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Researchers have recently grown interested in utilizing plant extracts as effective reducing agents 
for the eco-friendly synthesis of nanoparticles. The present investigation involved the preparation of 
Iraqi onion extract (Allium cepa), which was further utilized as a reducing agent for the biosynthesis 
of Fe3O4-nanoparticles (NPs). Characterization of nanoparticles was conducted using UV-visible 
spectroscopy, TEM, XRD, FT-IR, FESEM, and EDS analyses. The in vitro cytotoxicity was assessed 
in MDCK-SIAT cells utilizing the MTT assay, while the antiviral efficacy was examined with the 
neuraminidase assay kit MAK12. Antibacterial efficacy was examined against S. aureus and E. coli 
utilizing a disk-diffusion methodology. The DPPH assay was employed to evaluate antioxidant activity. 
The impact of A. cepa extract and Fe3O4-NPs on phagocytic cell activity was evaluated. Our findings 
demonstrated the production of solid, crystalline, semi-spherical Fe3O4 measuring 36 ± 1.23 nm, 
exhibiting significant antibacterial, antiviral, and antioxidant properties. A. cepa extract and Fe3O4-
NPs can augment the phagocytic activity of phagocytic cells by elevating the formation of reactive 
oxygen species. In conclusion, Onion peel extract is a superior option for synthesizing Fe3O4-NPs, 
which may be employed in many therapeutic applications in the future.
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Fe3O4-nanoparticles (NPs) are commonly utilized throughout several industries, including chemical, medicinal, 
and agricultural activities, owing to their distinctive properties, particularly their robust magnetization1–3. Recent 
research indicates that Fe3O4-NPs possess significant promise for biomedical applications, including targeted 
medication and gene delivery, antibacterial anticancer, tissue engineering4–6. Diverse synthesis procedures for 
Fe3O4 nanoparticles, including sol-gel, coprecipitation, solvothermal, and hydrothermal methods, have been 
utilized to produce nanoparticles with desired characteristics7–11. The utilization of dangerous chemicals, 
elevated manufacturing expenses, and the generation of undesired byproducts are all disadvantages of these 
methods12.

Investigation into green synthesis methodologies is increasingly important to address the issues caused by 
standard procedures13,14. Green synthesis has numerous advantages, such as simplicity of application, rapid 
manufacturing processes, reduced production costs, and minimized waste generation15. The ecosystem and 
human health are seriously threatened by the presence of heavy metals, dyes, and antibiotics in wastewater 
or effluent. Metallic nanoparticles have been effectively used to detect and eliminate heavy metals, dyes, and 
antibiotics16. The green chemistry procedure is followed in the green synthesis of metallic nanoparticles. It is an 
economical and environmentally responsible way to get NPs. Plant-mediated synthesis is becoming more and 
more popular among greener techniques for the creation of metallic nanoparticles16,17.
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Researchers are presently focused on the latest developments in nanotechnology and biosynthetic methods 
utilizing plant extracts due to the beneficial combination between natural products and the characteristics of the 
resulting nanostructures, which can serve as effective alternatives for various applications in an environmentally 
sustainable manner18. The perennial herb, Allium cepa, namely the Iraqi onion, belonging to the Amaryllidaceae 
family, is among the most recognized and commonly utilized seasoning plants19.

It possesses distinctive therapeutic characteristics due to its substantial content of phenolic compounds, 
magnesium, vitamin B6, phosphorus, folic acid, calcium, potassium, other vitamins and minerals, minimal 
fat, and certain amino acids, such as arginine and glutamic acid20. Onion species are widely utilized in both 
conventional and alternative therapies for various conditions, including digestive system disorders, respiratory 
infections, and cardiovascular diseases, owing to the bioactive compounds present in onion extract that exhibit 
anti-inflammatory, antibacterial, antioxidant, and immunomodulatory properties21–24. Allium species serve as 
excellent reducing compounds and have been utilized for the green synthesis of various metal nanoparticles25–27.

Limited research exists on the green fabrication of Fe3O4 nanoparticles utilizing Allium species extract and 
their application in the biomedical sector. This study seeks to produce Fe3O4 nanoparticles using a sustainable 
approach with A. cepa peel extract, define their structural properties, and assess their effectiveness in antibacterial 
and antiviral activities, antioxidant capacity, and as phagocytosis inducers.

