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Abstract 

 

Bioinspired synthesis of metal oxide nanoparticles (NPs) offers a sustainable alternative to conventional 

methods, promoting eco-friendly, cost-effective, and scalable production. Present study explores the synthesis 

and characterization of FeO and Al2O3 NPs using Cymbopogon citratus extract, followed by an evaluation of their 

synergistic antibacterial activity with conventional antibiotics against uropathogenic Escherichia coli. Utilizing 

the natural phytochemicals present in C. citratus, we successfully synthesized nanoparticles in a sustainable 

manner, eliminating the need for hazardous chemicals. The synthesized NPs were characterized using various 

techniques, revealing size and morphology variations. FeO-NPs exhibited a slightly spherical, porous morphology 

with a size range of 5-10 nm, while Al2O3- NPs displayed a rod-like and granular structure with sizes ranging 

from 5-12 nm as per TEM analysis and broader distribution around 100 nm by Scanning Electron Microscopy 

(SEM). The study demonstrated enhanced antibacterial activity (10-100 fold) when these NPs were combined 

with various antibiotics (Amoxicillin-Clavulanic acid, Ampicillin, Co-trimoxazole, Ciprofloxacin, Amikacin, 

Imipenem, Chloramphenicol). The synergistic effect led to increased potency, with improvements ranging from 

10-fold for Amoxicillin-Clavulanic acid to complete eradication (100% potency) of bacterial growth with 

Ampicillin. These findings highlight the potential of C. citratus extract for biogenic synthesis of FeO and Al2O3 

NPs with promising antibacterial properties. Additionally, their synergistic effect suggests potential applications 

as antibiotic enhancers, paving the way for more effective treatments against uropathogenic E. coli infections 
 

Key words: Biogenic synthesis, Synergistic antibacterial activity, Uropathogenic, E. coli, Antibiotic enhancers, 

Lemongrass extract, Metal oxide, Nanoparticles. 
 

Introduction 

 

Metal oxide nanoparticles (NPs) have garnered 

significant attention due to their unique physical and chemical 

properties, which make them valuable in fields such as 

medicine, biotechnology, environmental remediation, and 

antimicrobial applications (Chari et al., 2017; Khan et al., 

2021; Sarkar et al., 2022). Nanoparticles, typically ranging 

from 1 to 100 nm in size, exhibit distinctive structural features, 

including size, shape, and lattice structure, which enhance 

their functionality (Lei et al., 2018). 

Among metal oxide NPs, iron oxide nanoparticles 

(FeO-NPs) have been extensively studied for their 

applications in medicine (Gholami et al., 2018), 

biotechnology (Katata-Seru et al., 2018), environment (Jin 

et al., 2018) and photocatalysis (Fatimah et al., 2019). 

They are also effective antimicrobial agents against 

bacteria and fungi (Muthukumar et al., 2019). However, 

conventional synthetic methods often rely on expensive 

and toxic chemicals, creating barriers for safe medical and 

environmental applications (Mohamed et al., 2015). Green 

synthesis methods, particularly using plants, offer a 

sustainable alternative, utilizing phytochemicals as 

reducing and stabilizing agents to produce nanoparticles 

with minimal environmental impact ( Makarov et al., 2014; 

LewisOscar et al., 2015; Sathiyavimal et al., 2018). 

Similarly, aluminum oxide nanoparticles (Al2O3-NPs) 

hold significant importance in antimicrobial applications, 

electrochemical sensors, and environmental remediation ( 

Gbadamosi et al., 2019; Manogar et al., 2022; Wahab and 

Alam, 2022). Green synthesis of Al2O3-NPs has gained 

traction due to its eco-friendly approach, avoiding harsh 

chemicals and high-temperature processes while 

leveraging plant extracts or microorganisms (Bokhary et 

al., 2022). Various studies have demonstrated the 

successful use of plant extracts for synthesizing Al2O3-

NPs, such as those from Muntingia calabura (Sumesh and 

Kanthavel, 2019), Rosa (Goutam et al., 2018), and Citrus 

aurantium peel (Nagarajan et al., 2023), as well as 

grapefruit extract (Bokhary et al., 2022). 

