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High-Performance Supercapacitors Based
on Hierarchical VOx Microspheres
Forming from Hyperbranched
Nanoribbons

Chuang Wei, Hong-Yi Li, Zhao Yang and Bing Xie

Abstract Novel VOx nanomaterials as high performance electrode materials of
supercapacitors were successfully synthesized by solvothermal method using V2O5,
H2O2, (NH4)2SO4 and EG (Ethylene Glycol). These as-prepared nanomaterials are
hierarchical microspheres with diameter of ∼5 μm, which formed from hyper-
branched growth of nanoribbons. According to XRD and TEM, these hierarchical
VOx microspheres consist of V6O13 with metallic conductivity and VO2. These
materials exhibited a tremendous specific capacitance of 581 F/g, with corre-
sponding volumetric specific capacitance of 3.94 F/cm3, at 0.6 A/g in the potential
range of 0 to 1.2 V when used as supercapacitor electrodes in a solution of 1 M
LiNO3. The energy density is as high as 29 Wh/kg, which is much higher than those
of many other symmetrical supercapacitors. In addition, the capacity retention of
65% was achieved even after 2000 cycles, demonstrating high performance of
vanadium oxide nanomaterials used in supercapacitors.

Keywords Supercapacitor ⋅ VOx ⋅ Nanomaterial ⋅ Microsphere ⋅
Nanoribbons

Introduction

In recent years, supercapacitors have attracted considerable attention due to their
energy density higher than conventional capacitors. The supercapacitors are also
known for their higher power density and longer cycle life than that of batteries [1–3].
Vanadium oxides, such as V2O5, VO2, and V2O3 etc., have been investigated widely
as materials for energy storage [4]. The theoretical specific capacitance and potential
window of vanadium oxides are relatively high owning to the multiple valance from
V(II) to V(V). Furthermore, most of vanadium oxides (except VO2) are lamellar
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College of Materials Science and Engineering, Chongqing University,
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structure, which contributes to ions insertion/extraction during the charge/discharge
process, improving specific capacitance of supercapacitors. Therefore, vanadium
oxides are promising materials as electrode materials for supercapacitors.

Vanadium oxide is usually made into nanomaterials to improve electrochemical
properties of supercapacitors by increasing the specific surface of electrode mate-
rials. For example, 0D nanomaterial of V2O5 nanoparticles [5], 1D nanomaterials of
V2O5 nanowires [6], and 2D nanomaterials VO2 nanobelts [7] have been synthe-
sized and applied in supercapacitors. However, these low dimensional nanomate-
rials are more likely to agglomerate severely leading to inferior cycling stability of
supercapacitors. So vanadium oxides have been prepared as 3D nanomaterials to
avoid this phenomenon, such as starfruit-like VO2 [8] and V2O5 nanosheets based
3D architecture [9]. But the specific capacitances of supercapacitors even based on
3D pure vanadium oxide nanomaterials (200–300 F/g) still cannot approach that of
RuO2 due to the lower electric conductivity of common vanadium oxides.

In this work, 3D mesoporous hierarchical microspheres, composed of VO2 and
uncommon vanadium oxide V6O13 which is metallically conductive [10], have been
synthesized. These microspheres also possess high specific surface and high density
and thus exhibits a high specific capacitance (581 F/g) and high volumetric energy
density (3.94 F/cm3). The cycling stability of these microspheres is good due to the
stable 3D nanostructure of hierarchical VOx microspheres. This work proves a
strategy to improve the conductivity and stability of electrode materials, which has
potential application in the future.

