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ABSTRACT

Controlled assembly of magnetic nanoparticles was demonstrated by manipulating magnetotactic bacteria in a fluid with microelectromagnets.
Magnetotactic bacteria synthesize a chain of magnetic nanoparticles inside their bodies. Microelectromagnets, consisting of multiple layers
of lithographically patterned conductors, generate versatile magnetic fields on micrometer length scales, allowing sophisticated control of
magnetotactic bacteria inside a microfluidic chamber. A single bacterium was stably trapped and its orientation was controlled; multiple
groups of bacteria were assembled in a fluid. After positioning the bacteria, their cellular membranes were removed by cell lysis, leaving a
chain and a ring of magnetic nanoparticles on a substrate.

With the advent of the controlled synthesis of nanocrystals,
efforts are being made to assemble these particles into
custom-made structures.1-3 By trapping metallic or semi-
conducting nanoparticles between electrodes, single-electron
devices were constructed.4,5 Genetically engineered viruses
were used to assemble semiconducting nanocrystals into
ordered structures.6,7 The manipulation of magnetic nano-
particles is also of significant interest because single-domain
magnets have applications in spintronics, magnetic memory,
and biology.8-10 Using either permanent magnets or elec-
tromagnets, various magnetic objects, including magnetic
nanowires and superparamagnetic particles, were positioned
or moved in a fluid.11,12

In this letter, we describe a new approach to assemble
magnetic nanoparticles into ordered structures by controlling
the motion of magnetotactic bacteria with microelectromag-
nets. Through highly controlled biomineralization, magne-
totactic bacteria synthesize chains of intracellular, single-
domain magnetic nanoparticles.13 The cellular bodies enclosing
the magnetic chains prevent the magnetic aggregation of the
bacteria, making it possible to use the bacteria as a carrier
of magnetic nanoparticles. The microelectromagnets create
versatile magnetic field patterns on micrometer length scales
to guide the motion of magnetotactic bacteria inside a
microfluidic chamber.14 After assembling the bacteria with
microelectromagnets, the cellular membranes of the bacteria

were removed by cell lysis to leave the biogenic magnetic
nanoparticles at desired locations.

The novel magnetic structures produced by magnetotactic
bacteria have been a subject of active study since their
discovery.13,15-17 Magnetotactic bacteria grow magnetic
nanoparticles inside their bodies. The mineralization pro-
cesses are highly regulated by the bacteria, leading to the
formation of uniform, species-specific magnetic nanopar-
ticles. Moreover, the particles are assembled into single or
multiple chains and anchored inside the cell, enabling the
bacteria to passively orient themselves along geomagnetic
field lines. Figure 1 showsMagnetospirillum magnetotacti-
cum(MS-1), a variety of magnetotactic bacteria that grow a
single chain of intracellular magnetite (Fe3O4) nanoparticles.
Each nanoparticle, which is contained in a phospholipid* Corresponding author. E-mail: westervelt@deas.harvard.edu

Figure 1. Scanning electron micrographs ofMagnetospirillum
magnetotacticum(MS-1). (a) The bacteria synthesize a chain of
magnetite (Fe3O4) nanoparticles, which is anchored inside their
body. (b) Close-up of the chain of magnetite nanoparticles. Each
particle in the chain is covered with a membrane and has magnetic
moment ∼6 × 10-17 A‚m2. The total magnetic moment of a
bacterium is∼1.0 × 10-15 A‚m2.
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membrane, has a cuboctahedral{111}+{100} crystal struc-
ture with a narrow size distribution.15 Furthermore, the
diameter of the particle (≈50 nm) falls in a range where the
particle is a single-domain permanent magnet with magnetic
moment ∼6 × 10-17 A‚m2. Adding up the individual
magnetic moments of particles in the chain, the total
magnetic moment of a single MS-1 bacterium is∼1.0 ×
10-15 A‚m2. The cellular bodies enclosing the magnetic chain
prevent the clustering of bacteria from magnetic dipole
interactions.