Cymbopogon citratus (Lemon grass), a member of the 

Poaceae family, is widely recognized for its antibacterial, 

antioxidant, antifungal, and anticarcinogenic properties 

and is a promising candidate for green nanoparticle 
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synthesis (Bayala et al., 2018; Ekpenyong et al., 2015). Its 

phytochemicals, including geranial, neral, myrcene, and 

citral, play a crucial role in reducing, stabilizing, and 

functionalizing metal oxide precursors (Almeida et al., 

2019; Bayala et al., 2018). Additionally, lemongrass 

essential oil has demonstrated antibacterial activity 

against multidrug-resistant bacteria, including methicillin-

resistant Staphylococcus aureus (Manvitha & Bidya, 

2014; Sharma et al., 2013). 
The emergence of multidrug-resistant bacteria presents 

a severe global health challenge (Rossolini et al., 2014), 
rendering many antibiotics ineffective and necessitating 
alternative therapeutic strategies (Lin et al., 2015; Ventola, 
2015). Recent studies on biologically synthesized 
nanoparticles, such as FeO-NPs and Al2O3 NPs, offer a 
viable solution due to their potent antimicrobial activity and 
biocompatibility (Muzammil et al., 2020). Biocompatible 
FeO-NPs synthesized using plant extracts, such as Ageratum 
conyzoides and Cynometra ramiflora, have shown 
promising results in photocatalysis, antibacterial activity, 
and environmental remediation (Groiss et al., 2017; 
Madivoli et al., 2019). Similarly, Al2O3-NPs exhibited 
significant antibacterial properties, alongside applications in 
biosensors, (Liu et al., 2011), biofiltration, and drug delivery 
(Monteiro‐Riviere et al., 2010). Their effectiveness against 
various bacterial strains further underscores their biological 
potential (Ansari et al., 2015; Balasubramanyam et al., 
2010; Mukherjee et al., 2011). These findings emphasize the 
importance of biologically synthesized metal oxide 
nanoparticles in combating multidrug-resistant bacteria and 
addressing environmental challenges. 

Green synthesis of FeO and Al2O3-NPs using C. 
citratus extract results in eco-friendly nanoparticles with 
enhanced antibacterial properties, providing a sustainable 
approach to combat multidrug-resistant bacteria and 
environmental contaminants. 

Therefore, the present study aims to explore the green 
synthesis, characterization, and bio-evaluation of FeO and 
Al2O3-NPs using C. citratus extract. By leveraging the 
phytochemicals in C. citratus, this research seeks to 
develop eco-friendly nanoparticles with enhanced 
antibacterial activity, offering a sustainable approach to 
addressing the challenges posed by multidrug-resistant 
bacteria and environmental contaminants. 

 

Material and Method 

 
Study design: The present study was carried out at the 
Microbiology Research Laboratory (MRL), Abasyn 
University, and Peshawar, Pakistan 

 
Collection and identification: Cymbopogon citratus 
plants were collected during the December 2022 from the 
National Institute of Food and Agriculture (NIFA), 
Peshawar, Pakistan. The plants were identified to ensure 
accurate species identification (Ali & Qaiser,1993-2018; 
Khan & Badshah, 2019). 
 

Drying of plant: Following collection, C. citratus leaves 

were thoroughly washed with tap water to remove any 

adhering dust or dirt. The leaves were then chopped into 

small pieces and shade-dried at room temperature. This 

method helps to maintain the quality and essential oil 

content of the leaves, which are sensitive to heat and high 

temperatures (Coradi et al., 2014). After drying, the leaves 

were ground into a fine powder using a grinder and stored 

in airtight polyethylene bags for further use. 

 

Collection of E. coli: A confirmed uropathogenic strain of 

Escherichia coli was obtained from the Institute of Kidney 

Disease (IKD) Peshawar, Pakistan. 

 

Preparation of aqueous extract of Cymbopogon citratus 

leaves: For the preparation of the aqueous extract, 25 g of 

the powdered C. citratus leaves were weighed and mixed 

with 100 mL of sterile, distilled water in a 250 mL beaker. 