Experiment

Synthesis of Samples

These hierarchical VOx microspheres were prepared as follows: 4.5 mmol V2O5

powder was dissolved in 32.64 mL 10% H2O2 solution with vigorously magnetic
stirring at 25 °C for 2 h in dark. 6 mL obtained reddish solution was mixed with
15 mL ethylene glycol (EG) and 15 mL de-ionized water (Millipore Aquelix) and
0.396 g (NH4)2SO4, then stirred for about 10 min in order to obtain homogeneous
solution. After that, the mixture was transferred into a 50 mL Teflon container and
sealed in an autoclave, which was placed in a electrical oven and heated at 120 °C
for 24 h, which was then cooled down to room temperature in the air. The black
precipitates existed in the bottom of Teflon were collected by centrifugation, fol-
lowed by washed with de-ionized water and anhydrous alcohol for 3 times,
respectively. The precipitates were dried in vacuum at 80 °C for 12 h and then
calcinated in tube furnace at 350 ° for 3 h in flowing N2 by heating from room
temperature to 350 °C at the rate of 10 °C/min. After cooling down to room
temperature in N2 atmosphere, hierarchical VOx microspheres were finally
obtained. All reagents used in the experiments are of analytical grade and used
without any further purification.
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Characterization

The chemical composition of products was characterized by X-ray diffraction
(XRD; Rigaku D/Max 2500 PC, Cu Kα, Japan). The morphology and
microstructure of hierarchical VOx microspheres were characterized by field
emission scanning electron microscopy (FESEM; FEI Nova 400, Netherland) and
transmission electron microscopy (TEM; Zeiss LIBRA 200, Germany). The
focused ion beam (FIB) cutting was conducted in Zeiss AURIGA FIB (Germany).

Electrochemical Measurements

CHI660E electrochemical workstation was used to measure the electrochemical
performance. The working electrode was prepared by mixing the active materials,
acetylene black and polyvinylidene fluoride (PVDF) with a mass ratio of 70:20:10.
The mixture then was made into slurry by using 1-methyl-2-pyrrolidinone
(NMP) as a solvent. Subsequently, the slurry of mixture was spread on a round
foam nickel with a diameter of 1.7 cm and dried under vacuum at 120 °C for 12 h,
the working electrode then was obtained, which contained about 3 mg active
materials. Two-electrode system with two working electrodes sealed in a button cell
and 1 M LiNO3 as the electrolyte was adopted to measure the electrochemical. The
two working electrodes with same mass of materials were separated by a
polypropylene membrane. The button cell should be kept static for 24 h so that the
electrode materials were thoroughly wetted with the electrolyte. The cyclic
voltammetry (CV) and galvanostatic charging/discharging (GCD) measurements
were conducted on the electrochemical workstation. All the electrochemical tests
were performed at room temperature.

Results and Discussion

Chemical components of products were investigated by XRD. Figure 1 shows the
typical diffraction patterns of the as-prepared products. It can be seen in the XRD
patterns that the apparent peaks at 2θ = 15.4°, 25.3°, 49.3° and 59.6° are well
indexed to monoclinic VO2 (JCPDS no. 31-1438) with standard lattice constants of
a = 12.03 Å, b = 3.69 Å, c = 6.42 Å (α = 90.0°, β = 106.6°, γ = 90.0°), while
the rest of main peaks are attributed to monoclinic V6O13 (JCPDS no. 43-1050)
with standard lattice constants of a = 11.92 Å, b = 3.68 Å, c = 10.14 Å
(α = 90.0°, β = 100.9°, γ = 90.0°). Therefore, XRD patterns indicate that the
products are mixture of VO2 and V6O13 crystals.

The morphology of as-prepared products was shown in Fig. 2. It can be seen
from Fig. 2a–b that the products are microspheres with diameter of ∼5 μm. These

High-Performance Supercapacitors Based on Hierarchical VOx … 5



Fig. 1 XRD pattern of the hierarchical VOx microspheres

Fig. 2 SEM images of as-prepared products (a–b) and cross-section of the microsphere cut by
FIB (c–d)
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microspheres are made up of ∼400 nm long nanoribbons. 4–6 nanoribbons com-
bine together radially, with one end clustering in the centre and the other end
dispersing around. To further figure out internal structure of the microsphere, FIB
was adopted to cut off a part of microsphere as presented in Fig. 2c–d. It is clear
that the interior of microsphere is not completely solid, some radial nanobelts (dark
belt-like areas in Fig. 2d) play the roles of backbones, on which the nanoribbons
grow. The hyperbranching growth of nanobelts and nanoribbons formed those
microspheres. These solid nanobelt backbones contribute to high structure stability
of microspheres. The hierarchical structure, resulting from the hyperbranching
growth, brings in loads of pores and large surface area, which are beneficial to the
easy accessibility of electrolyte ions. It thus indicates the potential high perfor-
mance of the as-prepared hierarchical microspheres as electrodes of
supercapacitors.

