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Abstract Production of menaquinone-7 (MK-7) by Bacillus
subtilis natto is associated with major drawbacks. To address
the current challenges in MK-7 fermentation, studying the
effect of magnetic nanoparticles on the bacterial cells can open
up a new domain for intensified bioprocesses. This article
introduces the new concept of application of iron oxide nano-
particles (IONSs) as a pioneer tool for MK-7 process intensifi-
cation. In this order, IONs with the average size of 11 nm were
successfully fabricated and characterized for possible in situ
removal of target substances from the fermentation media.
The prepared particles were used for decoration and immobi-
lization of B. subtilis natto cells. Presence of iron oxide nano-
particles significantly enhanced the MK-7 specific yield
(15 %) as compared to the control samples. In addition, fabri-
cated IONs showed a promising ability for in situ recovery of
bacterial cells from the fermentation media with more than
95 % capture efficiency. Based on the results, IONs can be
implemented successfully as a novel tool for MK-7 produc-
tion. This study provides a considerable interest for industrial
application of magnetic nanoparticles and their future role in
designing an intensified biological process.
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Introduction

Menaquinone-7 (MK-7), a vitamin K homolog, contributes sig-
nificantly in cardiovascular and bone health and can only be
synthesized thorough a fermentation of Bacillus subtilis species
mainly Bacillus subtilis natto (Berenjian et al. 2015;
Mahanama et al. 2011, 2012). However, this valuable compound
is not readily available due to the presence of several tedious and
inefficient unit operations which has resulted a current price of
US$5 million/kg (Wohlgemuth 2009; Berenjian et al. 2015).
Process intensification as a method for making significant chang-
es in the bioprocess plant can be an alternative approach to
address the current challenges in MK-7 fermentation. These re-
ductions can come from decreasing the size of individual equip-
ment or from removing the number of involved unit operations
(Marques and Fernandes 2011; Vaghari et al. 2015).

A bioreactor has a key role in fermentation process, as it
dictates both the product quality and the extent of the down-
stream requirements. Designing intensified bioreactors that
can integrate in situ cell recovery and product formation will
permit us to deliver a high-quality product without an exten-
sive downstream purification sequence. Cell immobilization
is one of the promising and most applied techniques for inten-
sification of downstream processes. As compared to centrifu-
gation, this approach has significant advantages such as sim-
ple equipment requirement and low energy consumption
while allowing for the reusability of cells. The common im-
mobilization techniques are based on imbedding the cells in a
polymeric matrix like calcium alginate. This matrix acts as a
barrier for mass transfer and provides cells with a different
microenvironment as compared to fermentation broth.

Iron oxide nanoparticles (IONs) have been used for bacterial
cell immobilization and separation (Liu et al. 2004). The surface
of bacterial cells can be simply decorated with IONs via non-
specific forces such as hydrogen bonds and electrostatic ore
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hydrophobic interactions (Li et al. 2009; Chwalibog et al. 2010;
Huang et al. 2010). Decorated bacteria show a significant re-
sponse to magnetic field and easily can be separated by applying
a magnetic field (Ansari et al. 2009; Li et al. 2009; Chwalibog
et al. 2010; Huang et al. 2010). In addition, immobilization with
magnetic nanoparticles would not inhibit the mass transfer
around microorganisms and combines the advantages of cell
immobilization with those of free cell fermentation (Ansari
et al. 2009).