The mixture was then heated to 100°C for 10 minutes with 

continuous stirring to facilitate the extraction of bioactive 

compounds. After cooling, the reaction mixture was 

centrifuged at 12000 rpm for 10 minutes to remove any 

solid debris. The supernatant was then filtered sequentially 

using a 0.45 μm polytetrafluoroethylene (PTFE) 

membrane filter followed by a sterile 0.2 μm Millipore 

membrane filter. The final filtrate, containing the C. 

citratus extract, was stored at 4°C for further use as a 

stabilizing and capping agent during nanoparticle synthesis 

(Ansari et al., 2015; Patiño-Ruiz et al., 2020). 

 

Synthesis of iron oxide NPs: For the synthesis of FeO-

NPs, 40 mL of 0.26 M ferric chloride hexahydrate (FeCl3-

6H2O) solution was combined with 40 mL of the prepared 

C. citratus extract under constant stirring at room 

temperature. To minimize oxygen intrusion, the solution 

was then heated to 60°C for 1 hour. Subsequently, an 

additional 40 mL of 0.52 M FeCl3-6H2O solution, prepared 

in distilled water, was added drop wise to the reaction 

mixture while maintaining continuous stirring. The 

temperature was then gradually raised to 85°C. To achieve 

a final pH of 10, promoting nanoparticle precipitation, 15 

mL of 0.75 M sodium carbonate (Na2CO3) solution was 

added drop wise. The reaction mixture turned dark brown 

after the addition of Na2CO3, indicating the formation of 

FeO-NPs. The dark brown precipitates were collected by 

centrifugation and washed repeatedly with distilled water 

to remove any residual impurities. The FeO-NPs were 

further washed with ethanol for additional purification. 

Finally, the purified FeO-NPs were dried in an oven at 

70°C for 24 hours (Patiño-Ruiz et al., 2020). 

 

Synthesis of aluminum oxide NPs: Aluminum nitrate 

nonahydrate (Al(NO3)3•9H2O) was used as a precursor for 

the synthesis of Al2O3-NPs via the boehmite route. Briefly, 

20 mL of the C. citratus extract was added to 80 mL of a 

boehmite solution under stirring at 37°C. The mixture was 

then subjected to microwave irradiation as described by 

(Ansari et al., 2015), microwave irradiation of the 

combination solution was permitted. The resulting Al2O3-

NPs were isolated and purified by centrifugation. 
 

Characterization of the Nano particles: The morphology 

and size of the synthesized nanoparticles were examined 

using Scanning Electron Microscopy (SEM). The internal 

structure and size distribution were further investigated 

using Transmission Electron Microscopy (TEM). Energy-

dispersive X-ray spectroscopy (EDX), coupled with SEM, 

was employed to determine the elemental composition of 
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the nanoparticles. X-ray diffraction (XRD) analysis was 

performed to identify the crystalline phases present in the 

nanoparticles. Finally, UV-Vis spectroscopy was used to 

characterize the optical properties of the nanoparticles. 

Specific parameters used for each technique will be 

provided upon instrument availability. The nanoparticles 

will also be stored under controlled conditions (e.g., 

desiccated environment) to minimize any potential 

degradation (Ansari et al., 2015). 

 

Antibiotic susceptibility profile of E. coli: Antibiotic 

susceptibility testing against E. coli was performed using 

the disc diffusion assay. Bacterial turbidity was adjusted to 

McFarland 0.5 standard. Sterile cotton swabs were used to 

create a uniform lawn on nutrient agar plates, and antibiotic 

discs were placed on the prepared lawn with sterilized 

forceps. The inoculated plates were incubated at 37°C for 

24 hours. Zones of inhibition were measured in millimeters 

according to standard guideline (Weinstein & Lewis, 

2020). The list of antibiotics used is provided in Table 1. 

 

Table 1. List of Antibiotics used. 

