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INTRODUCTION 

 

Nanoparticles, especially iron oxide nanoparticles 

(IONPs), also called “superparamagnetic iron oxide 

nanoparticles,” have several properties that make them 

useful in the biological environment. Most of their sizes 

range from 1 to 100 nm, making them selective for 

many medical applications, such as tumour penetration, 

biodistribution, and therapeutic efficacy (Gupta et al., 

2024; Bashiru et al., 2023). Nanoparticles are entering 

the research field, merging with medical, pharmaceuti-

cal, biological, technological, environmental, agricultur-

al, cosmetic, and many other fields. Their potentiality 

may vary depending on the external environment. Their 

properties vary depending on the mode of synthesis, 

which can be chemical or green (Maria et al., 2023). 

Since these conditions can affect IONP’s efficacy, sta-

bility, mobility, chemical and physical characteristics, 

the synthesis process is crucial. Chemical, physical, 

and biological synthesis procedures are examples of 

these synthetic techniques. IONPs with superior crys-

tallinity, defined structure, and controlled morphology 

are focused while choosing different methods. To 

achieve the ideal morphological characteristics, the 

optimisations are carried out by adjusting several fac-

tors, including surfactant and solvent types, reaction 

time, ageing period, and temperature. This approach is 

thought to be among the most effective ways to allow 

IONPs with similar properties to evolve (Priyanka et al., 

2024). Because IONPs exhibit superparamagnetic be-
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haviour, their sensitivity to external magnetic fields ena-

bles their use in targeted delivery, improving drug or 

gene delivery precision and ensuring higher therapeutic 

concentrations at the desired site (Sathyadevi and Yun-

Ming, 2019). Antibiotic resistance has become one of 

the biggest hurdles in the medical scenario. Therefore, 

novel methods of overcoming this issue are essential 

today.The present study aimed to synthesize and char-

acterize iron oxide nanoparticles using advanced spec-

troscopic and microscopic techniques (SEM, TEM, UV-

Vis, FTIR, XRD, XPS and NMR). Their antibacterial and 

antibiofilm activities against clinically relevant pathogen-

ic bacteria are evaluated through several microbiologi-

cal assays with the ultimate goal of understanding their 

mechanism of action and assessing their potential as 

alternative antimicrobial agents. 

 

MATERIALS AND METHODS 

 

Chemically synthesized IONPs were employed in this 

research against four bacterial strains namely Staphylo-

coccus aureus, Pseudomonas aeruginosa, Streptococ-

cus mutans and Escherichia coli.  

 

Chemical synthesis of iron oxide nanoparticles 

In the present study, iron oxide nanoparticles (IONPs) 

were chemically synthesized using the modified proce-

dure reported by Justin et al. (2017). Accordingly, Ferric 

chloride (FeCl3) and Ferrous sulfate (FeSO4) were used 

as the iron sources and Tetramethyl Ammonium Hy-

droxide (C4H13NO) as the reducing agent. 0.1g of FeCl3 

and FeSO4 were dissolved in 1mL of double distilled 

water respectively. The solutions were vortexed for two 

minutes. The clear solutions were pipetted out and 

were mixed together. This iron source was poured drop 

by drop into Tetramethyl ammonium hydroxide in the 

ratios 500  :100  ; 500  :200  ; 500  :300  ; 

500  :400  ; 500  :500  , and vortexed for five 

minutes. The obtained black precipitate was kept undis-

turbed for 5 minutes. The resultant supernatant of 

500  :500    batch was found with IONPs optically 

reflecting against the magnetic field, which was then 

pipetted out for further use. The particles were separat-

ed with the help of bar-magnet with a strength of 50 

Gauss. The obtained particles were washed three times 

with double distilled water for microbial studies. The 

unused particles were preserved by dispersing them in 

Formaldehyde.   

 

Microscopy analysis 

Scanning electron microscope (SEM) 

SEM analysis was performed using the Carl Zeiss EVO 

18 Research instrument at the Central Laboratory for 

Instrumentation and Facilitation (CLIF, Kerala Universi-

ty). A drop of analytic IONPs was dried on a silicon wa-

fer prior to observation (Rimbu, 2025). 

 

Transmission electron microscope (TEM) 

TEM analysis was performed using the JEOL JEM-200 

instrument at the CSIR - National Institute for Interdisci-

plinary Science and Technology (NIIST, Thiruvanantha-

puram). The sample was loaded on a 3 mm carbon-

coated copper grid and allowed to dry prior to observa-

tion (Heggen, 2025). 

