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This paper describes a simple and convenient method for constructing an array of aligned bacteria and
its immobilization in a solid framework. Paramagnetic particles were attached toBacillus megaterium
via the carbodiimide coupling between the amine functional groups on the particle with carboxylic acid
groups on the bacteria. It was found that the amount of particles on the surface of the bacteria was
dependent on the experimental conditions such as reaction time. After the surface of the bacteria was
fully coated with the magnetic particles, the bacteria responded to an external magnetic force. By taking
advantage of this property, two-dimensional arrays of bacteria were easily formed on a glass substrate
over a large area both in aqueous solution and in a silica-based sol. The aligned wire-like structures were
frozen in place via gelation of the sol. These structures are highly stable and reproducible and can be
used to create nanostructured arrays on surfaces for the fabrication of novel chemical sensors or catalytic
supports.

Introduction

During the past decade, many studies on materials that
exhibit unique hierarchically organized pore-solid architec-
ture have been carried out due to their importance in the
design of catalytic supports, sensors, and microfluidic de-
vices.1-3 The sol-gel process provides a promising approach
to fabricate porous materials since the polymerization of
appropriate organic or inorganic precursors is carried out
under ambient conditions.4 With use of different templates
such as molecules, surfactants, single cells, and latex or glass
spheres, the primary pore structure in sol-gel-derived
materials can be organized in a three-dimensional network.5,6

Recent work has been focused on the use of living systems
as templates to create unique two- and three-dimensional
structures.7-10 For example, Zink, Dunn, and co-workers have
reported that ordered structures in the silica sol-gel films

can be generated by using living cells as a template.11 Belcher
and co-workers have used yeast and viruses to create unique
nanostructures including nanoparticle arrays,12 nanowires,13

and nanorings.14 Mann and co-workers have utilized bacteria
threads to create zeolite fibers.15 Pollen grains have also been
used as templates.16 Applications of organized nanostructures
in solid-state electrochemical devices have already been
shown.8,17

In this work, a very different approach has been taken that
involves the alignment and subsequent immobilization of
bacteria in a two-dimensional network. The method chosen
involves attaching magnetic particles to the surface of
bacteria and aligning the “magnetic bacteria” under a
magnetic field. There are many examples where magnetic
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nanoparticles have been attached to biomolecules,18-23 but
very few that discuss their subsequent alignment. Examples
of aligned nanostructures include those prepared from carbon
nanotubes or microtubules where the magnetic nanoparticles
were either attached to their surface or incorporated in
them.24-27

This work focuses on the attachment of paramagnetic
particles toBacillus megaterium. B. megateriumwas chosen
as the “model” bacteria as it is a relatively large gram-
positive rod-shaped bacteria (∼2 × 10 µm) that is easy to
grow, is relatively harmless, and can form chains under
flow.28 When paramagnetic particles are first covalently
attached to its surface via standard carbodiimide coupling,29

it can be oriented under an external magnetic field to form
long filaments in aqueous solution or in a silica-based sol.
These filaments are tens to hundreds of micrometers in length
and can be permanently locked in place upon gelation of
the sol, leading to the possibility of creating ordered
structures that can be etched to create channels for use in
chemical and biochemical analysis or in microfluidic devices.

Experimental Section

1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride
(EDC), tetramethoxysilane (TMOS), methyltrimethoxysilane (MT-
MOS), andN-hydroxysuccinimide (NHS) were purchased from
Aldrich-Sigma Chemical Co. BioMagPlus paramagnetic particles
(iron oxide core with a silane coating, particle size<1 µm)
containing surface amine groups were purchased from Polysciences,
Inc. (Warrington, PA) and used as received. Glass cover slips were
purchased from Ted Pella, Inc. (Redding, CA) and cleaned by
successive sonication in acetone, ethanol, and water. Prior to use,
they were plasma-cleaned (Harrick Plasma Cleaner) on high for 2
min. This treatment made the glass surface fully hydrophilic.
Ultrapure water was obtained from a Millipore water purification
system.

