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Microbial cells of Pseudomonas delafieldii were coated with magnetic Fe;O, nanoparticles and then immo-
bilized by external application of a magnetic field. Magnetic Fe;O, nanoparticles were synthesized by a
coprecipitation method followed by modification with ammonium oleate. The surface-modified Fe;O, nano-
particles were monodispersed in an aqueous solution and did not precipitate in over 18 months. Using
transmission electron microscopy (TEM), the average size of the magnetic particles was found to be in the
range from 10 to 15 nm. TEM cross section analysis of the cells showed further that the Fe;O, nanoparticles
were for the most part strongly absorbed by the surfaces of the cells and coated the cells. The coated cells had
distinct superparamagnetic properties. The magnetization (5,) was 8.39 emu - g~'. The coated cells not only
had the same desulfurizing activity as free cells but could also be reused more than five times. Compared to
cells immobilized on Celite, the cells coated with Fe;O, nanoparticles had greater desulfurizing activity and

operational stability.

Immobilized microbial cells are frequently used in biocon-
versions, biotransformation, and biosynthesis processes due to
their better operational stability, easier separation from prod-
ucts for possible reuse, and satisfactory efficiency in catalysis
compared to free cells (6, 12). Generally, entrapment and
adsorption are preferred methods for cell immobilization. In
entrapment, living cells are enclosed in a polymeric matrix
which is porous enough to allow diffusion of substrates to the
cells and of products away from the cells. The materials used
for entrapment of cells are mainly natural polymers, such as
alginate, carrageenan, gelatin, and chitosan. They may also be
synthetic polymers such as polysaccharides, photo-cross-link-
able resins, polyurethane, polyvinyl alcohol (1), polyacryl-
amide, and so on. Major drawbacks of an entrapment tech-
nique are diffusional limitations and steric hindrance,
especially when diffusion of macromolecular substrates, such
as starch and proteins, is involved. Mass transfer involved in
diffusion of a substrate to a reaction site and in removal of
inhibitory or toxic products from the environment may be
impeded.

Cell immobilization by adsorption is currently gaining con-
siderable importance because of a major advantage, namely,
reducing or eliminating the mass transfer problems associated
with the common entrapment methods. However, the adsorp-
tion technique is generally limited by biomass loading, strength
of adhesion, biocatalytic activity, and operational stability. This
is because immobilization by adsorption involves attachment
of cells to the surface of an adsorbent like Celite. Adsorption
is a simple physical process in which the forces involved in cell
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attachment are so weak that cells that are several micrometers
across are not strongly adsorbed and are readily lost from the
surface of the adsorbent.

In this study, a new technique was developed in which mi-
crobial cells were coated with magnetic nanoparticles by ad-
sorption. The cells could be immobilized by an externally ap-
plied magnetic field. The nanoparticles were strongly adsorbed
on the cell surfaces because of their high specific surface area
and high surface energy. It was possible to concentrate the
dispersed coated cells by application of a magnetic field and to
reuse them. When dispersed, the coated cells experienced min-
imal mass transfer problems. Thus, this technique has advan-
tages over conventional immobilization by adsorption to car-
rier materials such as Celite. Furthermore, it can overcome
drawbacks such as limitations in biomass loading and in the
loss of cells from the carrier associated with conventional im-
mobilization by adsorption. To be effective, Pseudomonas
delafieldii R-8 coated by magnetic Fe;O, nanoparticles should
have the same desulfurization activity as free R-8 cells.

MATERIALS AND METHODS

Chemicals. Dibenzothiophene (DBT) was purchased from Acros Organics
(United States). 2-Hydroxy-biphenyl (2-HBP) and n-dodecane were purchased
from Tokyo Kasei Kogyo Co., Ltd. (TCI; Tokyo, Japan). The methanol used was
liquid chromatography grade. Celite (about 100 to 200 wm) was purchased from
Beijing Chemical Reagents Company (China). All other materials were analyt-
ical grade and were available commercially.