Methods
Chemical and materials
Chloride hexahydrate (FeCl3·6H2O), Chloride tetrahydrate (FeCl2·4H2O), and sodium hydroxide (NaOH) were 
acquired from Sigma-Aldrich Pty Ltd in Darmstadt, Germany. Peels of Allium cepa were procured at the local 
market in Basrah, Iraq. The bacterial strains Escherichia coli and Staphylococcus aureus were provided by the 
Microbiology Research Laboratory of Basrah University.

Extraction
Professor Dr Mohammad A.H. Alnajjar authenticated the plant in the Department of Horticulture and Landscape, 
College of Agriculture, University of Basrah, Iraq, a collection of Allium cepa peels. A voucher specimen was 
deposited in the scientific affairs of the University of Basrah, College of Agriculture.

A precise amount of onion peels (20 g) was thoroughly cleaned with distilled water, boiled in 200 mL of 
water for 50 min, thereafter filtered, and stored in a cool environment (4℃) for use as a reducing agent in the 
biosynthesis of Fe3O4 nanoparticles.

Preparation of iron oxide nanoparticles
The synthesis method was executed as follows: a mixture of FeCl3.6H2O and FeCl2.4H2O in a 2:1 molar ratio was 
introduced to a specified volume of A. cepa extract to yield a brown colloidal solution, after which 1.0 M NaOH 
was incrementally introduced while the solution was continuously agitated. The pH of the mixture was modified 
to 11. Subsequently, the mixture was agitated for one hour to achieve homogeneity and to complete the reaction. 
A permanent magnet was subsequently employed to isolate the synthesized Fe3O4 nanoparticles. Deionized 
water was employed to wash the Fe3O4 nanoparticles repeatedly. The nanoparticles were dehydrated in an oven 
maintained at around 72℃ for one day. The desiccated material was stored in a hermetically sealed container for 
further investigation. All trials were conducted at ambient temperature28.

Characterization of Fe3O4-NPs
XRD analysis was employed to ascertain the presence and phase purity of the synthesized Fe3O4-NPs29. The 
dry sample underwent CuK radiation (λ = 1.54 nm) in a 2-angle arrangement, scanning from 5° to 80° at a rate 
of 2°/min, with an applied current of 20 mA and an accelerating voltage of 45 kV. The Shimadzu UV-Visible 
Spectrophotometer (UV-1800) was employed to ascertain the UV-Vis spectra of Fe3O4-NPs. A Fourier-transform 
infrared spectrophotometer (FTIR) (Bruker, Germany) was employed to capture the spectra. The dimensions and 
morphology of the synthesized Fe3O4-NPs were examined via TEM (ZEISS LEO 912, Oberkochen, Germany) 
at an accelerating voltage of 100 kV. The elemental composition of the samples was examined using energy-
dispersive field emission scanning electron microscopy (FESEM). The synthesized Fe3O4-NPs was optimized 
according to the studies by Win et al.28.

Cytotoxicity assays (MTT assay)
The MTT experiments were conducted in 96-well plates to assess the cytotoxicity of Fe3O4-NPs. Each well of 
the dish was inoculated with a quantity of 104 MDCK cells. After 24  h, upon the formation of a confluent 
monolayer in the cells, varying quantities of A. cepa and Fe3O4-NPs (25–100 µg/ml) were introduced to the cell 
culture. Following a 48-hour period, the medium was removed and substituted with 100 µL of a 2 mg/mL MTT 
solution, incubated for 2.5 h at 37 ℃. The vitality of the cells was subsequently evaluated. The MTT solution was 
discarded, and 130 µL of dimethyl sulfoxide (DMSO) was added for 15 min. The absorbance was recorded three 
times using a microplate reader at a wavelength of 492 nm30–32.

