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A B S T R A C T   

Fe doped MgO nanoparticles were synthesized using a straightforward soft chemical method. We conducted a 
comprehensive examination of the electrical properties of Fe-doped MgO nanoparticles with a crystalline size 
range of 7–10 nm. Simultaneously, we explored their antibacterial capabilities. Our findings indicate that an 
increase in the concentration of Fe-doped MgO correlates with an enhanced bactericidal effect. To gain a deeper 
understanding of charge transfer processes, the AC conductivity and dielectric characteristics of the samples 
across various temperatures and frequencies was studied.The antibacterial activity was studied utilising the MIC 
methodology, the live count (LC) method, and the agar cup technique in addition to the electrical characteristics. 
After exposure to nanoparticles, we observed the disruption of pathogenic cell walls through transmission 
electron microscopy (TEM) analysis. These results suggest that Fe-doped MgO nanoparticles hold promise for the 
development of novel, more effective antibacterial drugs. The ½ MIC for E.coli was found to be 2.75 μg/ml, while 
for Bacillus sp., it was 1.75 μg/ml when exposed to Fe-doped MgO nanoparticles. This dosage level may find 
applications in the medical field. However, further investigations are required to assess potential toxicity and 
long-term environmental and human health effects. If successful in vivo tests follow, Fe-doped MgO nano
particles could emerge as valuable antibacterial agents.   

1. Introduction 

Based on idea of science and its application nanotechnology deals 
with the teasing of matter at very small sizes (1–100 nm).1 Its profound 
influence extends across multiple domains, including medicine, elec
tronics, and energy, enabling the creation of novel materials with 
exceptional properties that were once deemed unattainable. In recent 
and upcoming research, nanomaterials have been shown to exhibit 
antibacterial activity. Contemporary technological strides in sample 
preparation and device fabrication are reflected in the physical char
acteristics of objects in today’s world, occasionally leading to trans
formative discoveries.2 However, the essence of this scientific 
exploration delves into the biological transformations that occur when 
certain elements are reduced to the nanoscale. A major concern within 
advanced nanoscience is the environmental impact of nanoparticles. A 
productive method for evaluating their non-toxicity involves examining 
bacterial reactions to these nanoparticles.3 Incorporating nanoparticles 
into the realm of nanomedicine is a challenging task, primarily due to 

the stringent requirement that their dimensions align with those of 
biological systems. Given their inherent nanoscale size, nanomaterials 
stand as the most promising solution to address this requirement. 
Moreover, their unique physicochemical attributes render them excep
tionally suitable for drug delivery, imaging, and sensing applications in 
the field of nanomedicine. These attributes include a high surface 
area-to-volume ratio and tunable surface chemistry. The diminutive size 
of nanoparticles is advantageous for medical innovations, as they are 
perceived to be less intrusive and, in some cases, biocompatible. Another 
benefit lies in the flexibility to fine-tune the physical and chemical 
properties of nanoparticles to cater to diverse applications, paving the 
way for the development of specialized nanomedicines.4 Additionally, 
increased bio distribution of the medicine is demonstrated by medica
tion delivery strategy.5 Because of their potential antibacterial activity 
particularly with regard to combating antibiotic resistance, nano
particles have also been assessed as nano-antibiotics in various situa
tions.6,7 In the realm of medical science, there has been a burgeoning 
interest in the prospective role of nanomaterials as cutting-edge 
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solutions for cancer treatment.8 Researchers have made significant 
strides in enhancing the performance of nanoparticles for in vivo im
aging, resulting in the creation of nanoparticles with superior imaging 
capabilities.9 Departing from conventional molecular fluorophores, 
there is a noteworthy development in the design of metallic 
nanoparticle-based fluorescent nanomaterials, which offer enhanced 
contrast for imaging purposes.10,11 These metallic nanomaterials have 
demonstrated effectiveness in accurately identifying various vascular 
diseases.12 Due to their electrical, magnetic, and antibacterial proper
ties, metal oxide nanoparticles have also received a lot of interest 
recently. Additionally, the usage of metal oxide nanoparticles resulted in 
extremely positive antibacterial activity, allowing for the monitoring of 
bacterial infections that are frequently present following organ and 
tissue removal and replacement surgery.13 Magnesium oxide (MgO) 
nanoparticle use in nanomedicine has recently attracted a lot of inter
est.14 The Food and Drug Administration (FDA)15 defines the MgO as a 
recognized as safe (GRAS) compound, which shows lot of applications in 
biomedical domain because it is a cheap and abundant substance. The 
different nanostructured MgO such as thin films,16,17 nanowires 
(NWs),18 flower-like structures19 nanorods (NRs),20 nanobelts,21 and 
nanoparticles (NPs)22 could be comfortably using routes such as sol-gel 
technique, hydrothermal routes, and vapour-phase deposition methods. 
In this article, the killing activity of Iron doped Magnesium oxide 
nanoparticles were discussed for the action of both E.coli and Bacillus sp.. 
The Fe doped MgO nanoparticles were synthesized by using a simple soft 
chemical technique. The synthesized materials have been characterized 
by using different state of art techniques. The substantial 
surface-to-volume ratio is widely recognized for its effectiveness in 
facilitating interactions at the interface between bacterial cell walls and 
materials. These interactions are likely responsible for enhancing anti
bacterial efficacy. 

