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Abstract. Recently, different researchers find nanoparticles as an auspicious alternative to antibacterial
agents due to their antibacterial behaviour. This antibacterial behaviour contributes in many biomedical
applications including; tissue engineering, drug and gene delivery and, imaging. Furthermore, iron oxide
nanoparticle gains much importance due to their magnetic characteristics and wide range of application.
Iron oxide nanoparticle (IONPs) have exhibits great potential against bacteria. During the past decade,
various routes were developed to synthesize iron oxide nanoparticle with suitable size and composition.
This article reviews the recent iron oxide nanoparticle obtained by green synthesis with a focus on their
response to antibacterial activities. The iron nanoparticles synthesized by green synthesis method has
accumulated a vital attention over the last couple of years due to their unique characteristic as it makes
sure environmental friendly, nontoxic and safe reagents.
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Introduction

In nanotechnology, matter is manipulated using
numerous physical or chemical routes to yield materials
at nanoscale with dimension 1-100 nanometers, that
leads to precise properties useful in several applications
because of their large surface area to volume ratio
(Salata, 2004) and (Igbal et al., 2019). Nanoparticles
have extensive range of applications in the most
advanced fields such as sensors (Rao and Paria, 2013),
electronics (Shahwan et al., 2011), biomedical (Naik
et al., 2002), photo-catalysis (Zhang et al., 2012),
catalysts (Frey and Sun 2009) etc. The iron oxide
nanoparticles founded to have distinctive magnetic
properties and superior bio-compatibility. Furthermore,
these nanoparticles made a lot of promises since last
decade and made a remarkable contribution to improve
the livelihood of mankind. Green synthesis of iron oxide
nanoparticles is a bottom up methodology, where the
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reaction may be oxidation and reduction (Naik ez al.,
2002).

Bacteria is responsible for promoting infectious diseases
in plants and other living organisms which are potentially
life threating. This problem drove scientific society
towards the improvement of synthetic antibacterial
reagent. (Vimbela ef al., 2017) Production cost of
traditional antibacterial agents intensifying the burden
on economy of the world but still these microbes are
developing resistance against these antibacterial agents.
So, continuous improvement in the traditional anti-
bacterial agents is necessary (Zhou ef al., 2012). In the
last decades, the treatment involved in infections caused
by bacteria has become more complicated due to the
emergence of the resistance mechanisms which has
resulted in life threatening infections. This led to the
search of alternate materials which can be used as
antibacterial agents (Allaker, 2010). As well as anti-
bacterial agents are concerned, magnetic Iron Oxide
nanoparticles (IONPs) have acknowledged for specifi-
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cation as they could be synthesized with highly potential
active sites and with high surface area (Stoimenov
et al., 2002).

Iron oxides have been lavishly appeared in earth crust
that founded to be frequently used in a long range of
bio-technological and biomedical applications.
Nanoparticles synthesized from these iron oxides works
for cancer treatment (thermal ablation, magnetic
hyperthermia), diagnostic imaging (magnetic resonance
imaging), scale-up bio separation procedures and bio-
sensing-based applications (Wu et al., 2008) (Mohapatra
and Anand, 2010). Fe;O,-NPs-based biomedical
applications are of particular interest because of easy
synthesis in laboratory, cost effectiveness, physical and
chemical stability and also bio-compatible and safe to
environmental (Ahmad ez al., 2017; Irshad et al., 2017).

Basic structure of IONPs. The super paramagnetic iron
oxide nanoparticles (SPIONs) like magnetite, maghemite
or hematite have been widely used among other form of
iron oxide nanoparticles, have broad application in
biomedicine such as drug and gene delivery, repairing
tissue, biological sensing, magnetic resonance imaging
(MRI), hyperthermia and magneto-fection (Ansari ez al.,
2017). The word “ferrihydrite’ is frequently used to define
both 2-line or 6-line ferrihydrite, have any 2 or 6 distin-
guishable wide reflections in the diffraction pattern.
Different chemical formulations for ferrihydrite includes:
Fes(O,H,),, FesHO,, 4H,0, Fe,0,, 2FeOOH, 2.6H,0 and
5Fe,0;, 9H,0. The ferrihydrite have spherical morphology
and occurs as nanocrystals (Eusterhues ef al., 2008).