Viral infection
The infectivity of influenza A in MDCK-SIAT1 cells was assessed utilizing Tris-EDTA buffer and 20% DMSO as 
controls. In the aforementioned media, triplicate cell cultures comprising 1 × 104 cells were maintained for 24 h. 
In the final phase, a multiplicity of infection (MOI) of 0.1 was employed to infect the cells. After 48 h, the virus 
was eliminated from the cells by a procedure referred to be double optimum washing. Subsequently, the MTT 
tetrazolium reduction assay was conducted to assess cell viability. Three distinct sets of tests were conducted 
under identical conditions.
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Antiviral activity
We employed the Neuraminidase Assay Kit MAK121 to assess the antiviral efficacy in MDCK-SIAT1 cells 
infected with Influenza A, utilizing Oseltamivir as a positive experimental control (Sigma-Aldrich; St Louis, MO, 
USA). The 96-well plates containing 1 × 104 cells were pretreated with A. cepa extract and Fe3O4 nanoparticles 
at 25 to 100 µg/ml doses for one hour. Subsequently, the cells were removed by a two-step medium renewal 
procedure, followed by incubation with the virus at a multiplicity of infection (MOI) of 0.1 for 60 min. Following 
48 h of infection, virus particles were eradicated using neutralizing antibodies, and the quantity of fresh virus 
was assessed by quantifying neuraminidase activity32,33.

Antibacterial activity of A. cepa extract and Fe3O4-NPs
The antibacterial efficacy was examined utilizing the agar well diffusion technique34,35, which was evaluated 
against E. coli and Staphylococcus aureus. Prior to initiating the culturing procedure, approximately 20 mL of 
Mueller-Hinton (M-H) was aseptically dispensed into sterile Petri dishes. Employing a sterile wire loop, we were 
able to isolate distinct bacterial species from their stock cultures. Wells were created in the agar plates using 
a sterile tip to form a well measuring 6 mm in diameter as the final step in the cultivation of the organisms36. 
Seventy-five microliters from various concentrations (0, 100, 150, 200, 250, and 300 µg/ml) of A. cepa extract and 
Fe3O4-NPs were introduced into the wells. The plates were incubated at 37℃ for 24 h. The mean diameter of the 
bacterial inhibition zones produced by the different concentrations was measured and documented37.

Assessment of bacterial cells’ viability
The Acridine orange/ethidium bromide (AO/EtBr) staining procedure is utilized to differentiate the bacterial 
cell viability following treatment with A. cepa extract and Fe3O4-NPs at a concentration of 150 µg/ml. The vitality 
of bacterial strains is assessed using a fluorescence microscope. Fifty microliters of the bacterial suspension 
were combined with fifty microliters of AO/EtBr at a concentration of 10 µg/ml for 120 s. Live cells stained 
with acridine orange exhibit green fluorescence, but dead cells labeled with ethidium bromide display red 
fluorescence.

Assay for ROS generation
A flow cytometry experiment was used to measure the generation of reactive oxygen species in bacterial cells 
after being treated with A. cepa extract and Fe3O4-NPs at a concentration of 150 µg/ml. Briefly, A. cepa extract and 
Fe3O4-NPs at a concentration of 150 µg/ml were exposed to S. aureus and E. coli for 12 h at 37 °C. Centrifugation 
was then used to harvest the cells. Using PBS buffer, a homogeneous solution of up to 1 ml was made from the 
cell pellet. As a result, the cells were incubated at 37 °C for 30 min with 1.5 ml of 100 µM DCFH2-DA. Flow 
cytometry (FACSVerse) was used to analyze the generation of ROS.

Change in membrane potential
Rhodamine-123 (Rh123) dye was used to measure the depolarization of the bacterial membrane. A. cepa 
extract and Fe3O4-NPs at a concentration of 150 µg/ml were applied to S. aureus and E. coli for 24 h at 37 °C. 
Centrifugation was then used to harvest the bacterial cells. After removing the cell pellet, PBS buffer was used to 
create a homogeneous solution up to 1 ml. The cell suspension was mixed with Rh123 dye, and the samples were 
kept in the dark for ten minutes. Flow cytometry (FACSVerse) to assess the results.

DPPH assay
DPPH was mixed with different concentrations of A. cepa extract and prepared Fe3O4-NPs (25, 50, 100, ‎200 µg/
mL) incubated in the dark for 30 min. Following the equation below, the Fe3O4-NPs radical scavenging activity 
was tested by recording the DPPH radical absorbance at 515 nm.

