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ABSTRACT
Recent researches have shown that microbe-metal interactions play important roles
in the metal cycling and biomineralization in the subsurface environments. The
objective of this research was to study effects of microbial growth conditions for size
control on synthesis of magnetite nanoparticles by Fe(Ⅲ)-reducing bacteria enriched
from intertidal flat sediments in Korea. Microbial formation of the magnetite
nanoparticles was examined under various incubation temperatures (8 – 35°C),
concentrations (20 – 60 mM) of magnetite precursor, medium pHs (6.5 – 8.5) and
incubation times (0 – 3 weeks). The Fe(Ⅲ)-reducing bacteria formed 2 ~ 10 nm sized
magnetite (Fe3O4) by reduction of 40 mM akaganeite, especially, under the conditions
at 25°C and medium pH=8.5 within 1 week incubation time. The magnetite
nanoparticles formed by microbial processes exhibit superparamagnetic behavior.

1. INTRODUCTION
Recently, the use of microorganisms for the synthesis of nano-sized materials has
emerged as a novel approach (Coker et al., 2006; Mohanpuria et al., 2008). Microbial
synthesis of nanoparticles would benefit from the development of clean, nontoxic and
environmentally acceptable “green chemistry” procedures (Lovley, 1997; Bhattacharya
and Rajinder, 2005). However, this method is still in the development stage because of
difficulties to control the size and physical properties of the particles. The rate of
intracellular particle formation and the morphological character of the nanoparticles
could be manipulated by controlling growth parameters such as temperature, pH,
substrate concentration and exposure time to substrate (Gericke and Pinches, 2006a).
Efforts have also been made to manipulate the size and shape of nanoparticles
produced extracellularly by microbes through altering key growth parameters (Gericke
and Pinches, 2006b).
A thermophilic fermentative bacterial strain TOR-39 formed magnetite nanoparticles
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which showed the size and morphological changes resulting from crystallographic
growth of magnetite during Fe3+ reduction by the bacteria (Zhang et al., 1998). The
research showed the possibilities to synthesize of monodisperse magnetite
nanoparticles by bacteria through altering growth conditions. Magnetite (Fe 3O4)
nanoparticles could be used in diverse applications such as magnetic resonance
imaging (MRI) contrast enhancement, magnetic ink, frequency response, ferrofluid, and
other applications (Berger et al., 1999; Kim et al., 2001; Shinkai, 2002; Love et al.,
2005; Zhang et al., 2007). In a previous study, Strain PV-4, Shewanella sp., isolated
from iron-rich microbial mats at an active, deep-sea, hydrothermal Naha vent of Loihi
Seamount, Hawaii, reduced iron and formed magnetite in a wide range of temperatures
from 0 to 37°C, with the optimum rate at 18°C (Roh et al., 2006). It indicates that the
range of growth temperatures could be reflective of its favorable natural habitat. Such a
microbial growth condition contributes to formation of magnetite with relatively uniform
size and shape.
Therefore, the objectives of this study were to examine the effects of microbial
growth conditions on synthesis of magnetite nanoparticles and to find optimal
parameters to achieve controlled size and shape of the magnetite nanoparticles by
indigenous Fe(Ⅲ)-reducing bacteria enriched from intertidal flat sediments.

2. EXPERIMENTAL
2.1. Microorganism and Cultivation
The Fe(Ⅲ)-reducing bacteria, Haejae-1 (mainly Clostridium sp.), were enriched from
intertidal flat sediments in Haejae, Muan, Jeolla Province, South Korea. According to a
previous study, Haejae-1 is a facultative bacterium and grows well at room temperature
(Roh et al., 2007). The medium for the bacteria (Haejae-1) growth and microbial
magnetite synthesis contained the following ingredients (g/L): 2.5 NaHCO3, 0.08
CaCl2·2H2O,
1.0
NH4Cl,
0.2
MgCl2·6H2O,
10
NaCl,
7.2
HEPES
(hydroxyethylpiperazine-N'-2-ethanesulfonic acid), 0.5 yeast extract, 10 ml trace
minerals, 1 ml vitamin (Roh et al., 2007). The dissolved basal medium was boiled and
cooled with N2 gas purging to make an anoxic condition, and then dispensed into 125
ml serum bottles. The final pH of media prepared was about 8.0-8.2.
2.2. Preparation of Magnetite Precursors
Akaganeite (β-FeOOH) was used as a precursor for synthesis of magnetite
nanoparticles. Akaganeite (β-FeOOH) was prepared as follows (Roh et al., 2001):
NaOH solution (10 M) was slowly added into FeCl3·6H2O (0.4 M) to precipitate
akaganeite (β-FeOOH). Following titration at pH 7, the akaganeite (β-FeOOH)
suspension was washed with distilled water three times and aged at room temperature
(about 25°C) under an anoxic atmosphere for 3 months.
2.3. The Effect of Experimental Conditions on Nanoparticle Production
The Fe(Ⅲ)-reducing bacteria, Haejae-1 (mainly Clostridium sp.), were incubated in
serum bottles containing 100 ml medium and 10 mM glucose as an electron donor.
Table 1 shows the experimental conditions to evaluate the effects of growth parameters.

