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ABSTRACT

This paper describes the co-precipitation manufacture of magnetite iron
oxide nanoparticles (Fe,O, NPs). Using Fourier Transform Infrared
(FT-IR) spectrophotometry, X-Ray Diffraction (XRD), Dynamic Light
Scattering (DLS) analysis, and Field Emission Scanning Electron
Microscopy (FESEM) equipment, the structure, morphology, and
magnetic characteristics of the produced material were described. The FT-
IR spectrum offers crucial proof of the magnetite (Fe,O,) nanoparticles’
effective production and provides important details about the functional
groups connected to the nanoparticle surface. The Scherer’s Formula
determined the average particle size of 15.7 nm based on the XRD result,
which showed the existence of Fe,O, NPs. The XRD pattern matched the
reference magnetite (Fe,O,) pattern (JCPDS No.19-0629). The sample
displayed a monodisperse distribution profile with a single dominant
peak, indicating a homogenous population of particles. The diffraction
light scattering (DLS) particle size analyzer revealed an average size of
iron oxide nanoparticles. Iron oxide nanoparticles’ cubical to sub-cubical
structure, reasonably uniform morphology, and average size of 52.5 nm
were validated by characterization of their mean particle size and shape.
Fe,O, NPs’ antibacterial properties were assessed by determining their
minimum inhibitory concentration (MIC). Active antibacterial action
against bacterial species was demonstrated by Fe,O, NPs, with MICs values
of 25 mg/ml for K. pneumonia and 50 mg/ml S. aureus and E. coli.
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INTRODUCTION

Since nanotechnology manipulates matter
at a scale where materials exhibit distinct and
desirable properties from those at the micro-
macro scale, it has emerged as one of the most
important components of scientific expertise. It
has garnered a lot of interest, especially in the field

of medical research, which has a significant impact
* Corresponding Author Email: shahlamn91@yahoo.com

on the world economy. Particles that range in size
from 1 to 1000 nm are known as nanoparticles
[1,2]. The biological industry frequently uses
them because of their better qualities than sheer-
sized particles, such as their new optical features,
strong magnetic characteristics, high activity, and
greater surface-to-volume ratio. Nanoparticles
have a broad range of applications in biomolecules
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and cells. Nanoparticles’ aggregation, charge,
crystalline structure, chemical makeup, size,
shape, and solubility all affect this interaction [3—
5]. The most widely used of these in bioanalytical
methods and biomedical applications are
magnetic nanoparticles. Biotype specimens are
less affected by background interference; hence
the magnetic susceptibilities of biotype samples
are almost negligible. The external magnetic field
can readily reach biological samples because of
this benefit [6,7]. These days, a wide variety of
biomedical applications, including: (analytical
tools, bioimaging, biosensors, contrast agents
(CAs), hyperthermia, photoablation therapy,
physical therapy applications, separation, signal
markers, and targeted drug delivery (TDD)), can be
designed to integrate magnetic nanoparticles [1—
8]. Because of their high saturation magnetization,
high magnetic susceptibility, chemical stability,
and innocuousness, iron oxide nanoparticles
(IONPs) were utilized in the majority of research.
Nickel and cobalt are examples of IONPs with
strong magnetic characteristics that oxidize readily
and are poisonous. In biomedical applications,
magnetite (Fe,O,) nanoparticles (MNPs) are the
most often used IONPs [4]. The transition of ions
from Fe? ions to Fe* ions results in the unique
electrical and magnetic properties of magnetite
nanoparticles.

MNPs with superparamagnetism characteristics
are often employed in the biomedical industry
and are less than 20 nm. In addition, they are
used extensively in this sector in comparison to
other magnetic-IONPs (M-IONPs) because of their
superparamagnetism feature, narrowed particle
size distribution (<100 nm), high magnetization
saturation value, and biocompatible surface
chemistry [8-10]. Of the (M-IONPs), magnetite
(Fe,0,), maghemite (y-Fe,0,), and hematite
(a-Fe,0,) are the three most common types. The
most stable chemical molecule in the presence
of air for an extended length of time is hematite
(a-Fe,0,). Nevertheless, of the two (M-IONPs)
stated, hematite (a-Fe,0,) has the lowest
magnetic strength. Magnetite (Fe,O,) oxidizes to
generate the phase known as maghemite (y-Fe,0,)
[2,4,11]. The word “magnetite” comes from the
name of the Asia Minor province of Magnesia,
where massive deposits of magnetite were found.
Because magnetite contains ferric (oxidized) and
ferrous (reduced) iron atoms, it is also frequently
inferred to be iron (Ill) oxide [12]. The chemical
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makeup of the molecule is depicted below to show
a typical magnetite production reaction:

FeO (Ferrous Oxide) + Fe,O, (Ferric Oxide) - Fe 0,
Magnetite

The kind of iron oxide—trivalent or divalent—
determines the type of magnetite. The magnetite
stoichiometric of Fe?*: Fe* is 1:2, and Zn, Mn, Co,
and other divalent ions can either fully or partially
replace divalent irons. As a result, magnetite may
exhibit n-type or p-type semiconductor behavior
[13]. Although a number of ways have been
established to synthesize MNPs, the three main
methodologies are wet chemical, physical, and
microbiological methods. Every route has unique
benefits, drawbacks, and impacts on various
MNP attributes [14]. Due to its ease of use and
effectiveness, the co-precipitation method is one
of the most used techniques for creating aqueous
phases [10]. Massart et al. initially developed this
technique in 1981 [15]. Usually, metal precursors
are alkalized to carry it out. The most well-known
is the aging of ferrous and ferric salts in a NaOH
base at room temperature and with a constant
flow of inert gas at a 1:2 stoichiometric ratio.
Following reaction describes a typical example of
magnetite production (Fe,O,) [16]:

Fe** + 2Fe* + 80H > Fe(OH), + 2Fe(OH), - Fe O,
+4H,0

Two separate stages are used in the co-
precipitation approach to produce homogenous
nanoparticles: (i) nucleation and (ii) growth [17,18].
Crystalline particles typically begin the nucleation
phase by precipitating from a supersaturated
solution until the number of constituent species
drops, resulting in the formation of nanoparticle
crystals. The solute diffuses from the solution to
the crystal surface during the slow-controlled
growth phase, whereas the nucleation process
lasts for a relatively brief duration. The production
of extremely monodispersed MNPs might be
achieved by controlling and separating the two
phases, that is, by preventing nucleation and
crystal growth from happening at the same time.

If the nuclei start to develop simultaneously,
the particle nuclei may expand in a very limited
distribution. Because the acquired particle size
does not change during the growth phase, it could
only be adjusted during the nucleation phase
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[16,19]. The co-precipitation method was used in
this study to create iron-oxide nanoparticles, which
were then characterized using: (field emission
scanning electron microscopy (FESEM), Fourier
Transform Infra-Red (FT-IR) spectrophotometry,
dynamic light scattering (DLS) analysis, and X-Ray
diffraction (XRD)). The antibacterial qualities of
iron oxide magnetic nanoparticles (Fe,O, NPs)
against human pathogenic bacteria, particularly
S. aureus, E. coli, and K. pneumoniae, are being
investigated.

MATERIALS AND METHODS
Materials Required

Ferrous Sulfate Heptahydrate (FeSO,.7H,0),
Ferric  Chloride  Hexahydrate  (FeCl,.6H,0),
ammonium hydroxide solution (NH,OH), ethanol
(C,H.OH), and deionized water are all supplied by
LOBA CHEMIE PVT.LTD. in India. Diyala University
in Irag’s Medical Biology Lab., Dentistry College,
provided the cultures of S. aureus, E. coli, and K.
pneumoniae.

Preparation of Fe O, NPs

Co-precipitation of ferrous and ferric ion salts
in aqueous solution was accomplished by adding
base at room temperature while N, gas flowed.
In summary, 0.2M of FeSO,.7H,0 and 0.1M of
FeCl,.6H,0 were added to an aqueous solution in
deionized water while being vigorously stirred at
1000 rpm. NH,OH was then added to achieve a
pH of 10. After that, it was filtered and repeatedly
cleaned with deionized water until the pH was

neutral. Fe,0, was then cleaned with ethanol
and dried. The powder It was gathered for
antibacterial use and characterisation. Following
reaction provides the following expression for the
pertinent chemical reaction:

2FeCl,.6H,0 + FeSO,.7H,0 8NH,0H - Fe,0, +
(NH,),50, + 6NH,Cl+ 19H,0

Antibacterial Activities

A stock solution of the antimicrobial agent
was prepared at a concentration higher than
the expected MIC, followed by serial (100 mg/
ml, 50 mg/ml. 25 mg/ml, 12.5 mg/ml, 6.25 mg/
ml, 3.125 mg/ml and 1.562 mg/ml, respectively)
two-fold dilutions in Mueller-Hinton broth (1 mL
per sterile test tube). The bacterial isolate was
cultured on a fresh agar plate (18-24 h), and
colonies were suspended in sterile saline to match
0.5 McFarland standard (~1.5 x 108 CFU/mL), then
diluted 1:100 to achieve ~5 x 10° CFU/mL. Each
tube received 100 pL of the inoculum, resulting in
a final bacterial density of ~5 x 10° CFU/mL. The
tubes were incubated aerobically at 35 £ 2 °C for
16-20 h without shaking. After incubation, tubes
were examined for turbidity, and the MIC was
recorded as the lowest concentration showing no
visible growth.

