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Abstract Production of both nano-sized particles of

crystalline pure phase magnetite and magnetite substituted

with Co, Ni, Cr, Mn, Zn or the rare earths for some of the

Fe has been demonstrated using microbial processes. This

microbial production of magnetic nanoparticles can be

achieved in large quantities and at low cost. In these

experiments, over 1 kg (wet weight) of Zn-substituted

magnetite (nominal composition of Zn0.6Fe2.4O4) was

recovered from 30 l fermentations. Transmission electron

microscopy (TEM) was used to confirm that the extra-

cellular magnetites exhibited good mono-dispersity.

TEM results also showed a highly reproducible particle

size and corroborated average crystallite size (ACS) of

13.1 ± 0.8 nm determined through X-ray diffraction

(N = 7) at a 99% confidence level. Based on scale-up

experiments performed using a 35-l reactor, the increase in

ACS reproducibility may be attributed to a combination of

factors including an increase of electron donor input,

availability of divalent substitution metal ions and fewer

ferrous ions in the case of substituted magnetite, and

increased reactor volume overcoming differences in each

batch. Commercial nanometer sized magnetite (25–50 nm)

may cost $500/kg. However, microbial processes are

potentially capable of producing 5–90 nm pure or substi-

tuted magnetites at a fraction of the cost of traditional

chemical synthesis. While there are numerous approaches

for the synthesis of nanoparticles, bacterial fermentation of

magnetite or metal-substituted magnetite may represent an

advantageous manufacturing technology with respect to

yield, reproducibility and scalable synthesis with low costs

at low energy input.
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Introduction

Recently, industrial demands for magnetic powders have

increased as the number of potential applications for the

material has grown. Magnetic nano-sized powder can be

used as a medicine carrier for site-specific chemotherapy

[38], magnetic storage devices [1], magnetocaloric pumps

[12], ferrofluids [13], magnetic resonance imaging [9, 10]

and radar absorbing materials [2]. Another possible appli-

cation includes water purification [29, 33]. Considerable

efforts to enhance the properties of magnetite (Fe3O4) have

been pursued because magnetite does not have significant

oxidation problems compared to zero valent iron nano-

particles. However, it is hard to cheaply mass produce
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homogeneous magnetite between 5 and 50 nm [30]. Suc-

cessful commercialization of the technology hinges on

factors of quality, cost and availability.

Bacterial fermentation represents a fundamentally new

approach for large-scale production of nanometer-sized

crystalline powders of various materials. Previous work

[12, 13] supported the development of high throughput

synthesis of pure and metal substituted magnetite. Recent

research with thermophiles indicated that the microbially

mediated process is suitable for incorporating other metals

into magnetite, including Co, Ni, Zn, Cr, Mn and Pd [15,

16, 23, 25, 26, 34] and rare earths such as Nd, Gd, Er, Ho

and Tb [17]. The work presented here focuses on the

development of a low cost approach to produce highly

controlled magnetite nanoparticles having uniform size

ranges within 5–100 nm in kg-sized batches. Figure 1

shows prototype scale-up experiments from 10-ml to 12-l

volumes with bacterially synthesized metal-substituted

nanoscale magnetite powders.

Bacterial fermentation for nanoscale magnetic powder

synthesis has definite advantages in terms of scalability,

reproducibility and high quality with low defects or dislo-

cations compared to traditional inorganic methods such as

sol-gel [32], chemical vapor decomposition [22] or mag-

netosome magnetite using magnetotactic bacteria [7]. Key

aspects for mass production by bacterial fermentation

include the rate at which particles are produced, size

reproducibility and ease of recovery. As for ease of recov-

ery, the final products can be recovered by washing with

deionized water to remove the medium solution. In contrast,

synthesis using organometallic precursors uses various

kinds of solvents such as 1,2 hexadecanediol, oleylamine

and oleic acid in phenyl ether [28] and 1-hexadecene, octyl

ether, 1-octadecene, 1-eicosene and trioctylamine [19],

which are harmful to the environment. Also, a surface

treatment to transform hydrophobic surfaces of the nano-

particles to hydrophilic is essential in the inorganic syn-

thesis. Another important advantage is the low temperature

and low energy input compared to chemical syntheses using

thermal decomposition [4, 5] and mechanical grinding to

achieve the desired particle sizes [20].