To understand the effect of incubation temperature on magnetite nanoparticles
synthesis, the bacteria were incubated with 40 mM akaganeite and 10 mM glucose at
different temperatures ranged such as 8°C, 25°C and 35°C. And also, for the effect of
iron oxyhydroxide concentration as a magnetite precursor, the bacteria were exposed
to the various iron oxyhydroxide concentrations of 20 mM, 40 mM and 60 mM,
respectively, included 10 mM glucose at room temperature. The effect of pH on
magnetite formation was evaluated with inoculation 1 ml Haejae-1 (Clostridium sp.)
from suspended cell culture into different pH ranged medium from 6.5 to 8.5 added 40
mM akaganeite as an electron acceptor and 10 mM glucose as an electron donor,
respectively. These samples were incubated at room temperature for a month. During
the experiments, the suspended nanoparticles were sampled at 24 hour, 48 hour, 1
week and 2 week to determine the rate of Fe(III) reduction and magnetite formation by
the Fe(Ⅲ)-reducing bacteria.
Table 1. Experimental conditions depending on the four environmental factors such
as incubation temperature, precursor concentration, medium pH, and incubation time
Factor

Electron
acceptor

Electron
donor

Bacteria

Incubation
temperature
Concentration of magnetite
precursor

Experimental parameter
8°C, 25°C, 35°C

40 mM
Akaganeite

Medium
pH
Incubation
time

10 mM
Glucose

1 ml
Haejae-1
(Clostridium sp.)

20 mM, 40 mM, 60 mM
pH = 6.5, 7.5, 8.5
24-hour, 48-hour,
1-week, 2-week

2.4. Mineralogical Characteristics of Biosynthesized Magnetite Nanoparticles
The mineralogical characteristics of a magnetite precursor, akaganeite, and
biosynthesized phases by microbial processes were examined using X-ray diffraction
(XRD) and transmission electron microscopy (TEM) with energy dispersive X-ray (EDX)
analyses. X-ray diffraction analysis was performed using a, X'Pert PRO (PANalytical,
Netherlands) equipped with CuKα radiation (40 kV, 20 mA) at scan speed of 5 θ/min.
TEM analysis was done on a Phillips Tecnai F20 (Philips, Netherlands) with
accelerating voltage of 200 kV to determine morphology and the elemental composition
of the synthesized magnetite nanoparticles.

3. RESULTS AND DISCUSSTION
3.1. The Effect of Incubation Temperature
To understand the effect of incubation temperature for mineralization by bacteria, the
bacteria were incubated at 8°C, 25°C and 35°C for a month. The particles produced by
bacteria were collected after a month incubation to characterize the mineral properties

using TEM-EDX and XRD. Figure 1 showed that when using akaganeite as a magnetite
precursor, magnetite nanoparticles formed by bacteria at 25°C have relatively the most
uniform size (8 ~ 12 nm) and shape (spherical or hexagonal) compared to the one
formed at 35°C (6 ~ 25 nm). However, akaganeite were not transformed to magnetite
completely at 8°C but formed mainly goethite (α-FeOOH) and few magnetite
nanoparticles (Fig. 1C). That means the bacteria might be restricted their growth by
incubation temperature and, especially, Haejae-1 can synthesize the most regular
controlled magnetite nanoparticles at 25°C (Fig. 1D).

