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Abstract. Iron-based nanoparticles have gained a lot of attention due to their properties which offer a broad range 
of biomedical and industrial applications. Traditional methods of synthesis of iron nanoparticles strongly infl uence 
their properties and limit their applicability. Recently, there has been a growing interest in the development of 
biological routes of syntheses of iron nanoparticles as the resulting particles have structural characteristics required 
by biomedical fi eld. The mechanism for the synthesis of iron-based nanoparticles by microorganisms and its current 
limitation are presented.
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Introduction
Iron is one of the most abundant metals of the Earth’s crust. It is found mostly in different forms of iron 

oxide widespread in nature and readily synthesized in the laboratory [1]. Iron based nanoparticles have been studied 
extensively because of their wide range of applications including magnetic recording media, environmental remediation, 
and biomedicines [2-7]. The physical and chemical properties of iron nanoparticles are mainly determined by their size, 
shape, composition, crystallinity and structure [8-10]. Therefore, in almost all applications the preparation method of 
the nanoparticles is one of the most important factors that will infl uence their properties and potential applicability. 
Various methods of synthesis have been reported including chemical reduction, thermal decomposition, hydrothermal 
synthesis, microemulsion, and decomposition by ultrasonic treatment, electrochemical generation [11-18]. Nonetheless, 
development of pathways for nanoparticles production with a better control over the particle size, monodispersity, 
morphology, purity, quantity and quality by employing economical process is still of a great challenge [19]. One of the 
options to overcome this challenge is to use microorganisms to synthesize nanoparticles.

Biological routes of synthesis are preferred mainly due to their overcoming advantages over other methods. 
Advantages such as reaction conditions benign for environment, adequate range of material sources present and good 
nature of reduction takes place to form nanoparticles. The time for completion of the reaction, which is an obvious 
advantage of the biosynthetic procedures compared to the chemical methods [20]. The biogenic approach is also 
sustained by the fact that most of the microorganisms inhabit ambient conditions of varying temperature, pH, and 
pressure [21]. It was found that biosynthesized nanoparticles due to their specifi c properties excel those obtained by 
means of physical or chemical methods [22]. Biogenic nanoparticles have a higher catalytic reactivity, greater specifi c 
surface area, and an improved contact between the enzyme and metal salt in question due to the bacterial cell wall 
network [21, 23, 24]. 

Various methods have been developed for the biosynthesis of iron nanoparticles [25]. According to the 
location were nanoparticles are formed, these processes are classifi ed into intracellular [26] and extracellular [27,28] 
synthesis. Biogenic processes are important in the formation of these nanoparticles, in general terms they are known as 
biomineralization. The mechanism of nanoparticles formation in microorganisms is complicated because of implication 
of different metabolic systems, but generally it can be described as a two-step process. The fi rst step is the uptake of 
the organic or inorganic metal species, both soluble and insoluble, by physic-chemical mechanism such as adsorption. 
Metal ions are adsorbed onto the surface of cells by interactions between metals and functional groups displayed on 
the surface of cells. The second step is a redox-mediated mechanism which involves the participation of membrane 
proteins responsible for acquisition of a specifi c metal ion. These processes end with transportation of ions trough cell’s 
membrane, their deposition and intracellular nanoparticles formation. 

Hereby, we attempt to present the current perspectives in the research fi eld focused on biological synthesis 
of iron-based nanoparticles. This is followed by concise discussions of the nanoparticles properties arising from the 
size/shape and monodispersity of particles. Next, current applications of iron nanoparticles in the technological and 
biomedical fi elds are presented.

Biological synthesis of iron-based nanoparticles
Iron is used by microorganism to build enzymes that catalyze biochemical reactions within the cell [29]. 

Yet, when the cellular concentration of iron becomes greater it causes oxygen to react destructively with many 
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biomolecules. As a result, microorganisms have evolved mechanism for buffering high concentrations. When a 
microorganism takes in more metal than it needs, it stores the excess in either protein storages or simple nanoparticles 
extracellularly or intracellularly. These storages are accessed by microorganisms when there is not enough iron in 
their environment.