Strain and medium. P. delafieldii R-8 (9) was isolated from the sewage pool in
the Shengli oil field in China and has the ability to convert dibenzothiophene
(DBT), a model sulfur-containing compound, to 2-HBP and sulfate. This organ-
ism was grown on a culture medium composed of 2.44 g KH,PO,, 12.03 g
Na,HPO, - 12H,0, 2.0 g NH,Cl, 0.4 g MgCl, - 6H,0, 0.75 mg CaCl,, 1 mg FeCl,
- 6H,0, 4 mg MnCl, - 4H,0, 10 g glycerol, and 0.1 mmol DBT in 1 liter of
deionized water. One milliliter of a 100 mM solution of DBT in ethanol (anhy-
drous) was added to the medium.

Synthesis and modification of magnetic nanoparticles. We synthesized and
modified magnetic nanoparticles by the following method. We dissolved 23.5 g
FeCl; - 6H,O and 8.6 g FeCl, - 4H,0 in 600 ml deionized water under N, with
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mechanical stirring at 800 rpm and 85°C and then quickly added 30 ml of 7.1 M
NH,OH. To the resulting suspension we added dropwise 16 ml of oleic acid over
a period of 30 min. After several minutes, we separated the magnetic precipitate
by magnetic decantation and washed it with deionized water several times. We
modified the magnetic precipitate with about 4 ml of 7.1 M NH,OH to form the
hydrophilic magnetic nanoparticles, which in an aqueous solution were mono-
disperse. The magnetic nanoparticle concentration was expressed in terms of dry
weight per unit volume of suspension medium.

Microbial cells coated by magnetic nanoparticles. Fifteen milliliters of a mag-
netic suspension (15 g Fe;0, nanoparticles per liter of saline water) was mixed
with 100 ml of a cell suspension (25 g [dry weight] of cells per liter of saline
water). The microbial cells were coated by adsorbing the magnetic nanoparticles.
The coated cells could be concentrated on the side of the vessel containing the
suspension and separated from the suspension medium by decantation (see Fig.
4).

Biodesulfurization of model oil. We prepared a model oil consisting of 2.0
mmol - liter ~! DBT in n-dodecane. The reaction mixtures contained 0.255 g (dry
weight) of cells not treated with magnetic nanoparticles for control setups or
0.255 g (dry weight) of cells treated with a defined quantity of magnetic nano-
particles before introduction into the reaction mixtures of experimental setups or
0.255 g (dry weight) of cells immobilized by Celite before introduction into the
reaction mixtures of experimental setups. Each cell preparation was suspended
in 15 ml phosphate buffer (0.1 M, pH 7.0), and the suspension was mixed with 8
ml of model oil. The reactions were carried out in 100-ml flasks at 30°C on a
rotary shaker at 180 rpm.

Analytical methods. The size and morphology of magnetic nanoparticles were
determined by transmission electronic microscopy (TEM) (Hitachi 8100, 200
kV). Each sample was prepared by evaporating a drop of a very dilute nanopar-
ticle suspension on a carbon copper grid.

The cells coated with magnetic nanoparticles were fixed with 3% glutaralde-
hyde in 0.1 M phosphate buffer, pH 7.0, for 2 h, dehydrated in an alcohol series
for 2 h, embedded in an acrylic resin, and allowed to polymerize for 2 days at
60°C. Ultrathin cell sections were viewed and photographed with a TEM at 200
kV. The morphology of cells immobilized on Celite was determined using a
scanning electron microscope (SEM) (QUANTA 200; FEI).

Magnetization curves for the coated cells were obtained with a vibrating
sample magnetometer (model 155; Digital Measurement System, Inc.).

High-performance liquid chromatography was performed with an Agilent 1100
(Agilent, United States) liquid chromatograph equipped with an autosampler, a
reversed-phase Zorbax SB C g column (4.6 mm by 150 mm; 3.5 pm), and a diode
array detector for quantitative assays of DBT (retention time, 5.49 min) and
2-HBP (retention time, 3.29 min) in the dodecane phase. The mobile phase was
90% (vol/vol) methanol in water at a flow rate of 1.0 ml - min~", using the
external standard method at 280 nm.