The low temperatures and corresponding lower energy

costs and high yield may make bacterial fermentation a

more economical and energy sustainable process than some

of the competing processes. For example, the synthesis

using an organometallic complex requires at least 500�C to

decompose the precursors [21], and synthesis using the sol-

gel method needs annealing at least 250�C under vacuum

[32], while microbial fermentation only needs tempera-

tures between 20 and 65�C. The prices of commercial

magnetite in 2009 US dollars generally exceed $500/kg

(98%, \50 nm, Sigma-Aldrich or 99.5%, 25 nm, Nano-

structured and Amorphous Materials), while microbial mass

production is likely capable of producing 30 nm magnetite at

a small fraction of the cost of traditional chemical synthesis.

Materials and methods

Source of microorganism, media preparation

and incubation, and sample collection

Fe(III)-reducing bacteria (thermophilic, mesophilic or

psychrotolerant strains) have been isolated from sediments

and water collected from a variety of environments

including deep subsurface sediments or hydrothermal vents

in the ocean [11, 24, 27]. These Fe(III)-reducing bacteria

are capable of synthesizing pure and metal-substituted

magnetite nanoparticles under anaerobic conditions [14,

37]. Thermoanaerobacter sp. TOR-39 [11] was chosen to

examine microbial formation of magnetite in larger scale

production scenarios, because they enable crystalline

reaction products to be obtained within days to weeks of

incubation. Also 10 mM of potential electron donors such

as glucose, lactate and acetate [11] for reduction of akag-

aneite form and synthesis of magnetite was tested by

incubation with 80 mM of pure akaganeite and TOR-39 for

2 weeks. Samples with lactate and acetate showed mag-

netic black precipitates only on the surface of the precip-

itated precursor. In contrast, samples with glucose

exhibited fully transformed magnetites (data not shown).

Therefore, further syntheses used only glucose to intensify

a high yield mass production.

The culture medium contained the same basal compo-

sition as previously reported [16]. No exogenous electron

carrier substance (i.e., anthraquinone disulfonate) or

reducing agent (i.e., cysteine) was added to the anaerobic

medium.
Fig. 1 Prototype scale-up experiments from 10 ml, 100 ml, 500 ml,

1 l and 12 l of medium
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To initiate the 35-l reactor (Fig. 2a), 20 l of condensed

basal medium having ingredient equivalents to 30 l was

added to a 25-l glass carboy, equipped with ventilation

ports, and was autoclaved for 2 h. The carboy remained in

the autoclave until the temperature decreased to 70�C. The

carboy was further cooled with continuous purging using

purified N2 gas through a 0.2-lm filter overnight. Cooled

medium was transferred by adding pressure (\0.25 atm) to

the head space of the carboy, consequently transferring the

medium to the sterilized 35-l reactor purged with N2 gas.

After the temperature of the medium in the reactor

approached 65�C, the incubation for the mass production of

pure or metal-substituted magnetites was initiated with the

addition of 10 mM of glucose, 15 mM of 3-(N-morpho-

lino)propanesulfonic acid (MOPS) titrated to a pH of 7.8,

about 80–120 mM of akaganeite (MxFe1-xOOH, where M

is metal) precursor and 2 l of mid-log growth TOR-39,

which was prepared by fermenting without an electron

acceptor at 65�C for 1 or 2 days using 2 volume % transfer

from a stored culture. The total fermentation volume was

adjusted to 30 l with anaerobic sterile distilled water.

Injections were made using 18G needles, double male Luer

Lock stainless steel fittings and N2 gas sparging. Each

0.4 M pure and metal-substituted akaganeite as magnetite

precursor was prepared [16] and aged at least 1 month

prior to fermentation.