 
Radical Scavenging activity = ODControl − ODSample

ODControl
× 100

ABTS assay
ABTS-activated radicals were generated by combining an ABTS solution with equal volumes of ABTS (7 mM) 
and potassium persulfate (2.45 mM) solutions. The diluted ABTS standard solution was introduced following a 
12-hour incubation in darkness at 25℃, and the absorbance of the ABTS radical (0.7) at 734 nm was recorded. 
Ultimately, 5 µL of A. cepa extract and synthesized Fe3O4-NPs at several concentrations (25, 50, 100, and 200 µg/
mL) were combined with 3.995 mL of the ABTS standard solution and incubated for 20  min. The radical 
scavenging activity was evaluated by measuring the absorbance of ABTS radicals at 734 nm.

Assessment of the phagocytic activity
BMDMs were isolated and seeded at a concentration of 4 × 105 in 6-well plates. Cells were treated with A. cepa 
extract and prepared Fe3O4-NPs at 25 µg/ml concentration for 24 h. Candida albicans at a ratio of 1:5 were 
incubated with BMDMs for 60 min and stained with methylene blue at a concentration of 0.5%. Cells were 
observed and counted; the blue cells were inactive, and the transparent ones were active. Results were expressed 
as phagocytosis index (PI).

Phagocytosis of pHrodo E. coli bioparticles by BMDMs
BMDMs were seeded in a 4-well plate; they were pre-treated with A. cepa extract and prepared Fe3O4-NPs at 
25 µg/ml. After adding 100 µl of pHrodo E. coli particles, a buffer solution (100 µl) was added to them for 2 h. Cells 
were fixed, and a flow cytometry assay was used to read the results.
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Statistical analysis
The one-way ANOVA or two-way ANOVA used to analyze the results, Graph Pad Prism 10.4, was employed38. 
Data presented as mean ± standard deviation (all experiments conducted in triplicate)39.

Results
Characterization
The phase purity and crystallinity of the produced Fe3O4-NPs can be assessed by XRD analysis. Figure  1A 
illustrates the XRD patterns of green-synthesized Fe3O4 nanoparticles. The crystal planes (200, 311, 400, 422, 
511, 440, and 533 correspond to the diffraction peaks of synthesized Fe3O4-NPs at 2θ values of 30.26°, 35.82°, 
43.34°, 53.38°, 57.18°, 62.56°, and 72.48°, respectively. The XRD corresponded with JCPDS file No. 79–0417 for 
Fe3O4-NPs; their cubic crystalline system aligned well with the analyzed diffraction peaks. A noticeable color 
change and UV-Vis spectrum measurement confirmed the formation of Fe3O4 nanoparticles.

The grain size of Fe3O4-NPs was determined using the Scherrer equation, expressed as follows:

 
D = K.

λ

β
. cosΘ

Where D is the crystallite size, K is the shape factor, λ is the X-ray wavelength, β is the line broadening at half 
maximum intensity (FWHM), and θ is the Bragg angle.

Figure 1B illustrates that the magnetite solution transitioned from bright yellow to dark brown, indicating 
that the metabolites in the aqueous extract of A. cepa may facilitate the reduction of Fe ions necessary for the 
formation of Fe3O4-NPs. The surface plasmon resonance (SPR) of Fe3O4 nanoparticles during the reaction 
period caused a color transition from bright yellow to dark; as illustrated in (Fig. 1B), the maximum wavelength 
of Fe3O4 nanoparticles was determined to be 372 nm.

Figure 2 illustrates the shape of the Fe3O4 nanoparticles synthesized by green methods. Figure 2B presents 
the ED results for Fe3O4 nanoparticles. Figure  2C illustrates the spherical morphology of the synthesized 
nanoparticles. Figure 3 revealed several spectral bands.

Fig. 1. XRD pattern of Fe3O4-NPs (A), UV-visible spectra of Fe3O4-NPs (B).
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Antiviral activity of A. cepa extract and Fe3O4-NPs
The antiviral activity of A. cepa extract and prepared NPs is shown in (Fig. 4). The Fe3O4-NPs showed significantly 
higher cytotoxicity and neuraminidase enzyme inhibitory effects than the A. cepa extract; both effects happened 
in a dose-dependent manner. The generation of reactive oxygen species (ROS) was investigated using a flow 
cytometry assay as in Fig. 4 (Lower panel); the ROS generation by H1N1 influenza virus was increased, and after 
being treated with A. cepa extract and Fe3O4-NPs, the ROS generation was inhibited.

