
Vol.:(0123456789)

Biological Trace Element Research (2025) 203:467–484 
https://doi.org/10.1007/s12011-024-04168-7

RESEARCH

Biosynthesis Optimization of Antibacterial‑Magnetic Iron Oxide 
Nanoparticles from Bacillus megaterium

Sajedeh Hajiali1 · Sara Daneshjou2 · Somayeh Daneshjoo3 · Khosro Khajeh4

Received: 28 January 2024 / Accepted: 31 March 2024 / Published online: 12 April 2024 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

Abstract
The occurrence of antibiotic resistance on common bacterial agents and the need to use new generations of antibiotics have 
led to the use of various strategies for production. Taking inspiration from nature, using bio-imitation patterns, in addition 
to the low cost of production, is advantageous and highly accurate. In this research, we were able to control the temperature, 
shake, and synthesis time of the synthesis conditions of Bacillus megaterium bacteria as a model for the synthesis of magnetic 
iron nanoparticles and optimize the ratio of reducing salt to bacterial regenerating agents as well as the concentration of salt 
to create iron oxide nanoparticles with more favorable properties and produced with more antibacterial properties. Bacterial 
growth was investigated by changing the incubation times of pre-culture and overnight culture in the range of the logarith-
mic phase. The synthesis time, salt ratio, and concentration were optimized to achieve the size, charge, colloidal stability, 
and magnetic and antibacterial properties of nanoparticles. The amount of the effective substance produced by the bacteria 
was selected by measuring the amount of the active substance synthesized using the free radical reduction (DPPH) method. 
With the help of DPPH, the duration of the synthesis was determined to be one week. Characterizations such as UV–vis 
spectroscopy, FTIR, FESEM, X-ray, and scattering optical dynamics were performed and showed that the nanoparticles 
synthesized with a salt concentration of 80 mM and a bacterial suspension to salt ratio of 2:1 are smaller in size and have a 
light scattering index, a PDI index close to 0.1, and a greater amount of reducing salt used in the reaction during one week 
compared to other samples. Moreover, they had more antibacterial properties than the concentration of 100 mM. As a result, 
better characteristics and more antibacterial properties than common antibiotics were created on E. coli and Bacillus cereus.
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Introduction

Nosocomial infections occur during hospitalization or as a 
result of hospitalization. They come to the hospital after 
48 h and are among the most important causes of death, the 

death rate, and the increase in the number of hospitalization 
days and the cost of treatment. B. cereus causes severe non-
gastrointestinal infections such as bacteremia, endocarditis, 
meningoencephalitis, and pneumonia. Severe infections 
occur, especially in immunocompromised patients, some-
times leading to nosocomial infections. Such nosocomial 
infections with B. cereus have been reported to be associ-
ated with B. cereus contamination of ventilator equipment, 
intravenous catheters, and linen [1]. On the other hand, B. 
ceeusis is able to resist the main disinfectants, grow at top 
temperature, and the formation of biofilm in industry or 
biomedicine. Machines are, therefore, often found in food-
processing hospital settings. Pollution related to biomedical 
devices may be the cause of hospital infections [2]. The 
synthesis of nanoparticles from biological sources such as 
bacteria, fungi, algae, yeasts, and plants is considered a 
valuable method because it does not have the possible 
health and environmental risks of other methods, and 
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low-cost production sources are used [3]. The use of bacte-
ria as a source of metal nanoparticle production is of par-
ticular importance [4]. Magnetic nanoparticles, which 
occupy a large part of nanomaterials, have the potential to 
revolutionize clinical diagnosis and treatment due to their 
unique properties, such as magnetic resonance, superpara-
magnetic momentum, and the power of biological interac-
tions at the cellular and molecular levels [5–9]. Because of 
their unique characteristics, magnetic nanoparticles have 
attracted much attention, and as the design of the route for 
the synthesis of nanoparticles creates different characteris-
tics in them, researchers have developed different routes for 
the synthesis of magnetic nanoparticles for use in biotech-
nology. Magnetic nanoparticles have been used in the fields 
of pharmaceuticals, computers, water, and wastewater treat-
ment, among others, so far, and each use has advantages and 
limitations [7–12]. Among the biosynthesized metal nano-
particles, gold and silver are among the most important 
ones, and many articles have been devoted to their use in 
the field of biosynthesis with various applications in 
improving diagnostic and therapeutic methods [10–18]. 
Nonetheless, iron oxide nanoparticles are used in pharma-
ceutical research because of their appropriate magnetic 
properties, low toxicity, high compatibility, and relative 
ease of synthesis compared to other metals [19–24]. Moreo-
ver, because of its magnetic properties, iron oxide has diag-
nostic capabilities, can simultaneously perform targeted 
drug delivery in addition to disease diagnosis, immunoas-
say, drug delivery, and detoxification of biologic fluids, and 
can be easily recovered from the reaction mixture by apply-
ing an external magnetic field [5, 9, 25]. Targeted medicine 
reduces toxic side effects in non-diseased areas and keeps 
the systemic effect at the lowest level, usually to prevent the 
accumulation of iron nanoparticles and create superior fea-
tures in targeted drug systems and surface gene therapy. 
These nanoparticles are covered with different coatings [26, 
8, 27, 28]. So far, various chemical synthesis methods have 
been used to produce pure iron nanoparticles, iron alloys, 
and iron oxides in addition to green synthesis methods for 
producing iron oxide nanoparticles (IONPs), such as the use 
of ginger root (Zingiber officinale), neem leaf (Azadirachta 
indica), or the biosynthesis of iron oxide by the cytoplasmic 
extract of Lactobacillus fermentum, which is a probiotic 
microorganism [28–33]. So far, many researches have been 
conducted on the production of nanoparticles from different 
sources; a group of these researches use biological sources 
for the synthesis of nanoparticles. Among biological 
resources, the use of bacteria to make nanoparticles is com-
mon, but the ethical principles in using biological resources, 
on the one hand, the volume of synthesis, on the other hand, 
in addition to the production of nanoparticles with the size, 
uniformity, and stability of these nanoparticles are always 
research challenges. Among the researches carried out on 