Despite the considerable potential benefits, application of
IONs in fermentation technology is associated with consider-
ations. To date, research about the effects of magnetic IONs on
a variety of microbial cells have been controversial and some-
times contradictory. Many of the previous studies revealed that
IONSs can interrupt the integrity of cell membrane and adversely
affect normal cell functionalities (Berry et al. 2004; Liu et al.
2004; Can et al. 2009). Contrary, some studies have reported that
ION s at certain concentrations show no negative toxic or inhib-
itory effects on some microbial cells and also there are growth
stimulatory effects (Grumezescu et al. 2010; Ficai et al. 2012;
Islam et al. 2012; Gholami et al. 2015). By reviewing the liter-
ature, it seems that the effect of IONs on the growth and meta-
bolic profile of microorganisms depends on the cell type. Hence,
evaluating the potential toxicity and the effect of IONs on spe-
cific microbial cells is critical in order to establish their perfor-
mance for designing an intensified biological process. The pres-
ent work, therefore, was designed to study the potential effect of
magnetic immobilization on Bacillus subtilis natto cells growth,
MK-7 production and the possibility of in situ product recovery
and cell recycling as compared to untreated and free floating
fermentation conditions.

Materials and methods
Synthesis of IONs

IONs were synthesized by co-precipitation of ferric and ferrous
ions with ammonium hydroxide under inert atmosphere. In
brief, FeSO4-4H,0 (0.6 g, 2.2 mmol) and FeCl;-6H,0 (1.17 g,
3.8 mmol) were dissolved in 50 mL degassed distilled water and
the solution was stirred at 70 °C under a nitrogen atmosphere.
After 60 min, 5 mL ammonium hydroxide solution (32 %) was
quickly added until the target pH (11) was reached. The solution
was stirred for another 60 min. Black precipitate was separated
by a permanent magnet, washed by hot distilled water several
times, and dried overnight in an oven at 50 °C.

Immobilization of bacterial cells with IONs
and fermentation

B. subtilis natto (ATCC 6633) were cultured in tryptic soy
broth, and cells were harvested and washed with normal
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saline. The cells were suspended in normal saline and mixed
with various concentrations of IONs. The mixtures were in-
cubated in a shaker incubator (150 rpm, 37 °C) for attachment
of nanoparticles to the cell surface. After incubation for
15 min, immobilized cells were transferred to fermentation
media consisting of 1 % (w/v) yeast extract, 5 % (w/v) glycer-
ol, and 1.5 % (w/v) soy peptone. All the fermentation experi-
ments were conducted at 40 °C for a period of 5 days
(Berenjian etal. 2011). A magnetic field (neodymium magnet:
800 gauss) was used for cell separation process studies.
Statistical significant was determined by analysis of variance
(ANOVA) and was accepted at p<0.05.

Cell fixation procedures

The bacterial cells suspension was washed with normal saline,
and a thin smear was prepared on a glass slide. In order to heat
fix the bacterial smear, the air dried slides were passed through
the flame of a Bunsen burner four times. The bacterial cells
were fixed in 2.5 % glutaraldehyde in normal saline for
45 min. For rinsing, the slides were put in normal saline for
15 min. Cell dehydration was conducted by putting the slides
in ethanol using serial concentrations of 30, 50, 70, 80 and
90 % (10 min each). Consequently, prepared samples were left
in absolute ethanol for 20 min. The slides were stored at room
temperature over night to completely evaporate the ethanol.

MK-7 extraction procedures

MK-7 was extracted from the fermentation media by using a
mixture of 2-propanol and n-hexane with the ratios of (1/2,
v/v) and 1/4 (liquid/organic, v/v) (Berenjian et al. 2014). In
each experiment after the addition of organic solution, the
sample was vigorously shaken with a vortex, followed by
centrifugation at 3000 rpm for 10 min afterwards. The organic
layer was then collected from the aqueous layer to recover the
extracted MK-7.

Analytical methods

Transmission electron microscopy (TEM, Philips, CM 10; HT
100 kV), Fourier-transformed infrared spectroscopy (FTIR,
Bruker, Vertex 70, FT-IR spectrometer), differential scanning
calorimetry (DSC, Thermoanalyser DSC 302), vibrating sam-
ple magnetometer and X-ray powder diffraction spectroscopy
(Siemens D5000) were used for characterization of prepared
nanoparticles. Interactions of IONs with bacterial cell surface
were visualized using scanning electron microscopy (SEM,
Hitachi S-4700). High-performance liquid chromatography
(HPLC, Waters Co., USA) with a photon diode array UV
detector was used for the analysis of MK-7 concentration.
Samples were separated by C18 Gemini column (5 pm,
250x%4.6 mm, Phenomenex Co., USA) at 40 °C. The mobile
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phase consisted of methanol that was used at a flow rate of
1 mL/min. The statistical significant was determined by anal-
ysis of variance (ANOVA) test. Statistical significance was
accepted at p<0.05, and data were reported as mean+standard
deviation (SD) of at least three experiments.