Antibacterial activity of A. cepa extract and Fe3O4-NPs
The bactericidal activity was evaluated; the Fe3O4-NPs exhibited markedly enhanced antibacterial activity 
against both S. aureus and E. coli, with the effect intensifying with rising concentrations, demonstrating a dose-
dependent relationship, as illustrated in (Fig. 5).

Evaluation of both viable and non-viable bacterial strains
This work utilized acridine orange-ethidium bromide (AO/EtBr) staining to assess the viability of following 
treatment with the investigated agents, as illustrated in (Fig.  6). EtBr stain can only penetrate cells with 
compromised membrane integrity and interact with cellular nucleic acid. A green pigment denotes the living 
bacterium, but the deceased cells will exhibit a red stain40. In this study, E. coli and S. aureus treated with A. 

Fig. 2. Morphological characteristics of the nanoparticles: (A) Field emission scanning electron microscopy, 
(B) Energy dispersive spectroscopy, and (C) Transmission electron microscopy.
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Fig. 4. Antiviral activity of A. cepa extract and Fe3O4-NPs. The upper panel represented the viability of MDCK 
cells after being treated with A. cepa extract and Fe3O4-NPs. The middle panel represented the ability of A. 
cepa extract and Fe3O4-NPs to inhibit neuraminidase enzyme. The concentration of Fe3O4-NPs was (25–100) 
µg/ml. Data were represented as mean ± SD of 3 independent experiments. The lower panel represented ROS 
generation assay using DCFH-AD. (A) Control untreated cells. (B) Cells were infected with the virus. (C) Cells 
infected with the virus in the presence of A. cepa extract. (D) Cells infected with the virus in the presence of 
Fe3O4-NPs at 50 µg/ml concentrations.

 

Fig. 3. Fourier transform infrared spectroscopy analysis of the green produced nanoparticles.
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cepa extract and Fe3O4-NPs demonstrated compromised membrane integrity, resulting in increased molecular 
deformities and reduced bacterial counts. Conversely, untreated bacterial cells exhibited an entire, stable 
configuration and a vivid green stain.

A. cepa extract and Fe3O4-NPs induce oxidative stress
In this experiment, we assessed the bactericidal processes of A. cepa extract and Fe3O4-NPs. The DCFDA assay 
was used to measure the levels of ROS generation in S. aureus and E. coli after being treated with A. cepa extract 
and Fe3O4-NPs. When S. aureus and E. coli were treated with A. cepa extract and Fe3O4-NPs, the flow cytometry 
results showed a significant increase in ROS generation in comparison to untreated bacterial cells, as indicated 
in (Fig. 7). When compared to untreated bacterial cells, this treatment increased the number of S. aureus and E. 
coli cells that exhibited DCFDA (green fluorescence).

A. cepa extract and Fe3O4-NPs changed the bacterial membrane potential
Another antibacterial mechanism is believed to involve altering the cell membrane potential. Bacterial viability 
depends on membrane potential. The alteration of the membrane potential is therefore an early sign of bacterial 
damage. Rhodamine 123 dye was used in a flow cytometry assay to assess membrane potential in our study. When 
compared to untreated bacteria, both S. aureus and E. coli showed a significant decrease in mean fluorescence 
intensity (MFI) as indicated in (Fig. 8).

Antioxidant activity of A. cepa extract and Fe3O4-NPs
The present study measures the free radical scavenging activity of A. cepa extract and Fe3O4-NPs using the 
DPPH assay. Figure 9A represents the ability of Fe3O4-NPs in DPPH radical scavenging. The ability of Fe3O4-

Fig. 5. Antibacterial efficacy of A. cepa extract with Fe3O4 nanoparticles against bacterial strains is 
demonstrated. The central well serves as a negative control. The concentration of Fe3O4-NPs was 100 to 300 µg/
ml. Data were represented as mean ± SD of 3 independent experiments.
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NPs as radical scavengers is concentration-dependent. The Fe3O4-NPs scavenged more than 30% at lower 
‎concentrations. At the same time, the percentage was more than 80% at higher concentrations.