The incubation was maintained at 65�C for 3 weeks, and

the medium was supplemented with 10 mM glucose every

4 days. The pH was measured on subsamples taken from

the vessel using a combination of a pH electrode (Orion

815600) with an expandable ion analyzer (Orion EA-920,

ThermoOrion, Beverly, MA; Fig. 2b). Aliquots of

10 M�NaOH or 1.5 M�MOPS were added as needed to

maintain pH between 7.2 and 7.5. During the incubation,

continuous purging with N2 gas maintained anaerobic

conditions of the media and removed CO2 gas in the

headspace through a back pressure valve (0.2 bar). This

both assured the safety of the reactor and prevented car-

bonate precipitates. The contents of the reactor were stirred

continuously at 40 rpm, and vigorous mixing was per-

formed for more than 30 min every day.

Chemical and mineralogical characterization

of magnetic nanoparticles

After the scheduled incubation time, subsamples in pres-

sure tubes or serum bottles were collected as described

previously [16]. Magnetite from the 35-l reactor was col-

lected via a sampling port while keeping a positive head-

space pressure by adding N2 gas. Remaining in the reactor

was approximately 10 l of used medium. New medium was

subsequently added for the next fermentation batch. Solid

mineral phases from the reactor were washed a minimum

of five times by repeated cycles of vigorous stirring in 15 l

of deionized water in a 20-l bucket and subsequent sepa-

ration using two strong magnets (150 9 70 9 35 mm

(a)

(b)

Fig. 2 a Schematic diagram of the 35-l reactor for large-scale

fermentative production of nanoparticles (upper) and b operating the

reactor with pH control
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each). Samples containing minimum water were degassed

with N2 for more than 1 h, weighed as wet samples and

stored in glass bottles with a gas-tight seal under N2 gas.

Subsamples for analyses were extracted in the glove bag,

freeze dried and then stored under N2 gas.

For the X-ray powder diffraction characterization, a

small amount of microbially produced nano-sized magne-

tite was mixed with methanol to make a slurry, and the

slurry was applied to a silica zero background plate. Data

were collected using either a Scintag PAD V with a Peltier

cooled point detector or a PANalytical, X’pert PRO MPD

diffractometer with a real-time multiple strip (RTMS)

X’Celerator detector. Both instruments used Cu-ka radia-

tion and were operated at a power of 45 kV/40 mA, and

data were collected between 10 and 70� 2h. Data were

analyzed by profile fitting without any structural parame-

ters using the JADE software package (Material Data Inc.)

and/or fitting with structural parameters using the EXPGUI

graphical user interface [31] for the General Structure

Analysis System (GSAS) Rietveld program [8]. ACS was

determined using the JADE software, and the Scherrer

equation and lattice parameters were obtained from Riet-

veld refinements using GSAS.

Transmission electron microscopy (TEM, FX 2000,

JEOL, Japan) was used to study the morphology and par-

ticle size of the precipitated iron minerals.

Results and discussion

Effect of increased solutes (high input range

40–160 mM of magnetite precursor)

In previous studies either 40 mM [16, 17] or 70 mM of

magnetite akaganeite precursor [23] was used in the pressure

tubes. To possibly improve product yield, concentrations of

pure precursor and Zn-substituted precursor were increased

from 40 to 160 mM (Fig. 3). The effects of increasing the

akaganeite precursor concentrations on product yields

(Fig. 3a) and ACS (Fig. 3b) with 10 mM glucose as an

electron donor were different between the pure precursor and

Zn-substituted precursor (Zn0.2Fe0.8OOH). Increasing pure

magnetite precursor concentrations may have decreased

product sorption density thereby decreasing the yield, which

is consistent with particle aggregation blocking Fe(II)

sorption sites at higher solid concentrations [11]. In contrast,

increasing the Zn-precursor concentration appeared to

improve the product yield.

When using FeOOH as the precursor, the yield initially

increased and then decreased at higher concentrations,

while the ACS increased slightly with increasing precursor

concentration. This result suggested that the microbial

activity may not have sufficiently reduced ferric ions to

generate enough magnetite nuclei, which then resulted in a

larger ACS when the precursor concentration exceeded

80 mM. The low concentration of electron donor (relative

to the increased amounts of precursor) and weak microbial

activity predominantly facilitated crystal growth, as small

nanoparticles were largely unobserved.