 

Spectroscopy analysis 

UV-Visible-NIR spectroscopy 

UV-Vis analysis was performed using a Thermo Scien-

tific Nicolet iS50 spectrophotometer at the Central La-

boratory for Instrumentation and Facilitation (CLIF, Uni-

versity of Kerala). The absorbance value was obtained 

from 200 nm to 800 nm (Alok, 2025). 

 

Fourier transform infrared spectroscopy (FTIR) 

FTIR analysis was performed using a Thermo Scientific 

iS50 FT-IR spectrometer at the Central Laboratory for 

Instrumentation and Facilitation (CLIF, University of 

Kerala). A drop of the analytical sample was placed on 

a glass slide, and a transition-mode scan was used to 

record the spectrum in the 4000-500 cm-1 region 

(Rimbu, 2025). 

 

X-Ray diffraction (XRD) 

XRD analysis was performed using a Bruker D8 AD-

VANCE with DAVINCI at the Central Laboratory for 

Instrumentation and Facilitation (CLIF, University of 

Kerala). A thin film of the sample was dried on a glass 

slide, and the spectrum was obtained (Aarti et al., 

2025). 

 

X-Ray photoelectron spectroscopy (XPS) 

XPS reading was done in Thermo Scientific ESCA-

LAB Xi+, Central Laboratory for Instrumentation and 

Facilitation (CLIF-University of Kerala). Spectral values 

for metal (iron), oxygen, carbon and nitrogen were rec-

orded. These elements were desired to be observed 

because, while employing chemical synthesis methods, 

it is surmised that intercalating elements may become 

embedded in IONPs (Gregory et al., 2025). 

 

Nuclear magnetic resonance (NMR) 

NMR analysis was performed using a Bruker Avance 

400 MHz FT-NMR spectrometer at the Central Labora-

tory for Instrumentation and Facilitation (CLIF, Universi-

ty of Kerala). The solvent used was D2O, and the spec-

trum was obtained for hydrogen (1H-NMR) (Adel et al., 

2025). 

 

Microbiological analysis 

Antibacterial activity: Agar- well diffusion method  

The medium was prepared by dissolving 3.8 g of the 
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commercially available Mueller-Hinton agar in 100 mL 

of distilled water. The dissolved medium was auto-

claved at 15 lbs pressure at 121°C for 15 minutes. The 

autoclaved medium was mixed well and poured onto 

100mm petriplates (25-30ml/plate) while still molten. 

Petri plates containing 20 ml of Mueller-Hinton agar 

medium were seeded with a 24-hour culture of bacterial 

strains. Wells were cut, and the test sample iron oxide 

(500, 250, 100, and 50 µg/mL) was added. The plates 

were then incubated at 37°C for 24 hours. Antibacterial 

activity was assayed by measuring the diameter of the 

inhibition zone around each well. Gentamicin was used 

as a positive control. All the tests were done in tripli-

cates (Bauer et al., 1959). 

 

Determination of minimum inhibitory concentration 

(MIC); Minimum bactericidal concentration (MBC) 

The broth microdilution assay method was used to de-

termine the MICs for the four bacterial strains (S. mu-

tans-497, S. aureus-902, E. Coli-443, and P. aerugino-

sa-424, purchased from MTCC, Chandigarh, India) in 

sterile disposable flat-bottomed 96-well microtiter 

plates, and the susceptibility of the organisms was in-

vestigated. Briefly, the 0.5 McFarland inoculum suspen-

sions were further diluted 1:100 in nutrient broth before 

inoculation. 50 μL of the bacterial suspension was then 

seeded into a 96-well plate containing 50 μL of the test 

sample at serial concentrations. The final concentra-

tions of FeO were 1000, 500, 250, 125, 62.5, 31.25, 

15.6, 7.8, 3.9 and 1.9 μg/mL. The plates were then in-

cubated at 37 °C for 18–24 h. The results were read at 

600 nm using a microplate reader. Changes of colour 

were observed and recorded. All the tests were done in 

triplicates. (Gang et al., 2021). To determine the MBC, 

10L from the MIC-negative well (no visible turbidity) 

was spread into nutrient agar plates and incubated for 

24 hours at 37 °C. 

 

Time killer assay 

The time-kill assay method was used to assess the 

bactericidal activity at varying concentration over time. 

