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Results of observation and preliminary analysis on morphology and structure
of ferrihydrite particles produced in vivo by Klebsiella oxytoca bacteria are presented.
In particular, optical microscopy, scanning electron microscopy and small angle X-ray
scattering in accordance with one another point out the fractal structure of the
biomineral particle surface. The effect of the bacteria age (the duration of growth) on
the fractal dimension is established and characterized.

Key words: ferrihydrite nanoparticles, Klebsiella oxytoca bacteria, optical microscopy,
SEM, SAXS.

1. INTRODUCTION

Ferrihydrite, an iron oxide hydroxide, is a much widespread material [1-9]. It
enters, as a constituent, in various bands of environments, such as clays and soils,
soluble fraction of weathered rocks, ground and hydrothermal spring waters, etc.
Of all the types of iron oxides, ferrihydrite has a largest distribution in living
organisms, where it is found in the form of ferritin, an iron storage protein.
Moreover, ferrihydrite is found to be present in some microbial communities,
where it is produced by bacteria as a result of their metabolism [1—4]. In addition to
this, ferrihydrite has been found in several extraterrestrial materials, as meteorites
and interplanetary dust particles [1].
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Ferrihydrite, being an antiferromagnetic oxyhydroxide in the bulk, in
nanophase state yields the particles which possess permanent magnetic moments.
The latter originate from the loss of compensation in a finite spin assembly of a
particle where the number of surface spins is by no means negligible in comparison
with that in the bulk. The two most known forms of these magnetic ferrihydrite
particles are distinguished with respect to the number of lines in their respective
X-ray diffraction patterns [5—7]. Accordingly varies the nanocrystal size: from 2—
4nm in 2-line modification to 5-6nm in 6-line modification. The 6-line
ferrihydrite was identified as a mineral by International Mineralogical Association
(IMA) in 1973 [8,9]. The less crystalline 2-line ferrihydrite, on the other hand, is
not believed to be a mineral. In comparison with most minerals, both 2-line and
6-line ferrihydrites show very broad diffraction lines that makes it difficult to
extract accurate structural information.

With its high specific surface area [10], ferrihydrite is a very reactive
substance. It can interact, either by surface adsorption or by co-precipitation, with a
number of environmentally important chemical species, including arsenic, heavy
metals e.g. lead or mercury, with phosphates and many organic molecules.
Thermodynamically, ferrihydrite is a metastable form of iron oxide and is known
to be a precursor for more crystalline minerals like hematite and goethite [11].
Importance of ferrihydrite in the environmental iron cycle and in metallurgy
processes was for a long time the issue of main interest on the part of the scientific
community. Recently, the magnetic susceptibility of the ferrihydrite particles
enhanced by the superantiferromagnetism effect, together with the presence of
magnetic moment independent on the external field were recognized as possibility
of magnetic manipulation upon these natural objects [12, 13] opening the way of
their in nanomedicine and biotechnologies [14].

In the present paper samples containing biogenic ferrihydrite nanoparticles
produced by bacteria Klebsiella oxytoca are investigated. We note that biogenic
minerals often turn out to be in fact composites where nano- or micro-scale amorphous
or crystalline materials are densely mixed with organic molecules. Due to that,
complex hierarchical structures from nanometer to the macroscopic scale are formed.
The mechanisms of biomineral formation are not fully understood, and while they
are of interest in their own right yielding new insights into the genetic control of
biological structure [15], they may also provide new concepts for artificial structures
and inspire solutions in design and engineering of nanoscale materials.

2. EXPERIMENTAL RESULTS

As a result of variation of the growth conditions for the microorganisms
(growth period, light exposition, potassium citrate — ferric citrate rate, etc.),
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bacterium Klebsiella oxytoca creates, as was established in previous works [2—
4,12,13], two types of ferrihydrite nanoparticles whose differences are accurately
identified by means of Maossbauer spectroscopy [2—4] and static magnetic
measurements analysis [12,13]. Samples Fel2 and Fe34 have been separated from
a bacterial biomass grown during 8 and 21 days, respectively.