the synthesis of nanoparticles from gram-positive bacteria 
and the Bacillus branch, it is possible to focus on Bacillus 
megaterium as a source of nanoparticle production for the 
reasons stated below. Iron-oxidizing bacteria are found 
among both gram-positive and gram-negative groups. Iron-
oxidizing bacteria convert ferrous ions to ferric, and differ-
ent species do this at different rates. Microbial oxidation of 
iron can be done in both aerobic and anaerobic environ-
ments [34]. Bacillus megaterium is deeply rooted in the 
Bacillus phylogeny, making it an evolutionary important 
Bacillus species. This organism was introduced as a gram-
positive model organism long before Bacillus subtilis. 
Unlike gram-negative organisms such as Escherichia coli 
(Escherichia coli), Bacillus megaterium does not produce 
endotoxin during outer membrane growth, so it is used as a 
non-pathogenic commercial host for the production of bio-
technological products and also biochemical studies [35]. 
Bacillus are one of the important sources of production of 
natural products with antimicrobial activity that are found 
in various habitats, and they can even be seen among the 
diversity of marine microorganisms. Bacilli belong to the 
Bacillus family, which are rod-shaped, gram-positive, cat-
alase-positive, and facultatively anaerobic. Bacillus bacteria 
can spread in various habitats by producing endospores. 
They can also survive harsh environmental conditions such 
as strong sunlight, dryness, and extreme heat [36]. Phyco-
synthesis or synthesis of iron nanoparticles by algae is a 
sustainable, environmentally friendly, and non-toxic 
approach. After exposure to a precursor solution, the bio-
molecules in these organisms act as reducing and capping 
agents, leading to the production of nano-iron. For micro-
scopic unicellular algae, intracellular synthesis by means of 
live cell suspensions is often favored, and macroalgae such 
as seaweed are utilized as cell-free extracts to stimulate 
extracellular production. More than ten Phyophis species 
have been found to produce iron nanoparticles in cell-free 
extract conditions. As reported so far, different genera from 
different branches of algae are able to produce iron nano-
particles [37]. But the Bacillus genus, the main representa-
tive of endospore-forming aerobic bacteria, is one of the 
most diverse genera that currently consists of 273 valid spe-
cies. Bacilli, originally described as soil bacteria, can be 
enriched in almost any environment and contain numerous 
species that are useful in agriculture, food industry, and 
food processing [38]. The current research was an attempt 
to obtain a more effective substance from Bacillus megate-
rium by optimizing the conditions of bacterial culture for 
the regeneration of iron II sulfate salt as the salt used in 
synthesis. We were able to optimize the conditions of syn-
thesis of iron oxide nanoparticles with the help of the crys-
tallization pattern in the bacterium Bacillus megaterium and 
by using iron sulfate II salt; nanoparticles with a more sta-
ble index are more favorable by examining the salt 
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concentrations and volume ratios common in various areas 
of research. Furthermore, they are produced in a smaller 
size. The first step in this research was to optimize bacterial 
growth conditions by synthesizing iron oxide magnetic 
nanoparticles. In the second step, the amount of reducing 
agent in the extracellular extract of the bacteria was meas-
ured, and it was added to the iron sulfate II salt solution in 
different ratios. Finally, the best ratio was selected for the 
cell extract mixture with Ec50. In the third step, we exam-
ined the effect of the iron II sulfate salt concentration in the 
synthesis and added a salt solution in four concentrations 
with the ratio obtained in the previous step. In this way, we 
obtained the optimal concentration in the ratio of 2:1. In the 
fourth step, we investigated the antibacterial properties of 
the synthesized nanoparticles. The produced nanoparticles 
have effective antibacterial properties against gram-positive 
and gram-negative strains by disking, well, and MIC meth-
ods in comparison with both the controls and the standards 
mentioned in the tables. Nadagouda et al. recognized and 
evaluated to investigate the additive properties of the instant 
antibiotic disc impregnated with nanoparticles [39].

Material and Methods

Optimizing the Growth Conditions of Bacteria 
to Achieve a Higher Amount of Regenerator

Synthesis of Bacillus megaterium bacterium (Bacillus mega-
terium PTCC1250) from the standard bacterial strain was 
produced in the collection center of fungi and industrial and 
infectious bacteria of Iran Scientific and Industrial Organi-
zation in the microbial culture medium Nutrient Broth (LB 
broth) produced by Merck Germany based on the standard 
ratio and incubated as described in Table 1 (i.e., time period 
of 10 to 24 h and temperature range of 30 to 40 degrees 
(30 ℃, 33 ℃, 37 ℃, 40 ℃) with movement between 120 
and 200 rpm separately for each of the factors of time, tem-
perature, and stirring in all mentioned conditions). Then, the 
cultured bacteria under different conditions were centrifuged 

at 5000 rpm for 20 min to obtain the extracellular suspen-
sion of the bacteria. The supernatant liquid was collected in 
sterile containers and dried at 80 °C in an OF-01E model dry 
oven from JEIO TECH Company, Korea, and the DPPH (1, 
1-diphenyl-2-picrylhydrazyl) test by DPPH Merck Germany 
was used to measure the reducing power. To perform this 
test, the samples were centrifuged at specific time intervals, 
and the supernatant was used to perform the DPPH test. Salt 
reduction is performed by reducing agents, and the synthesis 
will continue as long as the reducing agents have the ability 
to accomplish the reaction. The effective substance means 
salt-reducing agents that exist in the extracellular suspen-
sion of Bacillus bacteria. After centrifugation, the extracted 
bacterial suspension is collected in a sterile container, and 
after the passage of time, it is removed from them at appro-
priate time intervals, poured into the well of a 96-well plate, 
and placed in a dark room. They were treated with DPPH, 
and after 30 min, they were read by an ELISA reader at 
560 nm wavelength. Spectrophotometric measurement of 
the change in DPPH absorption on the sample, the initial 
culture medium sample, the culture medium without bacte-
rial residues after bacterial growth, and the sample result-
ing from the separation of bacterial biomass, 50% ethanol 
DPPH solution as a control, and the remaining solution 
after being separated from the bacterial suspension were 
performed in each of the cultured samples in different con-
ditions immediately after centrifugation and also after every 
seven hours up to one week. The blank of each sample was 
equal to 96% ethanol, the desired sample was considered 
for absorption reading, and finally, the best sample that had 
the highest amount of oxidizing agents within a week was 
selected, and the bacterial growth conditions based on that 
sample as optimal growth condition bacteria were selected. 
In order to calculate the regenerative power of each sample, 
the 35% DPPH inhibition index was used. After compar-
ing the results obtained from the analysis of the amount of 
regenerating power, the time, temperature, and degree of 
movement suitable for bacterial growth were determined to 
achieve the maximum amount of regenerating agent in the 
suspension resulting from bacterial growth.

Table 1   Synthesis of Bacillus megaterium bacterium (Bacillus mega-
terium PTCC1250) in the time period of 10 to 24 h and temperature 
range of 30 to 40 degrees with movement between 120 and 200 rpm 

separately for each of the factors of time, temperature, and stirring in 
all mentioned conditions

Factor

Time Hour 10 12 14 16 18 20 22 24
Code H1 H2 H3 H4 H5 H6 H7 H8

Temperature Centigrade 30° 33° 37° 40°
Code T1 T2 T3 T4

Shake Round per minute 120 r.min−1 150 r.min−1 180 r.min−1 200 r.min−1

Code S1 S2 S3 S4
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Nanoparticle Synthesis from Extracellular Extract 
and Salt Solution