Nutrient broth along with 10ml of the test organism sus-

pension, was introduced into the 15mL tube and IC50 

Concentration (50.16g/mL for S. aureus, 59.57 g/mL 

for S. mutans, 135.3 g/mL for E. coli and 156.1 g/mL 

for P. aeruginosa) of the test iron oxide was added. For 

negative control, 9 ml sterile distilled water and 1ml of 

the test organism was added. The plates were then 

incubated at 37 °C for 24 h. The results were observed 

every 1, 6, 12 and 24 hrs. Then the results were read at 

600 nm using a Calorimeter. Colour changes were ob-

served and recorded. The reduction in microbial popu-

lation was calculated using GraphPad Prism 8 soft-

ware. (Tsuji et al., 2008) 

 

Antibiofilm assay  

To evaluate the efficacy of the drug in interrupting bio-

film formation, the MTP assay was carried out as de-

scribed by Christensen et al. (1985) using 96-well flat-

bottom polystyrene titration plates. Individual wells 

were filled with 180 µL of BHI broth, followed by inocu-

lation with 10 µL of an overnight pathogenic bacterial 

culture. To this 10 µL sample, iron oxide was added 

from the prepared stock solutions at 1000, 500, 250, 

125, 62.5, 31.25, 15.6, 7.8, 3.9, and 1.9 µg/mL, along 

with a control (without test sample), and the mixture 

was incubated at 37°C for 24 h. After incubation, the 

contents of the wells were removed and washed with 

0.2 mL of phosphate-buffered saline (PBS) pH 7.2 to 

remove free-floating bacteria. The adherence of sessile 

bacteria was fixed with sodium acetate (2%) and 

stained with crystal violet (0.1%, w/v). Excessive stain 

was removed by deionized water wash and kept for 

drying. Further, dried plates were washed with 95% 

ethanol and optical density was determined using a 

microtitre plate reader (Thermo) at 600 nm. The per-

centage of biofilm inhibition was calculated using the 

below formula (Wang et al., 2010). 

 

                                  Control OD- Test OD 

% Biofilm inhibition = -------------------------- × 100 

                                          Control OD 

 

DNA fragmentation 

The sample was tested, treated, using the two best 

organisms; P. aeruginosa and S. aureus. Briefly, the 

cultured P. aeruginosa and S. aureus (1ml) were treat-

ed with the IC50 concentration of the test sample incu-

bator for 24 h. After the incubation period, total P. aeru-

ginosa and S. aureus culture were collected in a centri-

fuge tube. 

The samples were placed in 2mL tubes separately, and 

then 875 µL of TE Buffer and 10% of 100 µL SDS were 

added. Homogenized the sample with sterile homoge-

nizer. And 5 µL of Proteinase K (20 mg/mL) was add-

ed. The mixture was incubated at a cool temperature 

for 30-60 minutes (with occasional mixing/quick vortex) 

to facilitate digestion. After complete digestion, 1mL of 

Phenol Chloroform was added and then the samples 

were centrifuged at 12000 rpm for 10 minutes. After 

that, about 500 µL of clear supernatant were collected 

into a new- labeled 2mL tube. Then 100µL of 5M Sodi-

um acetate were added and the volume was made up 

to 2 ml with Isopropanol to precipitate the DNA. Then 

the samples were centrifuged at 12,000 rpm for 10 

minutes. After that, the supernatant was removed and 

1ml of ice-cold 70% ethanol was added to the pellets 

for washing. Sample was spun at 12000 rpm, for 5 

minutes. Carefully removed the supernatant, then pi-

petted out excess liquid and allowed it to partially dry 
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with the lid off at room temperature. Partially dried DNA 

was resuspended in 20- 30 µL of 1x TE buffer 

(Sambrook et al., 2001). 

 

RESULTS AND DISCUSSION 

 

Scanning electron microscope (SEM) 

The SEM image (Fig. 1) is shown with a 200 nm scale 

bar. The image was slightly blurred and aggregated 

forming clusters rather than individually separated parti-

cles. The aggregation would be due to magnetic attrac-

tion between the particles and other forces, such as 

van der Waals forces. The aggregation could be 

around 20-100nm. 

 

Transmission electron microscope (TEM) 

TEM images (Fig. 2, (a) and (b)) are given in 20 nm 

and 10 nm scale bars respectively. Based on Fig. 2(a), 

the individual nanoparticles appeared to be roughly±10 

nm in diameter. Most particles fall within this nanoscale 

range. The particles appear mostly spherical to quasi-

spherical shapes. Some particles appeared with irregu-

lar edges indicating minor size variations. The image 

also appears to show loosely packed clusters rather 

than highly fused ones. The Fig. 2 (b) is given in a 10 

nm scale which exhibits its quasi-spherical morphologi-

cal structure. 

 

UV-Visible spectroscopy (UV-Vis) 

Covers both UV (200-400 nm) and visible (400-800 nm) 

regions. A peak is seen from 205nm. The curve shows 

a steep rise in absorbance below 400 nm (UV region), 

which is characteristic of: Iron oxide nanoparticles 

(Fe₃O₄/γ-Fe₂O₃ typically absorb at 300-400 nm). Pos-

sible organic capping agents (if absorbance peaks at 

200-300 nm) (Fig. 3). Silvia et al. (2017) reported that 

“the aqueous solution of FeSO4 exhibits a continuous 

absorption band throughout the spectrum and lacks a 

peak”. “A distinct absorption band observed at 329 nm 

confirmed the successful formation of IONPs, con-

sistent with the characteristic surface plasmon reso-

nance of iron oxide nanostructures” was observed and 

reported by Muhammad et al. (2024). 