To further investigate the microstructure of products, TEM studies were used
(Fig. 3). A cluster of hierarchical VOx microspheres was observed in Fig. 3a, as
can be seen in the image the deep dark and wide belt-like areas distribute radially
and form the backbones of the cluster, which agrees with SEM images in Fig. 2. At
the same time, nanoribbons grow around those nanobelts as the light dark areas
shown in Fig. 3a. The high resolution TEM images of a part of cluster display the
combination of nanobelts and nanoribbons shown in Fig. 3b–c. The deep dark areas
are connected to nanobelts and the light dark areas are nanoribbons. The interplanar
spacing of 0.27 and 0.32 nm are in agreement with the spacing of V6O13

(310) plane and (2 ̄03) plane, respectively, as indicated in Fig. 2, while the lattice
fringes with spacing of 0.16 and 0.19 nm are also found in Fig. 3c, which corre-
spond to the spacing of (4 ̄04) and (1 ̄13) plane, respectively, in VO2 crystal as
shown in XRD. According to TEM images, it further confirms the existence of
V6O13 and VO2.

The electrochemical properties of hierarchical VOx microspheres were investi-
gated as electrodes for supercapacitor using a two-electrode cell configuration.
Cyclic voltammetry (CV) and galvanostatic charging/discharging measurements
were conducted. Fig 4a exhibits the typical CV curve of hierarchical VOx
microspheres at the scan rates of 5 mV/s, 15 mV/s, 20 mV/s, 30 mV/s and

Fig. 3 TEM images of the hierarchical microspheres
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50 mV/s, respectively, within the potential range from 0 V to 1.2 V. It is clear that
the shape of CV curve at low scan rate is nearly rectangular, following the electric
double layer charging/discharging mechanism, which indicates that hierarchical
VOx microspheres own perfect charge storage ability and high efficiency. A pair of
redox peaks of the CV curves at 5 mV/s advent at 0.23 and 0.75 V, and the
electrochemical redox reactions associated with this pair of redox peaks as follows:

VOx + xLi+ + xe− ↔LixVOx ð1Þ

where x is the mole fraction of intercalated Li+ ions. This pair of redox peaks
indicates the charge storage mechanism is pseudocapacitance, which has broad
application prospect for electrode materials of supercapacitors [11]. This superior
performance of the electrode materials is mainly due to V6O13 crystals with metallic
conductivity that contribute to the electron transfer. But at scan rate as high as
50 mV/s, the curve exhibits a deformed shape and the redox peaks are not obvious
as low scan rate, the reason is that it is difficult for Li+ ions to intercalate and
deintercalate the mesopores deep inside the microspheres at such high scan rate
Fig. 4b shows the galvanostatic charging/discharging curve at different current
densities. The specific capacitance of supercapacitors can be calculated through

Fig. 4 a CV curves of the hierarchical VOx microspheres at different scan rates; b Galvanostatic
charging/discharging curves of hierarchical VOx microspheres at different current densities;
c Ragone plot of the symmetric supercapacitor based on hierarchical VOx microspheres; d Cycling
performance of hierarchical VOx microspheres at current density of 4.0 A/g
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galvanostatic charging/discharging measurement, the corresponding formula as
follows:

C =2IΔt m̸ΔV ð2Þ

where C is the specific capacitance, I is the constant current; Δt is the discharging
time; m is the mass of electrode material; ΔV is the potential drop upon discharging.
At the current density of 0.5 A/g (i.e. 0.8 mA/cm2), the gravimetric specific
capacitance of hierarchical VOx microspheres is as remarkably high as 581 F/g,
while the corresponding volumetric specific capacitance is 3.94 F/cm3. In terms of
the value of gravimetric specific capacitance, it is much higher than most of
reported vanadium oxide nanostructures based electrodes such as flower-like V2O3