The exact mechanism for the biosynthesis of metal nanoparticles using microorganisms has not been established 
yet. One of the reasons is that microorganisms react differently with metal ions and also the existence of different 
metabolic processes which contribute to the synthesis of nanoparticles. In addition, the mechanism for intracellular 
and extracellular synthesis of nanoparticles is different for various microorganisms. A major factor which infl uences 
the intracellular synthesis of nanoparticles is the chemical composition of the cell wall of the microorganism [30]. The 
negatively charged cell wall will interact electrostatically with the positively charged metal ions. The proteins present 
within the cell wall reduce the metal ions to nanoparticles, and fi nally the smaller sized nanoparticles get diffused of 
through the cell wall. As mentioned earlier, biological synthesis of metal nanoparticles is a two-step process, wherein 
biosorption of metal ions is followed by bio-reduction to metal nanoparticles extracellularly or intracellularly.

Biosorption processes
Biosorption has been defi ned as a multitude of metabolically independent processes based on passive uptake of 

ions, which occur in non-living biomass. It has been attested that biosorption processes comprise different mechanisms 
and not just one, depending on the ionic species used, the type of biomass and how it is pretreated [31-33]. Furthermore, 
there are other factors affecting the biosorption of metal species by biomass that should be considered, such as:

cell size and morphology;- 
pH of the external media;- 
cation and anion concentration in the external media;- 
metal speciation;- 
temperature;- 
physiology of the biomass [34].- 

It has been established that metal sequestration is achieved through the following processes: physical sorption, 
ion exchange, chelation; and ion fi xation in inter- and intrafi brillar capillaries and spaces of the structural polysaccharide 
matrix as a result of the concentration gradient and diffusion through cell walls [35-37]. Cells biomass has a very 
complicated chemical composition being composed of various active groups which participate in the binding of chemical 
substances or ions, contributing to their entrapment in the biomass solid substance [38]. According to Volesky [39-41], 
there are several chemical groups that could contribute to the metals acquisition by biomass: acetamido groups of 
chitin, structural polysaccharides of fungi, amino and phosphate groups in nucleic acids, amino, amido, sulfhydryl, and 
carboxyl groups in proteins, hydroxyls in polysaccharides, and mainly carboxyls and sulfates in the polysaccharides of 
marine algae. However, the presence of some functional group is not the main factor which contributes to the biosorption 
processes [42].

Biomineralization
The second step in nanoparticles formulation consists of processes of metabolically mediated reduction, transport 

and deposition of chemical specie. The initial stages of iron nucleation require the participation of the protein / enzyme 
which is also responsible for iron transport within the cell of the microorganism [43,44]. At this stage, depending on the 
microorganism metabolic pathways there are several proteins able to participate: transferrin, lactoferrin, iron transport 
multicopper oxidase (Fet3p). Graphical representations of these proteins are presented in Figure 1. The high-resolution 
crystallographic structures had Protein Data Bank [45] codes of 1ZPU (iron transport multicopper oxidase structure fi le) 
[46], 3QYT (transferrin structure fi le) [47], 1B0L (lactoferrin structure fi le) [48].

It was shown that the inner surface of the protein shell is a source of ligands which are responsible for partial 
coordination of iron and with a coordination degree available for mineral phase anions withal. This specifi c coordination 
gives start to the biomineralization process resulting in the formation of ferrihydrite core which serves as precursor for 
iron nanoparticles [49].

The overall reaction of the iron interaction with ferrioxidaze protein confi rmed by Chasteen 1999 [50] is postulated 
as follows:

Protein + 2Fe2+ + O2 +3H2O → Protein-[Fe2O(OH)2] + H2O2 + 2H+.

According to Chasteen 1999 [50] iron is transferred from the ferroxidase complex to the core nucleation sites through 
the following reaction:

Protein-[Fe2O(OH)2] + H2O → Protein + 2FeOOHcore + 2H+.
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(a) (b) (c)
Figure 1. Ribbon representation of iron transport multicopper oxidase (a), transferrin protein (b) and 

lactoferrin protein (c) based on the coordinates from Protein Data Bank. The images were obtained using 
graphical interface software Visual Molecular Dynamics [51].