Results
Synthesis and characterization of IONs

Synthesis of IONs was conducted in aqueous medium by co-
precipitation reaction of Fe (II) and Fe (III). In this method,
upon the addition of ammonium hydroxide to the iron salts, a
sudden colour change to dark black was observed. This rapid
colour change shows the successful formation of iron oxide
cores in the solution. Larger magnetite nanoparticles were
grown by further continuing the reaction while mixing the
solution. Figure 1 shows the TEM micrograph of the prepared
IONS. Particles size analyses were conducted using Imagel
software version 1.47v, an image analysis software developed
by the NIH (http://imagejnihgov/ij/). The particles size distri-
bution was measured to be from 7 to 20 nm with the mean
particle size of 11 nm.

The FTIR spectrum of IONSs is presented in Fig. 2 which
shows the characteristic peaks of Fe-O at about 644 and 450/
cm. In a co-precipitation reaction, the surface of the magnetite
nanoparticles is modified by OH groups from aqueous medi-
um. This phenomenon is due to the coordination of unsaturat-
ed surface iron atoms with water molecules as well as hydrox-
yl ions (Ebrahiminezhad et al. 2012). The OH groups absorb
infrared waves at 3434/cm (stretching point) and 1629/cm
(deforming point) (Ebrahiminezhad et al. 2012, 2013; Islam
et al. 2012; Wei Wang et al. 2012).

DSC curve of IONs (Fig. 3) shows endothermic peak at
176.5 °C. This peak was resulted from oxidation and change
in crystallinity of iron oxide crystals. Based on saturation
magnetisation analysis (Fig. 4), magnetization curve was
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Fig. 1 Transmission electron micrograph of the fabricated iron oxide
nanoparticles
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Fig. 2 Fourier-transform infrared spectra of the fabricated iron oxide
nanoparticles

completely reversible showing the superparamagnetic behav-
iour of the prepared particles, and the saturation magnetization
value was found to be 60 emu/g. This behaviour is so critical
for cells separation by applying a magnetic field and again
cells dispersion by magnetic field removal. X-ray power dif-
fraction pattern of the produced nanoparticles was shown in-
tensity peaks at 20 degrees of 30, 35.5, 43, 57 and 63 (Fig. 5).
The peaks of the synthesized nanoparticles were compared
with the standard data for magnetite crystals. These peaks
correspond to (220), (311), (400), (422), (511) and (440)
Bragg reflections which are in complete agreement with the
standard magnetite confirming the formation of Fe;04 (Zhao
et al. 2006; Ebrahiminezhad et al. 2014, 2015).

Visualization of IONs interactions with bacterial cell
surface

The initial step in interaction between bacterial surface and an
artificial solid surface is governed mainly by long-range van
der Waals and electrostatic interactions between the solid sur-
face and the bacterial cell. While van der Waals forces are
generally attractive; the local charges on the bacteria and solid
surfaces can lead to electrostatic repulsion or attraction
(Jucker et al. 1996). Bacterial cells usually have a strain-
dependent net negative charge on the cell wall, and the mag-
nitude of this negative charge varies from strain to strain
(Dickson and Koohmaraie 1989). The surface of the bacterial
cells contains both positive and negative charges in different
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Fig. 3 Differential scanning calorimetry curve of the fabricated iron
oxide nanoparticles
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Fig. 4 Vibrating sample magnetometer of the fabricated iron oxide
nanoparticles

magnitudes. Therefore, there would be both attraction and
repulsion forces for interaction with a particular surface
(Dickson and Koohmaraie 1989).