After the growth of the bacteria according to the results of 
the previous step, the suspension of the bacteria with the 
solution of iron (ӀӀ) sulfate (iron (ӀӀ) sulfate) from Merck, 
Germany, with a final concentration of 0.1 M was mixed at 
ambient temperature, neutral pH, and with different ratios 
of 1:1, 1:2, 1:3, 1:4 (for the synthesis of iron oxide nano-
particles and investigation of the effect of volume ratio of 
suspension to salt in the synthesis) and removed from the 
solution at different time intervals. It was then centrifuged 
from the supernatant to the amount suitable for measuring. 
The total regenerator remaining in the solution was removed 
and compared with the control sample (suspension without 
adding salt). The duration of synthesis and the strength of 
regenerator activity were investigated using visible-ultravi-
olet light spectroscopy (UV–vis spectroscopy) in the range 
of 200 to 700 nm by Perkin-Elmer spectrophotometer. All 
samples were first separated from the soup by centrifugation 
to perform image and spectroscopic characterization meth-
ods and then washed with distilled water and centrifuged 
again. after the washing process, it was repeated three times. 
After centrifuging three times, the produced samples were 
collected in sterile containers and dried at a temperature of 
25 ℃ in an OF-01E drying oven from JEIO TECH, Korea. In 
this research, all tests were repeated 3 times, and the results 
were expressed as the average of three repetitions ± standard 
deviation. The analysis of variance (ANOVA) test was used 
for statistical analysis of the results. The precipitate obtained 
from centrifuging was analyzed by Fourier transform infrared 
spectroscopy (FTIR; Thermo Scientific, USA; Model: Nico-
let IR100) to ensure the synthesis of iron oxide nanoparticles. 
The results showed that iron nanoparticles were produced at 
ambient temperature immediately after salt was added to the 
suspension. Furthermore, at ratios of 1:1 and 1:2, a lower 
amount of residual regenerator was observed in the super-
natant solution. To select the appropriate ratio of bacterial 
suspension and saline solution, the samples were imaged with 
an FESEM field emission scanning microscope under equal 
conditions. The previous steps were repeated from the begin-
ning after ensuring the condition of the resulting samples, 
and after filtration, any biological residue was removed by 
transferring the appropriate amount of suspension-contain-
ing nanoparticles onto the slide with the help of a capillary 
tube and after drying. Images were taken with the FESEM 
of ZEISS, Germany, Sigma VP model, and the size of the 
samples was determined in two scales of 100 nm and 200 nm.

Optimization of Salt Concentration in Synthesis

Nadagoda et al. investigated the effect of tea extract and salt 
concentrations on the size of iron nanoparticles and reported 

that by changing the concentration of the extract and salt, the 
size and shape of nanoparticles change [40]. The appropri-
ate volume ratio of salt and suspension was determined for 
a concentration of 0.1 M (100 m mol). We also investigated 
the concentrations of less than 0.1 M (50 mM and 80 mM) 
and 1 M (1000 mM) based on the research of Saravanan et al. 
in the synthesis of zinc nanoparticles with Bacillus megate-
rium bacteria and the same ratio of 2:1 suspension bacteria 
to salt [41]. We further investigated the effect of changing 
the concentration of extract and salt on the size and shape of 
synthesized iron oxide nanoparticles. UV–vis spectroscopy 
(using a Perkin-Elmer spectrophotometer, Perkin Elmer, USA, 
Model: lambda 25) in the range of 200 to 700 nm was used 
to compare the synthesized iron oxide nanoparticles. Fourier 
transform infrared spectroscopy or FTIR imaging with field 
emission scanning microscope FESEM by FESEM device 
(ZEISS, Germany), model Sigma VP, was used for imaging 
and size determination in two scales of 100 nm and 200 nm. 
With the help of X-ray energy-dispersive spectroscopy (EDS), 
simultaneously with observing the image and morphology of 
the sample, a two-dimensional elemental map of the sample 
was created by transmission electron microscope as a side 
technique, and qualitatively and quantitatively, the spatial 
distribution of the elements on the surface of the samples and 
optical dynamic scattering (DLS) were examined. The size 
of the particles was determined by measuring the Brownian 
motion of the particles or the displacement of the nanoparti-
cles in the suspension by Zeta-DLS (Zetasizer model, Mal-
vern, UK). The zeta potential of nanoparticles was analyzed 
as an index to determine the stability of the sample and the 
size of the nanoparticles [42–44]. Finally, after examining the 
results of all the analyses performed, the appropriate concen-
tration was selected to obtain the most desirable nanoparticle 
with confidence, and X-ray diffraction (XRD) and crystal 
structure characterization of the nanoparticles was done with 
the X Pert Pro XRD device of the Panalytical Company.

Examining the Antibacterial Properties 
of the Synthesized Nanoparticles

After centrifuging three times, the produced samples were 
collected in sterile containers and dried at a temperature of 
25 ℃ in an OF-01E drying oven from JEIO TECH, Korea. 
Then, antimicrobial susceptibility test discs containing 
antibiotics manufactured by Padtan Teb Co. and produced 
in Tehran, Iran, were used, and BLANK PAPER DISCs 
impregnated by Merk Germany with iron oxide nanopar-
ticles and control samples 6.4 mm in size, similar to the 
size of the antibiotic discs, were prepared in a sterile envi-
ronment. Antibacterial tests by the disc diffusion method 
were performed on Mueller Hinton agar medium plates by 
Merk Germany to investigate the antibacterial activity of 
synthesized iron oxide nanoparticles, a biomimetic method 
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for clinical applications and disinfection in comparison with 
industrial antibiotics, on two strains of gram-positive and 
gram-negative bacteria, Bacillus cereus (ATCC14579), and 
E. coli (ATCC 25922) bacteria. For this purpose, first, the 
isolated bacteria were cultured in a blood agar medium for 
24 h. After ensuring the turbidity of half of the McFarland 
sample, it was cultured by sterile swab next to the flame 
and under the microbiology hood on Mueller Hinton agar 
medium in all directions. The plates were placed at room 
temperature for 5–10 min to absorb the moisture. Then, the 
used antibiotic discs, which had been frozen in advance 
at − 20 °C, were removed and allowed to reach ambient tem-
perature. Using sterile tweezers, they were placed next to the 
flame and under the microbiology hood on the surface of the 
plate at a distance of 20 mm from the plate edge and 25 mm 
from each other. The discs were then incubated at 35 °C, and 
the results were analyzed after 18 h. After obtaining assur-
ance of the antibacterial property of the synthesized sample, 
in order to determine the inhibitory power of nanoparticles, 
the micro-broth dilution method was used to determine the 
minimum lethal concentration or MIC (minimal inhibition 
concentration), and the well diffusion method was also per-
formed on the bacteria. For the micro-broth dilution method, 
a sterile 96-well plate was used to determine MIC. Con-
secutive dilutions of the nanoparticle solution with a volume 
equal to the volume of the microbial suspension and Muel-
ler Hinton broth were poured into each well and incubated 
for 20 h at 37 °C. Mueller Hinton Agar medium by Merk 
Germany with each type of bacteria in an independent well 
served as a negative control for each bacteria, and the anti-
biotic effective on that bacteria used in the antibacterial test 
by disking method was used along with bacterial suspension 
in another well to compare the retention power of the anti-
biotic with nanoparticles. Finally, after the incubation time, 
the 96-well plate was read by the FCC Compliance device 
from BioTek at a wavelength of 500 nm. In the well diffu-
sion method, the Mueller Hinton Agar culture medium of 
Merck Company was used, and using sterile swabs, bacteria 

were cultured with a concentration of half McFarland on 
the plates in all directions. Then, using a sterilized pipette 
number 5, wells with a diameter of 4 mm were created on 
the culture medium; 30 µL (0.03 ml) of the desired nano-
particle sample was placed inside them with concentrations 
equivalent to those that inhibited the growth of the desired 
bacteria in the MIC method. Moreover, the control Ha was 
inoculated. The samples were then incubated for 24 h at 37 
℃. Finally, the diameter of the inhibition halos of nanopar-
ticles and controls was measured with calipers, and which 
concentration in the MIC method has the power to create a 
halo of non-growth by a few millimeters was determined.