2. Materials and methods 

2.1. Materials 

Sodium hydroxide palate [NaOH] (MERCK, India), Magnesium Ni
trate [Mg(NO3)2,H2O] (MERCK, India), Ferric Nitrate [Fe(NO3)3,H2O] 
(MERCK, India), Citrate acid [C6H807] (MERCK, India), and Ethylene 
glycol [C2H6O2] (MERCK, India) were used as precursor materials. The 
materials have been used without any more purification. In this work 
two microbes E.coli and Bacillus sp. (Botany Department, B.B College, 
West Bengal,India) were used. 

2.2. Synthesis of nanoparticle 

Fe-doped MgO nanoparticles with different dopant concentrations 
were prepared by sol-gel route. For synthesize the above nanoparticles 
the appropriate molar ratios of Mg (NO3)2,H2O and Fe(NO3)3,H2O were 
combined in deionized water in the correct molar ratios to produce the 
first solution. Then, citrate acid (C6H807) and ethylene glycol (C2H6O2) 
were added to the mixed solution and after that the solution was taken 
for heating at 90 ◦C to form the gel. The retrieved gel was first heated at 
250 ◦C for 2.5 h and then calcined at 500 ◦C for 40 min. The crushed 
samples were subjected to annealing for different durations at a range of 
temperatures, including 2.5 h. 

2.3. Characterization 

2.3.1. Micro structural characterization 
The X-ray diffraction pattern was used to confirm the crystalline 

arrangement of Fe doped MgO nanocrystals with different concentra
tions of Fe (0.2 wt%, 0.6 wt% & 1 wt%). X-ray diffraction pattern were 
obtained using an X-Pert Pro X-ray diffractometer (PANLYTICAL, 
Almelo, Netherlands) with nickel filtered Cu-Kα radiation of wavelength 
1.54Å in the 2θ range from 20◦ to 80◦ to validate the crystalline of the 
various concentrations of dopant (Fe). 

To examine the particle size and crystalline characteristics of the 
prepared sample, the Transmission Electron Microscopy (HRTEM, JEOL 
2011) technique was employed. The nanoparticles were prepared by 
grinding and dispersing them in an ultrasonicator with ethanol, and 
measurements were taken using a 300-mesh carbon-coated copper grid. 
Furthermore, the morphology of the experimental pathogens was 
assessed using a 200 KV TEM (Transmission Electron Microscope) at the 
½ MIC values of 2.5 μg/ml and 1.75 μg/ml. An untreated culture serves 
as a control in this experiment. The cultures were grown for 48 h and it 
was kept at 5000 rpm at room temperature. After being washed twice 
with 1X PBS (Phosphate Buffer Saline), the cultures were again washed 
with 100 % ethanol and kept in the same at a cell density of 108/ml for 
future use. Carbon –coated copper grid has been used for gridding the 
cultures at room temperature for analysis. 