To manipulate and assemble magnetotactic bacteria in a
fluid, a micromanipulation system was developed using
microelectromagnets and microfluidics. The microelectro-
magnets generate strong, localized magnetic field peaks to
precisely position magnetotactic bacteria in a fluid at room
temperature. The microfluidic system controls the fluidic
flow, which is crucial for the stable trapping of the bacteria.
Figure 2 shows two types of microelectromagnets used in
the experiment, a ring trap and a matrix, before microfluidic
chambers were attached. The ring trap is a circular conduct-
ing wire covered with an insulating layer. The matrix consists
of two arrays of straight conducting wires, aligned perpen-
dicular to each other, which are separated and capped with
insulting layers. The microelectromagnets were fabricated
on Si/SiO2 substrate as previously reported.14 Conducting
wires were patterned using either optical lithography or
electron beam lithography followed by Cr/Au deposition and
lift-off. To reduce the friction between the trapped bacteria

and the surface of the device, a resin with good planarization
properties was used for the insulating layers. A microfluidic
chamber was separately fabricated from poly(dimethylsilox-
ane)s (PDMS) using soft lithography.18 The width (1 mm)
and the depth (100µm) of the channel were chosen such
that the viscous drag on the bacteria by the fluid flow is
<10 pN. The microelectromagnets and the PDMS chamber
were treated with an O2 plasma to render their surfaces
hydrophilic, and the chamber was conformally sealed on top
of the microelectromagnets.

With currents in the wires, the microelectromagnets
generate a local magnetic field peak that traps magnetic
objects suspended in a fluid as illustrated in Figure 2a. The
magnitude of the magnetic field on the surface of the device
is B ∝ JA/d, whereJ is the current density,A is the cross
sectional area of the wire, andd is the distance between the
wire and the surface of the device. For the microelectro-
magnet reported here (A ) 2 µm2 andd ) 2 µm), current
densities as high as 5×107 A/cm2 were achieved, producing
magnetic field magnitudes up toB ∼ 0.1 T. The device was
cooled by a thermoelectric cooler to prevent thermal
breakdown, from Joule heating, and electromigration.

The potential energy of a trapped magnetic object isU )
- mB, wherem is the magnetic moment of the object. In
thermal equilibrium, the chemical potentials of magnetic
objects inside and outside of a trap are equal to each other.
This condition determines the number density of magnetic
objects inside a trapnT ) n0 exp(|U|/kBT), wherekB is the
Boltzmann constant,T is the temperature, andn0 is the
number density of magnetic objects outside the trap. In a
magnetic trap with trapping volumeVT, one or more objects
will be trapped providedn0VT g exp(-|U|/kBT), which
determines the minimum magnetic momentm0 ) -(kBT/B)-
log(n0VT) required for stable trapping at a given temperature.
Using the experimental conditions reported here,n0 ) 10-7

/µm3, VT ) 25 µm3, andT ) 288 K, the minimum magnetic
moment for stable trapping ism0 ) 5 × 10-19 A‚m2 with B
) 0.1 T. Because each MS-1 bacterium has the magnetic
moment ∼1.0 × 10-15 A‚m2, well above the required
minimum, it can be stably trapped and manipulated with
microelectromagnets.

As a first step to assemble magnetic nanoparticles, MS-1
bacteria were manipulated inside the microfluidic chamber
using microelectromagnets as shown in Figure 3. The bacteria
were stained with fluorescent dye and the manipulation
process was monitored with a fluorescent microscope. A
solution containing the stained bacteria was introduced into
the microfluidic chamber above the microelectromagnet by
a low flow-rate peristaltic pump. A single current source was
connected to a ring trap; each wire in a matrix was connected
to a separate current source that was individually controlled
by a computer.

The sequence of images in Figure 3a shows the trapping
of a single MS-1 bacterium by a ring trap withB ) 6 mT at
the center. Once trapped, the bacterium underwent complex
motions due to its own motility, but it remained trapped as
long as the magnetic field was on. By controlling the current
in each wire of the matrix, more versatile manipulation of

Figure 2. Schematic and micrographs of microelectromagnets
before attaching microfluidic chambers. (a) A ring trap is a circular
Au wire topped with an insulating layer. The currentI in the wire
generates a local magnetic peak that traps magnetic objects on the
surface of the device (left). A ring trap of diameter 5µm was
fabricated on a Si/SiO2 substrate (right). (b) A microelectromagnet
matrix with electrical leads (left) and its close-up (right). Two layers
of 10 Au wires are aligned perpendicular to each other, separated
and topped by insulating layers. The width and the pitch of the
wires are 5µm and 10µm, respectively.
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bacteria was performed. In Figure 3b, a single peak in the
magnetic field magnitude was created and moved in steps
less than the wire pitch of the matrix, trapping and continu-

ously transporting a group of bacteria. Multiple groups of
bacteria were independently moved along different paths as
shown in Figure 3c; after initially trapping four groups of