In the present study the morphology and structure of these two ferrihydrite
samples produced by Klebsiella oxytoca are investigated by means of a number
of procedures at different length scales: optical microscopy with magnification x 10
(Fig. 1); scanning electron microscopy with equivalent magnification x4-10* (Figs. 2
and 4), and small angle X-ray scattering with resolution x10® (Figs. 3). Under the
optical microscope (Microscope type Leica DM IRB), sample Fel2 looks as a
polycrystalline object (Fig. 1a) while Fe34 displays a sponge-like texture (Fig. 1b).

Fig. 1 — Optical micrograph of sample Fel2 (a) and sample Fe34 (b).

In Fig. 2 the same samples under a JEOL type JSM-840 scanning electron
microscope (SEM) are presented.
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Fig. 2 — SEM images of two samples containing ferrihydrite nanoparticles obtained by means of
two different methods; sample Fel2 (a—e) and sample Fe34 ().
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The SEM images reveal structural differences between the samples. Sample
Fel2 has a grain texture (Fig. 2a), in Fig. 2b the enlarged image of one grain is
given. With a higher instrument resolution, in Fig. 2c small entities on the grain
surface are distinguished. Upon further enhancement of resolution, these entities
appear as multi-lateral particles or clusters of smaller objects. Sample Fe34 has a
stratified and friable branched texture, see Figs. 2f—j. The samples were also studied
by small angle X-ray (SAXS) method on Brucker Nanostar instrument available at the
Institute of Synthetic Polymer Materials RAS, Moscow. The experimental setup
used covers the O range of 0.01-0.11 Al In Fig. 3 experimental and fitting curves
are presented.
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Fig. 3 —Small angle X-ray scattering experimental curves from samples Fel2 and Fe34 obtained at
Brucker Nanostar SAXS spectrometer at the Institute of Synthetic Polymer Materials RAS, Moscow.

3. DATA ANALYSIS AND COMMENTS

Using the FITTER program [16] to model experimental data, it was found
that a form factor for a round cylinder [17] having the radius R and length H:
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1
P(Q) = AjAf (ORN1-x*)S*(QHx/2)dx + B, (1)
0

where,
AN ()=2J,()/t;
S(t)=sint/t;
J, is the cylindrical Bessel function of order 1,
best describes the scattering signal from Sample Fel2 in the analyzed Q range of

0.03+025A™"

In the Q range of 0.013 + 0.03 A, the form factor for elliptical cylinder [17]
with half-axes a, v and length H:

1
P(Q)=A j ¥, (0,a\1-x*)S*(QHx/2)dx + B , )
0
where,
~ 2 2
\PEC<Q,a)=lef[Qa LA cosy}dy,
T
0

was found to best fit the region of experimental curve.

Specific to sample Fel2 at a micron scale (see Fig. 2e) is the presence of
some formations composed from “sockets” separated by “edges”. From SEM
image is evident that they are randomly oriented. This fact allows ignoring the
structure factor of the system, and just taking the form factor.

The experimental curve obtained from sample Fe34 reveals in the O range of
001+0.11A"a power-law behavior: I(Q) = O with the exponent o = 3.18 + 0.01.
This indicates that the system has a fractal structure. When 3 < o < 4, the scattering
objects are considered to be surface fractals which fractal dimension is given by formula
Dg=6— o [18]. Consequently, for sample Fe34, the system structure is characterized
by the fractal dimension Dg=2.82 + 0.01 specific to highly branched surface fractals.

In the case of sample Fel2, by SAXS data analysis several dimensional
levels are detected (see Fig. 3). At the first dimensional level, cylindrical structural
entities of radius R=17.9 A = 0.02 A and length, H=63.6 A £02 A are obtained.
Next level is found to be characterized by elliptical cylinder formations with axis
a=588A+55A, length H=401.2 A +£37.5 A and eccentricity e =2.9 A + 0.3 A.
These results agree with the evidence from SEM images.

4. CONCLUSIONS

As follows from our results, SAXS technique proves its ability to reliably
discriminate several types of structural peculiarities of the bacterial ferrihydrite
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phases. This is important because these phases differ in magnetic, i.e. most
essential for nanomedicine, properties. For further investigations of bacterial
ferrihydrite structural phases, small angle neutron scattering with contrast variation
is required [19], while for magnetic microstructure differentiation experiments with
polarized neutrons are needed [20, 21].

Acknowledgements. The work was accomplished with the financial support of Grant 224/11.04.2008
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