The bacteria were grown via standard protocols. Briefly, bacterial
strains were grown in Luria broth (LB) at 37°C with vigorous
shaking for 18 h. Cells were harvested by centrifugation and washed
with an equal volume of saline, and final cell pellets were
resuspended in 15 mL of 0.85% NaCl solution (concentration of

bacteria was ca. 71.3 mg/mL). One milliliter of the suspended cells
was centrifuged at 4000 rpm for 4 min.

To attach the paramagnetic particles to the bacteria, standard
carbodiimide coupling was employed.29,30 Approximately 50 mg
of the wet bacteria was placed into 1 mL of 0.1 M phosphate buffer
solution, pH) 7.2. Approximately 4-6 mg of EDC and 8 mg
NHS were then added to the solution and the reaction was allowed
to proceed for 30 min at room temperature with gentle shaking.
The activated bacteria were separated by placing the suspension in
a centrifuge tube and centrifuging at 4000 rpm for 3 min. The
supernatant was then removed and the activated bacteria were
resuspended in 1 mL of 0.1 M buffer solution. This washing
procedure was repeated for at least three cycles to fully remove
the excess EDC, EDC byproducts, and NHS. Finally, the bacteria
were resuspended in 1 mL of 0.1 M buffer; 400µL (about 20 mg)
of the magnetic particles was added and the reaction allowed to
proceed for 3-24 h at room temperature with gentle shaking. An
aliquot of resultant solution was pipetted onto a clean glass slide.
Prior to AFM measurements, the sample was dried in a desicator
overnight. The alignment of the “magnetic bacteria” was done by
placing a drop of solution on the glass substrate under an external
magnetic field. All the optical images and videos were captured
on a Sony CCD camera with WinTV Go-Plus for the digital
recordings (Hauppauge Computer Inc., NY). The AFM images were
acquired in the tapping mode on a Nanoscope III A multimode
atomic force microscope (Digital Instruments, Veeco Metrology
Group, Santa Barbara, CA) using ultrasharp silicon probes (Mi-
croMasch) with spring constants of 20-70 N/m.

Sol A was prepared mixing 0.9 mL of H2O, 0.1 mL of TMOS,
0.1 mL of MTMOS, and 0.1 mL of 0.01 M HCl in a glass vial,
while the sol solution B was prepared from 0.9 mL of H2O, 0.2
mL of TMOS, and 0.01 mL of 0.1 M HCl. A 100µL aliquot of
the coatedB. megateriumsolution was added to 100µL of sol,
and the resulting sol was vortexed for 10 s and then pipetted onto
the glass surface.

Results and Discussion

Figure 1 outlines the overall fabrication procedure. The
procedure starts with the activation of carboxylic acid groups
on the surface ofBacillus megateriumwith EDC, followed
by mixing it with the paramagnetic particles capped with
the amino-terminated groups. By varying the reaction time,
it was possible to obtain bacteria covered with a different
number of magnetic particles.

Figure 2 shows the images and corresponding cross
sections of the bacteria with and without the paramagnetic
particles attached to its surface. The AFM measured heights
of an individual activated bacterium (Figure 2A) and the
activated bacteria after mixing with the paramagnetic par-
ticles for different reaction times (Figure 2B,C) are 535 nm,
1.09 µm, and 1.17µm, respectively. The ca. 0.4-0.8 µm
height difference is a reasonable value of the addition of
paramagnetic particles onto the bacteria surface.31 A com-
parative analysis of the bacterium in the AFM image in
Figure 2B reveals some particles are attached on only part
of the surface. The observed height of the upper part of the
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bacterium is in the range 450-600 nm, which is in good
agreement with the height of unmodified bacteria (Figure
2A). The lower part has a height of 1.1µm, consistent with
particles on its surface. This result indicates that only part
of the surface ofBacillus megateriumis affixed with
particles. After a longer reaction time, a higher local
particle density on most of the bacteria is apparent (Figure
2C). In all cases with a reaction time greater than 16 h,
the particles faithfully cover the whole surface, thus con-
firming the validity of the attachment strategy outlined in
Figure 1.