Results

In this study, all tests were repeated 3 times, and the results 
were expressed as the average of three repetitions ± stand-
ard deviation. The analysis of variance (ANOVA) test was 
used for statistical analysis of the results. The results were 
analyzed by SPSS 20 software, and P < 0.05 was considered 
significant.

Optimizing the Growth Conditions of Bacteria 
to Achieve a Higher Amount of Regenerator

The antioxidant power of the available extracts was deter-
mined by changing the purple color of the aqueous solu-
tion of diphenyl picrylhydrazyl to yellow. The solution was 
stirred at a low speed and room temperature without light, 
and after 30 min, 60 min, and 90 min, the absorbance of 
the solutions was measured at a wavelength of 517 nm, 
and the inhibition percentage was calculated based on the 
following formula:

IP% = ((A blank − A sample)∕A blank)(100)

IP% ∶ antioxidant inhibition percentage against free radicals

Measuring the reductive power obtained from the DPPH 
test of the samples indicated the maximum amount of the 
effective bio-inspiring agent for nanoparticle synthesis in 
a 12-h overnight synthesis at 37 °C with a shaking power 
of 180 rpm (H2T3S3 sample) as the optimal conditions for 
bacterial growth, which were considered in the following 
research.

Ablank(control absorption) ∶ 2ml of distilledwater in 2ml of DPPH solution

Asample ∶ (sample absorption) Synthesis of Iron Oxide Nanoparticles by Bacillus 
megaterium Bio‑regenerators

The reaction of the 0.1 M iron sulfate salt and bacterial sus-
pension with volume ratios of 1:1, 2:1, 3:1, and 4:1, at ambi-
ent temperature, in the range of 25 ℃, and neutral pH, for the 
synthesis of iron oxide nanoparticles and investigating the 
effect of the ratio volumetric suspension to salt was performed 
in the synthesis. At the very beginning of the reaction, the 
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color of the salt solution (Fig. 1) changed from light yellow 
(Fig. 2) to dark brown (Fig. 3). This color change is the first 
sign of the formation of iron oxide nanoparticles [45]. After 
that, volume ratios of 1:1, 2:1, 3:1, and 4:1 were prepared 
for the mixture consisting of fixed salt volume ratio and dif-
ferent suspension ratios at ambient temperature, according 
to Table 2. After 20 min, 1 h, 12 h, one day, and up to two 
weeks, the reaction rate of salt and regenerator in the suspen-
sion was checked in two manners. In the first method, the sam-
ple was centrifuged, and the amount of regenerator remaining 
in the supernatant liquid, which failed to reduce the salt, was 
measured from the supernatant solution and compared with 
the amount of regenerator in the control sample. The results 
of this route are shown in Fig. 2, from the moment of the 
addition of salt to the bacterial suspension solution when the 
amount of regenerator in the supernatant was at its maximum. 
With the passage of time and the measurement of the amount 
of regenerator in the samples being synthesized, a gradual 

decrease in the amount of regenerator in all volume ratios was 
observed. It was also observed that in the volume ratio of 2:1 
bacterial suspension (2) to salt (1) after one week, the amount 
of regenerator in the supernatant remained constant, and in 
all ratios after two weeks, the number read by the device was 
zero. The control sample, however, the suspension of which 
contained no salt, still had the reducing power of about 60% 
iodine after two weeks, which can be attributed to the low 
quality of the reducing agent in the presence of nanoparti-
cles. The particles were considered the inhibitory agent for the 
activity of reductive agents and reaction with DPPH.

In the second method, we separated the sediment result-
ing from centrifuging the samples at the same time, and 

Fig. 1   0.1 M iron II sulfate salt in light yellow color

Fig. 2   Bacterial suspension in clear yellow color
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after washing three times with distilled water and repeating 
the centrifugation process, it was passed through filter paper 
and a 0.22-micron filter. Then, using visible-ultraviolet light 
spectroscopy (UV–vis spectroscopy), the sediment was char-
acterized in the range of 200 to 700 nm. The results of this 
investigation are shown in Fig. 4. The comparison revealed two 

main points. First, with the passage of time in all the volume 
concentration samples, an increase in the height of the peak 
was observed, which indicated that the progress of the reac-
tion between the bacterial regenerator of salt and the salt in the 
sample container was our synthesis. Second, the increase of the 
peak remained constant after a period of time. By comparing 
these points with the points where the amount of regenerator 
remaining in the supernatant remains constant (first path), we 
found in all samples that after one week, the height of the peak 
did not change further, which can reduce the amount of regen-
eration power, and this is related to the regeneration of salt. As 
the one-week period got closer, the curve became wider, which 
can be explained by the agglomeration of nanoparticles [46]. 
Finally, it was determined that the appropriate volume ratio 
is 1:2 of suspension (2) to salt (1). As shown in Fig. 4, at the 
same time, there is not much difference in terms of the size 
of nanoparticles with a ratio of 1:1, but the height of the peak 
observed according to Fig. 4 is higher compared to the ratio of 
1:1. In addition, the widening that is observed in other volume 
ratios was not observed in the 2:1 ratio. Moreover, the two 
ratios of 1:2 and 1:4 had the highest peak height, so FESEM 
imaging was done to check the size of nanoparticles from these 
two samples. As can be seen in Fig. 5, the nanoparticles were 
larger in size in the 1:4 ratio but smaller in size in the 1:2 ratio.

Optimization of Salt Concentration in Synthesis

After determining the appropriate volume ratio of salt and 
suspension (2:1), in the synthesis of nanoparticles with a final 
concentration of 0.1 M (100 mM) iron sulfate salt, concentra-
tions of 50 mM, 80 mM, and 1000 mM (1 M) of salt were 
mixed with bacterial suspension at a volume ratio of 2:1 with 
neutral pH and at ambient temperature. In all samples, a color 
change was observed immediately after salt was added to the 
bacterial suspension. UV–vis spectroscopy in the range of 200 
to 700 nm indicated the presence of iron nanoparticles in the 
range of 320 to 420 (Fig. 6) and was examined at intervals of 
up to one week. As shown in Fig. 6, in samples with higher salt 
concentration, the spectrum was shifted to longer wavelengths 
or red shift, which indicated the larger size of the particles in 

Fig. 3   Reaction mixture of bacterial suspension and salt containing 
iron oxide nanoparticles in dark brown color

Table 2   Numerical values and codes related to the volume ratio of bacterial suspension and the final salt concentration of 0.1 M in ratios of 1:1, 
1:2, 1:3, and 1:4

The amount of salt is the same volume of saline solution to maintain the final concentration of salt in all proportions