Fig.1. Microbial synthesis of magnetite nanoparticles at different incubation
temepratures: Color change followed by the mineral phase transition (A), XRD patterns
(B), and TEM images of magnetite formed by Haejae-1 (Clostridium sp.) at different
incubation temperatures at 8°C (C), 25°C (D), 35°C (E)

3.2. The Effect of Concentration of Magnetite Precursor
In this study, concentrations of a magnetite precursor, iron oxyhydroxide (akaganeite),
had an effect on size of the nanoparticles. Haejae-1 (Clostridium sp.) was incubated
with various concentrations of akaganeite, 20 mM, 40 mM and 60 mM, for a month to
examine the optimal concentration for synthesis nanoparticles being well defined size
and shape. The bacteria synthesized magnetite nanoparticles within a week in all
conditions (Fig. 2). When using 40 mM akaganeite as a magnetite precursor, the
bacteria formed most uniform size of 5 ~ 10 nm and regular shape of magnetite
nanoparticles (Fig. 2D). In the low concentration, 20 mM, a small amount of magnetite
nanoparticles were formed with 2 ~ 7 nm in size (Fig. 2C). While the most irregular size
(8 ~ 20 nm) and shape of magnetite nanoparticles were observed in high concentration,
60 mM, of magnetite precursor (Fig. 2E). These indicate that crystal of magnetite can

grow bigger and more in high concentration of iron oxyhydroxide because the
magnetite precursors play a role in nucleating of crystalline magnetite nanoparticles.

Fig. 2. Microbial synthesis of magnetite nanoparticles at different concentrations of
magnetite precursors: Color changes by the mineral phase transition (A), XRD patterns
(B) and TEM images of magnetite formed by Haejae-1 (Clostridium sp.) with different
concentrations of akaganeite [20 mM (C), 40 mM (D), 60 mM (E)]

3.3. The Effect of Medium pH
Haejae-1 produced magnetite nanoparticles extracellularly at all pH levels and the
nanoparticles had predominantly spherical shape (Fig. 3). However, variations in pH
levels during exposure to iron oxyhydroxide had an impact on the microbial reaction
time. The most rapid color change from brown to black occurred in medium at pH 8.5.
The black precipitates were identified as magnetite which had 5 ~ 10 nm in size (Fig.
3B, E). Magnetite formed in medium at pH=7.5 had larger size of 5 ~ 25 nm (Fig. 3D).
While magnetite nanoparticles formed in medium at pH 6.5 had around 15 nm in size
(Fig, 3C), the reaction occurred more slowly than other conditions, pH=7.5 and 8.5.
Thus, Haejae-1 grew actively at pH=7.5 - 8.5 and participated in formation of magnetite
nanoparticles effectively at pH=8.5. These results indicate that variations in pH levels
could have an effect on the bacterial growth and mineralization rate.

3.4. The Effect of Incubation Time
Haejae-1 was incubated with akaganeite as a magnetite precursor and glucose as an
electron donor in the growth medium at room temperate, being observed color changes
in the serum bottles. The nanoparticles produced by the bacteria were harvested for
analyses of TEM and XRD after 24-hour, 48-hour, 1-week and 2-week incubation. The

particles transformed from akaganeite occurred within 24 hours of incubation (Fig. 4B).
Tiny (< 5 nm) magnetite particles were first observed at 24 h and they were associated
with iron oxyhydroxide such as akaganeite and goethite (Fig. 4B). The TEM images
taken after 48 hours showed the copious amount of magnetite nanoparticles (Fig. 4C).
By 1 week, most of the iron oxyhydroxide had disappeared, and large (around 10 nm)
and spherical-shape magnetite particles were observed in great abundance (Fig. 4D).
Thus the grain sizes of the magnetite particles increased with incubation times, and it
might be resulted from crystal nucleation and growth (Zhang et al., 1998). Therefore,
the bacteria, Haejae-1, need at least one week to completely synthesize magnetite with
40 mM akaganeite and 10 mM glucose under an anoxic condition at room temperature.

Fig. 3. Microbial synthesis of magnetite nanoparticles at different pHs of medium: Color
changes by the mineral phase transition (A), XRD patterns (B) and TEM images of
magnetite formed by Haejae-1 (Clostridium sp.) at different pH values of media at
pH=6.5 (C), pH=7.5 (D), pH= 8.5 (E)

Fig. 4. Microbial synthesis of magnetite nanoparticles at different incubation time: XRD
patterns (A) and TEM images of magnetite formed by Haejae-1 (Clostridium sp.) at
different incubation time; 24-hour (B), 48-hour (C), 1-week (D), 2- week (E)

