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Abstract A detailed investigation of nanostructured iron oxides/(oxy)hydroxides gathered
after cultivation of bacteria from the genus Leptothrix as iron (II) oxidizers is presented. A
specific type of medium is selected for the cultivation of the bacteria. Results for sediment
powder and bio-film on glass substrate samples from the same media are discussed. XRD,
Raman spectroscopy, SEM, and TEM images and PPMS measurements are used to prove the
exact composition of the biogenic products and to interpret the oxidation process. Analysis of
the data collected shows that around 80 % of the iron (II) from the growth medium has been
transformed into iron (III) in the form of different (oxy)hydroxides, with the rest found to be in
a mixed 2,5 valence in magnetite. Our investigation shows that the bio-film sample has a phase
content different from that of the powdered biomass and that lepidocrocite (γ-FeOOH) is the
predominant and the initial biogenic phase in both samples. Magnetite nanoparticles are a
secondary product in the bio-film, part of which possesses a defective quasi-maghemite
surface layer. In the powdered biomass, the oxidation steps are not fully completed. The initial
products are non-stoichiometric and due to the mixed ferric and ferrous ions present, they
develop into: (i) lepidocrocite (γ-FeOOH) as a basic sediment, (ii) magnetite (Fe3O4) and (iii)
goethite (α-FeOOH) in small quantities. The average size of all iron-bearing particles is found
to be below 30 nm. The magnetic measurements performed show a superparamagnetic
behavior of the material at room temperature.
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1 Introduction

A large part of Earth’s sedimentary iron deposits can be attributed directly or indirectly to
microbial activity [1]. Microorganisms that are able to oxidize Fe (II) and form Fe (III) by-
products are diverse in their morphology and overall physiology. Iron (II) oxidation at near
neutral pH has long been thought to occur predominantly abiotically [2] and it still remains
difficult to differentiate clearly between true biogenic iron-containing by-products and those
formed as a result of abiotic processes [3]. One type of microorganism competing with the
kinetically more favorable abiotic Fe (II) oxidation is the Sphaerotilus-Leptothrix group of
bacteria. The abiotic rate of oxidation of Fe (II) in fully oxygenated water is rapid, which
requires that most of the iron-oxidizing bacteria (FeOB) grow under microaerobic conditions
[4, 5], although Leptothrix can grow under many different O2 conditions [6]. Under such
conditions, the Beta-proteobacteria, capable of oxidizing not only Fe (II) but also Mn (II) at
neutral pH, can accelerate the rate of iron oxidation by nearly a factor of three [5]. Numerous
experiments have indicated that biological iron oxidation can contribute to more than 40% of
the net rate of iron oxidation [5, 7, 8]. FeOB can be found in many different natural habitats, on
the interface of oxic/anoxic zones where oxygen concentrations are optimal for their survival
[9]. Microaerophilic FeOB belong to the group of sheathed bacteria and are distinguishable by
their specific morphology. As a result of bacteria-mediated iron oxidation, red/orange micro-
bial mats are formed, which comprise iron (oxy)hydroxides in a polysaccharide matrix in the
specific form of tubular sheaths, with the exact composition of the sheaths yet to be fully
determined. The question about the function of iron oxidation is still open for debate due to the
lack of sufficient information and difficulties with the cultivation of isolates under laboratory
conditions. Traditionally, it has been assumed that bacteria cannot utilize energy from the
oxidation of iron (II) and the purpose of such a reaction is most probably connected with
detoxification of harmful oxygen species, like peroxide [10, 11].

Considerable controversy also exists regarding their taxonomic affiliation, the kinetics of
the abiotic polymerization and oxidation in the precipitated biomass after the bioprocess, the
reason for the formation of sheaths, etc. The cultivation of FeOB that produces iron
bioproducts under laboratory conditions would be a significant step in clarifying these
processes. With regards to oxides, the development of conventional nanotechnologies is about
to reach its limit. Our investigation is motivated by the fact that the possibilities of biological
processes in this respect are yet to be fully comprehended, while the perfection that nature has
achieved during billions of years of natural evolution is indisputable. On the other hand, the
nanosized iron oxides/(oxy)hydroxides have been finding ever-wider applications in medicine.
One of the basic problems in this respect is their biocompatibility and what, if not the natural
product, could be more useful in this respect?