A hypothetic mechanism of iron uptake by Gram-negative bacteria and yeast cell is presented in Figure 2. 
According to the literature sources [49], in case of Gram-negative bacteria, bounded iron is transported to specifi c 
membrane receptors which are responsible for unloading Fe3+ ions from lactoferrin, transferrin, haem or haem containing 
molecules, or Fe3+ –siderophores synthesized by bacteria and fungi. It is also mentioned that there are three proteins 
inserted in the cytoplasmic membrane and coupled to the receptors are TonB, ExbB and ExbD. The last ones being 
responsible for forwarding the energy delivered by the proton-motive force of the cytoplasmic membrane for active 
transport across the outer membrane. Thus, periplasmic binding proteins deliver Fe3+ and Fe3+ siderophores to one or 
two integral cytoplasmic membrane proteins, which translocate them into the cytoplasmat the expense of ATP provided 
by ATPases associated with the inside of the cytoplasmic membrane. A similar mechanism of the transport system is 
attributed to Gram-positive bacteria with the exception consisting in the lack of protein receptors and of TonB, ExbB 
and ExbD proteins. Fe2+ transport system differs from the one of Fe3+, it is accomplished under anaerobic conditions and 
through the Feo system. Yeast cells have a much simpler mechanism for iron acquisition. This mechanism involves the 
participation of a protein, Fet3p, which is responsible for mediation of iron oxidation, resulting in plasma membrane iron 
transport through the permease Ftr1p, leading to iron deposition and formulation of nanocrystals.

(a) (b)

Figure 2. Comparison iron uptake mechanism and nanoparticles formulation within the cell of 
Gram-negative bacteria (a) and yeast (b), as stated by Crichton 2001 [49].
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Table 1.
Biosynthesis of iron nanoparticles by different microorganisms.

Microorganisms Product Size Shape Location References
Recombinant AMB-1 magnetite 20nm Octahedral, cubo-

octahedral
intracellular [52]

Magnetotactic 
bacteria

Magnetite 
(Fe3O4) and 

Greigite Fe3S4

32–43nm Cubic intracellular [53]

Yeast cells Iron phosphate
(FePO4)

50-200nm Spherical 
aggregations

extracellular [54]

HSMV-1 magnetite < 45nm Bullet or fl at-top 
shaped

intracellular [55]

Sargassum muticum magnetite 18±4 nm Cubic extracellular [56]

BoFeN1
Acidovorax sp.

Iron phosphate 100±25nm
40nm

Globular,
fl at-shaped

extracellular/
intracellular

[57]

Shewanella 
oneidensis

magnetite 40-50nm Cubic,
rhombic

extracellular [58]

Desulfovibrio 
magneticus

Magnetite,
hematite

40nm
5-10nm

Elongated intracellular/
extracellular

[59]

QH-2 Magnetite 58±20nm not available intracellular [60]

Aspergellius 
fumigates

Magnetite 42.40nm powder not available [61]

Chaetomium 
globusum

magnetite 25.30nm powder not available [61]

Curvularia
 lunata

magnetite 20.80nm powder not available [61]

Aspergillius 
wentii

magnetite 46.50nm powder not available [61]

Alcaligenes faecalis Ferrous sulfate 
(FeSO4),
magnetite

43.60nm,
12.30nm

powder not available [61]

Bacillius coagulans Ferrous sulfate 
(FeSO4)

Not detected powder not available [61]

Fussarium oxysporum Magnetie 20-50nm Quasi-spherical extracellular [62]

Verticillium sp. Magnetite 10-40nm Cubic extracellular [62]

Klebsiella 
oxytoca

Ferrihydrite,
magnetite

Not detected Not available extracellular [63]
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Nonetheless, not all the microorganisms are found to be competent for the synthesis of iron-based nanoparticles. Some 
of the iron-based nanoparticles biologically synthesized using microorganisms are summarized in Table 1.

Properties of iron-based nanoparticles
It was established that iron-based nanoparticles with appropriate surface chemistry are an effective tool for 

numerous in vivo applications such as magnetic resonance imaging contrast enhancement, tissue repair, immunoassay, 
detoxifi cation of biological fl uids, hyperthermia and drug delivery, etc [64-66]. The unique properties of nanoparticles 
are strongly determined by their size and shape [66]. For example, magnetite Fe3O4 has attracted attention because bulk 
Fe3O4 has a high Curie temperature (Tc ~ 850 K) and nearly a full spin polarization at room temperature, both properties 
of great potential for applications in giant magneto-electronic and spin-valve devices based on magnetic fi lms [68]. 

Nanoparticles of iron oxide such as maghemite, γ-Fe2O3, magnetite, Fe3O4 and haematite, α-Fe2O3, have been 
thoroughly investigated for their potential applications in the fi eld of biomedical engineering. Among afore mentioned 
iron oxides, magnetite has proven to be the most promising for this particular fi eld of applications [69,70]. Biomedical 
applications require particles of a nanometric scale [70]. This requirement is explained by the fact that the size of 
nanoparticles is similar to that of most biological molecules and structures making them good candidates for application 
in both in vivo and in vitro biomedical research [71].