 

Fourier transform infrared spectroscopy (FTIR) 

Analysis using Fourier Transform Infrared Spectrosco-

py (FTIR) reveals details about the material's molecular 

structure and chemical bonding. At ambient tempera-

ture, FTIR measurements are made in the 400–4000 

cm-1 range to analyse the crystalline nature and com-

position of the chemically produced iron oxide nanopar-

ticles. 

The FTIR spectrum of SPIONs shows prominent ab-

sorption bands between 3263.38 and 1099.93 cm-1, 

which is considered the fingerprint region for iron oxide 

nanoparticles. A broad Peak is seen at ~3263.38 cm⁻¹ 

which shows O-H stretching from adsorbed water mole-

cules or surface hydroxyl groups (Fig. 4). Darezereshki 

(2011) reported the stretching and bending vibrations of 

the hydroxyl groups and/or water molecules, responsi-

ble for the extremely broad absorption band centred at 

3331 cm^1 and peaking at 1625 cm^1. 

A peak at ~1636.74 cm-¹ confirms the presence of wa-

ter molecules. And a strong band at 500-700 cm-¹ which 

determine the presence of inorganic com-

pound (fingerprint region for iron oxides): ~490 cm-¹: 

Magnetite (Fe₃O₄). As per Kamath et al., (2020) report, 

“the bonds that form between the iron and oxygen in 

the sample are shown by wavelengths between 450 

and 950 cm1”. 

 

X-Ray diffraction (XRD) 

To demonstrate the crystallinity of the chemically syn-

thesized iron oxide nanoparticles, XRD method is per-

formed. These 3 peaks (35.586°, 57.174°, and 62.847°) 

observed in this spectrum indicate crystallinity, as evi-

denced by their sharpness (Fig. 5). In their study, Ra-

jeshkumar et al., (2024) conducted X-ray diffraction 

(XRD) analysis on synthesized iron oxide nanoparticles 

and observed “distinct diffraction peaks at 2θ angles of 

31.8°, 35.2°, and 35.4° and their systematic referencing 

to the crystallographic planes confirmed that a ferrite 

structure (either maghemite, γ-Fe₂O₂, or magnetite, 

Fe₂O₂) had formed”. Similarly, Johar et al., (2024) 

stated that the trigonal structure of magnetite was iden-

tified as the cause of peaks at 49.75° (300) and 56.74° 

(009) and additionally, these included peaks at 30.17° 

(220), 31.76 (202), 35.43° (311), 43.14° (400), 48.31° 

(331), 62.65° (440), and 66.31° (531), which corre-

sponded to cubic magnetite. 

 

X-Ray photoelectron spectroscopy (XRD) 

To help interpret the XRD data and to investigate the 

surface structures of the IONPs, X-ray photoelectron 

Fig. 1. SEM image of IONPs 
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Fig. 2. (a) and (b),Transmission electron microscopy (TEM) images of chemically produced iron oxide nanoparticles 

(IONPs) 

                                a                                                            b 

Fig. 4. Fourier transform infrared spectroscopy (FTIR) 

spectrum of iron oxide nanoparticles 

Fig. 3. Ultraviolet-visible spectroscopy (UV-VIS) spectrum 

of iron oxide nanoparticles 

Fig. 5. X-Ray diffraction (XRD) spectrum of chemically synthesized iron oxide nanoparticles  
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spectroscopy (XPS) was performed. The binding ener-

gy for carbon was observed. The peak ˜284 eV is com-

monly attributed to carbon-carbon (C-C) bonds. (Fig. 

6). In the Fe XPS spectrum, 2 peaks can be observed 

at ˜707 eV and ˜721 eV, which affirm the presence of 

metal oxide. The Fe2p spectrum strongly matches 

Fe3+ (Hematite like). The shape also suggests mixed 

multiplet structure of metal oxide. (Fig. 7). The peak 

observed at ˜400 eV shows the presence of C-NH2(Fig. 

8). A strong peak is observed in the oxygen XPS spec-

trum at ˜527 eV, confirming the presence of a metal 

oxide (Fig. 9). Bristy et al., (2024), reported that “the 

peak in the narrow scan for oxygen at the binding ener-

gy 529.7 eV was attributed for lattice Fe3+-O bonded 

oxygen. They also added that the distinctive peaks of 

the 3+ ion of γ-Fe2O3 are located at 710.31 and 724.48 

eV and the lattice Fe3+-O bound oxygen was identified 

as the source of the peak in the oxygen narrow scan at 

the binding energy 529.7 eV”. 

