lead to intracellular stress at which 
potential over-accumulation of Zn2+ ions in plant tissues, which can interfere with 

essential micronutrient uptake (e.g., Fe and Mg), soil persistence at which 

cumulative application could lead to the unintended immobilization of NPs in the 
soil matrix, affecting the rhizospheric microbiome and beneficial soil fungi, or the 

peripheral edge interaction paradox. While the sharp edges of rGO are effective 

against F. oxysporum, at higher concentrations, they could theoretically impose 
mechanical stress on the delicate root hair cells of the host plant. Consequently, 

while 500 mg/L represents the maximal efficacy dose for fungal suppression in 

this study, we propose that the 150–250 mg/L range may offer a more sustainable 
equilibrium between growth promotion and environmental safety for field-scale 

applications. 

The observed enhancement in plant vigor likely correlates with the potent 

antimicrobial action of the nanocomposite. For instance, the rGO/SiO₂/ZnO 

nanocomposite exhibited a 57% increase in the inhibition zone against F. 

oxysporum compared to monometallic ZnO NPs. This antifungal capacity may 
allow seedlings to reallocate metabolic resources from defense mechanisms toward 

developmental processes. Furthermore, the SiO₂ component is suggested to form 

physical barriers within plant tissues, while zinc acts as a vital cofactor for 
antioxidant enzymes (Abdelrhim et al., 2021; Sathiyabama and Indhumathi, 

2022). These concurrent protective mechanisms may contribute to the statistically 

significant increases in biomass and node count recorded for the treated seedlings. 
 

Limitations and future outlook 

 
While the rGO/SiO2/ZnO nanocomposite demonstrated measurable inhibitory 

efficacy and improved seedling morphometric parameters under controlled 

conditions, several limitations remain. This study focused on early-stage growth in 

a greenhouse environment; consequently, field-scale trials are essential to evaluate 

performance under fluctuating environmental variables. Furthermore, while short-

term biostimulatory effects are evident, long-term environmental impact 
assessments regarding NPs leaching and soil microbial diversity are required. 

Future research should prioritize the tracking of Zn2+ translocation within plant 

tissues to ensure food safety. To validate the proposed antimicrobial pathways, 
future studies should focus on direct ROS quantification and advanced microscopy 

to visualize real-time morphological damage. Additionally, biocompatibility 

assessments and cytotoxicity assays are recommended to establish safe dosage 
limits for broader agricultural applications. 

 

 
Figure 11 Impact of rGO/SiO₂/ZnO nanocomposite (NC) priming on the growth 

architecture of soybean (Glycine max) seedlings under F. oxysporum stress. (A) 
Shoot growth vigor and phenotypic development; (B) Root system architecture and 

biomass allocation. Data represent the mean ± SD (n=3 biological replicates). Error 

bars labeled with different lowercase letters indicate significant differences at p < 
0.05 according to Tukey’s HSD test. 

 

CONCLUSIONS 

 

The global challenge of antimicrobial resistance necessitates the development of 

effective, non-conventional antimicrobial strategies. This study demonstrated the 
successful and scalable green synthesis of a novel ternary reduced graphene 

oxide/silicon dioxide/zinc oxide (rGO/SiO₂/ZnO) nanocomposite mediated by 

Glycine max extract. The synthesized material exhibited significant broad-
spectrum antimicrobial activity, notably surpassing the efficacy of ampicillin 

against the Gram-positive Bacillus paramycosides. The observed 3.5-fold increase 

in inhibitory activity against Escherichia coli compared to pristine ZnO NPs 
suggests a synergistic interaction between the rGO matrix and the anchored metal-

oxide nanoparticles. Critically, the integration of time-kill kinetic analysis 

displayed a rapid, dose-dependent microbicidal effect, with total eradication of E. 
coli observed within 4 hours at 2 × MIC. Furthermore, transmission electron 

microscopy of treated Fusarium oxysporum provided direct ultrastructural 

evidence of cellular degradation, characterized by expanded vacuolation and lipid 
droplet accumulation. These findings transition the mechanistic understanding of 

the rGO/SiO₂/ZnO framework from literature-based hypotheses toward data-
driven observations of membrane disruption and internal metabolic stress. In 

addition to its antimicrobial performance, the material demonstrated potential as a 

nanobiostimulant. Seed nano-priming significantly enhanced germination rates 
and early growth vigor in G. max under biotic stress from F. oxysporum. These 

multifunctional properties—encompassing both antimicrobial protection and 

growth enhancement—suggest the potential utility of the rGO/SiO2/ZnO 
nanocomposite within the context of sustainable agriculture. Future investigations 

should prioritize the precise quantification of reactive oxygen species and 

comprehensive environmental biocompatibility assessments to facilitate the 
transition of this proof-of-concept into practical field-scale applications. 

 

Ethical approval: The soybean (Glycine max L.) seeds (cultivar Giza 21) were 
obtained from the Agricultural Research Institute (ARI) in Kafr El-Sheikh, Egypt. 

This cultivated material represents certified agricultural stock and was used in 

accordance with institutional guidelines and Egyptian national regulations. No 
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