The specific desulfurization rate was expressed as the amount of sulfur (mil-
limoles) consumed by 1 kg (dry weight) of cells per hour.

RESULTS

Characteristics of magnetic nanoparticles. A TEM pho-
tomicrograph is shown in Fig. 1. The particle sizes ranged from
10 to 15 nm. Figure 1 shows that the magnetic nanoparticles
had a narrow size distribution in aqueous solution. The mag-
netic nanoparticles in suspension did not settle in over 18
months of storage.

Characteristics of coated cells and immobilized cells. Figure
2 shows TEM images of ultrathin cross sections of cells coated
with Fe;O, nanoparticles. Cells with adsorbed magnetic Fe;O0,
nanoparticles, such as those shown in Fig. 2A, were produced
by mixing 2.0 g (dry weight) of cells with 100 ml of a prepara-
tion containing 0.10 g of Fe;O, nanoparticles per liter of mag-
netic suspension, whereas the cells shown in Fig. 2B were
produced by mixing 2.0 g (dry weight) of cells with 100 ml of a
magnetic suspension containing 25 g of Fe;O, nanoparticles
per liter.

The cells coated with Fe;O, nanoparticles were superpara-
magnetic with zero remanence and coercivity, as shown in Fig.
3. The magnetization (3,) was 8.39 emu - g~ . Therefore, the
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FIG. 1. TEM images of magnetite nanoparticles.

cell-nanoparticle aggregates in aqueous suspension could be
easily concentrated with an externally supplied magnetic field
and redispersed by gentle shaking after the magnetic field was
removed. Figure 4 is a photograph of P. delafieldii cell suspen-
sions in columns under three different conditions taken with a
digital camera. When a magnet was touched to the side of a
column containing a suspension of cells coated with Fe;O,
nanoparticles, the cells aggregated in the region where the
magnet touched the column (Fig. 4C). In this way, the mag-
netized cells were easily collected. When the magnet was with-
drawn from the side of the column and the column was shaken,
the cells were readily resuspended, and the suspension had the
appearance shown in Fig. 4A. The results of our experiments
show that 0.086 g of nanoparticles - g (dry weight) of cells "
was the optimal ratio. When the ratio was smaller, the cells
could not be effectively concentrated in a magnetic field, and
when it was larger, an excess of Fe;0, particles affected the
separation of the coated cells by application of a magnetic
field.

Figure 5 shows an SEM image of P. delafieldii R-8 cells
immobilized on Celite. This figure shows that the cells were
adsorbed on the surface of the Celite and that some cells
partially penetrated pores in the Celite.

Desulfurization of DBT. The effect of the magnetic nano-
particles on the desulfurizing activity of P. delafieldii R-8 was
studied. Cells were grown in the culture medium described in
Materials and Methods. Complete consumption of the sulfur
source in 450 ml of medium containing 1.0 X 10~* mM DBT
yielded a cell suspension containing the equivalent of 0.765 g
(dry weight) of cells. This suspension was divided into three
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FIG. 2. TEM images of ultrathin cross sections of cells coated with magnetite nanoparticles.

equal portions, and each portion contained the equivalent of
0.255 g (dry weight) of cells. The cells from one portion of the
cell suspension that had been coated with magnetic nanopar-
ticles were concentrated and collected by application of a mag-
netic field. A second portion of the cell suspension was centri-
fuged, and the cell pellet was collected. The cells from the third
portion of the cell suspension were immobilized by Celite.
Each of the three cell preparations was washed three times
with saline water (8.5% [wt/vol] NaCl), dried, and then tested
separately for biodesulfurization activity in 8 ml of model oil.
Figure 6 shows the time courses of consumption of DBT and
production of 2-HBP by each of the three cell preparations.
The results showed that the coated cells and the free cells
exhibited similar time courses and the same desulfurizing ac-
tivities during the first 4 h, 16.4 mmol - kg (dry weight) of
cells™ - h™!. DBT at a concentration of 2.0 mM was com-
pletely desulfurized in 6 h. By contrast, the cells immobilized
by Celite desulfurized only 12.6 mmol - kg~ ' - h™! during the
first 4 h. The findings for the cells immobilized by Celite were
the result of a small loss of cells from the Celite during washing
with the saline solution. By comparison, no cells coated with
magnetic nanoparticles appeared to have been lost during
washing. They thus had greater operational stability than cells
immobilized on Celite.