 

Nuclear magnetic resonance (NMR) 

Two peaks were observed at 5.569 and 4.679, sug-

gesting the potential presence of water molecules or 

organic ligands. One analytical technique for determin-

ing a compound's structure based on the type of proton 

or hydrogen present is 1H-NMR spectroscopy (Fig. 10). 

The number of proton types in a chemical and the envi-

ronmental characteristics of each kind of hydrogen pro-

ton are revealed by the 1H-NMR spectra, claimed by 

Laurence and Timothy (2017). 

 

Antibacterial activity 

Using the agar well diffusion method, the study tested 

the antibacterial effect of iron oxide (FeO) nanoparticles 

against four bacterial strains: S. aureus-902, S. mutans

-497, E. coli-443, and P. aeruginosa-424, purchased 

from MTCC, Chandigarh, India. Gentamicin, the posi-

tive control, produced a bigger zone of inhibition (16.1–

17.35 mm). Maximum activity is recorded at 1000 µg/

mL (Fig. 11, 12, 13 and 14)(Table 1). Notably, S. aure-

us and P. aeruginosa did not show any inhibition below 

500 µg/mL (Figs.11 and 14) , although S. mutans and 

E. coli maintained partial activity at 250 µg/mL (ZOI: 7.6 

± 0.14 mm and 8.1 ± 0.14 mm, respectively) (Figs.12 

and 13). Hend et al., (2024) mentioned that “iron oxide 

nanoparticles enter bacterial cells and produce ROS, 

which stops biofilm development”. Sahar et al., (2025) 

conducted an antibacterial method where “Gram-

positive, Staphylococcus aureus (15.2 ± 0.8 mm at 64 

µg/mL) was more sensitive than Gram-negative strains, 

most likely because the nanoparticles adhered better to 

their thicker peptidoglycan coatings. Among Gram-

negative bacteria, Escherichia coli was the least re-

sponsive (12.11 ± 0.3 mm), whereas Pseudomonas 

aeruginosa shown exceptional susceptibility (16.23 ± 

0.5 mm at 64 µg/mL)”. On the other hand, in the find-

ings of Abdulrahman et al., (2024), “gram-negative bac-

teria demonstrated significant susceptibility, with E. coli 

showing maximum inhibition zones of 15 mm at 100 

mg/mL whereas P. aeruginosa exhibited even greater 

sensitivity, producing 26 mm inhibition zones at 100 

mg/mL while maintaining activity at 6.25 mg/mL, though 

no inhibition was observed at 3.125 mg/mL”. 

 

Minimum inhibition concentration (MIC) and mini-

mum bacterial concentration (MBC) 

Distinct antimicrobial susceptibility patterns were ob-

served among the tested bacterial strains when ex-

posed to iron oxide nanoparticles. Complete growth 

inhibition was found to be 1.9 µg/mL for all four bacteri-

al strains. This is due to the 2-fold dilution system used 

in MIC assays. Consequently, the subtle difference 

near the inhibitory threshold might not be captured. 

This reflects the limitations of discrete dilution steps in 

the MIC method. Therefore, it does not imply identical 

susceptibility. With an IC50 value of 50.16 μg/mL, 

Fig. 6. X-Ray Photoelectron Spectroscopy (XPS) of carbon element 
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Fig. 7. X-ray photoelectron spectroscopy (XPS) of iron element  

Fig. 9. X-ray photoelectron spectroscopy (XPS) of oxygen element 

Fig. 8. X-ray photoelectron spectroscopy (XPS) of nitrogen element  
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Staphylococcus aureus showed the maximum sensitivi-

ty, followed by Streptococcus mutans (IC50: 59.57 μg/

mL), suggesting main antibacterial activity against 

Gram-positive organisms. The IC50 values for Pseudo-

monas aeruginosa and Escherichia coli were 156.1 μg/

mL and 135.3 μg/mL, respectively (Table 2). Gram-

negative organisms needed greater quantities of nano-

particles to effectively be killed. 

 This suggests that iron oxide is highly effective against 

those pathogenic organisms at very low concentrations. 

In his study, Wahran et al. (2024) reported “MIC values 

of 12.5, and 25 μg/ml for E. coli, and P. aeruginosa, 

respectively. Moreover, they added that, when com-

bined with antibiotics, iron oxide nanoparticles signifi-

cantly enhance the effectiveness of multiple antibiotics 

against multidrug-resistant bacteria. They suggested 

that iron oxide nanoparticles have promising applica-

tions as antibacterial compounds and as additives to 

enhance antibiotic efficacy”.  Al-Rawi et al. (2021) also 

reported that “the lowest MIC for synthesized Fe3O4NP 

(550µg/ml) was determined against Pseudomonas ae-

ruginosa with 52±3.0 x103CFU, compared with untreat-

ed control (35±4.58 x106CFU)”. 