S. No. Antibiotics 
Concentration 

(μg) 

1 Amoxacillin-clavulanic acid 30μg 

2. Ampicillin 10μg 

3. co-trimoxazole 10μg 

4. Chloramphenicol 30μg 

5. Ciprofloxacin 5μg 

6. Impenem 10μg 

7. Amikacin 30μg 

 

Antibacterial activity of NPs against E. coli: The 

antibacterial activity of the synthesized nanoparticles was 

evaluated using the agar well diffusion method. Bacterial 

suspensions were prepared in normal saline, and a loopful of 

each isolate was inoculated on Muller Hinton agar plates. 

Wells (6mm) were bored using a sterile cork borer. One well 

was used for the negative control (distilled water), one for 

the positive control (Ciprofloxacin), and the third for the test 

material (nanoparticles). The plates were sealed with 

parafilm and incubated at 37°C for 24 hours. Zones of 

inhibition were measured in millimeters (Saeb et al., 2014). 
 

Synergistic effect of nanoparticles: The synergistic effect 

of the nanoparticles with antibiotics was determined by 

placing equal amounts of nanoparticles and antibiotics on 

plates containing E. coli. The plates were incubated at 37°C 

for 24 hours, and the zones of inhibition were measured. 
 

Nanoparticles, extract and its synergistic activity (MIC, 

FIC and FICI): The minimum inhibitory concentration 

(MIC) of the nanoparticles was determined using the agar 

well diffusion method with different concentrations (10µl, 

20µl, and 30µl) of nanoparticles alone and in combination 

with antibiotics. Nutrient agar medium was prepared and 

poured into sterile petri dish followed by inoculation of fresh 

bacteria. Sterile cork borers will be used to create wells (6 

mm diameter) in the agar. The inoculated plates will be 

incubated at 37°C for 24 hours. Following incubation, the 

diameters of the clear zones of inhibition surrounding each 

well will be measured in millimeters (Parvekar et al., 2020). 

For the evaluation of synergistic activity, Fractional 

inhibitory concentration (FIC) and Fractional inhibitory 

concentration Index (FICI) were determined using the 

following formulae (Buyck et al., 2015). 

 

FICab = MIC (ab combination) / MIC (ab alone) 

FICextract= MIC (extract in combination) / MIC (extract alone) 

 

While FIC index was the sum of FIC of both NPs. 

 

FICI = FICab +FICextract 

 

In case of two or more extracts combination FIC was 

calculated as per following formula (Hall et al., 1983). 

 

FICI = (A/Ma) + (B/Mb) 

 

Ma and Mb are individual MICs of test compounds in 

synergistic. 

 

The values obtained from the application of above 

formulae were used to grade the combinations to be 

additive (>0.5 to 1), synergistic (≤0.5), NPs (≥2) or in 

different (>1 to <2) in their potential. 

 

Statistical analysis of the data: Microsoft Excel was used 

for statistical analysis (Dianat et al., 2015). 

 

Results 

 

Green synthesis of iron oxide and aluminum oxide 

NPs: Iron oxide nanoparticles (FeO-NPs) and aluminum 

oxide nanoparticles (Al2O3-NPs) were successfully 

synthesized using an aqueous extract of C. citratus leaves. 

Different analytical techniques such as EDX 

spectroscopy along with SEM and TEM were used. The 

crystal structure was determined by using XRD while the 

concentration of compounds in the mixture was measured 

by UV-Vis spectroscopy for the characterization of FeO-

NPs and Al2O3-NPs. 

 

TEM of FeO-NPs and Al2O3-NPs: TEM images (Fig. 1) 

revealed that FeO-NPs were slightly spherical and highly 

porous with a surface area of 22.5 m2/g, which is four times 

higher than commercially available hematite NPs. 

The Al2O3-NPs exhibited a rod- and grain-shaped 

morphology with a size of up to 12 nm. These nanoparticles 

displayed a tendency to form clusters (Fig. 2). As a result, 

the Al2O3-NPs in the solution ought to be equally distributed. 
 