Magnetite (Fe;0,) exists as black, ferro-magnetic mineral
holding both Fe(II) and Fe(IIl) with cation deficient
Fe(IIT) layer. The unit cell magnetite consists of 32
atoms of oxygen forming face centered cubic structure,
with edge dimension of the unit cell of about 0.839 nm
that leads to inverse spinal crystal structure. In this
crystal structure, partial Fe(Ill) resides tetrahedral sites
whereas the other part of Fe(IIl) ions and Fe(Il) ions
resides octahedral site. The trivalent Fe atoms reside
octahedral and tetrahedral sites and have a Crystal Field
Stabilization Energy (CFSE)=0 in both, while the
divalent Fe atoms resides octahedral sites more
favourably to take greater (CFSE). The magnetite has
octahedron and rhombdecahedron crystal have specific
surface area range 4-100 m*/g (Eusterhues et al., 2008)
(Walsch and Dultz, 2010).

The hematite, a-Fe,0;, have isostructure with corundum,
a-AlLO,. These structure has 3-D context assembled
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with trigonally slanted octahedra FeO,, connected to
13 neighbors by 6 vertices, 3 edges, and 1 face, with
lattice parameters specified in the hexagonal cell:
a=5.0346 A, c=13.752 A with space group R3 ¢ (N°
167, thombohedral symmetry). The structure of hematite
is actually the stacking of sheets of octahedral,
coordinated Fe"™ ions between two closed-packed layers
of oxygen. The Fe-O sheets joint together through strong
covalent bonds. The iron has trivalent state so, each
oxygen atom attached to two iron ions, and therefore,
only two vacant oxygen octahedrons could be occupied,
as a result of this arrangement structure becomes neutral
having no charge lossor excess. The hematite has
hexagonal crystal structure (Walsch and Dultz, 2010).

The ‘lepidocrocite’ y-FeO(OH), have a crystal structure
comprises of double sheets of Fe-octahedra, having
hydroxyl groups placed on their outer sides. Actually,
atoms of hydrogen inhibit the centers of inversion and
have been positioned at an equal distance from the two
oxygen atoms of the neighboring sheets. Consequently,
forms a continuous chains of O-H-O-H-O with
symmetric hydrogen bonds. Lepidocrocite have lath-
like or tabular crystal structure (Eusterhues ez al., 2008).

The structure of Goethite, a-FeO(OH) have an
orthorhombic symmetry with space group Pnma (N°
62). The crystal structure of goethite is built up by 3-
D structure of FeO,(OH), octahedral and each octahedron
is connected to neighboring eight octahedral by 3 vertices
and 4 edges. The OFe;H(bond) or OFe;H surrounds the
oxygen atoms tetrahedrally. Goethite has acicular
morphology (Eusterhues ef al., 2008).

The synthesize technique of iron oxide have significant
important because their unique properties arise due to
reduced size of nanoparticle. The key issues of iron
oxide nanoparticles include; uniformity in shape and,
size of nanoparticle. There are numerous methods to
synthesize of IONPs such as; sonochemical
(Vijayakumar et al., 2000), sol-gel method (Bagheri

Table 1. Common structures of iron oxide nanoparticles
(Mohapatra and Anand, 2010)

Iron oxide Morphology Specific surface area

Magnetite Octahedron and 4-100 m*/g
rhombdecahedron

Hematite Hexagonal 10-90 m*/g

Iepidocrocite Tabular 15-260 m’/g

Goethite Acicular 8-200 m’/g

Ferrihydrite Spherical 100-700 m*/g




204

et al., 2013), hydrothermal method (Giri et al., 2005),
flow injection synthesis (Salazar-Alvarez et al., 2006),
microemulsion process (Vidal-Vidal et al., 2006),
radiolysis (Abedini et al., 2014), microwave method
(Carenza et al., 2014), laser pyrolysis (Bomati-Miguel,
et al., 2008), aerosol pyrolysis (Tartaj et al., 2004) and
many others (Li ef al., 2019; Saqib et al., 2019).
Synthesis of nanoparticles by chemical or physical
routes may drop their reactivity because of accumulation
of air exposure (Kim et al., 2008) and magnetism. (Wu
et al., 2008). As these routes involves chemical
precursors contaminated chemicals and, formation of
unsafe by-products (Thakkar ef al., 2010). The Green
synthesis offers progression over physical and chemical
routes because it is environmental friendly, easily scaled
up for large scale synthesis and the method doesn’t
require the use of high pressure, cost effective, toxic
chemicals and high temperature (Shankar ez al., 2004).