This paper is a continuation of previous works [12, 13] on obtaining and investigating
biogenic powders containing nanostructured iron oxides/(oxy)hydroxides formed by
Leptothrix bacteria. Our interest is with deepening the studies on the morphology and structure
of iron oxides/(oxy)hydroxides that are products of the bacteria’s metabolism and, in particular,
products that pass through nanosized fractions during the process of their formation.
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Isolates from a natural source, which were identified as members of genus Leptothrix and
Adler’s medium (AM) [14] as a growth medium, were used for cultivation of the bacteria
under laboratory conditions. The current work’s focus is on acquiring new data for the
biogenic material obtained from such a medium, based on investigations of powdered sedi-
ments and coatings on glass samples, further referred to as bio-film. XRD, Raman spectros-
copy, SEM and TEM images, and PPMS (physical properties measurement system)
measurements were used to prove the exact compositions of the bio sub-products and to
interpret the oxidation process.

2 Materials and methods

According to the specific environmental requirements of the targeted group of microorgan-
isms, a habitat located in Vitosha Mountain (Bulgaria) was chosen as the main area of
sampling. This is a large area with a well-defined sub-alpine zone, covered by shrubs, some
conifers, and grass. The altitude above sea level is 1783 m with coordinates 42°35′15″N/
23°14′55″E. The average temperatures at this altitude are relatively low (the average monthly
temperature for January is −4 °C and in June, +13 °C). The region is characterized by a large
number of small water sources, such as streams, springs, and swamps. The initial processing of
the biomass harvested consisted in homogenization and filtration to remove various coarse
particles (mud, plant matter, etc.). The procedure for sample preparation under laboratory
conditions is outlined in Fig. 1.

The initial investigation, performed by light and scanning electron microscopy imaging of
the biomass collected from the sampling area, showed the presence and morphology typical for
FeOB with numerous tubular sheaths, as seen in Fig. 2.

Isolation of pure cultures was performed from enriched cultures obtained on solid media
after dilutions according to classical procedures. The identification of isolates by classical
taxonomy and the molecular methods used (PCR detection assay) have been described in
detail previously [12].

To mimic the natural conditions for the development of the iron bacteria targeted, we used
two types of cultivation vessels—Fernbach and Roux flasks. The specific shape of the selected
vessels provides a high volume and surface for aeration of the culture medium in order to allow
the bacteria to grow. The flasks with modified Adler medium [12, 15] were inoculated (10% v/
v) with suspension of pure culture of Leptothrix sp. and cultivated at a temperature of 20 °C.
The pH was maintained at 7.0. The growth medium used for propagation and selective
cultivation of the iron bacteria was modified Adler’s medium (AM), with exact composition
described in detail in [15]. The iron source was 1% of the volume of the growth medium. The
iron source for AMwas ammonium iron (II) sulfate ((NH4)2Fe(SO4)2·6H2O) and iron cuttings.

Two types of samples were studied. They were prepared from material belonging to
flasks with pure culture of the genus Leptothrix, grown in identical media: (i) sedimented
powder sample and (ii) bio-film deposited on glass substrate. The powder sample was
obtained from a bacterial biomass, which after 40 days of cultivation was filtered by paper
filters and dried at room temperature. The glass sample was prepared again after 40 days of
cultivation of the targeted bacteria. The bio-film was prepared directly from the liquid
medium by three drop-wise depositions of collected biomass and drying at room temper-
ature afterwards. Apart from these procedures for sample preparation, no additional
purification or chemical modification was performed. None of the initial biomass collected
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from nature was part of the samples under investigation and did not interfere with the
measurements.

Powder X-ray diffraction patterns were collected within the range from 10 to 80° 2θ with a
constant step of 0.02° 2θ on a Bruker D8 Advance diffractometer with Cu-Kα radiation and
LynxEye detector. Phase identification was performed with the Diffracplus EVAusing ICDD-
PDF2 Database. The electron microscope JEOL JSM-5510LV (JEOL, JAPAN) with a tung-
sten filament operated between 0.5 and 30 kV and commercial software provided by the
producer were used for SEM image manipulations. The specimens were prepared by dropping
the growth medium after cultivation onto cover glasses for light microscopy and drying.