UV-Vis spectrophotometry: The UV-Vis spectra (Fig. 3) 

confirmed the presence of FeO-NPs in the solution. The 

observed peak at 460 nm can be attributed to the electronic 

transitions within the FeO-NPs. Specifically, the 

absorption peak around 460 nm is associated with ligand-

to-metal charge transfer (LMCT) transitions from the 

oxygen ligands to the iron centers, which is consistent with 

previous studies (Hussain et al., 2023; Thahab et al., 2020). 

Analysis of the UV-Vis spectrum of the synthesized FeO-

NPs revealed that they were formed in a solution with a 1:2 

ratio, where 10 mL of plant extract was mixed with 5 mL 

of FeO-NPs solution. 
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Fig. 1. TEM image of FeO-NPs synthesized. 

 

 
 

Fig. 2. TEM images of Al2O3-NPs. 

 
 

Fig. 3. UV-vis Spectrum of synthesized FeO. 

 
 

Fig. 4. UV-Vis Spectrum of Synthesized Al2O3-NPs. 

 

 
 

Fig. 5. SEM Image of FeO-NPs of C. citratus Leaves extract. 

 
 

Fig. 6. SEM image of Al2O3-NPs of C.citratus leaves. 

 
A characteristic peak at 450 nm was observed, 

indicating the presence of Al2O3-NPs. UV-Vis spectroscopy 
revealed that the sample absorbed energy and exhibited a 
characteristic peak at 450 nm. Additionally, a peak at 376 
nm suggested the high purity of the nanoparticles (Fig. 4).  

 
Scanning electron microscopy (SEM): SEM images (Fig. 
5) corroborated the TEM findings, showing FeO-NPs with 
a spherical morphology and a size range of 5-10 nm. 

 
Images showed Al2O3-NPs in the range of 100 nm at a 
magnification of 30,000X (Fig. 6). While larger than FeO-

NPs, the results suggest the C. citratus extract influenced 
the formation of irregular shaped Al2O3-NPs. 
 

Energy Dispersive X-ray Analysis (EDX): EDX analysis 
(Fig. 7) confirmed the presence of iron (Fe) and oxygen (O) 
in the synthesized FeO-NPs, indicating successful 
synthesis. The graph also displayed the presence of 
Oxygen while carbon and Sulphur in lesser amount.  

EDX analysis of the Al2O3-NPs revealed aluminum 

(Al) and oxide were present in the sample as shown in (Fig. 

8). The graph also displayed the presence of Oxygen while 

silver in lesser amount. 
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Fig. 7. EDX Spectrums of synthesized FeO-NPs. 

 

 
 

Fig. 8. Energy Dispersive X-Ray Analysis (EDX) of 

Al2O3-NPs  

 

 
 

Fig. 9. XRD Spectrums of the synthesized FeO-NPs. 

 

 
 

Fig. 10. XRD Spectra Displaying Crystalline like of Al2O3 

X-ray Diffraction (XRD) Analysis FeO-NPs: The phase 

purity and composition of the products obtained by the 

biosynthesis using leaves extract of C. citratus by XRD. 

XRD patterns (Fig. 9) revealed the crystalline nature of the 

FeO-NPs. The diffraction peaks were indexed to the (311) 

reflection planes of the FeO crystal structure. 

 

XRD spectrum of synthesized Al2O3 NPs (Fig. 10). 

Analysis of XRD spectrum exposed that the sample was 

finely ground and homogenized material. This indicates the 

crystalline nature of the Al2O3-NPs. The four distinct 

diffraction peaks at 2θ values of 44° and 62° can be indexed 

to the (620) reflection planes of a cubic structure. However, 

the presence of additional peaks at 422°, 400°, 311°, and 

222° suggests the presence of organic contaminants. 

 

FeO-NPs Activity of Coated and Non-Coated Antibiotic 

against E. coli: The antibacterial activity of FeO-NPs and 

Al₂O₃-NPs, synthesized using C.citratus extract (as described 

in the methodology), was evaluated against E. coli by 

measuring the zone of inhibition of coated and uncoated 

antibiotic discs. Coating antibiotic discs with FeO-NPs 

generally enhanced their antibacterial activity against E. coli. 