During the last two decades, it founds challenging and
active zone of research to synthesize the iron oxides
nanoparticles for different applications. This process
involves to carefully chose temperature, pH, concen-
tration of reactants, process of mixing, and also rate of
oxidation (DoMINGO et al., 1994). The morphology
of IONPs depends upon adsorption of impurities,
aggregation, nucleation and, growth (Cornell and
Schwertmann, 1996). Although, it is not always probable
to get IONPs directly in required shape and size. So, it
followed to transform iron oxide precursor additionally
which is sensitive to results (Butter ef al., 2005; Baker
et al., 2000). The following sections briefly review the
iron oxide nanoparticle synthesized by green synthesis
with the focuses on their antibacterial activity.

Green synthesis. For the synthesis of micro and nano
scaled inorganic materials, nature has developed many
routes, which contributes advancement towards novel
and unexplored field of research centered on the
biosynthesis of nano-scale materials (1-100nm).
Nanoparticles synthesized by “Green synthesis” makes
the use of non-toxic, environmental friendly and safe
reagents. (Afsheen ef al., 2018) These nanoparticles
have diverse natures, with suitable dimension and greater
stability as they are synthesized through one-step
procedure and uses less energy makes it eco-friendly
(Kharissova et al., 2013; Luechinger et al., 2009). In
general, green nanotechnology uses biological routes
such as plants, microorganisms and viruses with the
help of different technological tools to synthesize
nanoparticles. Nanoparticles synthesized through green
synthesis found to be superior to those synthesize by
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other physical or chemical routs due to numerous aspects.
Since, green synthesis consumes less energy, reduce
the use of costly chemicals, and generate environmentally
benign products and by products (Singh ef al., 2011;
Narayanan and Sakthivel, 2011).

To developed metallic nanoparticles using plants
employs that dehydrated the metallic salt and biomass
of the plants, as precursor and bio reducing agent
respectively. Magnetic NPs synthesized biologically
exploits a bottom-up approach in which synthesize
nanoparticles is made with through the stabilizing and
reducing reagents. The nanoparticles synthesis by using
a biological rout is followed by three steps: the excellence
of solvent medium uses, the excellence of a nontoxic
material as a topping agent, and the excellence of an
environmental friendly and is to stabilize the synthesized
nanoparticles (Shinde et al., 2012; Krutyakov ef al., 2008).

Synthesis of IONPs using plant extract. Generation of
iron oxide nanoparticles with green synthesis route by
using different parts of plant like seed, root, stem and
leaf'is the modest, reproducible and the most cost effective
methodology (Kalaiarasi ef al., 2010). The iron oxide
nanoparticles produced by plants proved to be the most
stable and best applicants’ where stable and large-scale
synthesis of these magnetic nanoparticles is required.
Because plants have natural configuration of various
organic reducing components, that are simply disseminate
towards the synthesis of magnetic NPs (Mukunthan and
Balaji, 2012; Iravani, 2011). Consequently, the effec-
tiveness of phytochemicals based on plant in whole
synthesis and construction of NPs develops cooperation
between sciences and nanotechnology which gives green
approach to nanotechnology, which can be raised to as
green nanotechnology without environmental pollution.
Hence this concept leads to eco-friendly solution to
problems (Shukla ez al., 2012). All the plants parts are
used to synthesize iron oxide nanoparticles like, leafs,
seeds, bran and fruit extract.