Islands with various charges in bacterial cell wall provide
possibility for interactions with surfaces having even a nega-
tive charge. There are some evidence for decoration and im-
mobilization of bacterial cells with IONs with negative zeta
potential (Li et al. 2009). However, the efficiency of the mag-
netic immobilization techniques can be influenced by the rate
of bacterial attachment to the applied IONs. The cell surfaces
of B. subtilis natto is covered by extracellular polymeric sub-
stances (EPS), which contain abundant functional groups such
as carboxyl, hydroxyl and phosphate (Soneshein et al. 2002).
These functional groups contribute to the robust attachment
between IONs and bacteria. Once nanoparticles are mixed
with bacterial cells, the IONs could be easily attached onto
the surfaces of bacterial cells using hydrogen bonds and non-
specific forces such as hydrophobic or electrostatic interac-
tions (Larsen et al. 2009; Bromberg et al. 2011). Figure 6 is
illustrating successful decoration of B. subtilis natto cell sur-
face with IONs as compared to untreated sample. The sizes of
produced IONs were about several orders of magnitude small-
er than bacterial cells, and the high surface/volume ratio of
nanoparticles provided promising surface area for attachment
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Fig. 5 X-ray diffraction patterns of the fabricated iron oxide
nanoparticles
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onto the bacterial cell wall and consequently bacterial capture.
Due to nonspecific interactions between B. subtilis natto cell
wall and IONs, the IONs are randomly attached on to the
bacterial surface. Unfortunately, this interaction is not uniform
among all the cells, and one can see heavily decorated cells
beside some cells with weak decoration (Fig. 6).

Effect of IONs on bacterial growth and MK-7 production

A comparative study on the growth of magnetic immobilized
and free cells of B. subtilis natto was conducted. As can be
depicted from Fig. 7, bacterial growth was affected by the
presence of nanoparticles in a time-dependent manner.
Increasing the nanoparticles concentration from 50 to 150u
g/mL resulted in no significant difference on the cell growth
(»>0.05). However, as compared to free-floating bacteria, at-
tachment of the IONs on bacterial cell surface resulted in
approximately 5 % growth inhibition by the third day of fer-
mentation. This inhibition was more prefunded by the end of
fermentation (p<0.05). The cell density reached 1.2 x
10" CFU/mL by the end of fermentation for untreated sam-
ples. This value was approximately 10 % higher than the
immobilized cells. Moreover, further increase in IONs con-
centration (more than 150 pg/mL) resulted in sudden agglom-
eration and sedimentation of bacterial cells and nanoparticles.
Therefore, the maximum applicable concentration for IONs
was chosen to be 150 pg/mL.

However, magnetic immobilization with IONs showed no
negative effect on MK-7 production. As shown in Fig. 8, the
presence of different IONs concentrations (50—150 pg/L) did
not affect MK-7 production as compared to the control
(»p>0.05). MK-7 production was measured to be about 12+
0.7 mg/L by the last day of fermentation. Evaluation of MK-7
production under treatment with magnetic nanoparticles re-
vealed 99 % similarity in the total MK-7 production among
the immobilized samples.

Further investigation on MK-7 specific yield (Eq. 1),
showed a significantly higher specific yield while using
IONs as compared to untreated and free-floating samples at
the end of the fermentation period (p<0.05). However, there
was no significant specific yield difference among the studied
samples on day 3. As can be depicted from Fig. 9, MK-7
specific yield was affected by the presence of nanoparticles
in a concentration dependent manner by the end of the fer-
mentation. The highest MK-7 specific yield of 5.14 was
reached while using 150 pg/L IONs. Moreover, the presence
of 50 pg/L IONs resulted in the lowest MK-7 specific yield
(5.03); this specific yield was still 8 % higher as compared to
untreated samples.