RESULTS AND DISCUSSION
Fourier-transform infrared spectroscopy (FTIR)

Fig. 1 displays the chemically produced iron
oxide sample’s FTIR spectrum. The spectrum offers
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Fig. 1. FTIR spectra of Fe,O, NPs.
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crucial proof that magnetite (Fe,O,) nanoparticles
were successfully formed and provides important
details on the functional groups connected to the
nanoparticle surface. Around570cm™, anoticeable
absorption band is seen, which is associated
with the Fe—O bond’s stretching vibration. This
peak validates the creation of crystalline Fe O,
nanoparticles and is a distinctive fingerprint of the
spinel structure of magnetite. This peak’s existence
confirms that the intended nanostructure was
successfully synthesized [20-22]. The 1000-1500
cm™ range also shows a number of weaker bands,
which are often ascribed to C-O stretching, C—H
bending, or C=C skeletal vibrations [23]. The
presence of these functional groups which could
be the result of residual organic compounds used
during synthesis, such as surfactants, solvents,
or stabilizing agents—indicates that some
organic molecules remained on the surface of
the nanoparticles, potentially serving as capping
layers that prevent agglomeration. The spectrum
also shows a notable dip in the 2900-3000 cm™'
region, which corresponds to aliphatic C-H
stretching vibrations, which further supports
the involvement of organic stabilizers or carbon-
containing residues adsorbed on the surface
of the nanoparticles. Curiously, the broad O-H

stretching band, which is normally found between
3200 and 3600 cm™, is not prominently visible in
this spectrum [23]. This indicates a comparatively
dry surface with few hydroxyl functional groups or
adsorbed moisture, maybe as a result of efficient
drying or heat treatment procedures used in
sample preparation. All things considered, the
FTIR measurement shows the existence of surface-
bound organic groups and validates the creation
of Fe,O, nanoparticles. These results are in line
with the chemical synthesis procedure and lend
credence to the theory that the final nanoparticles
have a core-shell structure, consisting of an
organic-coated surface and a magnetic iron oxide
core, which may affect their stability, dispersibility,
and capacity for additional functionalization in
environmental or biomedical applications.

X-ray diffraction (XRD)

Fig. 2 displays the phase purity and crystallinity
of the produced Fe,0, NPs. The crystalline planes
(111), (220), (311), (400), (422), (511), and (440)
are represented by the XRD signals of Fe,O, NPs at
21.3384°, 30.4482°, 35.8449°, 43.5486°, 53.6550°,
57.5956°, and 63.3057°, respectively. These
signals demonstrate the crystalline cubic structure
of the magnetite phase (Fe,0,) (JCPDS No.19-
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Fig. 2. XRD spectrum of Fe O, NPs.
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0629). After taking instrumental broadening
into consideration, the Debye-Scherrer formula
was used to determine the crystallite size of the
nanocrystalline materials based on X-ray line
broadening studies (Eq. 1) [24,25].

b _ KA
bl = 5050 (1)

where K (0.94) is a dimensionless value and D is
the XRD crystallite size in nm. The X-ray radiation
wavelength for Cu Ka (0.15406 nm) is denoted by
A, the Bragg angle by 6, and the line broadening at
half the maximum intensity (FWHM in radians on
the 20 scale) by B. The full-width at half maximum
of the (311) plane at (26 = 35.8449%) was used to
compute the average particle size of synthesized
Fe,O, NPs, which came out to be 15.7 nm [26].

Bragg’s law (Egs. 2 and 3) determines the lattice

parameter “a” and the interplanar spacing dhkl

Additionally, for the produced Fe,O, NPs, the
interplanar spacing is d,,, = 2.5044, and the lattice
parameter is a = 8.3060A°. Compared to the stated
values for bulk magnetite (JCPDS N0.19-0629), the
predicted values for (a and d, ) are rather similar.

Dynamic Light Scattering (DLS)

Using Dynamic Light Scattering (DLS)
examination on the HORIBA SZ-100 particle size
analyzer, the hydrodynamic diameter of the
produced Fe,O, nanoparticles was ascertained. A
homogenous population of particles was indicated
by the sample’s monodisperse distribution profile,
which included a single dominant peak. As shown
in Fig. 3, the average particle size was 127.7 nm,
with a modal diameter of 125.4 nm and a standard
deviation of 33.6 nm. A rather narrow size
distribution was indicated by the Z-average value
of 101.8 nm and the Polydispersity index (PDI) of
0.401, which were both determined by cumulated