(218 F/g at 0.05 A/g), VO2 nanobelts (191 F/g at 1 A/g), V4O9 microflowers (392
F/g at 0.5 A/g) and polypyrrole coated V2O5 nanoribbons (308 F/g at 0.1 A/g), and
even vanadium oxide/carbon composite nanostructures including Ti-doped
VOx/CNT composites (310 F/g at 5 mV/s) and V2O3 nanoflakes@C composites
(205 F/g at 0.05 A/g) [2, 12–16]. It is also higher than those of other transition
metal materials such as MnO2 nanorods (298 F/g at 5 mV/s) and flower-like
Co3(PO4)2 (350 F/g at 1 A/g) [17, 18]. For volumetric specific capacitance, which is
also significantly higher than many other reported supercapacitors, such as the
asymmetric supercapacitor based on hydrogen-treated (denoted as H-)
TiO2@MnO2 and H-TiO2@C (0.71 F/cm3 at 10 mV/s) [19] and the symmetric
supercapacitor based on MnO2@carbon fiber (2.5 F/cm3 at 0.02 A/cm3) [20]. The
curves at all current densities exhibit symmetric triangular shape even at a high
current density of 4.0 A/g, which indicates that the supercapacitor based on hier-
archical VOx microspheres is an ideal capacitor that charge can transport quickly
[21, 22]. The reasons associated with such superior specific capacitance of super-
capacitor based hierarchical VOx microspheres are that hyperbranched growth of
nanoribbons leads to high specific area that provide a large amount of active surface
sites for redox reaction to take place in, and hierarchical structure exists mass
mesopores which can facilitate the intercalation/deintercalation of electrolyte ions
so that the rate of redox reactions on the surface can be increased, and the high
metallic conductivity of V6O13 accelerates the electron transfer inside the bulk
microspheres, which is beneficial to increasing the redox reaction rate. It is also
worthy to point out that VOx microspheres possess higher mass density compared
with carbonaceous materials, which can decrease the volume of electrodes and lead
to higher volumetric specific capacitances [19, 20].

The energy density (E) and power density (P) are shown in Fig. 4c. According
to the two-electrode configuration, E and P are calculated by the following formula:

E=1 ̸8CV2 ð3Þ

P=E Δ̸t ð4Þ
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where C is the specific capacitance, V is the cell voltage and Δt is the discharge
time. The maximum energy density was calculated to be 29 Wh/kg at the power
density of 150 W/kg and the maximal power density is 1.2 kW/kg at 4.0 A/g. This
energy density is much higher than those of symmetrical supercapacitors based on
V2O5/carbon nanotubes (16 Wh/kg at power density of 800 W/kg) [23] and V2O5

nanotube spherical clusters (11.6 Wh/kg at 0.1 A/g) [24]. The corresponding vol-
umetric energy density as shown is 0.2 mWh/cm3, which is also substantially higher
than values reported for other supercapacitors, such as the symmetric supercapac-
itors (SSC) based on multiple walled carbon nanotubes (0.008 mWh/cm3 at 1.4
mW/cm3) [25], single walled carbon nanotubes (0.01 mWh/cm3 at 0.02 W/cm3)
[26], MnO2@H-ZnO (0.04 mWh/cm3 at 2.5 mW/cm3) [27], MnO2/Carbon
nanoparticles (0.05 mWh/cm3 at 0.06 W/cm3) [28], and graphene (0.07 mWh/cm3

at 0.22 W/cm3) [29]. The high energy density, together with high power density, is
due to the high specific surface area of the hierarchical microspheres, the high
conductivity and high density of V6O13 in the hierarchical microspheres.