SY = (MK-7 concentration / CFU) (1)
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Fig. 6 SEM micrographs of
Bacillus subtilis natto cells (a)
and cells decorated with iron
oxide nanoparticles (b)
illustrating successful decoration
of Bacillus subtilis natto cell
surface with nanoparticles as
compared to untreated sample

Cells separation and recovery

The effects of IONs concentration on bacteria capture were
examined by using B. subtilis natto. The prepared IONs were
successfully attached onto the surfaces of bacterial cell wall.
The formed decorated cells were removed from the fermenta-
tion media in several minutes with the aid of an external mag-
netic field (800 gauss). The cell capture efficiencies were in-
creased by enhancing IONs dosages. The capture efficiency
for 50 ug/L IONs was only 85 % after 30 min. When the
dosage of IONs was increased to 100 pg/L, the capture effi-
ciency was improved to 89 %. However, the highest bacterial
removal was achieved in the presence of 150 ug/L over the
other examined concentrations. This phenomenon can be jus-
tified by the presence of more magnetic particles on the bac-
terial surface. Furthermore, increasing the separation time
from 30 min to 2 h showed no significant difference on the
capture efficiency of decorated cells (p>0.05). The cell cap-
ture efficiencies were slightly increased to 87, 90 and 97 %,
respectively, in IONs dose dependent manner.

Following the magnetic field separation, the suspended
particles were washed once with sterile deionized water and
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Fig. 7 Growth assay of Bacillus subtilis natto cells at various
concentrations of fabricated iron oxide nanoparticles ranging from 0 to
150 pg/mL

were reused. The particle suspension was continuously
pumped through the closed loop at a rate of 1.5 L/min.
For all studied IONs concentrations, the bacteria capture
efficiencies slightly decreased with increasing the regenera-
tion cycles. The cell capture efficiencies were more than
85 % for all IONs concentrations in the first cycle, whereas
the capture efficiencies in the second cycles decreased to
76, 83 and 87 %, respectively. Additionally, MK-7 produc-
tion were 9.8+£0.81, 10.06+0.11 and 10.43+0.21 mg/L for
the cells decorated with 50, 100 and 150 pg/mL IONS,
respectively. These results point out that although the in-
creasing bacterial capture cycles slightly decreased the cap-
ture efficiency, yet, pronounced number of cells could be
captured. This observation indicated that IONs decorated
B. subtilis natto cells exhibited good reusability and high
MK-7 specific yield. Magnetic separation technology is
scalable and can be easily integrated in a recycle loop in
a bioreactor to achieve a rapid recovery of bacterial clus-
ters. Intensified bioprocess by integrating MK-7 formation
and B. subtilis natto recovery can be achieved by the use
of magnetized system in order to reduce the number of
downstream steps and enhance the efficacy of the process.
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Fig.8 MK-7 production profile via Bacillus subtilis natto cells at various
concentrations of fabricated iron oxide nanoparticles ranging from 0 to
150 pg/mL
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Fig.9 MK-7/Bacillus subtilis natto specific yield assay through different
fermentation days at various concentrations of fabricated iron oxide
nanoparticles ranging from 0 to 150 pg/mL

Discussions

Various microorganisms show different susceptibilities to
IONSs, but the exact controlling mechanism to the toxicity is
not yet understood. Release of free iron from the IONs could
catalyse production of reactive oxygen species (ROS) in the
Fenton’s reaction (Ebrahiminezhad et al. 2012). ROS disturb
the balance between oxidative pressure and antioxidant de-
fence of cells and cause membrane lipid peroxidation, DNA
breakage, protein oxidation and give rise to necrosis and apo-
ptosis (Muller et al. 2007; Karlsson et al. 2009; Singh et al.
2010; Ebrahiminezhad et al. 2012). On the other hand, some
investigations have purposed that iron ions can be used as a
valuable source for growth promotion (Ebrahiminezhad et al.
2015). This phenomenon is a nanoparticle-specific mecha-
nism which is due to stress or stimuli caused by the surface,
size and shape of the particles (Brunner et al. 2006). The
nonspecific interactions of IONs with cell membrane com-
pounds have been reported to result in disorganization of lipid
packing in the microbial membrane. Such an effect may re-
duce the transport selectivity of membranes (Epand et al.
2008; Ansari et al. 2009). Bacterial cells were also found to
be clogged in between the IONs because of the magnetic
property of the particles, while trapped cells exhibited a sig-
nificant change in shape and metabolic activity (Chatterjee
et al. 2011). It is apparent that different factors such as size,
shape and composition of nanoparticles can lead to different
conclusions (Martin et al. 1994).