Figure 9B illustrates the antioxidant activity of A. cepa extract and Fe3O4-NPs using the ABTS assay. The 
increased A. cepa extract and Fe3O4-NPs concentrations improved ABTS radical scavenging abilities. The results 
show that the A. cepa extract and Fe3O4-NPs scavenged more than 70% ABTS free radicals at 200  µg/mL 
concentration.

A. cepa extract and Fe3O4-NPs induce phagocytosis
This experiment sought to evaluate the effect of pre-treatment with A. cepa extract and Fe3O4-NPs on the 
phagocytic capacity of BMDMs towards pHrodo E. coli bioparticles. The present work demonstrates that A. cepa 
extract and Fe3O4-NPs boost the phagocytic and bactericidal capabilities of treated BMDM cells.

The capacity of BMDMs to phagocytose bacteria was examined through the absorption of tagged E. coli that 
could not release fluorescence till their translocation into the lysosome (low pH), as illustrated in (Fig. 10). The 
phagocytosis of pHrodo E. coli bioparticles was studied after pre-treating BMDMs with A. cepa extract and Fe3O4-
NPs at 25 µg/ml. The untreated control BMDM cells exhibited reduced phagocytic activity compared to those 
pretreated with A. cepa extract and Fe3O4-NPs BMDM cells.

We also aimed to ‎test the mechanisms that could be involved in this process. The ability of BMDMs to 
phagocytose ‎Candida albicans was tested. The results revealed that the ratio of cells that could phagocytose 
Candida albicans was significantly higher in the A. cepa extract and Fe3O4-NPs than in the BMDMs untreated 
cells (p < 0.001), as indicated in (Fig. 11).

Discussion
The rise of antibiotic-resistant strains as the foremost global public health issue underscores the need to discover 
new antibacterial compounds. Free iron ions and different metal and metal oxide nanoparticles, such as silver, 
ZnO, Al2O3, and TiO2, have been evaluated as bactericidal or antibacterial agents41–43. Nonetheless, the primary 
issue associated with the utilization of nanoparticles exhibiting antibacterial characteristics is their elevated 
toxicity, as documented for ZnO44,45. In this context, iron oxide nanoparticles (IONPs) have recently emerged as 
an option owing to their bactericidal characteristics and biocompatibility in-vivo and in-vitro. Notwithstanding 
the promise of nanoparticles as antibacterial agents, certain dangers to human health and the environment 
have been documented. Conversely, IONPs have demonstrated safety and lack of toxicity in mammalian cell 

Fig. 6. Fluorescence microscopic images of the live and died bacteria. (A) Control untreated bacterial strains. 
(B) Bacterial strains treated with A. cepa extract at a 150 µg/mL concentration. (C) Bacterial strains treated 
with Fe3O4-NPs at concentration of 150 µg/mL Fe3O4-NPs.
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Fig. 8. A. cepa extract and Fe3O4-NPs altered the membrane potential of S. aureus and E. coli.

 

Fig. 7. A. cepa extract and Fe3O4-NPs induce ROS generation in S. aureus and E. coli.
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cultures46,47. The most pertinent IONPs exhibiting biological activity are Fe2O3, magnetite Fe3O4, and limonite 
Fe2O3·H2O48,49.

The current investigation demonstrated that the majority of the particles were agglomerated, perhaps 
attributable to the thickening capabilities of A. cepa or the presence of hydroxyl groups in the extract50. 
Furthermore, the propensity for agglomeration is expected given that the produced Fe3O4-NPs are compact in 
size and exhibit magnetic properties51.

The morphological analysis of Fe3O4-NPs verifies the presence of clusters of spherical nanoparticles with 
sizes of 36 ± 1.23 nm. The findings indicated the existence of energy peaks for the Fe element at 0.8 KeV, 6.4 KeV, 
and 7 KeV, and for the oxygen element at 0.5 KeV. These findings corroborate the synthesis of Fe3O4, including 
68.8% by weight of iron and 31.2% oxygen.