Uncoated Amoxicillin Clavulanic Acid and 

Ampicillin discs showed no inhibition (0 mm), but FeO-

NPs coating increased the zones to 10 mm, representing a 

100% potency increase.  

Co-trimoxazole and Ciprofloxacin exhibited notable 

enhancements, with their zones increasing from 14 mm to 

24 mm (71.4%) and 15 mm to 29 mm (93.3%), respectively. 

Moderate increases were observed for Amikacin (15 

mm to 20 mm, 33.3%) and Chloramphenicol (15 mm to 20 

mm, 33.3%). The most significant improvement was seen 

with Imipenem, where the zone rose from 27 mm to 37 

mm, representing a 37% increase in potency (Table 2).  
 

Al2O3-NPs activity of coated and non-coated antibiotics 

against E. coli: Similarly, Al₂O₃-NPs coating improved 

the antibacterial performance of all antibiotics. 

Amoxicillin Clavulanic Acid and Ampicillin showed zones 

of inhibition of 8 mm and 9 mm, respectively, compared to 

0 mm for uncoated discs, reflecting a 100% increase.  

Co-trimoxazole exhibited a moderate increase from 14 

mm to 20 mm (42.8%). Modest improvements were noted 

for Ciprofloxacin (15 mm to 17 mm, 13.3%), Amikacin (15 

mm to 18 mm, 20%), and Chloramphenicol (15 mm to 17 

mm, 13.3%).  

Imipenem displayed the highest increase among the 

tested antibiotics, with the zone expanding from 27 mm to 

34 mm (25.9%) (Table 3). 
 

Antibacterial activity of the synthesized NPs: The 

antibacterial activity of the synthesized FeO-NPs and Al2O3-

NPs was evaluated against E. coli using the disc diffusion 

assay (Table 4). Both FeO-NPs and Al2O3-NPs extracts 

demonstrated good antibacterial activity. FeO-NPs extract 

exhibited a maximum zone of inhibition of 17 mm at a 

concentration of 100 µl, while Al2O3-NPs extract showed a 

maximum zone of inhibition of 19 mm at the same 

concentration. DMSO served as the negative control, while 

ciprofloxacin was used as the positive control (Table 3). 
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Table 2. FeO-NPs activity of coated and non-coated 

antibiotics against E. coli. 

Antibiotic used in activity 

Zone of 

inhibition 

(mm) 

Increased 

potency% 

Amoxicillin 

Clavulanic acid 

Uncoated 0 
100% 

FeO-NPs coated 10 

Ampicillin 
Uncoated 0 

100% 
FeO-NPs coated 10 

Co-trimoxazole 
Uncoated 14 

71.4% 
FeO-NPs coated 24 

Ciprofloxacin 
Uncoated 15 

93.3% 
FeO-NPs coated 29 

Amikacin 
Uncoated 15 

33.3% 
FeO-NPs coated 20 

Impenem 
Uncoated 27 

37% 
FeO-NPs coated 37 

Chloramphenicol 
Uncoated 15 

33.3% 
FeO-NPs coated 20 

 

Table 3. Al2O3-NPs activity of coated and non-coated 

antibiotics against E. coli. 

Antibiotic used in activity 
Zone of 

inhibition (mm) 

Increased 

potency% 

Amoxicillin 

Clavulanic acid 

Uncoated 0 

100% Al2O3-NPs 

coated 
08 

Ampicillin 

Uncoated 0 

100% Al2O3-NPs 

coated 
09 

Co-trimoxazole 

Uncoated 14 

42.8% Al2O3-NPs 

coated 
20 

Ciprofloxacin 

Uncoated 15 

13.3% Al2O3-NPs 

coated 
17 

Amikacin 

Uncoated 15 

20% Al2O3-NPs 

coated 
18 

Imipenem 

Uncoated 27 

25.9% Al2O3-NPs 

coated 
34 

Chloramphenicol 

Uncoated 15 

13.3% Al2O3-NPs 

coated 
17 

 

Table 4. Antibacterial activity of Al2O3-NPs and  

FeO-NPs against E. coli. 