Figure 3. Micromanipulation ofMagnetospirillum magnetotacticum(MS-1) with microelectromagnets. (a) A single MS-1 bacterium was
trapped at the center of the ring (B ) 6 mT). The bacterium remained inside the trap as long as the magnetic field was on. By adjusting
the currents in wires, the microelectromagnet matrix provided more versatile manipulation. (b) A single peak in the magnetic field magnitude
was created and moved in steps less than the wire pitch, trapping and transporting a group of MS-1 bacteria continuously across the surface
of the device. (c) Assembly of magnetotactic bacteria. Four groups of bacteria were separately trapped and brought together into a single
group. (d) The direction of a trapped bacterium was controlled by applying two sinusoidal currents,I1 andI2 with a π/2 phase difference.
White ticks indicate the wire positions.

Figure 4. Scanning electron micrographs of assembled magnetic structures after removing cellular membrane of trapped bacteria. (a) A
single chain of magnetic nanoparticles is shown along with cellular debris. Two small nanoparticles indicated by an arrow are still attached
to the chain due to the magnetic field from the adjacent, large particle. (b) A long chain from a single bacterium. The chain bent during the
cell lysis but remained intact from the strong magnetic dipole interactions among nanoparticles. (c) A ring of magnetic nanoparticles was
formed by trapping and lysing two bacteria. The cellular bodies enclosing the magnetic chains prevented clustering of the chains during
trapping and cell lysis.
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bacteria, each group was moved independently to form a
single large group. In addition to trapping a bacterium, the
matrix can further control the orientation of the bacterium
as shown in Figure 3d. Sinusoidal currents with aπ/2 phase
difference were applied to two wires crossing each other.
By changing the phase of the currents, a single bacterium
was rotated on the surface of the device at the crossing point
of the two wires.

After positioning MS-1 bacteria with microelectromagnets,
the cellular membranes of the bacteria were removed by cell
lysis to expose the assembled magnetic nanostructures. The
microfluidic chamber was drained, leaving the trapped
bacteria on the surface of the device. The trapped bacteria
were treated with distilled water to burst the cells by osmotic
shock. Subsequently, sodium dodecyl sulfate (SDS) solution
(20% weight/volume) was introduced to remove the remain-
ing cellular membranes and debris. Finally, distilled water
was introduced again to dissolve the residue of SDS.

Figure 4 shows the examples of magnetic structures left
on the substrate after removing the cellular membrane of
trapped MS-1 bacteria. In Figure 4a, a chain of magnetic
nanoparticles from a single bacterium is shown along with
cellular debris. Two small nanomagnets at the lower end of
the chain are noteworthy. Left alone, the magnetic moment
of these particles is expected to fluctuate at room temperature.
However, due to the magnetic field from the adjacent large
particle, the magnetic moments of the small particles are
aligned and the particles are attached to the chain.19 The
length of the magnetic chain can be different in each
bacterium. Figure 4b shows a long chain from a single
bacterium. The chain, initially straight, bent during the lysis
process, but it remained intact due to the strong magnetic
interactions between magnetic nanoparticles. Figure 4c shows
a more complex structure, a ring of magnetic nanoparticles
assembled from two magnetic chains. Because each magnetic
chain was initially enclosed in a bacterial body, it maintained
its linear geometry during trapping and cell lysis. These
ordered magnetic structures can serve as a system for
studying the interactions between closely spaced magnetic
nanoparticles.

By manipulating magnetotactic bacteria with microelec-
tromagnets, we demonstrated how magnetic nanoparticles
grown by the bacteria can be assembled into ordered
structures. Using an electric field for manipulation, the
method described above can be extended to assemble other
types of biogenic nanoparticles, for example, silver or gold
nanocrystals in bacteria, or cadmium sulfide nanocrystals in
yeast.20-22 By applying an ac electric field, the microorgan-
isms containing nanoparticles can be trapped and positioned
by dielectrophoretic force.23,24 Subsequent removal of the
cellular bodies can expose the intracellular nanoparticles at

desired locations. Combing biomineralization and microma-
nipulation, this approach can be a new method for growing
and assembling nanoparticles into customized structures.
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