The iron oxide nanoparticles synthesized by green
synthesis route by means of various plant extracts had
been reported by several researchers. Plant-mediated
metallic IONPs are rapidly processed and low cost, is
an alternative to chemically synthesis practices. (Igbal
et al., 2016) The iron oxide NPs synthesized by extract
of Tridax procumbens leaf with reduction of ferric
chloride (FeCl;). The extract of Tridax p. contains
carbohydrate compounds that are soluble in water. The
carbohydrates contain aldehyde group that may help to
reduce Fe™ of ferric chloride to Fe;O, nanoparticles
(Kiitinal et al., 2018, Saif et al., 2016).
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Iron oxide NPs could be easily synthesizing by using
Camellia sinensis leaves (Green Tea). Synthesis of
IONPs can be prepared by adding Camellia sinensis
leaves extract and 0.01M Ferric Chloride in a clean
sterilized flask with 1:1 ratio. The polyphenols consist
of flavanoids and Catechins, present in Camellia sinensis
(Green tea) reduce the salt precursors to nanoparticles.
The Epigallocatechin Gallate (EGCG) which is an active
catechin has standard potential of 0.58 V that takes part
in reduction process, which reduces the Fe* to FeO
and has standard potential equals to -0.036 V.
Polyphenols in Green tea leaves extract act as capping
agents and have the properties of reducing ferric cations
which shows that the IONPs to synthesized from
Camellia sinensis (Green tee) leaves extract has an
antibacterial property against Escherichia coli
(Gottimukkala et al., 2017).

Iron oxide nanoparticles synthesized by the addition of
0.01M FeCl;+6H,0 solution to the Lagenaria siceraria
leaves extract in the 1:1 ratio. The iron oxide nanoparticles
were instantaneously developed due to reduction process
because LS leaves have the best reduction capability
against ferric chloride. FT-IR results shows the stretching
vibrations, -OH bond and C=0 bond which shows the
aqueous phase and the phytochemicals present in the
plant extract and amino acids which stabilize and also
act as a covering agents respectively. The zeta potential
of Fe;0,-NPs was -52 meV proves the synthesized NPs
are highly stable because of the strong (-ve) surface charge
density (Kanagasubbulakshmi and Kadirvelu, 2017).

Iron oxide nanoparticles easily synthesize by Sageretia
thea (Osbeck), by using iron sulfate hepta hydrate as
a precursor. The XRD, HR-SEM/TEM and SEAD results
shows that iron oxide NPs are tetragonal crystalline in
shape with particle size about 30nm. The fourier
transform infrared spectroscopy (FTIR) results shows
Fe—O vibration mode and broad —OH stretching which
attribute to the presence of phenolic compounds. These
IR absorptions attribute the phytochemical compounds
that further used in capping, reduction and, moreover
to stabilize the IONPs (Khalil ez al., 2017).

The iron oxide nanoparticles by Azadinia indica leaf
extract can be synthesized by mixing A. Indica leaves
extract with 0.1M metal salt FeSO, in 1:5 ratios. The
characterization results exhibits that, the 4. Indlica yields
iron oxide nanoparticles spherical in shape having size
ranges from 98-200nm. FTIR results are evident to
concentration of polyphenols and presence of Fe NPs.
The polyphenols compounds are acknowledged to have
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antibacterial behaviour (Devatha ef al., 2018; Romero
etal., 2007).

The Punica granatum plant used to synthesize IONPs
by using Punica g. peel extract and ferric chloride
hexahydrate (FeCl;.6H,0) as a precursor. The XDR
results confirm that the nanoparticles are purely crystalline
in shape. The FT-IR revealed the existence of
phytochemicals composites in Punica granatum peel
extract. These phytochemicals compound acts as reducing
and stabilizing agents. These nanoparticle has inhibition
on Pseudomonas aeruginosa strain (Irshad et al., 2017).

The iron oxide nanoparticles were obtained with
Lawsonia inermis (Henna) and Gardenia jasminoides
plant extract. FeSO, (filtrate) acts as reducing, capping,
and stabilizing agent in the synthesis of iron oxide
nanoparticles (Makarov et al., 2014). The XRD, TEM,
SEM- EDX results reveals that the IONPs have size
21nm and 32nm with hexagonal are rock like structure
for iron oxide nanoparticle obtained from henna and
Gardenia leaves extract respectively. These nanoparticles
show a strong effect against the habitation of Sa/monella
enterica, Escherichia coli, Staphylococcus aureu and
Proteus mirabilis bacteria (El-Hag et al., 2007; Naseem
and Farrukh, 2015).

The IONPs produced by using Moringa oleifera leaf
extract and seed extract. The solution is prepared by
mixing different proportions of Moringa oleifera plant
extracts with iron chloride solution that act as a precursor.
These nanoparticles are characterized by using different
characterization techniques like; dynamic light scattering,
UV-Visible spectroscopy, XRD, FTIR and TEM. Results
revealed that these iron oxide nanoparticles have great
potential against bacterial habitation. The maximum
inhibition zone against Escherichia coli bacteria observed
by iron oxide nanoparticle synthesized by Moringa
oleifera seed extract and Moringa oleifera leaf extract
is 6nm and Snm respectively (Katata-Seru ez al., 2018).