Repeated biodesulfurization by coated cells. The same cells
coated with magnetic nanoparticles were tested repeatedly in a
reaction mixture containing 8§ ml of model oil and 15 ml of
phosphate buffer. Each test was performed until the DBT was
consumed completely. At the end of each test, the coated cells
were collected by application of a magnetic field and then
reused in another test. As shown in Fig. 7, the desulfurization
activity of coated cells decreased gradually after a few test
cycles. For example, in the first cycle, DBT in 8 ml of model oil
was completely consumed in 6 h; in the second cycle, the same
amount of DBT was consumed in 10 h; and in the fifth cycle,
the DBT was not completely consumed in 60 h. In contrast to
cells coated with magnetic nanoparticles, uncoated, free cells
could be used only once. They exhibited no desulfurizing ac-
tivity when they were reused.

DISCUSSION

Magnetic nanoparticles. Magnetic Fe;O, nanoparticles
were prepared by a coprecipitation method. The displacement
of air by N, gas during preparation prevented oxidation of
ferrous ion in the aqueous solution and also controlled the
particle size. As Fig. 1 shows, the average particle diameter was
found to be about 10 to 15 nm, and the particles had super-
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FIG. 3. Magnetization curves for the coated cells as determined with a vibrating sample magnetometer. o, saturation magnetization; emu,

electromagnetic unit; Oe, Oersted.

paramagnetic properties (Fig. 3) because the particle diameter
was less than 30 nm (8).

It is well known that magnetic Fe;O, prepared by the co-
precipitation method has a large number of hydroxyl groups on
its surface in contact with the aqueous phase. The OH groups
on the surface of Fe;O, particles react readily with carboxylic
acid head groups of oleic acid molecules. Excess oleic acid is

FIG. 4. Photographs of P. delafieldii cell suspensions in columns
under three different conditions. (A) Cells coated with magnetite
nanoparticles; (B) free cells; (C) coated cells concentrated and col-
lected by an external magnet.

then adsorbed to the prebound oleic acid layer to form a
hydrophobic shell. When the magnetic nanoparticles are put
into an NH,OH solution, the outer layer of oleic acid on the
Fe;O, surface is transformed into an ammonium salt of oleic
acid, which modifies the magnetic nanoparticles so that they
exist in a dispersed state in an aqueous phase. Indeed, the
magnetic nanoparticles become monodisperse because their
surfaces are now hydrophilic.

Cell immobilization and cells coated by magnetic nanopar-
ticles. Immobilization of a biocatalyst in an appropriate reactor
involves its localization on a support medium (5), which allows

FIG. 5. SEM image of P. delafieldii R-8 immobilized by Celite.
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FIG. 6. Time course of desulfurization of dibenzothiophene by different cell preparations. [J, residual DBT concentration after consumption
by free cells; A, 2-HBP concentration produced by free cells; V¥, residual DBT concentration after consumption by magnetic nanoparticle-coated
cells; ¢, 2-HBP concentration produced by magnetic nanoparticle-coated cells; A, residual DBT concentration after consumption by Celite-
immobilized cells; V, 2-HBP concentration produced by Celite-immobilized cells.

economic reuse of the biocatalyst under stable conditions. Im-
mobilization helps in making continuous processes more eco-
nomic by allowing automation and optimization of the invest-
ment/capacity ratio.