The value of dielectric constant and ac conductivity was calculated 
using an Agilent E4980A LCR metre over a frequency range of 20 Hz to 1 
MHz within temperature from 313K to 473 K. The dielectric constant, 
ε′(f) was derived by the given equation 

ε′(f )=
Cpt
sε0  

Where t defines the thickness of testing disk and s is the area of surface of 
the above mentioned disk respectively. 

2.3.2. Antibacterial assay study and determination of minimum inhibitory 
concentration (MIC) 

Through the agar-cup method, 90 mm diameter Petri dishes were 
filled with 25 ml of nutrient-rich agar material. Subsequently, cups were 
created using a 9 mm cork-borer, and a bacterial lawn was cultivated 
using the 0.8 % top agar overlay technique. Fe doped MgO nanoparticle 

Fig. 1. (a–c) The diffraction pattern of X-Ray of 0.2 wt %, 0.6 wt% and 1.0 wt% 
Fe doped MgO nanoparticles respectively. 

Table 1 
Lattice Constant measurement.  

Sample Lattice constant a = b = c 
(A◦) 

Unit cell volume V = a3 

(A◦)3 

0.2 wt% Fe doped 
MgO 

4.2113 74.6876 

0.6 wt% Fe doped 
MgO 

4.1973 73.9452 

1 wt% Fe doped MgO 4.2066 74.4378  
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dispersion with concentrations ranging from 0 to 6.5 μg/ml were mixed 
to agar cups. Subsequently, the Petri dishes were placed in an incubator 
at 37 ◦C overnight, and the diameter of the inhibition zones around each 
cup was measured at each concentration. To evaluate the MIC of the 

nanoparticles, the live count technique was employed. 2 ml of nutrient 
broth with an equal amount of bacterial inoculums with different con
centrations of Fe doped MgO nanoparticles were used for this purpose. 
Following a 48-h incubation period, the viable bacteria within each 

Fig. 2. (a–c) Transmission electron micrograph of 0.2 wt %, 0.6 wt% and 1.0 wt% Fe doped MgO nanoparticle respectively.Fig. 2 (d) SAD patterns of Fe doped MgO 
nanoparticles. 

Fig. 3. (a–c) Graph of a.c conductivity of 0.2 wt %, 0.6 wt% and 1.0 wt% Fe doped MgO nanoparticle respectively. Fig. 3(d–f)Graph of dielectric constant vs. 
Frequency of 0.2 wt %, 0.6 wt% and 1.0 wt% Fe doped MgO nanoparticle respectively. 
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culture were encouraged to proliferate by transferring them onto 
nutrient-filled agar plates. These agar plates were then subjected to 
additional 48-h incubation at 37 ◦C, at which point the colony count was 
ascertained. 

3. Results and discussion 

3.1. Microstructural characterization 

In Fig. 1, the X-ray diffraction pattern for Fe-doped MgO 

nanomaterials at various concentrations of Fe (0.2 wt%, 0.6 wt%, and 1 
wt%) is depicted, revealing their crystalline nature with an average 
crystal size falling within the range of 9 to 7 nm. The crystalline size of 
the Fe doped MgO nanoparticles are determined by Scherrer method.23 

Crystalline size and lattice parameters are depicted in Table 1. All the 
major peaks are indexed with standard FCC phase of MgO with JCPDS 
card no 78–0430 confirmed the crystalline property as well as crystalline 
structure of the synthesized nanoparticles described elsewhere.24 Fig. 2 
(a–c) depicted the images captured by TEM of experimented nano
particles. The average dimension of 0.2 wt%, 0.6 wt% and 1 wt% con
centration of sample nanoparticle is detected to be 9.12 nm, 7.86 nm and 
7.24 nm respectively. Synthesized Fe doped MgO nanoparticles seem to 
be cubical shape and regular crystal structures without any perceptible 
pores. Fig. 2(d) exhibits the SAD pattern with some clear diffraction 
points of different concentration of sample. In Fig. 3(a–c), it is evident 
that as the frequency (f) decreases at a constant temperature, the 
dielectric permittivity exhibits a progressive increase for varying con
centrations of experimental nanoparticles. In the lower frequency range, 
a notable surge in the real component of the dielectric constant is 
observed, signifying the existence of large dispersion in charge diffusion 
between the two electrodes. Due to the relaxation process, electrical 
dipoles are frozen, which causes a significant reduction in the low fre
quency area. As the applied field varies, the polarization decreases and 
the inhomogeneous characteristics of the material hinder the charge 
carriers in the conducting zone. 