Preparation of enriched cultures

Isolation and storage of pure cultures

Identification of the isolates by classical taxonomy

Confirmation of the taxonomic status of isolates by molecular methods (PCR detection assay) [12]

Double-culturing under same conditions and growth media with pure cultures

Analysis of the biogenic oxides prepared

Mössbauer spectroscopy

SEM and TEM

X-ray Diffraction (XRD) [12]

Magnetic measurements [13]

Raman spectroscopy

Sampling, processing of the biomass harvested, analysis of the natural samples 

for the presence of iron-oxidizing bacteria

Fig. 1 Schematic illustration of the preparation and characterization procedures of the investigated material

Fig. 2 Light microscopy image of
tubular structures of a sample from
the sampling area
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Transmission electron microscopy images were obtained with a TEM JEOL 2100 operated at
200-kVaccelerating voltage. The specimens were dispersed in ethanol by ultrasonic treatment
for 5 min and the suspensions were dripped on standard holey carbon/Cu grids. The glass slide
sample was examined by Raman micro-spectroscopy using a LabRAM HR visible single
spectrometer equipped with a microscope and a Peltier-cooled CCD detector. The 633-nm He-
Ne laser line was used for excitation. The Raman measurements were performed at room
temperature. The magnetic properties were measured on a physical properties measurement
system (PPMS, Quantum Design).

3 Results and discussion

The methods of classical taxonomy applied confirmed that the pure cultures isolated belong to
the genus Leptothrix. This was confirmed by a PCR-assay achieved with specific primers for
genus Leptothrix (Fig. 3). The growth medium used is suitable for obtaining biogenic iron
oxides, using neutrophilic iron bacteria belonging to the genus Leptothrix. Experiments with
different growth media have also been described elsewhere [16]. Choosing the modified Adler
medium was a decision based on assessing the results from the quantity of biomass obtained,
in connection with the growth time in days. In order to achieve any type of application, the
quantities of iron-bearing material obtained biotically have to compete with those obtained
inorganically. Observing the quantities produced, it was also concluded that the Fernbach
flasks provide better conditions for FeOB’s growth than the Roux flasks. Also, our previous
investigation [12] showed that the use of Fernbach flasks is favorable from the point of view of
biomass productivity. Thus, the physical characterization performed was concentrated on
samples from Fernbach flasks. The typical morphology of the cells was confirmed by optical
and SEM imaging. Figure 4 shows SEM images of FeOB cultured in Fernbach flasks on Adler
medium. The typical cell’s morphology can be seen with a shape characteristic of the genus
Leptothrix.

Under laboratory conditions, the growth of bacteria takes at least 7 days. However, none of
the samples investigated contained well-formed, typical Leptothrix sp. sheaths, as revealed by
SEM and light microscopy observations, even under longer periods of cultivation. This
confirmed some previous investigations, which concluded that these bacteria, in most cases,
lose their ability to form iron-containing sheaths when cultured in vitro [17, 18]. These bacteria
bind Fe (III) oxides, such as ferric oxyhydroxide (FeOOH), through active enzymatic or
passive sorption of dissolved Fe (II) to negatively charged cell walls or sheaths [19–23]
through the representative oxidation reaction:

2Fe2þ þ 3=2 O2 þ H2O→↓2FeOOH:

An electron is generated during biogenic oxidation of aqueous-phase Fe (II) to Fe (III) and
has long been thought to be essential for autotrophic or mixotrophic metabolism in Leptothrix

Fig. 3 Amplification profile of the mofA gene – PCR. Visualization of the sizes of the amplified fragments on
3 % agarose gel
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as an energy source [24–29]. The Fe-oxidizing protein of L. discophora SS-1has been reported
to be excreted from bacterial cells in association with exopolymers [30–32]. A ∼150-kDa Fe-
oxidizing protein was identified in concentrated spent cultures of L. discophora SS-1 [25].
This metal-oxidizing protein (corresponding to the enzyme) is considered to contribute to
oxidation of Fe (II) and be associated with formation of the Leptothrix sheath and its metal
encrustation [25, 26, 30, 31, 33].