Fixed salt: variable 
suspension ratio

Salt concentration 
in each ratio

The volume of the 
reaction mixture

Weight of salt pre-
sent in each ratio

Volume of salt solution Volume of bacte-
rial suspension

Sample 
code 
no

1:1 0/1 M 10 ml 3/336 g 5 ml of 1.2 M salt 5 ml A
1:2 0/1 M 10 ml 0/832391 g 3/34 ml of 0.2994 M salt 6/66 ml B
1:3 0/1 M 10 ml 1/11208 g 2/5 ml of 0.4 M salt 7/5 ml C
1:4 0/1 M 10 ml 1/3901 g 2 ml of 0/5

M salt
8 ml D

Downloaded for personal academic use. All rights reserved. https://papernode.online/

https://ballisticcomainvitation.com/t2e548yr3v?key=403e8f291d0b160c8210d10a973a50a9


474	 S. Hajiali et al.

the sample, and in samples with lower salt concentration, the 
spectrum shifted to shorter wavelengths or blue shift, indicat-
ing smaller-sized particles in the sample. Furthermore, in the 
final concentration of one molar, due to the high concentration 
of the sample and the low concentration of the suspension in 
relation to this concentration of our salt, after 10 h, the val-
ues were higher than Lambert–Beer’s law. We found that to 

correctly read the absorbance, it was necessary to dilute the 
sample up to seventy times until the absorbance reached below 
one and the spectrum was over-scattered.

After this time, as no change was observed in the wave 
height, the sample was dried in an oven at a temperature of 80 
℃, and the resulting volume was surprisingly small. There-
fore, we did not include the sample from this concentration 

Fig. 4   Ultraviolet–visible spectroscopy (UV–VIS) of four samples of fixed salt volume ratio and variable bacterial suspensions, codes A, B, C, 
and D, according to Table 2

Fig. 5   Field emission scanning microscope (FESEM) image of sam-
ples B (ratio 1:4) and D (ratio 1:2) on the left side of the particles 
made in a double ratio of suspension to iron sulfate salt II. They are 

smaller in size compared to the particles made in four times the ratio 
of suspension to salt with a concentration of 0.1 mM
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in other characterizations. FESEM imaging and size deter-
mination of nanoparticles synthesized at 0.1 M (100 mM) 
and concentrations of 80 mM and 50 mM were carried out 
on two scales of 100 nm and 200 nm (Fig. 7). A larger par-
ticle size was seen in the sample with a salt concentration of 
100 mM (the highest salt concentration selected based on 
the research of Saravanan et al.) compared to the other sam-
ples. Moreover, in concentrations of 80 mM and 50 mM, the 
visible-ultraviolet light spectroscopy was repeated after one 
week to check the progress of the reaction; the peak height in 
the 50 mM sample was not significantly changed. In the other 
samples, compared to before, to some extent, a hyperchromic 

shift was seen which, itself, can explain the increase in the 
molar ratio (ε) according to the Lambert–Beer relation in the 
sample [47–50]. Because one goal of the current research was 
to produce the right number of nanoparticles, and because of 
the proportion of the reducing agent used along with other 
characteristics of nanoparticles, we did not include the con-
centration of 50 mM in the following characterizations. The 
results of Fourier transform infrared spectroscopy charac-
terization of 80 mM and 100 mM samples confirmed the 
presence of iron nanoparticles in the 545 nm region related 
to Fe O and the 3470 nm region related to the stretching 
vibration of the OH group in Fe O (Fig. 8). The intensity of 

Fig. 6   Visible-ultraviolet light 
spectroscopy of nanoparticles 
synthesized from bacterial 
extracellular suspension and 
iron sulfate salt in concentra-
tions of 0.1 M, 50, 80, and 
1000 mM with a ratio of 2:1

Fig. 7   Field emission scanning microscopy (FESEM)
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the Fourier infrared wavelength also confirmed the amount 
of synthesis of nanoparticles in accordance with the results 
of ultraviolet–visible light spectroscopy, which revealed that 
the amount of synthesis at a concentration of 80 mM is more 
than 100 mM. X-ray energy-dispersive spectroscopy (EDS) 
(Fig. 9), dynamic light scattering (DLS) (Fig. 10), and zeta 
potential analysis of nanoparticles were also performed on 
80 mM and 100 mM samples (Fig. 11). EDS analysis, as the 
most common elemental identification method of compounds 
both qualitatively (i.e., checking the presence or absence of 
an element in the studied sample) and quantitatively (i.e., 
checking the presence of each of the elements in the sam-
ple), if in the periodic table after boron (bor), was used in 
the studied sample. Because the elements in our produced 
nanoparticles had a higher atomic number than carbon and 
due to the high sensitivity of the detector, this method was 

used as a secondary technique in determining the quality of 
the elements in the sample. Electron microscopy, along with 
FESEM imaging, was used to qualitatively and quantitatively 
examine the iron and oxygen elements in the produced sam-
ple. The results of EDS analysis showed that O and Fe ele-
ments are present in all samples, with the sample synthesized 
with 80 mM salt showing the highest amounts at 23% (Fe) 
and 8.53% (O). The DLS method is based on the scattering of 
irradiated light. The frequency of the irradiated light changes 
over time after hitting the particles in the suspension and has 
an inverse relationship with the diameter of the particles. All 
these cases are automatically calculated by the device and 
output as the multiple scattering index or PDI index (standard 
deviation squared divided by the average particle diameter). 
Examining the PDI index of the samples showed that the 
nanoparticles synthesized with a salt concentration of 80 mM 

Fig. 8   Fourier transform infrared spectroscopy (FTIR) characterization of synthesized nanoparticles with a final salt concentration of 80 mM 
and 0.1 M in a volume ratio of 2:1

Fig. 9   X-ray energy-dispersive spectroscopy (EDS)
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and then 100 mM (0.1 M) had a more favorable PDI in the 
range close to 0.1 and a more negative/positive zeta potential. 
Finally, according to the results obtained from the characteri-
zation in this research, the samples produced with bacterial 
suspension cultured in 12-h overnight synthesis at 37 °C with 

a shaking power of 180 rpm (H2T3S3 sample) and a final 
concentration of 80 mM of iron II sulfate salt were more 
favorable than other investigated concentrations. Therefore, 
other characterizations were carried out on nanoparticles pro-
duced with iron II sulfate salt with a concentration of 80 mM.