Another important criterion for supercapacitor is cycling performance examined
at 4.0 A/g as shown in Fig. 4d. Notably, 65% of initial specific capacitance has been
maintained after 2000 cycles, even though the specific capacitance decreases
sharply by 18% of initial value in the first 130 cycles, after which it decreased
slightly. The reason of decay is that V(V)-bearing vanadates was dissolved into
electrolyte during the charging/discharging process, which is common in superca-
pacitors and lithium-ion batteries based on vanadium oxide materials [16, 30–32].
Though the capacitance reduced by 35% after 2000 cycles, the cycling stability of
hierarchical VOx microspheres is obviously higher than that of other morphologies
based on pure vanadium oxides without carbon, especially those with high initial
specific capacitances [7, 33]. This remarkable stability benefits from the hyper-
branched growth of alternative VO2 crystals and V6O13 crystals in the
microspheres.

Conclusions

In summary, hierarchical VOx microspheres forming from hyperbranched growth
of growth of have been successfully synthesized by solvothermal method. These
as-prepared VOx microspheres with diameter of ∼5 μm are made up of ∼400 nm
long nanoribbons. Both XRD and TEM indicate that the products consist of V6O13

crystal with good metallic conductive and VO2 crystal. The hierarchical VOx
microspheres prepared for electrode materials of supercapacitors exhibit superior
electrochemical performance with high specific capacity of 581 F/g (3.94 F/cm3)
and outstanding energy density of 29 Wh/kg (0.2 mWh/cm3). The cycling stability
of hierarchical VOx microspheres is also obviously higher than many other reported
materials.
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Potential of Magnetotactic Bacteria
for the Fabrication of Iron Nanoparticles

T. Thuy Minh Nguyen, Manish D. Baviskar and Paul Bernazzani

Abstract Magnetotactic bacteria are typically found in soils rich in iron. These
prokaryote bacteria have the property of using ingesting atoms of iron and gener-
ating magnetosomes of nanoparticles of either diamagnetic or paramagnetic nature
within each cell. We report on the use of magnetotatic bacteria for the production of
uniform nanoparticles of iron mineral magnetite (Fe3O4). The potential for mass
production was investigated along with the molecular, physical, and magnetic
properties of the magnetosomes using various growth and microscopy techniques.
Results reveal that the magnetic particles are stable and that bacteria growth can be
optimized to produce magnetosomes with different magnetic properties, suggesting
that the industrial development of these bio manufactures lies in the foreseeable
future.

Keywords Magnetosomes ⋅ Magnetic bacteria ⋅ Nanoparticles ⋅ Iron

Introduction

The synthetic production of nanoparticles, the cornerstone of nanotechnology,
involves various physical and chemical methods. However, a disadvantage of these
methods is the production of toxic byproducts, possibly making them not envi-
ronmentally safe methods [1]. Nanoparticle synthesis using biological systems
would follow green chemistry principles as the reagents are eco-friendly including
the reducing agent and the capping agent in the reaction [2, 3].

Biogenic nanoparticles involve natural phenomena that take place in the bio-
logical systems. Bacteria are considered as the most potent eco-friendly nanofac-
tories [1]. Magnetotactic bacteria (MTB) are a heterogenous group of aquatic
microorganisms that have the ability to orient and migrate along geomagnetic field
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lines, a behavior named magnetotaxis. This property is based on specific intracel-
lular structures, the magnetosomes which, in most MTB are nanometer-sized,
membrane bound magnetic particles, composed of the iron mineral magnetite
(Fe3O4) or more rarely, greigite (Fe3S4). These magnetosomes are organized in one
or more straight chains parallel to the long axis of the cells. Such an arrangement
confers a magnetic moment to the cell. In the northern hemisphere these MTB are
known to move towards the geographic North Pole, while in the southern hemi-
sphere they are known to migrate towards the geographic south. Magnetotactic
bacteria are found in diverse aquatic habitats and include coccoid to ovoid cells,
rods, vibrios and spirilla from different water bodies (freshwater, seawater), sedi-
ment and soil. Reports of South-seeking magnetotactic bacteria found in Southern
hemispheres sediments as well as of samples held in similar magnetic conditions in
the Northern Hemisphere which verifies the hypothesis that downward direction is
advantageous orientation and upward detrimental for the survival of the magneto
tactic bacteria with unidirectional motility [4–6].