The sheath material of Leptothrix contains organics such as polysaccharides, proteins, and
lipids whose active groups are expected to play critical roles to bind aqueous-phase cations
[34–36]. Chan et al. [24] showed a strong correlation between the presences of acidic
polysaccharides with carboxyl functional groups to the distribution of iron oxyhydroxides in
the Leptothrix sheath. The encrustation of inorganics in sheaths is most likely the result of
biotic metal-oxidation and any associated reactions are presumably concerned with energy
metabolism in Leptothrix cells [5]. Although careful approaches to study the interactions
between bacterial exopolymers and metal ions in aqua-environments have been promoted
the understanding of this matter i.e., how Fe-oxidizing factors are structurally associated with
complex organic/inorganic composites such as Leptothrix sheaths, still remains to be eluci-
dated [37]. The growth medium used did not lead to the formation of well-formed sheaths but
we were able to prepare sufficient quantities of biomass with ochre coloring, obviously
containing various types of iron oxides/(oxy) hydroxides.

In previous work [12], the elemental composition especially for Fe content was analyzed by
applying the neutron activation analysis (NAA) technique. The main objective was to explore
the possibilities of the biotechnology approach for obtaining large quantities of iron by-
products in laboratory conditions. The reported NAA results for Adler’s medium illustrate
the changes in the content of iron in products from laboratory conditions and the natural
environment. The data clearly indicated a strong increase in the iron content (both Fe (II) and
Fe (III)) in laboratory conditions, which depends weakly on the time of cultivation. At the
same time, probably due to better conditions when culturing in the laboratory, the Fe (II)
oxidation is rapid in the first weeks, which leads to almost all the iron content to be in the form
of Fe (III) compounds. The Fe (II) percentage in the bacterial sample is a good indicator for the
bio-oxidation process and during the investigation the dynamics of iron oxidation was
explored. Figure 5 confirms the decreases of the Fe (II) due to the bioprocess.

The material obtained after the cultivation of the bacteria, in the form of filtered and dried
powder sample, was also characterized by XRD in our work [12] (Fig. 6) and the analysis of
the spectra revealed that the phase composition was mixed: lepidocrocite (γ-FeOOH ) – 60%;
magnetite (Fe3O4) – 22% and goethite (α-FeOOH) – 18%.

Fig. 4 SEM of bacteria of the genus Leptothrix cultivated in Adler medium: a panoramic view; b typical cell
shape with a rough surface

592 I. Nedkov et al.



The TEM investigation of the sedimented and filtered powder sample from Adler medium
showed spherical, nanosized particles with an average diameter of 10 to 30 nm, which were
identified as magnetite (Fig. 7a). In Fig. 7b, one can see long lath-shaped particles typical for
lepidocrocite with diameters ranging from 10 to 20 nm and lengths from 20 to 50 nm and also
needle-like particles typical for goethite (indicated by an arrow). Thus, the TEM investigation
confirmed the results for a three-phase system in the AM sample, as pointed out by XRD
analysis.

The XRD studies of the bio-film showed a phase content different from that of the
powdered biomass. The predominant phase was again that of lepidocrocite, with negligible
amounts of magnetite and traces of maghemite (Fig. 8). The phase content study of the bio-
film deposited from Adler medium on the glass substrate revealed unambiguously the absence
of goethite, in contrast with the presence of the latter in the powder sample.

The bio-film was also examined by Raman spectroscopy at room temperature. Figure 9
presents an optical microscope photograph of spots, where the laser beam was focused (at x=0
and y=0) during the measurements.

The Raman spectra of the material are shown in Fig. 10. Table 1 summarizes the
corresponding iron by-products detected and their positions in the Raman signal. We have

Fig. 5 Dynamics of the oxidation of Fe (II) during cultivation of Leptothrix bacteria in Adler medium and the
same dynamics in a control sample without bacteria
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to note that a strong luminescence signal was present during the measurements arising from all
samples containing iron oxides/(oxy) hydroxides (other samples not shown), which greatly
impeded our investigation. It stretched over the whole spectral range (100 to 3400 cm−1) of the
spectra obtained. Such a luminescence was not observed in samples that did not contain iron
compounds, or from the glass slide without a sample.