[27]. analysis. The study was carried out with a
scattering angle of 90° and at 25.1°C. The viscosity
_ A of the dispersion medium was 0.893 mPa. Fe,O,
dpa = 2 sin (2) nanoparticle production at the nanoscale, which
is essential for biomedical and environmental
Aot = a applications, as demonstrated by DLS data [28].
b TR 12 (3) For applications requiring stability and controlled
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Fig. 3. DLS particle size analysis curve of Fe,O, NPs.
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diffusion, such as magnetic targeting, drug
delivery, and biosensing, an average size of around
127 nm is perfect. For consistent physicochemical
behavior, the sample’s monodisperse nature and
good PDI value (<0.5) suggest a well-dispersed
system with negligible aggregation. Although
there is a little number of bigger particles

ke
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Fig. 4. FESEM image of Fe O, NPs.

present, the sample’s homogeneity is unaffected
significantly by the slightly larger mean size in
comparison to the Z-average. These results are in
line with prior studies that describe stable Fe, O,
nanoparticle systems made with green or chemical
methods. They offer a strong foundation for
ensuing functionalization or surface modification
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Fig. 5. Photographic views of the antibacterial tests of Fe,O, NPs with three different
microorganisms. Order of the tubes from left to right (100 mg/ml, 50 mg/ml. 25 mg/ml,
12.5 mg/ml, 6.25 mg/ml, 3.125 mg/ml and 1.562 mg/ml, respectively).
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Table 1: Minimum inhibitory concentration (MIC) values of Fe O, NPs for microorganisms.

Microorganism S. aureus

E. coli K. pneumonia

MIC (mg/ml) 50

50 25

processes.

Field Emission Scanning Electron Microscope
(FESEM)

The FESEM morphologies of the magnetic
iron oxide nanoparticles are displayed in Fig. 4.
The shape of the Fe, O, nanoparticles is quite
homogeneous and almost agglomerated, with a
cubical to sub-cubical appearance. Furthermore,
someagglomerationisseeninthesampleasaresult
of the strong Van der Waals force and magnetic
attraction between the Fe O, nanoparticles [23].
The majority of the nanoparticles are between 10
and 80 nm in size. Our synthesized sample has an
average proportion of nanoparticles of 52.5 nm.

Antibacterial activity of Fe O, NPs

Table 1 and Fig. 5 show the antibacterial
properties of the iron oxide nanoparticle tested
against three harmful bacteria (S. aureus, E. coli,
and K. pneumoniae). According to the MIC data,
the susceptibility profiles of Staphylococcus
aureus, E. coli, and K. pneumoniae to Fe,O, NPs
varied from left to right (100 mg/ml, 50 mg/ml).
The corresponding concentrations were 25 mg/ml,
12.5 mg/ml, 6.25 mg/ml, 3.125 mg/ml, and 1.562
mg/ml. The compound’s moderate antibacterial
activity against S. aureus and E. coli was shown by
their respective MIC values of 50 mg/ml.

On the other hand, K. pneumoniae showed
a lower MIC value of 25 mg/ml, suggesting
that it was more sensitive to Fe, O, NPs.
Various nanoparticles were used in numerous
antibacterial investigations. Reactive oxygen
species (ROS) produced by certain nanoparticles
are the cause of the bactericidal action [29]. The
antibacterial activity of Fe,O, may be due to a
chemical reaction between hydrogen peroxide
and membrane proteins or between the chemical
generated in the presence of Fe,O, nanoparticles
and the bacterial outer bilayer. Bacteria are killed
by the hydrogen peroxide that is created when
it penetrates their cell membrane. Additionally,
it is seen that when the hydrogen peroxide is
produced, the nanoparticles remain in contact
with the dead bacteria, preventing additional
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bacterial activity and causing the production and
release of hydrogen peroxide into medium [30].

CONCLUSION

Using the co-precipitation method, a
straightforward procedure for creating magnetite
iron oxide nanoparticles (Fe,O, NPs) with
favorable magnetic characteristics in a single step
was effectively completed. When a solid black
powder precipitate forms, it may be decanted
with a magnet, indicating the production of the
magnetic phase Fe,O,. FT-IR, XRD, DLS, and FESEM
were used to analyze the produced nanoparticles,
and the synthesis mechanism of this approach was
examined. Absorption peaks in FTIR were found to
correspond to Fe,O, vibrations associated with
the magnetic phase. The six diffraction peaks in
the XRD pattern were linked to the atomic planes
(111), (220), (311), (400), (422), (511), and (440).
According to the investigation, Fe,O, NPs have
a cubic phase crystal structure, with a lattice
parameter of a = 8.3060A° and an average crystal
size of 15.7 nm. According to a diffraction light
scattering (DLS) particle size analyzer, the average
size of an iron oxide nanoparticle is between 10
and 127 nm. The nanoparticles’ average size was
52.5 nm, and the FESEM pictures they generated
were cubical to sub-cubical in form. The results of
this survey showed that Fe,0, NP had potential
antibacterial properties against some bacteria.
To precisely understand the mechanics of these
nanoparticles, further surveys are required.
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