The O–H stretching vibration was suggested by the absorption peak of 3345.67 cm− 1. While 1634.90 cm− 1 
was attributed to the C-H bending overtone band of an aromatic compound52. While the peak at 1025.78 cm− 1 
was attributed to the C-O stretching band associated with the C-O-SO3 group53, the absorption peak at around 
1244.68  cm− 1 belonged to the asymmetric stretching vibration of the sulfate group54. FTIR spectrum of 
Fe3O4-NPs exhibited the presence of polyphenol in Fe3O4-NPs, showing its highest frequency at 504.69 cm− 1, 
corresponding to iron oxide nanoparticles.

The current study showed that A. cepa extract and Fe3O4-NPs had a potent inhibitory effect against the 
influenza virus. Furthermore, both showed a strong ability to diminish the activity of the viral neuraminidase 
enzyme. Onion possesses a substantial quantity of quercetin and flavonoid molecules, especially hesperetin, and 
can impede the intracellular replication of certain viruses, such as HIV55,56. Onion peels can reduce the degree 
of infection of subtype H9N2 both in vitro and in vivo57.

Fig. 10. A. cepa extract and Fe3O4-NPs augmented phagocytosis of pHrodoE. coli bioparticles (A), BMDMs 
pretreated with pHrodoE. coli bioparticles. (B) BMDMs were followed by pre-treatment with 25 µg/ml of A. cepa 
extract and then with pHrodoE. coli bioparticles. (C) BMDMs were followed by pre-treatment with 25 µg/ml of 
Fe3O4-NPs and then with pHrodoE. coli bioparticles.

 

Fig. 9. Antioxidant activity of A. cepa extract and Fe3O4-NPs. (A) DPPH assay, (B) ABTS assay. The 
concentration of Fe3O4-NPs was 25–200 µg/ml. Data were represented as mean ± SD of 3 independent 
experiments.
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The flow cytometry assay showed that A. cepa extract and Fe3O4-NPs could reduce ROS generation in 
antiviral activity. Green synthesized palladium-NPs, Fe3O4-NP, and CuO-NPs were used as antiviral agents via 
four possible mechanisms: (1) direct viral interaction that prevents the virus from infecting the cells; (2) direct 
viral interaction that prevents the virus from entering the host cells; (3) blocking the virus’s reproduction; or (4) 
additional processing mechanisms that prevent the virus from spreading58.

The A. cepa extract and Fe3O4-NPs exhibited superior antimicrobial action towards the Gram-positive 
bacterial strain compared to the Gram-negative strain in the current investigation. Certain plant flavonoids, 
other natural compounds, and dietary supplements have exhibited antibacterial properties and the capacity 
to enhance the effectiveness of other antimicrobials59. Markiewicz et al. (2019)60 studied the bactericidal 
potential of a polymer/Au/M-NPs nanohybrid that can successfully stop Pseudomonas aeruginosa metabolic 
activity and prevent biofilm formation. Due to the production of ROS, the majority of metal oxide nanoparticles 
have bactericidal effects61. According to the Fenton equations, the Fe2+ ions combine with the ROS species to 
create free hydroxyl radicals and hydrogen peroxide, which kills the bacteria62. Mesoporous silica nanoparticles 
(MSNPs) with a ligand (MSNPs-maleamic) and others with copper (III) coordination ions (MSNPs-maleamic-
Cu) showed antibacterial action against S. aureus and E. coli. The antibacterial action of MSN-maleamic and 
MSN-maleamic-Cu is established by the fact that the (MSNPs-maleamic-Cu) significantly increased ROS in 
both species (30–50% more than in control untreated (MSNPs-maleamic-Cu) treated bacteria63. The findings 
of this study indicate that A. cepa extract and Fe3O4-NPs may enhance antibacterial efficacy against bacterial 
infections, thereby diminishing the demand for antimicrobial agents and improving efforts to prevent and 
manage bacterial resistance.

Moreover, the fluorescence microscopic images revealed that S. aureus and E. coli treated with A. cepa extract 
and Fe3O4-NPs compromised membrane integrity, resulting in increased molecular deformities and lowered 
bacterial counts. Conversely, untreated bacterial cells exhibited an entire, stable configuration and a vibrant 
green appearance. The results reveal that A. cepa extract and Fe3O4-NPs exert antibacterial effects by disrupting 
cell membrane integrity, suggesting a potential molecular basis for their action.