The spectral features found in the bio-film sample (Fig. 10a) match those of lepidocrocite
(γ-FeO(OH)), with good crystallinity of the (oxy)hydroxide. All peaks in the spectra are
narrow with a characteristic relative intensity. This confirms the XRD data for this sample.
Examination of the photograph in Fig. 9 reveals areas of black color appearing in some places.
These areas are surrounded by the reddish-brown color of the lepidocrocite. The results of
analyzing this type of places are shown in Fig. 10b. The single broadband at 670 cm−1 is a
well-known feature of magnetite (Fe3O4). Magnetite’s other two very weak bands at 310 and
530 cm−1 can also be found in the spectra shown. Magnetite is a ferrimagnetic material with
iron in a mixed valence state. Its structural formula can be written as (Fe3+)A[Fe

2+Fe3+]BO4,

Fig. 7 TEM images of AM sample. a Particles with a spherical shape identified as magnetite and b lath-shaped
particles of lepidocrocite and needle-like-shaped particles of (oxy)hydroxides, with the arrow indicating a typical
goethite shape
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Fig. 9 Light microscope photograph of biogenic material deposited on a glass slide after cultivation of bacteria
in Adler medium
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where ‘A’ and ‘B’ are magnetite’s tetrahedral and octahedral sub-lattices. Although this oxide
is well known to be connected to different types of bacterial activity [45, 46], it is mainly a
product of Fe (III) reduction by dissimilatory iron-reducing bacteria [47] and has never been
found in FeOB by-products. The presence of traces of maghemite in the XRD spectrum can,
therefore, be explained based on the results of our earlier studies [48, 49], where this was
determined as being an oxidized surface layer with a maghemite-like structure characteristic
for magnetite nanoparticles. The oxidation could be illustrated with the general formula
(Fe3+)A[Fe

3+
5xFe

2.5+
2-6x □x]BO4 where □ is a ‘vacancy’ in the octahedral sub-lattice that

increases up to the surface and x=0 up to 0.3.
The appearance of magnetite in both AM samples to the amount of around 22% (as

calculated from the XRD spectra) of the entire iron-bearing mass does not have a straightfor-
ward explanation. One possible reason for its formation can be deduced from a small very
weak spectral feature found in Fig. 10a, which is not, by any means, characteristic for
lepidocrocite. The band at around 460 cm−1 is a fingerprint for only one iron-bearing
compound, namely, ferrous hydroxide (Fe(OH)2). It cannot be ruled out that these small traces
of Fe(OH)2 are of biogenic origin, because the mechanism of the reactions involving the
hydrogen peroxide (H2O2) derived from the Leptothrix sp. metabolism and the nutrition
present are not fully understood, especially on the interface bacterial wall/iron source. Other
possibilities include a reaction of the salts in the medium and water molecules, or abiotic
adsorption of Fe (II) onto biogenic surfaces. In our opinion, hydroxide is most probably
formed by a light-induced reduction of Fe (III) belonging to the lepidocrocite during the short
period of preparing the glass slide.

A proof for this hypothesis can be found in the optical microscope photograph of the glass
slide (Fig. 9). It can be seen that only some tips elevated above the biomass level are colored
differently from reddish-brown. Also, the 460-cm−1 peak is only present in the lepidocrocite
spectra.

Such small areas with concentrated Fe(OH)2 can act as centers for nucleation of magnetite.
It is more thermodynamically stable than hydroxide and most probably it evolves via the
scheme described by Herane et al. [50]. As they summarized, the formation of magnetite
passes through an intermediate phase—green rust, which is unstable in air. We assume that the
process Fe(OH)2→Fe3O4 takes place in the upper layers of the bio-film and, as was
mentioned before, the magnetite particles are fractionally oxidized to a maghemite-like
structure afterwards.

Table 1 Raman peak positions detected in bio-film sample

Culture media (sample) Raman peak positions
detected in sample*

(cm−1)

Assigned iron
oxides/hydroxides**

Adler medium (AM) 221, 254, 312, 350, 381,465, 530, 650
(Fig. 10a)

lepidocrocite (γ-FeOOH)

310, 540, 670
(Fig. 10b)

magnetite (Fe3O4)

*The prominent peak positions in the Raman signals detected are shown in bold
** The assignment of spectra is on the basis of literature data [38–44]. Since, to the best of our knowledge, Raman
studies on biogenic material have not been performed before, the comparison was made with data for natural and
synthetic minerals, corrosion products, etc
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No Raman peak positions of goethite were detected in the bio-film on glass substrate,
although the XRD measurement showed that it was present in the powder sample, with nearly
19% of the volume. Lepidocrocite and goethite are both polymorphous forms of the iron oxy-
hydroxide FeO(OH) and have the same chemical formula. Their different crystalline structures
make them distinct minerals. Oxy-hydroxide formation and transformation kinetics are still
poorly understood. Small changes in the conditions, such as pH and temperature, may lead to
significant variability in the resulting products, because of the high dynamic surface state of the
oxy-hydroxide in aqueous solutions [50]. Most probably, the by-products in the powder
sample are non-stoichiometric and, due to the high reactivity and depending on the exposure
conditions, intermediate products as well as magnetite and goethite can be formed.