For the Zn substituted precursor (Zn0.2Fe0.8OOH), the

yield of Zn-substituted magnetite (nominal formula

Zn0.6Fe2.4O4) increased, and the ACS was relatively stable

with increasing precursor input. The Zn-substituted pre-

cursor series had available divalent Zn ions with additional

reduced ferrous ions, so that a larger amount of Zn-substi-

tuted magnetite, in proportion to the input amount, could be

produced during the 3-week fermentation and aging process

even under constrained electron donor conditions. The

stable ACS might be due to the balance between nuclei

generation and crystal growth, and the size may have been

controlled by the doping element [18]. They revealed that

the formation of biomagnetite between nuclei generation

and consumption by crystal growth was likely affected by

(a)

(b)

Fig. 3 Changes in production mass (a) and average crystallite size

(ACS) (b) according to the input amounts of pure and Zn-substituted

precursor from 40 to 160 mM in pressure tubes
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different doping metals followed by different metal-specific

toxicity to bacteria, different hydrolysis constant of metals

in precursors and incongruent incorporation of different

dissolved metal species in the media.

Effect of medium scale-up (low input range 20

and 40 mM of magnetite precursor)

The scale-up of the reaction vessel appeared to have a

positive influence on ACS. With the addition of either 20 or

40 mM of pure magnetite precursor into 10, 50, 200 (or

500), and 1,000 ml media, a general trend was noted: the

larger the medium volume, the smaller the crystallite size

(Fig. 4a). The trend may be related to the increased pre-

cursor input volume per unit area as precursors typically

settled to the vessel bottom after the inoculation, where

precipitation ensued in the condensed state (henceforth

termed condensed density). The larger condensed densities

occurred at the larger media volumes resulting in smaller

particle sizes. These observations were in agreement with

the results of Casula et al. [3] who noted that the concen-

tration of the iron precursor affected the size of the resulting

nanoparticles in such a way that smaller particles were

obtained at higher iron concentrations. Therefore, the effect

of medium volume was likely related to the heterogeneous

(condensed) distribution of precursor and not to the ideal

homogeneous distribution of precursors in the total medium

volume. We also tested the formation of biomagnetite with

continuous stirring at 120 rpm in duplicate or triplicate.

Both 20 and 40 mM input samples with stirring exhibited a

similar trend with stagnant samples except the 10-ml scale.

Under stirring conditions, diffusion and aggregation of

magnetite monomers were expected to be enhanced, and the

quantity of the micelle aggregates increased [35], causing

increased ACS. However, biomagnetite formation resulted

in little difference. Large variation at the 10-ml scale

samples can be interpreted by the ratio of bottom area and

medium volume (Fig. 4b). The ratio was very close among

50, 200 and 1,000 ml (r2 = 0.9991). When 10- and 500-ml

volumes were included, there was a poorer correlation

(r2 = 0.9633).

Our observation of larger ACS with 40 mM of precursor

than with 20 mM precursor over the entire range of media

volumes (Fig. 4a) seems at odds with the above interpre-

tation of smaller ACS with larger media volume or ion

concentration. A larger ACS trend at 40 versus 20 mM of

akaganeite precursors suggests that crystal growth may

have dominated over nuclei formation, when the precursor

input was low. Accordingly, the larger ACS between our

40 versus 20 mM experiments should not be directly

contrasted with the smaller ACS observations at the much

higher range of 100–300 mM precursors discussed by

Casula et al. [3]. The difference of ACS between 40 and

20 mM precursor input concentration diminished with

increasing medium volume when the electron donor con-

dition was unconstrained. Moon et al. [16] previously used

X-ray powder diffraction to determine that the 10 mM of

glucose used was sufficient for the transformation of

40 mM precursor. Under the conditions presented here

(different input precursor concentrations and sufficient

electron donors), the similar ACS at larger medium vol-

umes indicated that size control and mono-dispersivity of

microbial synthesis was consistent in larger scale reactors.

The consistency was likely due to sustained microbial

activity at the higher volumes resulting in faster and con-

tinuous nuclei generation.

The results presented here and in the literature indicate

that ACS is likely controlled by a combination of input

concentration range, precursor type and condensed density

with respect to volume. The formation of more magnetite

(a)

(b)

Fig. 4 a Crystallite size

depending on medium volume,

precursor input concentration

and stirring during the

production of pure magnetite;

b correlation between bottom

area and medium volume
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nuclei typically resulted in smaller ACS because of the

interrelationship between nanocrystal nucleation and

nanoparticle growth [36].