Many nanoparticles were used in numerous antibacterial investigations. The presence of ROS produced by 
various nanoparticles causes bactericidal action. The antibacterial activity of Fe3O4-NP may be due to a chemical 
reaction between hydrogen peroxide and membrane proteins or between the chemical generated in the presence 
of Fe3O4-NP and the bacterial outer bilayer. Bacteria are killed when the hydrogen peroxide generated penetrates 
their cell membrane. Additionally, it is seen that when hydrogen peroxide is produced, the nanoparticles remain 

Fig. 11. A. cepa extract and Fe3O4-NPs increased Phagocytosis of Candida albicans by BMDMs. (A) The 
control group consisted of untreated BMDMs. (B) BMDMs following pre-treatment with 25 µg/ml of A. cepa 
extracT. (C) BMDMs following pre-treatment with 25 µg/ml of Fe3O4-NPs. Methylene blue was used to stain 
the macrophages. Data are represented as mean ± SD. Significant differences are shown at the level of p < 0.001 
(***) and p < 0.0001 (****).
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in contact with the dead bacteria, preventing them from acting further and continuing to manufacture and 
release hydrogen peroxide into the medium.

The current study results demonstrated that pre-treatment with A. cepa extract and Fe3O4-NPs increases the 
ability of phagocytosis; this suggests that the ability of BMDMs to kill microorganisms could be enhanced. As a 
result of oxidative metabolic activities and in reaction to endogenous signals like cytokines or exogenous signals 
like pathogens, ROS levels in cells are in a dynamic but stable equilibrium that is made up of the sum of all creating 
and removing components64. In addition to generating ROS, macrophages use various direct antimicrobial 
methods, such as delivering cathepsins and other hydrolases into mature phagosomes and producing reactive 
nitrogen species (RNS) within the phagosome65. For instance, the production of oxidative stress in phagocytes’ 
pathogen-containing phagosomes is an essential part of antimicrobial immunity66. When macrophages identify 
bacteria, ROS are produced in various cellular compartments where they carry out various antimicrobial 
responsibilities. The inactivation of phagocytosed bacteria by the oxidative burst produced by Nox2 was one 
of the earliest functional roles for ROS produced by macrophages to be described. When invasive bacteria are 
recognized, a rapid and strong generation of ROS is released into the phagosomal lumen and extracellular 
ROS67. Mammalian sterile 20-like kinases 1/2 (MST1/MST2), two phagosome-located kinases that control 
mitochondrial recruitment to Listeria monocytogenes containing phagosomes, were discovered in the study of67. 
MST1/2-deficient BMDM demonstrated a higher bacterial burden and ROS generation into phagosomes. The 
mitochondrial contribution to phagosomal ROS levels was measured using Escherichia coli connected to the 
ROS probe CellROX. Notably, matrix mtROS levels remained unchanged, as assessed by MitoSOX, indicating 
that MST1/2 did not directly control mtROS generation. The generation of ROS from mitochondria or Nox2 is 
essential for antibacterial defense68.

Conclusions
Green chemistry principles were employed in the synthesis of nanomaterials to produce beneficial substances 
and minimize waste products. The Fe3O4 nanoparticles were effectively synthesized utilizing the Iraqi onion 
peel fruit extract. Their characterization was validated, which revealed that the synthesized nanoparticles were 
spherical and uniform, measuring 36  nm. The nanoparticles demonstrate antiviral and antibacterial efficacy 
against S. aureus and E. coli. Antibacterial efficacy is ascribed to their capacity to produce reactive oxygen species, 
which induce oxidative stress and damage bacterial cells. The reactive oxygen species produced can provoke 
lipid peroxidation, protein oxidation, DNA damage, and membrane disruption in bacterial cells, resulting in 
their demise. Indicating the potential of the nanoparticles to serve as an efficient antibacterial and antioxidant 
agent. This study also indicated that A. cepa and Fe3O4-NPs significantly influence phagocytosis modulation. 
Ultimately, the current study’s findings indicate that Fe3O4-NPs may serve as a potent antibacterial agent in 
several medicinal and biochemical applications.
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