The glass slide is coated by a mixture of iron-bearing compounds contained in a fluid, in
which there are not only water molecules but also organics from the bacteria. Then, it is only in
the short period of preparing the glass slide when a transformation of the iron-bearing
compounds cut take place. After drying the bio-film, the iron oxides/(oxy)hydroxides are
sealed in a type of matrix onto the glass, containing also biogenic leftovers of the bacteria and
thus they retain their morphology and properties.

The powdered sample exhibited a strong response to a weak DC magnetic field, indicative
of the magnetite-phase’s leading role regardless of its lower content. The magnetic properties
were investigated by PPMS. We measured five-segment magnetic hysteresis up to 9 T at 4 and
300 K. They are presented in Fig. 11a and b. The coercive fields Hc are 73 and 16 Oe at 4 and
300 K, respectively. Magnetization values are more typical for magnetite, rather than for any
antiferromagnetic or paramagnetic material. The results indicate a superparamagnetic behavior
of the sample at room temperature (300 K). The main contributor to the magnetic behavior of
the biogenic product is the nanosized magnetite. The existence of a ‘none-zero’ low coercive
field of 16 Oe could be due to the presence of a small amount of magnetite particles with a
diameter larger than the superparamagnetic limit for this kind of particle, or a small contribu-
tion from the antiferromagnetic particles. The remanent magnetization MR is higher for the
lower temperature.

From all the data analyzed, it can be concluded that around 80 % of the Fe (II) from the
growth media has been transformed into Fe (III) in the form of different (oxy)hydroxides, with

Fig. 11 Hysteresis loops M(H) of Adler medium sample at (a) 4 K and (b) 300 K
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the rest found to be in mixed 2,5 valance in magnetite. None of the initial precursors from the
media were detected in the powdered material investigated. Lepidocrocite is the main phase in
the material. There is a possibility that magnetite and goethite do appear after transformation
from lepidocrocite, with lepidocrocite being the initial phase in the samples. In the presence of
Fe (II) ions, lepidocrocite transforms into magnetite in alkaline medium at room temperature
and the same conditions are needed to transform into goethite [51]. Although the pH in the
medium was maintained at a constant neutral level, it cannot be ruled out that at certain places
in the solution and at some points of time, conditions for such transformation do exist.

4 Conclusions

Bionanotechnology in laboratory conditions was employed to produce biogenic nanosized iron
oxides/(oxy) hydroxides powders by cultivation of bacteria from the genus Leptothrix. The
characterization of the biogenic iron oxides/(oxy) hydroxides obtained involved Raman
spectroscopy, XRD, SEM, TEM, and magnetic measurements. A difference was observed in
the phase content of the iron-containing nanosized particles in the powdered sample and that of
bio-film coating deposited on a glass substrate. The film structure is a more refined product
than the sedimented and filtered material and it is a result of the bacteria’s metabolism,
performed directly in the solution. The results demonstrate that lepidocrocite ( -FeOOH) is
the main product of the bacteria’s metabolism, both in the bio-film and in the powdered
sample. A secondary product in the bio-film consists of magnetite (Fe3O4) nanoparticles, part
of which possess a defective quasi-maghemite surface layer with the general formula
(Fe3+)A[Fe

3+
5xFe

2.5+
2-6x□x]BO4 where □ is a ‘vacancy’ in the octahedral sub-lattice. In the

biomass filtered, the oxidation steps are not fully completed, the initial products are non-
stoichiometric and due to the mixed ferric and ferrous ions present, it develops in two
directions: (i) lepidocrocite ( -FeOOH) as a basic sediment and (ii) magnetite (Fe3O4). The
third phase of goethite (α-FeOOH) in small quantities appears, because of the highly dynamic
surface state of the oxy-hydroxide in aqueous solutions. The bioproducts exhibit magnetic
properties determined by the magnetite phase. The magnetic measurements showed a
superparamagnetic behavior of the biogenic sample at room temperature, i.e., the nano-size
of the particles is preserved upon the completion of the biotechnological process.
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