The total ac conductivity of the experimental sample has been 
studied within the frequency range from 20Hz to 1 MHz when the 
temperature ranges from 273K to 523K. From the observed data, it can 
be shown that conductivity at higher frequency regions increases as 
frequency increases, whereas conductivity at lower frequency regions is 
practically frequency-independent. Total conductivity can be expressed 
as the following using Jonscher’s power law variation.25,26 

σ′(f )= σdc + σac(f ) = σdc + γf n (2)  

where 0< n <1 Here σdc, γ and n are the dc conductivity, temperature- 

Fig. 4. (a–c) Graph of Loss vs. Frequency at the concentration of 0.2 wt %, 0.6 wt% and 1.0 wt% Fe doped MgO nanoparticle respectively.  

Fig. 5. Graph of Raman Spectra at different concentration of 0.2 wt %, 0.6 wt% 
and 1.0 wt% Fe doped MgO nanoparticle respectively. 
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dependent constant, and power-law exponent (n ≤ 1). The variation in 
total conductivity with different temperatures and frequencies for 
different doped samples can be seen in Fig. 3(d–f). We can calculate the 
values of σdc and n at different temperatures by fitting equation (2). The 
“n” is temperature independent for the Quantum Mechanical Tunnelling 
model (QMT).27 But for the non-overlapping small polaron tunnelling 
(NSPT) model “n” increases with the increasing temperature.28 Different 
values of exponent “n” might result from strong electron-phonon in
teractions and a small conduction band.29 Sometimes, “n” decreases 
initially and then increase as the temperature rises, which is described 
by the model of overlapping large polaron tunneling.30 The Correlated 
Barrier Hopping model (CBH)31 is also significant in explaining the 
conduction process, as it explains the hopping of charges over the barrier 
and it is also significant to explain the conduction process. Frequency 
exponent “n” can be represented by 

n= 1−
6kBT

[

WH − kBTln
(

1
ωτ0

)]

The parameters τ0 and WH shows the respective values of relaxation 
time and barrier height respectively. The frequency exponent variation 
“n” is independent of frequency when value of the parameter, WH

KBT is very 
large.32 In the figure, theoretical data is shown by point notation and 
theoretical best fit value is represented by solid line. The fitted value of 
WH and τ 0 for 0.2 wt%,0.6 wt% and 1 wt% Fe doped MgO nanoparticles 
are respectively (1.27 eV and 5.14 × 10− 13s) ; (1.28 eV and 5.11 ×
10− 13 s); (1.29 eV and 5.12 × 10− 13 s). To assess the charge storage 
potential of Fe-doped MgO nanoparticles across different Fe concen
trations (0.2 wt%, 0.6 wt%, and 1.0 wt%), it is important to study the 
loss factor. This crucial factor, indicative of the balance between 
capacitive and resistive energy. Within this framework, the system 

exhibits dielectric loss factors illustrated in Fig. 4(a–c). The loss arises 
due to dipolar orientation loss, vibrational loss, DC conduction and 
interfacial losses at grain boundaries—especially noticeable at low fre
quencies.33 The investigation of the Raman spectra of Fe-doped MgO 
nanoparticles, covered the frequency range of 250–1500 cm− 1, shown in 
Fig. 5. 