Fig. 10   DLS characterization of synthesized nanoparticles with a final salt concentration of 80 mM and 0.1 M in a volume ratio of 2:1

Fig. 11   Zeta potential of 
synthesized nanoparticles with 
a final salt concentration of 
80 mM and 0.1 M in a volume 
ratio of 2:1
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Examining the Antibacterial Properties 
of Synthesized Nanoparticles

Antibacterial Test by Disc Diffusion Method

We evaluated all the synthesized nanoparticles in concentra-
tions of 50 mM, 80 mM, 100 mM, and 1000 mM for anti-
bacterial properties on E. coli and Bacillus cereus bacteria 
(two images on the left of Fig. 12). After examining the 
auras of lack of growth, we found that all nanoparticles had 
antibacterial properties. After that, we chose two samples 
of 80 mM and 100 mM, which had a greater and clearer 
aura of lack of growth, to check the amount of aura of lack 
of growth in relation to the antibiotic and to check the syn-
ergistic effect. As a positive control for Bacillus cereus, the 
antibiotic penicillin and, for E. coli, the antibiotic imipe-
nem, were evaluated simultaneously. The non-growth halos 
for Bacillus cereus and E. coli bacteria were estimated to be 
approximately 26 mm and 16 mm, respectively, which are 
classified as sensitive to nanoparticles based on the CLSI 
standard. Using Table 3, the results showed that iron oxide 
nanoparticles have a significant inhibitory effect on Bacillus 
cereus bacteria and E. coli. Nonetheless, they are expen-
sive. In addition, the relative comparison of halos revealed 
a greater impact on Bacillus cereus bacteria. To investigate 
the effect of iron II sulfate salt, we prepared two samples of 
salt and distilled water in a ratio of 2:1 in two concentrations 

of 0.1 M (C1) and 80 mM (C2), and discs were impregnated 
with these two. We also ran the sample on the plates, and 
in the end, no growth halo was observed compared to these 
two samples. To investigate the synergistic effect of peni-
cillin and our nanoparticles, along with the discs impreg-
nated with synthesized nanoparticles in salt concentrations 
of 0.1 M (ctrl 1) and 80 mM (ctrl 2), an antibiotic disc was 
impregnated with nanoparticles. They were placed on the 
plate, and the aura of their lack of growth was observed to 
be 1.5 times larger than the individual state of each of the 
nanoparticle and antibiotic discs (Fig. 12).

Determining the Minimum Lethal Concentration or MIC

After performing the antibiogram test and taking into account 
that the lack of growth created by iron oxide nanoparticles 
synthesized with iron sulfate salt II with a concentration of 
80 mM was greater than that created by iron oxide nanoparti-
cles synthesized with sulfate salt, iron II had a concentration 
of 0.1 mM. The minimum lethality or MIC test was then per-
formed on iron oxide nanoparticles synthesized with iron II 
sulfate salt with a concentration of 80 mM (S2). The effect of 
the synthesized nanoparticles on two pathogenic strains was 
evaluated by the minimum inhibitory concentration (MIC) 
test, and the results show that in serial dilution using the min-
imum inhibitory concentration method, iron nanoparticles 
prevented the growth of the studied bacteria. The minimum 

Fig. 12   Antibacterial test by disk diffusion method: diffusion disk impregnated with samples (C1, C2, S1, S2, Fe NPS + P, Fe NPS + IPM) and 
antibiotic disk on two bacteria, Bacillus cereus and E. coli, cultivated grass on the plate and halo of lack of growth

Table 3   Examining the antibacterial property of synthesized nanoparticles in three disc diffusion methods, determination of inhibition concen-
tration, and well diffusion

Bacteria Antibi-
otics

Disk release method Method of determining the mini-
mum lethal concentration

Well release method

IMP P Chemically syn-
thesized nanopar-
ticles

Biomimetic nanopar-
ticle with 0.1 mM 
salt

Biomimetic nano-
particle with 80 mM 
salt

Biomimetic nanoparticle with 
80 mM salt

Biomimetic nano-
particle with 80 mM 
salt

B. cereus 21 22 26 25 26 250 M/m 28
E. coli 20 19 23 22 16 500 M/m 20
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concentration was confirmed for Bacillus cereus bacteria at 
250 μg/ml and for E. coli at 500 μg/ml (Fig. 13), which con-
firms the antimicrobial effect of these nanoparticles.

Well Release Method

Inside 4-mm wells, 40 μl (microliters) of the nanoparticle 
sample produced with the same concentrations that inhib-
ited the growth of Bacillus cereus bacteria (250 μg/ml) and 
E. coli (500 μg/ml) in the MIC method and controls were 
inoculated. The samples were incubated for 24 h at 37 ℃. The 
diameter of the inhibition halos of the nanoparticles and con-
trols was measured by caliper. The results (Table 3) showed 
that 250 µg/ml of iron oxide nanoparticles produced from 
bacterial suspension and iron sulfate II salt could inhibit halo 
non-growth by as much as 28 ml for Bacillus cereus bacteria. 
Also, 500 µg/ml of the said nanoparticle could create an aura 
of non-growth of 20 ml for E. coli bacteria. This increase in 

the halo of lack of growth compared to the disking method 
can be attributed to the removal of the disk as a nanoparti-
cle absorber and the uneven distribution of nanoparticles on 
both sides of the diffusion disk, which results in reducing the 
effect on the plate. On the other hand, this increase in diam-
eter of the non-growth halo compared to the non-growth halo 
of iron oxide nanoparticles synthesized with iron sulfate II 
salt with a concentration of 0.1 mM can be attributed to the 
smaller size of the nanoparticles produced with this salt con-
centration; the increase of the halo of lack of growth, which 
is a sign of the killing power of bacteria by the tested sample, 
was related to the change in the size of the nanoparticles. In 
other words, the nanoparticles synthesized with iron sulfate II 
salt at a concentration of 80 mM, because they have a smaller 
size, increased the antibacterial power of these nanoparticles 
and, thus, the halo. They caused a greater lack of growth 
compared to the nanoparticles produced with iron II sulfate 
salt at a concentration of 0.1 mM (Fig. 14).

Fig. 13   Determination of the 
minimum lethality or MIC of 
iron oxide nanoparticles syn-
thesized with iron sulfate II salt 
with a concentration of 80 mM 
on two strains of pathogenic 
bacteria, Bacillus cereus and 
E. coli 

Fig. 14   Antibacterial test by the well release method of iron oxide 
nanoparticles synthesized with iron sulfate salt II with concentrations 
of 80 mM and 0.1 M and a sample of salt and distilled water in a ratio 

of 2:1, in two concentrations of 1 0.0 M (c1) and 80 mM (C2), on two 
pathogenic strains of Bacillus cereus and E. coli 
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Discussion