Bacterial magnetic nanoparticles have great useful potential in biotechnological
and biomedical applications. In this study, a liquid growth medium will be modified
for cultivation of a magnetotactic bacterium that has been isolated from sediment
sample. These modifications include changes in the type and amounts of vitamin,
minerals, carbon sources, etc. Serum bottles and designed air-tight laboratory
bottles can be used to create microaerobic conditions in order to develop a method
for scale-up experiment.

Magnetotactic bacteria (MTB) synthesize unique nanoparticle structures within
magnetosomes. MTB’s nanoparticles are coated with a thin organic membrane that
results in high and homogeneous dispersions in aqueous solutions compared to
artificial magnetic nanoparticles, making them ideal biotechnological materials
[7, 8]. It has already been demonstrated, that isolation and axenic cultivation of
MTB in pure culture is very difficult. To date only a small number of isolates and an
even smaller number of genera and species are available [9, 10]. Recently, pure
cultivation of magnetic bacteria in defined medium has provided effective
advancement on the application of MTB’s nanoparticles. Because of MTB’s fas-
tidious culture requirements, growth of most of them on a large scale is extremely
difficult. Mass cultivation of MTB for magnetosome production may be one of the
most important biotechnological processes in the application of MTB’s nanopar-
ticles. We report the investigation of a new approach for large-scale production of
magnetotactic bacteria. The main goal of this study was development a method with
low temperature, lower energy cost and high yield that may make biogenical
magnetic nanoparticles a more economical and energy sustainable process than
some of the competing processes.
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Methodology

Isolation and Screening of Bacteria

Samples were collected in sterile flasks and plastic containers for bacteriological
analysis. The samples were stored in dark cold room at 40 °C for 28 days. The
magnetotactic (MTB) bacteria were isolated using the race track method. Isolated
bacteria were tested for magnetic particle synthesis ability.

Optimization and Validation of Growth Condition

Optimum growth condition and media for each isolates will be optimized by
adjusting pH, temperature and Different chemical concentration and oxygen
requirement. 250 ml Erlenmeyer flask will be used where 10 ml of Sterile Luria-
Bertani (LB) broth liquid media will be used as baseline growth media to identify
mixo-tropic growth of magnetic tactic bacteria. Then it will be incubated in Shaker
overnight at 30 °C AT 150 RPM. Optical density of culture will be checked after 8
to 10 h at 600 nm using spectrophotometer to determine growth of bacteria.

Optimization of Nano Magnetic Practical Synthesis Process

Isolated cells were seeded in optimized media incubated at optimum growth con-
dition by period analysis of magnet in different growth condition. Prussian blue
assay was used to evaluate the presence of magnetosomes.

Source of Microorganism and Liquid Media Preparation

Magnetotactic bacteria were isolated from a water/sediment microcosm that was
collected from the Marquez Crater. Control cells acquired from ATCC were also
used. After magnetic collection and isolation methods, LB media was used for
cultivation experiments. A modified liquid medium (MLM) was also used which
contained Wolfe’s vitamin solution, Wolfe’s mineral solution, sodium succinate,
yeast extract, MgSO4 × 7H2O, peptone casein, potassium phosphate buffer (pH 7),
NH4Cl, sodium acetate anhydrous, resazurin, ferric citrate, HCl and the pH was
adjusted to 7.0. HCl and vitamin solution were added to the MLM after autoclaving.
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Microscopy Studies

Microscopy, isolated cells of the MTB were diluted by sterilized phosphate buffer
solution (pH = 7, 10 mM) and then cells were placed on the surface of glass slides.
The morphology and configuration of the MTB and their magnetosomes were
investigated with different staining techniques.

Isolation and Purification of Magnetosomes

The magnetotactic bacteria were harvested by centrifugation (8000 rpm, 15 min,
4 °C) and washed by sterilized phosphate buffer solution (pH = 7.0). Then the
precipitated cells were resuspended in 1 N NaOH and boiled for 30 min to lyse the
cells. Magnetosomes from the disrupted cells were collected at a graduated cylinder
by magnets for 1 h, then the nonmagnetic fluid was removed by aspiration and
magnetic nanoparticles washed with buffer. Finally, the magnetosomes attracted to
the magnet were carefully suspended in sterilized phosphate buffer solution
(pH = 7.0).