3.2. Antibacterial characterization 

Fig. 6(a) displays the TEM image of the untreated E.coli cell structure, 
devoid of any Fe-doped MgO nanoparticle treatment. Conversely, Fig. 6 
(b–d) shows TEM images of E.coli following exposure to Fe-doped MgO 
nanoparticles at concentrations of 0.2 wt%, 0.6 wt%, and 1 wt%, 
respectively. Similarly, Fig. 7 exhibit cell structure for the Bacillus sp. 
captured by the TEM untreated with Fe doped MgO nanoparticles and 
after treatment with 0.2 wt%, 0.6 wt% and 1 wt% above mentioned 
nanoparticles. It is observed that the treatment with different concen
trations of Fe doped MgO nanoparticles leads towards a significant cell 
wall disintegration of the pathogen strain. The treatment results in 
distinct morphological changes in both pathogens, altering their overall 
shape in comparison to the untreated samples. According to the agar-cup 
method, the cup size of for both microbes treated with the 0.2 wt%, 0.6 
wt%, and 1 wt% Fe doped MgO nanoparticles remains unchanged up to 
a concentration of 2.5 μg/ml. The antibacterial effect of the nano
particles is considerably pronounced in Bacillus sp. than E.coli as 
demonstrated by the different size of zones in the medium, as shown in 
Table 2.The MIC levels of experimented pathogens are illustrated in 
Fig. 8(a–c) and Fig. 9(a–c) respectively.MIC levels are consistent with 
agar-cup method. The ½ MIC for Bacillus sp. is 1.75 μg/ml, while that for 
E.coli is 2.75 μg/ml, indicating that Bacillus sp. is more sensitive to the 
bactericidal effect of Fe doped MgO nanoparticles than E.coli. Fig. 10 

Fig. 6. (a) Images captured by TEM of cell morphology of untreated E.coli. Fig. 6(b–d) Images captured by TEM for the cell morphology of E.coli after the treatment 
with 0.2 wt %, 0.6 wt% and 1.0 wt% Fe doped MgO nanoparticle respectively. 
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(a–d) display the log normal distribution of particle numbers with par
ticle size (inside and outside the cell) for Bacillus sp. and E.coli which is 
treated with Fe doped MgO nanoparticles. It is observed that the particle 
sizes inside and outside the cells for both microbes are nearly identical 
before and after treatment with experimented nanoparticles. 

4. Discussion 

The TEM analyses reveal a crucial aspect in our research, high
lighting the penetration of Fe-doped MgO nanoparticles into microbial 
cells, along with their impact on the cell walls. The observed antibac
terial effect can be attributed to the chemical properties of these nano
particles. This present study reveals that antibacterial activity which is 
guided by the release of toxicity from ions of metals and simultaneously 
producing of intracellular reactive oxygen species (ROS) upon micro
bial. The ferromagnetic property of Fe doped MgO nanoparticle has also 
enormous significance towards antibacterial activity.34The ferromag
netism in Fe doped MgO nanoparticle is responsible for generation of 
more oxygen vacancies at the surface of nanocrystal.35–37 Several peaks 
with different intensities were detected, with the most prominent ones 
being at around 440 cm⁻1 and 1070 cm⁻1.The intensity and full width at 
half maximum (FWHM) of the Raman spectra play a crucial role in 
assessing the order of materials.A decrease in the intensity of Raman 
peaks signifies an increase in the level of disorder, such as the presence 
of vacancies or defects on the surface of the material. During our 
experiment, we observed a substantial decrease in the magnitude of all 
peaks as the concentration of Fe doping rose in the MgO samples.As a 
result, the disorder on the surface, which is characterized by oxygen 
defects and vacancies, increased as the Fe doping concentrations became 
higher. The MgO nanoparticles, when doped with Fe at concentrations 
of 1 wt% and 0.6 wt%, showed less intense Raman signals instead of 0.2 
wt%, suggesting a higher occurrence of surface defects such as oxygen 

Fig. 7. (a) Images captured by TEM of cell morphology of untreated Bacillus sp.Fig. 7(b–d) Images captured by TEM for the cell morphology of Bacillus sp. after the 
treatment with 0.2 wt %, 0.6 wt% and 1.0 wt% Fe doped MgO nanoparticle respectively. 

Table 2 
Zone diameter measured in Agar Cup method: Inclusive bore diameter 9 mm.  