Fractions Conc. 

Zone of inhibition in millimeter (mm) 

E. coli 
-ve DMSO 

control 

+ve Control 

ciprofloxacin 

Al2O3-NPs 100µl 19 ± 0.56 0 15 

FeO-NPs 100µl 17 ± 0.56 0 16 

 

Discussion 

 

Green technology for the production of Al₂O₃ and FeO 

nanoparticles (Al2O3-NPs and FeO-NPs) has gained 

significant importance in recent years due to its simple, 

non-toxic, time-efficient, and cost-effective nature 

(Nagarajan et al., 2013). Our findings on the antibacterial 

properties of these green-synthesized nanoparticles 

contribute to the existing body of research, as highlighted 

by (Madivoli et al., 2019), demonstrating the potential 

application of Al2O3-NPs and FeO-NPs in pharmaceutical 

and cosmetic products. The characterization of these 

nanoparticles was conducted using various techniques, 

including UV-Vis spectroscopy, scanning electron 

microscopy (SEM), energy-dispersive X-ray spectroscopy 

(EDX), and X-ray diffraction (XRD). Further studies to 

quantify the antibacterial activity against specific 

pathogens are warranted to confirm this potential. 

In present study, the UV-Vis absorption spectrum of 

FeO-NPs and Al₂O₃-NPs exhibited characteristic peaks at 

460 nm and 376 nm, respectively, confirming the successful 

synthesis of these nanoparticles, as supported by previous 

findings (Groiss et al., 2017) EDX analysis further verified 

the presence of iron and oxygen in FeO-NPs, corroborating 

their synthesis. SEM imaging revealed distinct spherical 

particles, while XRD analysis confirmed the crystalline 

structure of FeO-NPs, with the absence of additional peaks 

indicating high purity. Variations in absorption peak 

positions within the 300–500 nm range have been reported 

in other studies (Hussain et al., 2023; Thahab et al., 2020). 

Hussain et al. (2023) observed peaks for iron oxide 

nanoparticles in the range of 230–290 nm, significantly 

different from the 460 nm peak observed in this study. These 

discrepancies are likely due to differences in synthesis 

protocols, including variations in precursor concentration, 

temperature, and pH, which influence particle size, surface 

properties, and, consequently, the absorption spectra. 

Similarly, Thahab et al. (2020) reported absorption peaks at 

292 nm for Fe-NPs and 363 nm for FeO-NPs, demonstrating 

that nanoparticle type significantly impacts the absorption 

spectrum. These findings, alongside our results, emphasize 

the role of synthesis conditions in shaping the optical 

characteristics of nanoparticles. Saleh et al. (2023) further 

demonstrated the applicability of UV-Vis spectroscopy for 

detecting Al₂O₃-NPs, highlighting its utility in nanoparticle 

characterization. Although their work did not specify peak 

values, it reinforces the technique’s relevance for Al₂O₃-NP 

identification. The variations in absorption peaks reported 

across different studies underscore the complexity of 

nanoparticle synthesis and the pressing need for 

standardized protocols to achieve consistent and 

reproducible optical properties. 

Characterization through SEM revealed mono-

dispersed FeO-NPs with an irregular morphology and an 

average size of 50 nm, suggesting the involvement of 

biomolecules in the C. citratus extract as reducing agents. 

This finding aligned with Ansari et al. (2015), who 

reported spherical Al₂O₃-NPs synthesized using C. citratus 

extract with an average size of 34.5 nm. The observed 

variations in nanoparticle morphology and size between 

studies highlight the influence of synthesis parameters and 

metal oxide types on nanoparticle properties. These 

structural differences could also impact the antibacterial 

efficacy of the nanoparticles, a hypothesis supported by 

Azam et al., (2012), who demonstrated that smaller 

nanoparticles with higher surface-to-volume ratios 

exhibited enhanced antimicrobial activity. Future studies 

optimizing synthesis conditions are crucial for tailoring 

nanoparticle properties for specific applications. 
In this study, the observed antibacterial activity of the 