In the chemical nanoparticle synthesizing methods, increas-
ing the concentration of the reducing agent was reported to 
decrease the size of nanoparticles. In the biological research, 
however, salt concentration and extract were reported as fac-
tors affecting nanoparticle size. Since nature serves as the 
inspiration for the synthesis of nano-biota, we stress ethics 
and principles in scientific research. We think that using 
living creatures to enhance the quality of human existence 
should be done in a manner that does not override their lives. 
For this reason, nano-biota researchers should use mecha-
nisms that create less waste and efficiently use biological 
resources. We should benefit from them without wasting 
them and be able to have the maximum use in production 
with the economical consumption of resources. Therefore, 
in some parts of the research, the number of nanoparticles 
produced by bioregenerative agents and the amount of salt 
consumed as an effective factor in the selection were given 
particular attention. We tried to first study the concentration 
of bacterial regenerative agents as an effective biomimetic 
agent in the synthesis of nanoparticles. In order to determine 
the concentration of the reducing agent, it was possible to 
attain the proper concentration of bacteria solely through 
the examination of physical parameters, including tempera-
ture, the duration of the bacteria’s night growth, and the 
quantity of shaker used, without modifying the parameters 
of the culture medium and effective substances on bacte-
rial growth. Along with collected nanoparticles, the results 
of measuring the reductive power (DPPH test) of samples 
showed an increase in the volume of produced nanoparticles. 
Based on the DPPH test results from the samples, the maxi-
mum amount of the effective agent of bioinspiration in the 
overnight synthesis of 12 h at a temperature of 37 ℃ with a 
shaking power of 180 rpm (sample H2T3S3) of bacteria was 
considered the optimal conditions for the growth of bacteria 
in the continuation of the research for the synthesis of nano-
particles. Until now, this method was not used for the syn-
thesis of iron oxide nanoparticles by other research groups. 
We could increase the amount of bioinspiration regenerating 
agent required in the synthesis of iron oxide nanoparticles 
from Bacillus megaterium bacteria to produce smaller nano-
particles without changing the salt concentration (final con-
centration 0.1 M) and only by optimizing the growth condi-
tions of bacteria and by doing it in the simplest way. Haji Ali 
et al. could synthesize iron oxide nanoparticles with a size of 
20–30 nm from the bioinspiration agents present in Bacillus 
megaterium with a volume ratio of 1:1, and a concentration 
of 0.1 molar iron sulfate II salt [44], which is the final con-
centration of salt and the ratio of bacterial suspension to salt. 
With regard to achieving regenerating agents for synthesis 
and optimizing bacterial growth conditions, our research 

diverges from theirs in that we achieved greater success in 
establishing the properties of the nanoparticles produced. 
In the second stage of our research, based on the results of 
optimizing the growth conditions of bacteria (H2T3S3), we 
studied the concentration of bacterial suspension (bioinspi-
ration regenerating agents), and the final salt concentration 
in concentrations less than 0.1 M (50 mM and 80 mM), and 
1 M concentration (104 times 0.1 M) in the same ratio of 
2:1, which was suitable for the final salt concentration of 
0.1 M. A volume of nanoparticles produced with a final salt 
concentration of 1.0 M in a 4:1 ratio and an average size of 
130 nm was approximately double that of the nanoparticles 
produced with this concentration and size, which measured 
approximately 70 nm in diameter. Although in our previous 
research we had obtained smaller nanoparticles with a 1:1 
ratio of reducing agents and a salt concentration of 0.1, the 
studies carried out in this research showed that we used a 
ratio of 2:1 and a 0.1 molar concentration of reducing agent. 
We were able to use biological and salt optimally because 
the volume of nanoparticles collected after synthesis was 
greater at the same time. Therefore, we decided to improve 
the size of nanoparticles and their other characteristics by 
changing the salt concentration. Finally, we could produce 
nanoparticles with an average size of 24 nm and a com-
pletely spherical shape at a final concentration of 80 Mm 
and a ratio of 2:1 for the synthesis of nanoparticles within 
a week. Considering shape, zeta potential, and PDI index, 
as well as the amount, the synthesized nanoparticles had 
better characteristics than iron nanoparticles synthesized in 
other research, [44–48] and some of them are mentioned in 
Table 3. In order to assess the caliber of the nano-corn that 
was generated, standard characterizations were conducted 
during the nanoparticle synthesis process. This allowed for 
the reduction in the size of iron oxide nanoparticles to occur 
in direct proportion to the concentration of the effective bac-
terial substance while maintaining the volume ratio of the 
reducing agent iron sulfate I. In the continuation of stud-
ies, the antibacterial property of iron oxide nanoparticles 
was evaluated based on the results obtained in this research. 
Optimization of the synthesis of iron oxide nanoparticles 
from the extract of Bacillus megaterium bacteria by optimiz-
ing the ratio of salt and bacterial suspension and then opti-
mizing the salt concentration was done in an optimized ratio. 
The iron oxide nanoparticles synthesized in this method are 
very small (20 to 32 nm) and spherical in shape. It seems 
that the presence of reducing compounds and enzyme agents 
in the cytoplasmic extract causes the regeneration of metal 
ions of iron sulfate II salt and the production of iron oxide 
nanoparticles. This study, which is a continuation of a pre-
vious study by the same group [51], achieved better results 
than the previous study and those of Ghani et al. by optimiz-
ing the ratio of salt and bacterial suspension [52]. To verify 
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and establish the antibacterial properties of these particles, 
Ghani et al. (2017) synthesized iron nanoparticles in the 
range of 40 to 60 nm in diameter after 20 min at room tem-
perature using a suspension of active Bacillus megaterium 
and 0.1 M iron II nitrate salt in a 1:1 ratio. In another study, 
Fani et al. were able to produce iron oxide nanoparticles 
from Lactobacillus fermentum bacteria from iron sulfate salt 
III at a concentration of 10–3 M (0.1 M or 100 mM) with an 
equal volume ratio for three weeks at 37 ℃. Their samples 
were incubated, and the change in the color of the solution 
from brick red to black was considered to be favorable for 
producing iron sulfate nanoparticles [53]. We could achieve 
smaller nanoparticles with a better DPI index with a lower 
proportion of salt and a lower concentration than in previous 
studies (Chart 1).

One of the biggest medical problems is dealing with and 
eliminating microorganisms that have become resistant to 
present chemical drugs over time. Increasing the amount of 
drugs used to deal with resistant bacteria will increase the risk 
of accumulation of chemicals in the body, cause side effects, 
and increase their destructive effects on the environment. As 
a result, investigation into the identification of novel anti-
microbial compounds has gained prominence. Certain met-
als, including silver, zinc, and copper, exhibit antibacterial 
properties when present in bulk. Conversely, iron oxide lacks 
antibacterial properties when present in bulk [54]. In 2009, 
Kawatau et al. reported that cobalt and iron, compared to other 
metal nanoparticles, such as silver, have better biocompatibil-
ity effects and show better anti-inflammatory power, so they 

can be considered for use as suitable and practical effective 
agents to deal with and prevent disease factors [55]. There-
fore, we decided to study the inhibitory effect of synthesized 
nanoparticles on pathogenic agents and evaluate the effect 
of synthesized nanoparticles in different concentrations of 
suspension and salt, which is effective on their size [40]. The 
results of our research indicate that synthesized iron oxide 
nanoparticles showed a suitable antimicrobial effect on gram-
positive and gram-negative bacteria. Iron oxide nanoparticles 
(IONPs) have many practical applications which are synthe-
sized by various methods. IONPs are being studied in terms 
of their high potential for antimicrobial activity and lack of 
toxicity to humans [56, 57]. Nevertheless, the variability of 
IONPs’ biological activity is attributable to the synthesis con-
ditions, which also influence their size, structure, and surface 
modification. This study presents a novel approach to syn-
thesize iron oxide nanoparticles from the bacterium Bacillus 
megaterium in a biomimetic fashion by optimizing physical 
parameters that have an impact on bacterial growth [58]. By 
optimizing these parameters during the synthesis of nano-
particles, we could produce disposable nanoparticles with 
high antibacterial properties without changing the surface 
[59]. In 2024, Oluwafemi Bamidele Daramola et al. could 
synthesize iron oxide nanoparticles from gram-positive bac-
teria extracted from soil. The methodology utilized by the 
authors indicates that IONP is extracellularly synthesized by 
six bacterial isolates. The weight percentages of iron biore-
duced by Bacillus subtilis-A (48%), Klebsiella aquae, and 
pneumoniae are ascertained through energy-dispersive X-ray 

Chart  1   DPPH test results of samples containing suspension and 
salt with a final concentration of 0.1 M in volume ratios of 1:1 (A), 
2:1 (B), 3:1 (C), and 4: 1 (D) to determine the optimal duration of 
synthesis of iron oxide nanoparticles by measuring the salt-reducing 
power by the biological reducing agents in the bacterial suspension. 