Previous researchers have shown that magnetic particles
can be attached to carbon nanotubes26,27and microtubules24,25

or form filaments or wires32-36 that can be aligned in a
magnetic field. We employed a similar method to align
modified B. megateriumunder an external magnetic field.
Figure 3 shows optical images of an ensemble of modified
B. megateriumin the absenceof external magnetic field.
The lower optical image shows the “magnetic bacteria” in
water; the upper is after the water has evaporated. The
bacteria in the dried sample form randomly scattered or
aggregate structures with multilayering. From the AFM
images of a few bacteria in the dried sample, it can be clearly
seen that the modified bacteria still form the hair-like
structure, indicating there is no preferred orientation even
though the surface is covered with magnetic particles. If the
unmodified bacteria (those without EDC treatment) are mixed
with the paramagnetic particles, AFM images show isolated
bacteria in the presence of isolated particles (see Figure 1S
in Supporting Information).

The alignment of modifiedB. megateriumwith the
magnetic field lines of an external magnet was visualized
by recording optical micrographs of them in two different
solutions on glass. Figure 4 shows images of the bacteria
under an external magnetic field with different directions.
The modifiedB. megateriumforms long chains along the
magnetic lines and the chains move when the magnet is
moved to remain oriented in the direction of the field. When
the magnetic field directions changes from Figure 4A to 4B

(32) Goubault, C.; Jop, P.; Fermigier, M.; Baudry, J.; Bertrand, E.; Bibette,
J. Phys. ReV. Lett. 2003, 91, 2608002-1.

(33) Goubault, C.; Leal-Calderon, F.; Voivy, J.; Bibette, J.Langmuir2005,
21, 3725-3729.

(34) Sheparovych, R.; Sahoo, Y.; Motornov, M.; Wang, S.; Luo, H.; Prasad,
P. N.; Sokolov, I.; Minko, S.Chem. Mater.2006, 18, 591-593.

(35) Furst, E. M.; Suzuki, C.; Fermigier, M.; Gast, A. P.Langmuir1998,
14, 7334-7336.

(36) Vuppu, A. K.; Garcia, A. A.; Hayes, M. A.Langmuir2003, 19, 8646-
8653.

Figure 1. Schematic representation of the attachment of paramagnetic
colloidal particles toB. megateriumand its alignment under an external
magnetic field. Not drawn to scale.

Figure 2. AFM topographic images and corresponding distance-height
profiles of activatedB. megaterium(A) and activatedB. megateriumafter
mixing with paramagnetic particles for 6 (B) and 24 h (C). TheZ-scale for
the AFM images is 2500 nm.

Figure 3. Optical and AFM images ofB. megateriumcoated with
paramagnetic colloidal particles in the absence of an external field on a
glass substrate. The left-bottom optical image is the coatedB. megaterium
in buffer solution and the left-upper is after drying. The right column of
AFM topographic images are those of the individual bacterium marked by
squares in the upper optical image. TheZ-scale for the AFM images is
2500 nm.
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and Figure 4C to 4D, the aligned chains begin to move with
the magnetic field and some “wires” break into several short
chains as indicated by the large white circles. Occasionally,
some bacteria do not move with the magnetic field direction
as shown in the small white circles in images C and D of
Figure 4. This is likely caused either by the strong interaction
between theB. megateriumand the glass substrate or by these
particular bacteria possibly having fewer magnetic particles
attached to their surfaces and thus being less responsive in
the presence of an external field. No alignment or movement
can be observed forB. megateriumwithout the attached
magnetic particles in a magnetic field. Optical micrographs
look similar to those shown in Figure 3. The aligned
filaments are also not just aligned particles as most of the
particles are small (<1 µm) and thus difficult to see in an
optical micrograph without being attached to something much
larger, i.e.,B. megaterium.

These results clearly demonstrate that magneticB. mega-
terium can be manipulated in an external field and can be
used as building blocks to fabricate the hierarchical two-
dimensional chain structures. To permanently fix these chain
structures and thus use them as a template for further device
fabrication, we exploited the sol-gel process using two
kinds of sols. The advantage of the sol-gel process is that
the sol is very fluid and entities that are doped into it can
move as easily as they do in water. As soon as the sol turns
into a gel, the movement of large entities stops and their
orientation is permanently fixed. Leventis, Rolison, and co-
workers have elegantly shown this with aligned magnetic
particles in an aerogel.37 Previous work has also shown that
these entities (i.e., templates) can be removed from this
framework to create “replicas” with the same three-
dimensional structure.10

The sol (sol A or sol B) containing modifiedB. megate-
rium was placed on the glass slide. Figure 5 showsB.
megateriumaligned parallel to the magnetic field in the
silica-based sol. As the sol starts to cross-link, its viscosity
increases and at some point it becomes a gel (the TMOS
only sol gels faster than the one with MTMOS).