Adsorption is perhaps the simplest of all the immobilization
techniques without mass transfer problems. However, conven-
tional immobilization by adsorption has some drawbacks, such
as a loss of cells, a decrease in biomass loading over time, and

consequent operational instability. In the process described in
the present paper, Fe;O, nanoparticles were strongly adsorbed
on the surfaces of microbial cells and thus coated the cells (Fig.
2) because of the large specific surface area and the high
surface energy of the nanoparticles. Furthermore, the presence
of a variety of functional groups at the microbial cell surface
that interact with ammonium ions of the modified Fe;O, nano-
particles makes the adsorption even stronger. In our experi-
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FIG. 7. Repeated biodesulfurization by coated cells.
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ment, the Fe;O, nanoparticles on the cell surface were not
washed out by deionized water or other reagents, such as
ethanol, saline water, or phosphate buffer. Thus, no cell loss or
decrease in biomass loading occurred when cells coated with
magnetic nanoparticles were used, as occurs with cells immo-
bilized by adsorption to a carrier (Fig. 6). As Fig. 6 shows, both
magnetic nanoparticle-coated cells and free cells had the same
desulfurizing activity, which was greater than that of cells im-
mobilized on Celite; i.e., the coated cells did not experience a
mass transfer problem. Thus, the new technique not only has
an advantage over conventional immobilization by adsorption
but also makes the cells magnetic and can overcome some
limitations associated with the conventional immobilization by
adsorption. The new technique involves cells coated with mag-
netic nanoparticles (Fig. 2) that can be immobilized by appli-
cation of a magnetic field. This is in contrast to permanently
immobilized cells that are adsorbed to the surface of a support
material (Fig. 5).

We found in our experiments that the cells coated with
surface-modified magnetic nanoparticles did not settle sponta-
neously in deionized water, saline water, culture medium, and
phosphate buffer. The adsorbed magnetic nanoparticles did
not change the density of the cells significantly because the dry
weight ratio of the particles to cells was only 0.086 g - g~ ' and
the volume of the coated cells was only slightly greater than
that of uncoated cells.

Biodesulfurization. Biodesulfurization is a promising tech-
nology for the removal of organic sulfur from fossil fuels. It is
increasingly attractive because of its high selectivity for organic
sulfur compounds in fossil fuels, especially polycyclic and poly-
heterocyclic sulfur compounds (2, 11). Moreover, it has the
potential benefits of low capital and operating costs because of
mild conditions (7).

However, the treatment of oils using a biocatalyst suspen-
sion has some limitations, such as low volumetric ratios of oil
to aqueous suspension and difficulties in biocatalyst recycling.
The use of immobilized biocatalysts has been considered to be
a potential alternative (13). Desulfurization of oils by immo-
bilized cells has some advantages, including relatively high
oil/water volumetric ratios, good storage stability, and low risk
of contamination.

So far, only a few reports on the use of biocatalyst immobi-
lization, such as entrapment or adsorption on Celite in biode-
sulfurization, have been published (4, 10, 15). However, the
methods have some limitations, such as a mass transfer prob-
lem, loss of cells, and separation of biocatalysts from the
treated oils. In the present study, the new technique in which
magnetic nanoparticles were used to coat the cells not only had
an advantage over conventional cell immobilization by adsorp-
tion, but it could also successfully overcome difficulties of con-
ventional cell immobilization, such as mass transfer problems,
cell loss, and separation of carrier with adsorbed cells from the
reaction mixture at the end of a desulfurization treatment.
Cells coated by magnetic nanoparticles appear not to experi-
ence a mass transfer problem because we found that the de-
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sulfurizing activities of coated and uncoated cells exhibited the
same time course (Fig. 6). This is because DBT transfer from
the oil to the water and then from the water to the cells limits
the rate of DBT metabolism (14). Our findings are consistent
with a coating layer of nanoparticles that does not change the
hydrophilicity of the cell surface. They are also consistent with
an effect of the coating layer on mass transfer that is negligible
because the structure of the layer is looser than that of the cell
wall. Thus, the coating layer does not interfere with mass
transfer of DBT. The coated cells have good stability and can
be reused (Fig. 7). The new technique has the advantage of
magnetic separation (3).

Therefore, the new technique is rather convenient and easy
to perform, and it may be promising for large-scale industrial
applications.
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