Al₂O₃ and FeO nanoparticles cannot be definitively 
attributed to the green synthesis approach due to the lack 
of direct evidence. However, biomolecules in C. citratus 
extract are likely to influence nanoparticle size and surface 
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characteristics, enhancing antibacterial effects. This aligns 
with reports by Rufus et al., (2017) and Olawade et al., 
(2024), which emphasize the importance of biomolecule-
mediated synthesis in enhancing nanoparticle properties. 
Specifically, Olawade et al., (2024) detailed that the 
generation of reactive oxygen species (ROS) and 
membrane disruption are key antimicrobial mechanisms of 
nanoparticles. These findings support our hypothesis that 
the green synthesis approach contributed to the enhanced 
antibacterial effects observed in this study. 

In our study, the Al2O3 NPs exhibited a larger zone of 

inhibition (19 mm) compared to the iron oxide 

nanoparticles (FeO-NPs) (17 mm) at the same 

concentration (100 µl), suggesting a higher efficacy against 

E. coli. This finding aligned with Ansari et al., (2015), who 

reported the effectiveness of green-synthesized Al2O3-NPs 

using C. citratus extract against P. aeruginosa. Similarly, 

the observed activity of FeO-NPs is consistent with Groiss 

et al., (2017) who demonstrated their efficacy against E. 

coli and S. epidermidis and Hussain et al., (2023), who 

reported substantial antimicrobial potential of iron oxide 

nanoparticles against various bacterial strains. Focusing on 

FeO-NPs, our research confirmed their ability to enhance 

the efficacy of various antibiotics against E. coli. Uncoated 

antibiotics displayed minimal to no inhibition zones, 

whereas FeO-NPs coating significantly increased their 

potency. This increase ranged from 33.3% for Amikacin 

and Chloramphenicol to 93.3% for Ciprofloxacin. This 

enhancement highlights the potential synergistic effects of 

nanoparticles and antibiotics, necessitating further 

investigation into these interactions. However, Madivoli et 

al., (2019) observed only moderate antibacterial activity of 

FeO-NPs synthesized using a different plant extract, 

highlighting that the choice of plant extract and synthesis 

conditions significantly influenced the characteristics and 

antibacterial efficacy of FeO-NPs. This finding emphasizes 

the need to optimize synthesis parameters and select 

suitable plant extracts to produce consistent and effective 

antibacterial nanomaterials. Furthermore, our work 

complements Manikandan et al., (2019) by focusing on the 

impact of Al2O3-NPs on E. coli, a prevalent gram-negative 

bacterium. While their research explored the broad-

spectrum activity of biogenic Al2O3-NPs, we quantified the 

improvement in efficacy for various antibiotics. 

Interestingly, similar to β-lactams, we observed a 

substantial increase in the zone of inhibition for Imipenem 

and Co-trimoxazole, while Ciprofloxacin and Amikacin 

showed a more moderate enhancement. This suggests that 

the interaction between Al2O3-NPs and different antibiotics 

may influence the degree of efficacy improvement, need 

further investigation.  

These results, along with findings by Muzammil et al., 

(2020), support the potential of FeO and Al₂O₃ NPs as 

antibacterial agents. While our study suggests that green 

synthesis contributes to these effects, direct evidence 

linking biomolecules in the extract to enhanced 

antibacterial activity is limited. Further investigations are 

necessary to elucidate the exact mechanisms by which the 

green synthesis method impacts these characteristics. 

Advanced analytical techniques, could provide additional 

insights into the role of biomolecules in nanoparticle 

synthesis and their interaction with bacterial membranes. 

Conclusion 

 

The green synthesis of Al₂O₃-NPs and FeO-NPs using 

C. citratus extract demonstrated significant antibacterial 

activity against E. coli. While the findings underscore the 

potential of plant-based nanoparticle synthesis for 

biomedical applications, further studies are required to 

optimize synthesis parameters, standardize characterization 

methods, and investigate the specific antimicrobial 

mechanisms at play. These efforts will contribute to the 

development of more effective and environmentally 

sustainable antibacterial agents.  
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