Collection of Magnetic bacteria was done based on the cells’ swimming
response to a magnetic field. The south pole of a permanent magnet was attached
outside a jar containing the water and sediment samples, 1 cm above the sediment
surface. After 2–4 h 1–2 ml of the water in the bottle near the wall adjoining the
magnet was collected with a pipette and transferred to sterile tubes to be used for
further studies. “Race track” purification and enrichment of the MTB The modified
capillary “race track” (CRT) method was used to purify and enrich the MTB
obtained by magnetic collection. A capillary tube (length, 6–9 cm) sealed at one
end in a gas flame was filled with medium by means of a long hypodermic syringe
and was fitted to the narrow end of a Pasteur pipette. The sample material (mag-
netically collected cells) was placed on the top of a sterile, wetted cotton plug in the
wide mouth end of the pipette that served as a reservoir. The capillary was exposed
to a magnetic field produced along it with a permanent magnet for 5 h. The MTB
migrated through the cotton plug towards the closed end of the capillary. The tip
containing the accumulated MTB was then broken off and with the help of a sterile
hypodermic needle the organisms transferred to the sterile enrichment medium
taken in test tubes that were incubated at 30–350 °C for about two days. This
method was repeated two more times to purify the MTB fully. Isolation of magnetic
bacteria. The purified magnetic cells were then isolated by the streak plate method
using a magnetic field and preserved (at 40 °C) on the same medium.

16 T. Thuy Minh Nguyen et al.



Assessment of Culture Magnetism

The isolates were tested for their magnetotactic response using the ‘hanging drop
technique’ under an optical microscope, with the south pole of a bar magnet being
placed some 10 cm distant from the slide. Their magnetic response was also tested
in terms of the spreading of their growth on the surface of a semisolid (50:50) LB
and MSGM medium [0.8% agar]. The isolates were inoculated in a straight line at
the center of the medium in petriplates. The plates were incubated in a magnetic
field created by placing the opposite poles of two different bar magnets on either
side perpendicular to the line of streaking. The growth pattern after incubation was
observed for any spreading towards the magnet poles. The isolated magnetic cul-
tures and a known non-magnetic bacterial culture [E. coli] as control were grown in
the MSGM medium that contained Ferric Quinate as source of iron. After obtaining
sufficient growth (approximately 30–40 mg dry weight), the cell mass was sepa-
rated by centrifugation at 10,000 g in a research centrifuge. The cell mass thus
obtained was dried to constant weight at 105 °C in a hot air oven. Iron content of
the cell mass was determined by Infra-red and UV-visible spectroscopy on a Model,
using the tri-acid digestion method of iron extraction from the cells.

Results and Discussion

Enrichment and Isolation

Magnetotactic bacteria (MTB) were successfully enriched from sediment samples
obtained from the Marquez crater using the magnetic collection method and puri-
fied by the capillary racetrack method. The mixed bacterial culture that was
obtained was observed under a microscope and seen to include more than one
morphological type. The streak plate method of isolation as well as a total viable
count of the original samples were performed to verify the efficacy of the magnetic
purification methods. About four different morphological forms of bacteria were
obtained as pure cultures and different individual colony characteristic were
observed. The bacteria forms included gram positive rod shaped bacteria, gram
negative slender rod and gram positive coccus.

The original samples were grown under different media conditions. Figure 1
present the images of Petrie dishes containing the samples as received and fol-
lowing 10 days of incubation in standard media concentration. The growth
potential of the samples is observed and optimization can be obtained. Following
culture growth, magnetotactic bacteria were isolated using the race track method.
Figure 2 shows the microscopy images of bacteria where two distinctive types were
identified, one north seeking magnetotactic bacteria and another south seeking.
These findings lead to the assessment of the magnetism and of the capacity of the
samples to produce magnetosomes.

Potential of Magnetotactic Bacteria for the Fabrication … 17