Some investigations have been reported a growth inhib-
itory effect of IONs on bacterial strains including
Staphylococcus aureus, Pseudomonas aeruginosa,
Escherichia coli and Listeria monocytogenes (Grumezescu
et al. 2010; Ramteke et al. 2010; Chatterjee et al. 2011;
Ebrahiminezhad et al. 2012). Meanwhile, there is evidence
that IONs exhibited a dose-dependent growth promotion
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effect in case of Klebsiella pneumoniae, Pseudomonas
aeruginosa, Enterococcus faecalis and Candida albicans
and even on human cell lines (Grumezescu et al. 2010;
Ficai, et al. 2012; Islam et al. 2012; Ebrahiminezhad
et al. 2015). It seems that the effect of IONs on the growth
and metabolic profile of microorganisms depends on the
cells’ physiology. The possible explanation of this phenom-
enon might be the different cell membrane interactions with
the nanoparticles (Ebrahiminezhad et al. 2015).

Based on the results of the present study decoration of
B. subtilis natto, cells with IONs reduced the bacterial growth
rate. Whereas, total MK-7 production yields were significant-
ly higher for magnetic immobilized cells as compared to free
B. subtilis natto cells. Based on the results, the highest MK-7
specific yield and separation efficiency were achieved in the
presence of 150 pg/L of IONs as compared to the other inves-
tigated concentrations. It seems that higher cell growth may
not be necessarily required for the optimum MK-7 production.
This study shows that the immobilization of B. subtilis natto
cells by IONs has a profound effect on MK-7 specific yield
and biosynthesis. This improved metabolic activity is mainly
resulted by the interaction between nanoparticles and bacterial
cell surface which are governed by surface properties of par-
ticles such as their chemistry, hydrophilic/hydrophobic char-
acteristics and surface charge. It has been reported that deco-
ration of bacterial cells with IONs makes the cells more met-
abolically efficient (Ansari et al. 2009). A possible mechanism
for this enhancement is that the bounded nanoparticles to the
bacterial surface make the cell membranes more permeable to
facilitate the mass transfer. The nonspecific interaction of
IONs with membrane compounds may result in disorganiza-
tion of lipid packing and consequently enhance the membrane
permeability (Epand et al. 2008; Ansari et al. 2009).

Process integration such as in situ cell and product re-
moval has emerged as a valuable tool to increase the overall
process yield and aims at minimizing the process costs. This
study describes the possibility of separation of microbial
cells from the bioreactor media by the use of IONs in order
to minimize the MK-7 production limitations. Magnetic im-
mobilization with IONs showed a positive effect on MK-7
biosynthesis. Meanwhile, specific yield of MK-7 production
was significantly improved in the immobilized cells as com-
pared to untreated cells. Moreover, decoration of B. subtilis
natto cells with IONs resulted in significant bacterial capture
ability with more than 85 % efficiency. High gradient mag-
netic separation technology is scalable and can be integrated
in a recycle loop of bioreactor to achieve rapid cell recovery.
In conclusion, the above results demonstrate that IONs can
be applied during the MK-7 fermentation for high efficient
bacterial cells recovery without any reduction in the produc-
tion yield. Indeed, this study might be of considerable inter-
est to industrial MK-7 fermentation to address the current
production challenges.
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