There are contrasting forces that may control ACS in these

experiments. Considering the relationship between Ostwald

ripening and electron donors, one possibility could be that

ACS would be proportional to input concentration of elec-

tron acceptors (Fig. 3b) where smaller nanoparticles dis-

solve and deposit onto the larger nanoparticles [6]. Another

possibility could suggest an ACS inversely proportional to

the condensed density with unconstrained electron donors

slowing the growth of larger particles and accelerating the

growth of smaller ones, resulting in a narrow size distribution

(Fig. 4) of nanoparticles. This increase of ACS could be

suppressed by the dissolved iron concentration being close to

supersaturation based on increased condensed densities. For

large-scale microbial production of magnetite starting with

akaganeite precursors, the growth of nanoparticles may be

controlled by an excess of precursor, increasing the con-

densed densities of precursors with unconstrained electron

donors and facilitating nucleation followed by the accumu-

lation of small-sized nanoparticles.

Scale-up experiment and reproducibility

Table 1 shows scale-up experiment results, up to 30 l,

producing pure and metal-substituted magnetites. A 30-l

batch fermentor can yield over 1 kg (wet weight) of

magnetite in less than 1 month as opposed to magnetotactic

bacteria synthesis, which may yield only a few grams for

the same volume and incubation time. Compared to pure

magnetite of 41.3 ± 5.1 nm from a 30-ml medium scale

[34], 30-l fermentation produced pure magnetite of

75.8 ± 5.1 nm ACS. The greater ACS of pure magnetite in

the 30-l experiments was in a good agreement with the

mechanism suggesting that lower production of nuclei

leads to larger particle size (Fig. 3b). In contrast, the ACS

of various metal-substituted magnetites in the large-scale

(30-l) experiments was smaller than that from small-vol-

ume cultures such as Zn0.3Fe2.7O4 (37.0 ± 3.3 nm from

50 ml and 28.4 ± \0.1 nm from 30 l) and Co0.3Fe2.7O4

(47.7 ± 11.5 nm from 50 ml and 33.9 ± 3.1 nm from

30 l). This implies that upscaled microbial synthesis pro-

vided advantages of yield and mono-dispersive crystallite

control atypical of chemical nanoparticle synthesis pro-

viding smaller ACS for substituted magnetite that might be

due to the additional supply of divalent cations.

A complication was that the samples prepared in 1 l of

medium have relatively large estimated standard deviations

of ACS compared to 50-ml culture volumes or 30-l batch

fermentations (data not shown). This may have been an

experimental artifact because of the different initial con-

ditions with separately prepared media for each bottle (the

1 l experiments) in contrast to medium from a single large

batch (the 50 ml bottles) or a large medium volume (30 l),

which minimized deviations during medium preparation. A

different phenomenon was likely responsible for the larger

standard deviations of the ACS of nanoparticles incorpo-

rating Ni and Co than for ACS of pure and Zn-substituted

magnetite nanoparticles. These differences were most

likely due to differences in hydrolysis constants as Zn is

closer to that of Fe than those of Ni and Co [15, 16]. The

large standard deviations on the magnetite ACS produced

from 1 l of medium volumes underscore the importance of

controlling the initial conditions of lag time, dissolution of

precursor and nucleation growth.

Repeated upscale 30-l fermentations (35-l reactor) using

a single batch of media after repeated additions of electron

donor and inoculation of the thermophilic TOR-39 culture

with Zn-substituted precursor varying from 80 to 120 mM

Table 1 Production of various

pure and substituted magnetites

a From 30-l medium volume

and others from less than 1-l

medium volume
b Wet weight with minimum

water
c Dry weight

Doping

elements

Nanoparticle

formula

Input concentration

(mM)

Average crystallite

size (nm)

Maximum

yield (g/l)

