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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).  
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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 (Fe3O4) 
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 Experimental parameter 

Incubation 
temperature  

40 mM 
Akaganeite  

  

10 mM  
Glucose  

1 ml 
Haejae-1 

(Clostridium sp.) 

8°C, 25°C, 35°C 

Concentration of magnetite  
precursor 

20 mM, 40 mM, 60 mM 

Medium 
pH 

pH = 6.5, 7.5, 8.5 

Incubation 
time 

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) 
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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. 
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