The iron oxide nanoparticle was synthesize using
Glycosmis mauritiana leaves and FeCl;.6H,O and
FeCl,.4H,0. The characterization of these nanoparticle
shows that the iron oxide nanoparticles crystalline in
nature having average particle size about 100nm and
cubic in shape. Also, reported by other authors who
found iron oxide nanoparticle 100 nm in size when syn-
thesize with Lagenaria siceraria (Kanagasubbulakshmi
and Kadirvelu, 2017). The synthesized iron oxide
nanoparticles show great inhibition of bacterial strain.
By increasing the density of iron oxide nanoparticles,
the bacterial strain growth was inhibited gradually
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(Amutha and Sridhar, 2018). The iron oxide nanoparticle
shows significant antibacterial behavior against Escher-
ichia coli, Klebsiella pneumonia, Staphylococcus aureus
and, P. aeruginosa. When synthesized by Passiflora
foetida and using iron chloride as a precursor (Suganya
etal.,2016).

Simplest and well established method probably yields
better magnetic iron oxide nanoparticle and green route
no doubt is the simplest, cheap and ecofriendly route.
Although, the magnetic iron oxide nanoparticle synthe-
sized from green synthesis method are most stable and
size of these iron oxide nanoparticle is compare to other
traditional methods. For instance, the iron oxide nano-
particles synthesized by co-precipitation method found
to be mostly Spherical magnetite with size range from
30-100 nm (Tartaj ef al., 2005; Chastellain ez al., 2004;
Tartaj et al., 2003; Jolivet et al., 2000). That is compar-
able to green synthesis method but these nanoparticles
require an extra coating for stability (Xu et al., 2006;
Lin et al., 2005). The iron oxide nanoparticles yield by
micro-emlusion method have size (10 nm) (Tartaj et
al., 2003) comparable to those synthesize by Sargassum
muticum plant (Mahdavi et al., 2013). But the main
demerit of these nanoparticles is that, they have difficult
scale-up process and residual surfactants have adverse
effects on the properties of the nanoparticles (Tartaj et
al., 2003; Pileni, 1993). The iron oxide nanoparticles
synthesized by Spray and laser pyrolysis have size range
5-60 nm that is comparable to nanoparticles synthesized
by green synthesis but equipment used in this method
are highly expensive than price range of equipment
used in green synthesis also have low yield percentage
(Hasany et al., 2012).

Mechanism of action of IONPs against bacteria. The
antibacterial behaviour of iron oxide nanoparticles for
the bacterial cell is followed through the fabrication of
intracellular “Reactive Oxygen Species” (ROS). The
exited electron of iron oxide nanoparticles promotes the
production ROSs which could be hydrogen peroxide
(H,0,), superoxide free radical (O,) and hydroxyl free
radical (OH.) in the bacterial cell. These reactive oxygen
species control the stimulation of the oxidative stress
that tends to injur the cellular compounds such as; DNA,
protein, cell membrane and other vital enzymes. Hence,
the results obtained suggest that iron oxide nanoparticle
synthesize by green synthesis include the interaction
with the surface of bacterial cell and promote the
production of intracellular reactive oxygen species results
in the leakage of cytoplasmic constituents. Figure 1
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Fig. 1. Mechanism of action of IONPs against
bacteria (Arakha et al., 2015).

shows the possible mechanism of action of IONPs for
anti-bacterial activity.

Conclusion

This review focused the generation of iron oxide nano-
particles through green synthesis route and also their
potential against antibacterial activity. This effort has been
made to spot the different green mediators to synthesis
IONPs from plant extract and their reaction trails. Review
of the latest research work confirms that numerous plant
resources are evolves for the superficial synthesis of iron
oxide nanoparticles, that have great potential for antibacterial
activity. Therefore, plant resources appeared to be more
reasonable as mediators to generate of IONPs because it
has eco-friendly individualities and low cost value, could
be used as an alternate where large-scale production of
nanoparticles is required.

Conflict of Interest. The authors declare no conflict
of interest.
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