In Figure 6, the transition between the sol state (marked
by fluidity) and the gel state (marked by macroscopic
rigidity) can be observed. In this experiment, a drop of the
bacteria-doped sol was placed on a clean glass slide and a
magnetic field was applied to align the bacteria in the
direction of the magnetic field lines (Figure 6A). At some
point in time, the sol started to gel from the outside to the
inside. At this point, the magnetic field was moved 90
degrees. The bacteria residing in the sol (fluid) reoriented
while those in the gel (rigid) did not (Figure 6B). The gelling
line (sol-gel transition) is marked in the figure.

Figure 7 shows aligned filaments ofB. megaterium
encapsulated in the gel after the magnetic field was removed.
Once the filaments are formed and aligned in the sol and
the sol gelled, the magnetic field can be removed (or its
direction changed) and the bacteria do not move. From the
AFM images, it is clearly observed that coatedB. megaterium
encapsulated in the gel are stretched along the magnetic field
direction to form thin “wire-like” structures. These bacterial
threads are fixed in the orientation imposed on them by the
external magnetic field while they were in the sol.

Conclusions

In summary, usingB. megateriumand a very simple and
straightforward experimental procedure, we have succeeded

(37) Leventis, N.; Elder, I. A.; Long, G. J.; Rolison, D. R.Nano Lett.2002,
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Figure 4. Optical micrographs of coatedB. megateriumaligned in buffer
on a glass substrate in the presence of an external field with field directions
as indicated. Realignment took place by moving the magnetic field from
(A) to (B) and from (C) to (D).

Figure 5. Optical images of aligned wire structures of modifiedB.
megateriumin Sol A (left) and Sol B (right) in the presence of an external
field in the direction indicated.

Figure 6. Aligned “filaments” of modifiedB. megateriumin Sol A during
the sol-to-gel transition in the presence of an external field (left image)
and after the magnetic field was rotated 90° (right image). The area to the
right of the white line is the gel and the area to the left is the sol.

Figure 7. Optical image (left) and AFM topographic image (right) of
aligned wire-like structures of modifiedB. megateriumin the gel formed
from Sol A. The magnetic bacteria were alignedin the solin the presence
of an external field in the direction indicated. After gelation, the external
field was removed and the images were acquired. TheZ-scale for the 60×
60 µm AFM image is 1000 nm.
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in creating aligned arrays of bacteria both in aqueous solution
and in a silica sol. The advantage of using a sol is that these
aligned bacterial filaments can be frozen in place and in a
specific orientation determined by an external magnet when
the sol turns into a gel. In a simplistic analogy,B. megaterium
modified with the magnetic particles can be thought of as a
synthetic mimic of magnetotactic bacteria in that they both
contain iron oxide particles.38,39 In magnetotactic bacteria,
the magnetic particles are located in the intracellular organells
whereas in the synthetic version it is on the outside. Both
respond to an external magnetic field. An example of another
synthetic mimic is the swollen bacterial-magnetite threads
prepared by Mann and co-workers.40,41 In that study, a
bacterial thread prepared fromB. subtiliswas swollen and
subsequently doped with 10 nm iron nanoparticles when
placed in ferrofluid. The magnetic particles in this case lie

between the cell walls. The present study has a number of
intriguing advantages that these others studies do not easily
offer including the ability to (1) extend it to other bacteria,
particularly those of a different size and shape, (2) remove
the bacteria to create arrays of long hollow capsules or
cavities in films for drug delivery or supports for chemical
sensors, and (3) create interesting architectures and patterns
by employing surfaces with magnetic patterns.42 Future work
will proceed in this direction.
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