The total minimum bacterial concentration in the sam-

ples (S. mutans-FeO and S. aureus-FeO) was 1x10^2 

CFU/mL. The total minimum bacterial concentration 

was present in the sample (E. coli-FeO and P. aeru-

ginosa-FeO) was found to be 3x10^2 CFU/mL.  

 

Antibiofilm 

Different inhibitory profiles were found when the antibi-

ofilm efficacy of IONPs was compared to four harmful 

bacterial strains: E. coli-443, P. aeruginosa-424, S. 

aureus-902, and S. mutans-497 (Table 3). All studied 

strains showed concentration-dependent, varying-

potency biofilm reduction by iron oxide. Iron oxide had 

minimal effect on S. mutans biofilm development at 

lower concentrations (1.9-3.9 µg/mL), however even at 

these concentrations, S. aureus was significantly inhib-

ited. All strains showed increasingly stronger biofilm 

S. No 
Name of the 

test organism 

Name of 

the test 

sample 

Zone of inhibition (mm) 

Mean ± SD 

1000µg/ml 500 µg/ml 250 µg/ml 100 µg/ml PC 

1. 
Streptococcus. 

aureus 

 

 

FeO 

14.35±0.21 12.1±0.14 0 0 17.35±0.21 

2. 
Streptococcus 

mutans 
14.45±0.35 12.6±0.14 7.6±0.14 0 16.75±0.35 

3. Escherichia coli 13.85±0.21 11.25±0.35 8.1±0.14 0 17.25±0.35 

4. 
Pseudomonas 

aeruginosa 
13.6±0.14 10.85±0.49 0 0 16.1±0.14 

Table 1. Means ± SD of zone of inhibition obtained by iron oxide sample against Test organisms 

Bacterial Strain Type MIC (µg/mL) IC50 (µg/mL) 
Inhibition at 1.9 

µg/mL (%) 

Inhibition at 

1000 µg/mL (%) 

Streptococcus 

mutans 
Gram positive 1.9 59.57 34.1 63.6 

Staphylococcus 

aureus 
Gram positive 1.9 50.16 5.2 75.3 

Escherichia coli Gram negative 1.9 135.5 19.0 74.8 

Pseudomonas 

aeruginosa 

Gram 

negative 
1.9 156.1 30.3 86.5 

Bacterial Strain Type Control OD (600nm) IC50 (µg/ml) 
Inhibition at 1000 

µg/ml 

Streptococcus mu-

tans 
Gram positive 2.246 25.41 71.35 % 

Staphylococcus aure-

us 
Gram positive 1.383 19.64 89.41 % 

Escherichia coli Gram negative 2.070 72.71 81.87 % 

Pseudomonas aeru-

ginosa 
Gram negative 2.148 76.23 82.06 % 

Table 2. Minimum inhibitory concentration (MIC) and IC50 of iron oxide nanoparticles against multidrug-resistant bacteria 

Table 3. Percentage of antibiofilm efficacy of iron oxide nanoparticles against multidrug-resistant bacteria 
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suppression as concentrations got higher, but S. aure-

us showed the highest sensitivity, with almost complete 

inhibition at the highest tested level (1000 µg/mL). Iron 

oxide nanoparticles worked especially well against 

Gram-positive bacteria, S. aureus. Variable reactions 

indicate that the structure of the bacterial cell wall and 

the composition of the biofilm may affect the mecha-

nism of action of IONPs. 

 Harem et al., (2024) noted that “α-FeO₃-NPs showed 

strong anti-biofilm activity against E.coli and S. aureus”. 

Sathyanarayanan et al. (2013) affirmed “the prevention 

of bacterial biofilm formation is strongly influenced by 

IONP. In addition to dispersion concentration, a prior 

study demonstrated that IONPs with diameters less 

than 10 nm significantly reduced bacterial biofilm 

growth. P. aeruginosa biofilm growth can be affected by 

IONPs at 10 μg mL-1, however biofilm formation was 

only significantly reduced at concentrations greater 

than 50 μg mL-1”. Therefore, study conducted by Bar-

celos et al. (2025) , revealed that “IONPs with a diame-

ter of 11.80 ± 3 nm and a concentration of 0.258 μg mL

-1 prevented the formation of biofilms of Pseudomonas 

aeruginosa”. 