After centrifuging the samples at certain time intervals, the test of the 
regeneration power was performed on the supernatant, and the rate of 
progress of the reaction of each sample along with the control (sus-
pension with a kettle without salt) can be seen
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(EDX) spectral analysis. percentage, Bacillus subtilis-B (39%), 
Bacillus cereus (38%), Bacillus badius (33%), and Klebsiella 
africana (32%). IONPs showed an absorption peak in the range 
of 250–350 nm, with an average region size of about 72 nm 
estimated using ImageJ software [60]. We tried to consider the 
diameter of the non-growth halo as a sign of an antibacterial 
effect without increasing the concentration of iron oxide nano-
particles. Moreover, to measure and compare the effects of salt 
concentration and its ratio on the effectiveness of nanoparticles 
on bacteria, all samples produced with the final concentration of 
salt, which was produced with a 2:1 ratio of suspension and salt, 
were tested. Our findings indicate that the nanoparticle samples 
synthesized with 80 mM salt, followed by 100 mM salt, exhib-
ited superior performance compared to the other samples. This 
advantage can be attributed to the nanoparticles’ size and shape 
characteristics. In other words, the reduction in the size of iron 
nanoparticles caused an increase in the surface area, and this 
increase in the surface area to the volume of nanoparticles can 
increase the probability of nanoparticles encountering bacterial 
proteins, or it could be because of the penetration of smaller 
particles into bacteria, their adverse effect on the vital processes 
of bacteria, and ultimately their cause of death [33, 54–64].

The results of statistical analysis showed that after com-
paring two samples of nanoparticles with the positive con-
trol group, both samples were significantly different from the 
positive control group, and with increasing the concentra-
tion of salt suspension and decreasing the salt, nanoparticles 
were produced that caused an increase which had an inhibi-
tory effect on bacteria, despite the fact that in some studies 
iron nanoparticles have no inhibitory effect on Escherichia 
coli bacteria [65]. Based on the results, the mechanism of 
the inhibitory effect of iron oxide nanoparticles on Bacil-
lus cereus bacteria as a gram-positive bacterium was not 
significantly different from that on Escherichia coli gram-
negative bacteria. The degree of cellular toxicity induced 
by iron oxide nanoparticles is substantially influenced by 
both the nanoparticle concentration and the specific organ-
ism involved. In small concentrations, nanoparticles can 
act as sources to supply iron ions needed by organisms and 
improve growth, which seems to be a more useful source of 
synthesis for the regeneration of salt ions than the source 
of Bacillus megaterium compared to Fermentum [66, 67].

As mentioned earlier, Kandahari et al. and Ghani et al. 
could produce iron oxide nanoparticles in larger sizes than 
those produced by us after three weeks of incubation of the 
suspension and salt. Moreover, the concentration of salt and 
its ratio with the suspension containing salt ion regenerating 
agents, which is another factor that affects the size of nanopar-
ticles, was proven by Naguda et al. [40] The current research 
took this into consideration, which finally caused the produc-
tion of nanoparticles with a smaller size. This may also account 
for the nanoparticles’ more pronounced inhibitory effect in 
comparison to the other samples. Gram-positive bacteria have 

a mucopeptide layer in their cell wall, whereas gram-negative 
bacteria have lipoprotein and lipopolysaccharide for the major-
ity of their cell wall structure. These bacteria have an outer 
membrane around their cell wall on one side, and others have 
enzymes in the periplasmic space (the space between the inner 
and outer membrane in warm-blooded bacteria, which consti-
tutes approximately 40 to 50% of the volume of the bacteria), 
which can break down foreign molecules, which is why they 
are resistant to antibacterial substances; they make them more 
resistant. Contrary to the present study, however, Khatami 
et al. reported that iron nanoparticles showed a greater effect 
on Escherichia coli bacteria, [68] and this difference may 
explain the difference in the shape, size, and concentration of 
nanoparticles or in terms of the test method [67, 68].

Regarding the possible mechanisms of interactions of 
nanomaterials with biological macromolecules, the differ-
ence between the negative charge of microorganisms and 
the positive charge of nanoparticles acts as an absorbing 
electromagnet between the microbe and the nanoparticles. 
It causes the nanoparticles to connect to the cell surface, 
and finally, a large number of these contacts lead to oxida-
tion, surface molecules of microbes, and their rapid death 
[65]. Nanoparticles derived from green chemistry have the 
potential to serve as a viable substitute for antibiotics in the 
treatment of microbial infections.

Conclusion

In this research, we were able to make low-cost changes 
without the intervention of materials and chemical agents, 
putting the bacteria in conditions of its growth cycle where 
the salt-reducing agents present in the extracellular suspension 
of the bacteria have the ability to synthesize more iron oxide 
nanoparticles. Also, with the help of the biomimetic method, 
we were able to synthesize nanoparticles without the use 
of surface modifiers with appropriate reproducibility and 
with more favorable results on the gram-positive and gram-
negative bacteria strains used in the research. By optimizing 
the synthesis conditions through physical parameters, we 
were able to reach a more favorable amount of the effective 
substance for nanoparticle synthesis and also to produce 
smaller nanoparticles with better properties for therapeutic 
applications. The results of our characterization show that the 
nanoparticles produced from the extracellular suspension of 
Bacillus megatrium with a ratio of 2:1 and a salt concentration 
of 80 mM at room temperature and neutral pH are smaller 
(27 nm) and more uniform. According to the results of this 
research, increasing the antibacterial property of produced 
nanoparticles compared to hospital antibiotics can be beneficial 
in the treatment of opportunistic hospital infections resistant 
to current antibiotic treatments. For this purpose, conducting 
additional research to investigate the in-body characteristics 
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of these nanoparticles can lead to the development of useful 
and effective systems in diagnosis and new treatments in the 
future. So far, various applications of magnetic iron oxide 
nanoparticles synthesized by different methods have been proven 
in different fields of medicine by different researchers, with the 
difference that our synthesis method and antibacterial properties 
and other features mentioned in this research. Based on the 
research, it has high innovation. According to the results of the 
bacterial tests of the synthesized nanoparticles in the mentioned 
synthesis conditions on Bacillus cereus and Escherichia coli 
bacteria, in general, these nanoparticles can be considered 
suitable candidates for replacing biomimetic nanoparticles 
instead of common and antibiotic-resistant antibiotics.
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