Name of pathogens↓ Diameter of inhabitation zone 

Concentration of samples ↓(in μg/ml) 

0 1.5 2.5 3.5 4.5 5.5 6.5 

Diameter of inhabitation zone↓(in mm) 

E.Coli (treated with 0.2 % Fe 
doped MgO nanoparticle) 

9 14.5 16 17 18 

E.Coli (treated with 0.6 % Fe 
doped MgO nanoparticle) 

15 16.5 17.5 19 

E.Coli (treated with 1 % Fe doped 
MgO nanoparticle) 

15.5 17 19 19.5 

E.Coli (treated with 1.2 % Fe 
doped MgO nanoparticle) 

15.5 17.5 19 19.5 

E.Coli (treated with 1.5 % Fe 
doped MgO nanoparticle) 

15.5 17.5 19 19.5  

Name of pathogens↓ Concentration of samples ↓(in μg/ml) 

0 1.5 2.5 3.5 4.5 5.5 6.5 

Diameter of inhabitation zone↓(in mm) 

Bacillus sp. (treated with 0.2 % 
Fe doped MgO nanoparticle) 

9 15.5 16.5 17.5 18.5 

Bacillus sp. (treated with 0.6 % 
Fe doped MgO nanoparticle) 

16 16.5 17.5 19 

Bacillus sp. (treated with 1 % Fe 
doped MgO nanoparticle) 

16.5 17 18 19.5 

Bacillus sp. (treated with 1 % Fe 
doped MgO nanoparticle) 

16.5 17 18 19.5 

Bacillus sp. (treated with 1 % Fe 
doped MgO nanoparticle) 

16.5 17 18 19.5  
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Fig. 8. (a–c) Colony count plotting for E.coli sp. for 0.2 wt %, 0.6 wt% and 1.0 wt% Fe doped MgO nanoparticles to calculate MIC respectively.  
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Fig. 9. (a–c) Colony count plotting Bacillus sp. for of 0.2 wt %, 0.6 wt% and 1.0 wt% Fe doped MgO nanoparticles to calculate MIC respectively.  
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vacancies.This observation aligns with almost similar explanation pro
vided by Selim et al. in their Raman spectroscopy study on MgO nano
particles.38 The generated oxygen vacancies are absorbed on the 
Bacterial cell’s exterior.39 The capacity of a substance to disrupt the 
bacterial cell wall, altering its permeability and hindering its ability to 
carry out essential respiratory functions, ultimately leads to the demise 
of the cell.36,40 The sensitivity of superoxide radicals is notable. They 
cause an impact by disrupting the peptide cross-linkages carbonyl group 
of the cell wall. In our study, we’ve observed that gram-positive bacteria 
exhibit higher antibacterial activity when compared to gram-negative 
bacteria, primarily attributed to the additional barrier in their mem
brane, which hinders the easy diffusion of superoxide radicals. Another 
crucial factor influencing the effectiveness of the experimental nano
particles in demonstrating strong antibacterial activity is their particle 
size. Moreover, bacterial cell death can be linked to its structure, size, 
and surface properties. From different studies it has been demonstrated 
that smaller particles with larger surface areas display enhanced anti
bacterial activity when contrasted with larger nanoparticles, due to 
presence of higher number of reactive groups.41,42 The shape of bacterial 
cells is regulated by various proteins, including FtsZ, MerB, and cres
centin. The MreB protein plays a crucial role in cell wall regeneration. 
The shape of E.coli cells can transform from rod shape to spherical shape 
due to depolymerisation of this proteins.37The ½ MIC for E.coli is seemed 
to be 2.75 μg/ml where as for Bacillus sp. is 1.75 μg/ml when the mi
crobials are treated with Fe doped MgO nanoparticles. But we can find 
that the use of MgO nanoparticles shows the ½ MIC for E.coli is 3.75 
μg/ml and for Bacillus sp. is 3.0 μg/ml.37 Therefore, Fe doped MgO ex
hibits more antibacterial activity instead of MgO nanoparticles towards 
the bacterial pathogens. 

5. Conclusion 

Our finding reveals that Fe doped MgO nanoparticles demonstrate 
significantly higher antibacterial efficiency when compared to their 
MgO nanoparticles. A lower concentration is needed to observe the 

antibacterial effects of Fe doped MgO nanoparticles compared to MgO 
nanoparticles. From the study of electrical properties of experimental 
nanoparticles it has been observed that the dielectric permittivity of the 
sample increases as the frequency decreases and the value of frequency 
dependent constant (s) decreases as the temperature increases. 
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