  

Time killer assay 

By monitoring OD600 (Fig. 15 a,b,c and d) (Table 4) 

and determining the percentage inhibition over a 24-

hour period, the time-kill experiments assessed the 

antimicrobial activity of iron oxide nanoparticles against 

S. mutans, S. aureus, E. coli, and P. aeruginosa (Table 

5). Over 24 hours, all strains (positive control) showed 

typical logarithmic growth, demonstrating a steady in-

crease in OD, signifying typical bacterial growth. At 

each point, the iron oxide-treated sample showed no-

ticeably lower OD values compared to the positive con-

trol, indicating that bacterial growth was inhibited. At all 

Fig. 10. Nuclear magnetic resonance (NMR) spectrum of iron oxide nanoparticles 

Fig. 12. Antibacterial efficacy of iron oxide nanoparticles 

against Escherichia coli 

Fig. 11. Antibacterial efficacy of iron oxide nanoparticles 

against Staphylococcus aureus        
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time points, S. aureus showed the strongest inhibition 

(OD600 ~50–70% lower than the control). Moderate 

reduction of S. mutans and P. aeruginosa (~35–60% 

OD decrease). The weakest response was shown by E. 

Coli, which showed delayed inhibition (28% at 1 hour 

and 59% at 12 hours) (Table 4) 

Kanish et al. (2024) observed in their study, “a noticea-

ble reduction in S.aureus at all concentrations of Fe2O3 

(25μg/ml, 50μg/ml and 100μg/ml) compared to the con-

trol. Iron oxide nanoparticles exhibit a dose-dependent 

antibacterial activity against S.  aureus. At 100 μg/mL, 

S.aureus achieved a comparable reduction in CFU/mL. 

He concluded that iron oxide nanoparticles could be a 

potential alternative to traditional antibacterial agents in 

the treatment of infections caused by S. aureus”. On 

the other hand, they also observed “the reduction of 

S.mutans, reporting that the 50 μg/mL Fe2O3 NP treat-

ment group shows a more noticeable decrease in CFU/

mL count compared to the 25 μg/mL group, suggesting 

increased efficacy with a higher concentration. The 100 

μg/mL iron oxide nanoparticles treatment shows the 

most significant decrease in CFU/mL count, indicating 

the highest level of antimicrobial activity among the 

tested nanoparticle concentrations”. 

 

DNA fragmentation 

Based on the antibacterial activity of IONPs, S. aureus 

and P. aeruginosa that showed enhanced responses 

were selected for the DNA fragmentation assay. No 

DNA degradation was observed in the controls for S. 

Table 4. Inhibition of iron oxide nanoparticles against (a) Psuedomonas aeruginosa, (b) Escherichia coli, (c) Staphylo-

coccus aureus and (d) Staphylococcus mutans (Time Killer Assay) 

S.No 
Time in 

Hours 

OD value at 600 nm 

Control (in triplicates) 

Mean value 

Control 

OD value at 600 nm 

Sample (in triplicates) 

Mean value 

Sample 

1. 1 0.35 0.34 0.33 0.34 ± 0.01 0.20 0.19 0.27 0.22 ± 0.04 

2. 6 0.72 0.79 0.83 0.78 ± 0.06 0.35 0.31 0.45 0.37 ± 0.07 

3. 12 1.17 1.21 1.15 1.18 ± 0.03 0.41 0.49 0.55 0.48 ± 0.07 

4. 24 1.32 1.33 1.39 1.35 ± 0.04 0.59 0.65 0.72 0.65 ±0.07 

S.No 
Time in 

Hours 

OD value at 600 nm 

Control (in triplicates) 

Mean value 

Control 

OD value at 600 nm 

Sample (in triplicates) 

Mean value 

Sample 

1. 1 0.35 0.31 0.39 0.35 ± 0.04 0.23 0.29 0.22 0.25 ± 0.04 

2. 6 0.76 0.81 0.77 0.78± 0.03 0.32 0.37 0.42 0.37 ± 0.05 

3. 12 1.11 1.14 1.19 1.15 ± 0.04 0.44 0.45 0.52 0.47 ± 0.04 

4. 24 1.34 1.29 1.38 1.34 ± 0.05 0.56 0.63 0.69 0.63 ± 0.07 

S.No 
Time in 

Hours 

OD value at 600 nm 

Control (in triplicates) 

Mean value 

Control 

OD value at 600 nm 

Sample (in triplicates) 

Mean value 

Sample 

1. 1 0.34 0.32 0.29 0.32 ± 0.02 0.14 0.19 0.09 0.14 ± 0.05 

2. 6 0.78 0.74 0.87 0.80 ± 0.07 0.22 0.27 0.32 0.27 ± 0.05 

3. 12 0.97 1.07 1.10 1.05 ± 0.07 0.36 0.39 0.36 0.37 ± 0.02 

4. 24 1.29 1.23 1.31 1.28 ± 0.04 0.49 0.43 0.52 0.48 ± 0.05 

S.No 
Time in 

Hours (h) 