4. CONCLUSIONS
The Fe(Ⅲ)-reducing bacteria enriched from the inter-tidal flat sediments, Haejae-1,
belong to genus of Clostridium sp., and the bacteria formed 2 ~ 10 nm-sized magnetite
(Fe3O4) by reduction of 40 mM akaganeite especially, under the conditions at 25°C and
medium pH=8.5 within 1 week incubation time. Therefore, this study demonstrated that
the rate of particle formation and the size of nanoparticles could be manipulated by
controlling microbial growth conditions such as growth temperature, concentration of
mineral precursor, medium pH and incubation time. The magnetite nanoparticles
formed by microbial processes exhibit superparamagnetic behavior and can be useful
for relevant medical and physical applications.

Acknowledgements
This work was supported by NRF of Korea (Grant No. NRF-2011-0010163) and the
GAIA Funding (Grant # RE201402060). We are grateful to Mr. Park in KBSI-Gwangju
for TEM and Mr. Kim in CCRF for XRD analyses.

REFERENCES
Berger, P., Adelman, N.B., Beckman, K.J., Campbell, D.J., Ellis, A.B. and Lisensky,
G.C. (1999), “Preparation and properties of an aqueous ferrofluid”, J. Chem. Educ.,
Vol. 76, 943-948.
Bhattacharya, D. and Rajinder, G. (2005), “Nanotechnology and potential of
microorganisms”, Crit. Rev. Biotechnol., Vol. 25, 199-204.
Coker, V.S., Pattrick, R.A.D., Laan, G.V.D., and Lloyd, J.R. (2006), “Formation of
magnetic minerals by non-magnetotactic prokaryotes”, Microbiol. Monogr., Vol. 3,
276-295.
Gericke, M. and Pinches, A. (2006a), “Biological synthesis of metal nanoparticles”,
Hyderometallurgy, Vol. 83, 132-140.
Gericke, M. and Pinches, A. (2006b), “Microbial production of gold nanoparticles”, Gold
Bull., Vol. 39, 22-28.
Kim, D.K., Zhang, Y., Voit, W., Rao, K.V. and Muhammed, M. (2001), “Synthesis and
characterization of surfactant-coated superparamagnetic monodispersed iron oxide
nanoparticles”, J. Magn. Magn. Mater., Vol. 225, 30-36.
Love, L.J., Jansen, J.F., McKnight, T.E., Roh, Y., Phelps, T.J., Yeary, L.W. and
Cunningham, G.T. (2005), “Ferrofluid field induced flow for microfluidic applications”,
IEEE/ASME Trans. Mechatron., Vol. 10, 68-76.
Lovley, D.R. (1997), “Microbial Fe(Ⅲ) reduction in subsurface environments”, FEMS
Microbiol. Rev., Vol. 20, 305-313.
Mohanpuria, P., Rana, N.K. and Yadav, S.K. (2008), “Biosynthesis of nanoparticles: t
echnological concepts and future applications”, J. Nanopart. Res., Vol. 10, 507-517.
Roh, Y., Lauf, R.J., McMillanm, A.D., Zhang, C., Rawn, C.J., Bai, J. and Phelps, T.J.
(2001), “Microbial synthesis and the characterization of metal substituted
magnetites”, Solid State Commun., Vol. 118, 529-534.
Roh, Y., Park, B., Lee, J., Oh, J., Lee, S., Han, J., Kim, Y. and Seo, H. (2007),
“Mineralogy and biogeochemistry of intertidal flat sediment, Muan, Chonnam,
Korea”, J. Mineral. Soc. Korea, Vol. 20, 47-60.
Roh, Y., Vali, H., Phelps, T.J. and Moon, J.W. (2006), “Extracellular synthesis of
magnetite and metal-substituted magnetite nanoparticles”, J. Nanosci. Nanotechnol.,
Vol. 6, 3517-3520.
Shinkai, M. (2002), “Functional magnetic particles for medical application”, J. Biosci.
Bioeng., Vol. 94, 606-613.
Zhang, C., Vali, H., Romanek, C.S., Phelps, T.J. and Liu, S.V. (1998), “Formation of
single-domain magnetite by a thermophilic bacterium”, Am. Min., Vol. 83, 1409-1418.
Zhang, L.Y., Gu, H.C. and Wang, X.M. (2007), “Magnetite ferrofluid with high specific
absorption rate for application in hyperthermia”, J. Magn. Magn. Mater., Vol. 311,
228-233.