Fe onlya Fe3O4 107 75.8 ± 5.1 19.6b

Zna Zn0.6Fe2.4O4 80–120 13.0 ± 0.8 49.7b

Zna Zn0.3Fe2.7O4 107 28.4 ± \0.1 23.5b

Coa Co0.3Fe2.7O4 107 33.9 ± 3.1 32.5b

Nia Ni0.3Fe2.7O4 107 35.7 ± 5.6 24.4b

Mn Mn0.6Fe2.4O4 80 18 4.5b

Cr Cr0.15Fe2.85O4 40 40 0.85c

Nd Nd0.06Fe2.94O4 40 14 1.1c

Gd Gd0.06Fe2.94O4 40 23 1.2c

Ho Ho0.06Fe2.94O4 40 30 1.1c

Er Er0.06Fe2.94O4 40 32 0.9c

Tb Tb0.06Fe2.94O4 40 36 1.0c
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(by adding 6–9 l of 0.4 M Zn0.2Fe0.8OOH into a final 30-l

volume) produced up to 50 g/l (wet based) of Zn-substi-

tuted magnetite (Fig. 5). TEM imaging after the particle

separation procedure (inlet of Fig. 5) exhibited average

long and short axes of 15.4 and 12.9 nm (N = 27). Various

doping elements and different precursor input concentra-

tions were examined with additional electron donor and pH

control at 7.3–7.5, and results are presented from the

Zn-substituted system (Fig. 6). Two subsamples (nos. 7

and 8) were out of the statistical lower and upper bounds of

11.5- and 14.6-nm ACS at the 99% confidence level and

were excluded from subsequent analysis. TEM micropho-

tographs of Zn-substituted magnetites exhibited a good

mono-dispersivity (Fig. 6a, b). The ACS from the X-ray

diffraction patterns exhibited a high reproducibility of

13.1 ± 0.8 (1r) nm based on seven samples and a good

agreement with the TEM result. Seven of nine consecutive

fermentation batches exhibited remarkably similar values

for the lattice parameter (Fig. 6c), indicating excellent

reproducibility. The lattice parameters converged to a

narrow range from 8.411 to 8.416 Å with the average

lattice parameter of 8.413 ± 0.002 Å (except no. 7 of

8.421 Å beyond the upper bound at 99% confidence level;

Fig. 6c). After the seventh batch, all of the media was

flushed from the vessel, and the reactor was filled with new

media because of an accumulation of volatile fatty acids

that presumably was associated with a larger lattice

parameter with a larger standard deviation than the previ-

ous batches. Again, the final two batches exhibited similar

lattice parameters to the first six (Fig. 6c).

Fig. 5 Photograph of pure magnetite (Fe3O4, left) and Zn-substituted

magnetite (Zn0.6Fe2.4O4, right). Inset is TEM image of Zn-substituted

magnetite

(c)

(a) 

(b)

Fig. 6 a and b TEM images of Zn-ferrite from the 35-l reactor

incubated at 65�C for 3 weeks. c Reproducibility examination as

lattice parameter
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The ACS of the 30-l fermentation batches exhibited

good reproducibility of 13.1 ± 0.8 nm, even though pre-

cursor input concentrations ranged from 80 to 120 mM

(Fig. 6). Generally, input concentration and medium vol-

ume affected the ACS of the resulting nanoparticles in such

a way that smaller particles were obtained at higher con-

densed density during the microbial synthesis of magne-

tites. This is in agreement with results of chemical

synthesis where a large supersaturation of solute resulted in

more particles of smaller size [3, 21], which were assisted

by organics or surfactants. Here, bacterial fermentation

using the inoculation up to 120 mM precursor at a 30-l

volume scale without aid of surfactants exhibited mono-

dispersivity with reproducible and small ACS for the

metal-substituted magnetites with shorter incubation time

leading to advantageous upscaling of microbial nanoparti-

cle production for the pure magnetite.

The control of ACS during both microbial and chemical

synthesis was acquired by the competition between

nucleation and growth. However, a short burst of nucle-

ation followed by slow controlled growth appeared

important to produce mono-dispersive particles in a

chemical synthesis [6]. In contrast, microbially facilitated

magnetite formation was found to produce mono-disper-

sive nanoparticles without delicate nucleation and growth

control. Upscaling the microbial synthesis of magnetite and

metal-substituted magnetites appears to have advantages of

uniformity and reproducibility without complicated control

processes.
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