In addition to the specifi c structural characteristics, biomedical applications require non-toxic and biocompatible 
iron nanoparticles. Several studies [72] conducted on the cytotoxicity of iron nanoparticles have not indicated any 
membrane permeability alterations and low cytotoxicity of nanoparticles in vitro and in vivo. The cytotoxicity was due 
to the material chemistry. Therefore an important factor which may infl uence their possible applications is the chosen 
route for their synthesis. At this point, production of nanoparticles using microorganism seems to be the most suitable 
route of synthesis.

Applications
Industrial applications

Iron nanoparticles are successfully implemented in a broad spectrum of applications from magnetic recording 
to biomedical applications. Each potential application of these nanoparticles requires different properties and different 
coating agents. For example in data storage applications, the ferromagnetic and antiferromagnetic properties of 
nanostructured components infl uence the recording medium capacity. The exchange coupling can supply the extra 
anisotropy which is needed for magnetization stabilization, thus generating magnetically stable particles [73,74]. Other 
industrial application of iron-based nanoparticles includes their use as Fenton-like catalyst for the degradation of aqueous 
organic solutes [75-77].

Iron based catalyst such as magnetite and hematite have been widely used in various industrial productions, 
including the synthesis of NH3 (the Haber process), the desulfurization of natural gas, dehydrogenation of ethylbenzene 
to styrene, the Fischer-Tropsch synthesis for hydrocarbons, the oxidation of alcohols, and the large scale manufacture 
of butadiene [78]

Biomedical applications
Iron containing nanoparticles offer some attractive possibilities in biomedicine and biological research. Their 

applications include targeted cancer therapy, hyperthermia, drug carrier, DNA analysis, antibacterial agent, biosensor, 
cells separation, magnetic resonance imaging (MRI) [79].

Hyperthermia
Targeted therapy for cancer has attracted great attention from researchers. The concept of hyperthermia consists 

of cancer treatment by heating the tumor. For this purpose iron oxide nanoparticles are used, as they are effi cient heat 
mediators and at the same time they are drug carriers [80,81]. Heating effect is induced by magnetic nanoparticles 
(localized within a tumor) under the infl uence of an oscillating magnetic fi eld. Using this effect once the temperature 
at the localized region reaches 40-50˚C, cancerous cells will be destroyed without causing extensive damage to healthy 
tissue (cancerous cells are more sensitive to heat than normal cells) [82-84].

Drug delivery
Drug delivery systems are developed to enable drugs to reach targeted organs allowing a fast preconcentration of 

drugs in target area and diminish their side effects. Targeted nano-carriers must navigate through blood-tissue barriers 
to reach targeted cells. They must have a small size so that these particles bypass the blood-brain barrier and the tight 
epithelial junction of the skin that normally impede delivery of drugs to the desired targeted site. Magnetic drug delivery 
system uses magnetic carriers that can be loaded with the drugs and directed toward a desired zone, such as tumor cells 
or blood clots by means of a magnetic fi eld gradient [85]. Even though this method seems to be ideal for specifi c diseases 
treatment, there are few requirements which must be fulfi lled. It should be taken into account the fl uid fl ow rate, strength 
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of the applied magnetic fi eld, the content of magnetic nanoparticles, distribution of the magnetic nanoparticles and 
concentration of the injected drug [86-88].

MRI imaging
Functionalized iron nanoparticles have been successfully implemented in the diagnostics due to the possibility 

to guide them using an external magnetic fi eld [89,90]. Magnetic resonance imaging (MRI) is one of the best imaging 
technique which is used to visualize detailed internal structure in the body and is safe to patients. The basic principle of 
MRI technique is based on the counterbalance between the small magnetic moment on a proton and the large number 
of protons present in biological tissue. Resulting effect is measured in the presence of large magnetic fi eld [91]. MRI 
requires magnetic resonance agents to provide the contrast between the targeted cells and the healthy cells in the body 
[91-93]. Currently, MRI technique is limited by the properties of iron nanoparticles, improving their properties would 
help to improve this technique.

Conclusions
Iron nanoparticles can be produced using microorganisms. These methods offer promising alternatives to the 

traditional techniques which are commonly used to produce these particles. The development of biogenic methods 
for iron nanoparticles synthesis is of considerable importance to expand their biotechnological applications, as these 
methods provide clean, nontoxic nanoscaled particles. However, in order to improve effi ciency of the nanoparticles 
synthesis using microorganisms it is necessary to gather a complete knowledge of the molecular mechanism involved in 
this procedure. With further studies it may be possible to produce the material at large scales for commercial availability 
using environmentally benign routes. 
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