OD value at 600 nm 

Control (in triplicates) 

Mean value 

Control 

OD value at 600 nm 

Sample (in triplicates) 

Mean value 

Sample 

1. 1 h 0.36 0.39 0.29 0.35 ± 0.05 0.21 0.25 0.19 0.22 ± 0.03 

2. 6 h 0.69 0.73 0.81 0.74 ± 0.06 0.27 0.31 0.38 0.32 ± 0.06 

3. 12 h 1.06 1.17 1.08 1.10 ±0.06 0.43 0.48 0.53 0.48 ± 0.05 

4. 24 h 1.33 1.26 1.22 1.27 ± 0.06 0.55 0.61 0.59 0.58 ± 0.03 

a 

b 

c 

d 
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Bacterial Strain 1h 6h 12h 24h Peak inhibition 

Streptococcus mutans 37.3% 57.2% 56.4% 54.0% 57.2% (6h) 

Staphylococcus aureus 56.1% 66.2% 64.6% 62.5% 66.2% (6h) 

Escherichia coli 28.1% 52.6% 59.1% 53.1% 59.1% (12h) 

Pseudomonas aeruginosa 35.1% 52.6% 58.9% 51.5% 58.9% (12h) 

Table 5. Percentage of inhibition over 24 hours of iron oxide nanoparticles against multidrug-resistant bacteria 

Fig. 13. Antibacterial efficacy of iron oxide nanoparticles 

against Streptococcus mutans 

Fig. 14.  Antibacterial efficacy of iron oxide nanoparticles 

against Pseudomonas aeruginosa 

d. Pseudomonas aeruginosa c. Escherichia coli  

b. Streptococcus mutans a. S. aureus  

Fig. 15. a, b, c, d: OD values (Control and FeO sample) depending on the concentration of iron oxide nanoparticles 

(Time Killer Assay)  
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aureus and P. aeruginosa, which showed intact, high-

molecular-weight genomic DNA as a single, clear band 

on agarose gel electrophoresis (Fig. 16). Following the 

treatment with the test substance the DNA fragmenta-

tion assay revealed distinct patterns of DNA fragmenta-

tion in both bacterial strains. For P. aeruginosa (lane 5), 

a faint but noticeable ladder-like pattern was observed 

indicating partial DNA cleavage or strain-specific sensi-

tivity to nuclease activation. Treated S. aureus (lane 3) 

notably exhibited clear and intense DNA laddering, 

suggesting strong inhibition of programmed cell death 

(Fig. 16). These observations demonstrate that the test 

compound induces significant genomic DNA degrada-

tion, indicating a strong bactericidal effect on both or-

ganisms. Ghassan et al., (2017), reported the results 

that “the iron oxide nanoparticles interacted with the 

DNA and changed its structure or conformation, which 

may have changed how the cell functions metabolically 

and damaged other parts of the cell”. Sadeghi et al., 

(2015) made a similar observation, reporting that 

“MNPs can start the DNA degradation process.  

 

Conclusion 

 

This study of chemically synthesised iron oxide nano-

particles (IONPs) showed that they have significant 

potential as a noble and antibacterial agent against 

multidrug-resistant pathogens. Characterization meth-

ods such as SEM, TEM, UV-Vis, FTIR, NMR, XRD, and 

XPS were used to confirm that the nanoparticles, which 

ranged in size to ±10 nm, exhibited a spherical or quasi

-spherical shape and high crystallinity. Microbiological 

tests revealed concentration-dependent bactericidal 

effects and significant biofilm inhibition. Antibacterial 

efficacy against both Gram-positive (S.  mutans, S. 

aureus) and Gram-negative (E. coli, P. aeruginosa) 

microorganisms were observed. Antibacterial activity 

was further validated by a DNA fragmentation assay, 

highlighting the nanoparticles' capacity to damage bac-

terial cells. The observed differences indicate that addi-

tional optimization is necessary to broaden efficacy, 

even though the microorganisms showed better sensi-

tivity to IONPs. In the development of iron oxide-based 

antimicrobial agents to combat resistant bacterial infec-

tions, the present research results indicate that the pro-

posed IONPs can be exciting alternatives to traditional 

antibiotics, offering multiple mechanisms, particularly 

with regard to genomic DNA damage. This work con-

tributes to the field of nanobiotechnology by providing a 

strong foundation for the development of antimicrobial 

compounds based on IONPs to combat resistant bacte-

rial infections. 
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