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Micropatterning of particles has attracted consider-
able attention in various areas of science and technol-
ogy. A number of techniques, including photo or elec-
tron-beam/ion-beam lithography and microcontact
printing techniques,1–5 have been used to provide
two-dimensional patterning. In a previous paper,6 we
reported a patterning of diamagnetic particles using
a modulated magnetic field. A field modulator consist-
ing of alternating sheets of aluminum and iron of
300 mm thick was inserted into a homogeneous mag-
netic field to modulate the magnetic field over the
modulator surface. Diamagnetic particles including
polymer spheres6 and cells7 suspended in a medium
were attracted to the location where the field strength
is weak, resulting in a pattern following the pattern of
the field modulation.
Since the field modulation persists only in a dis-

tance of the order of the modulator width from the
modulator surface, particles that are floating beyond
this persistent distance cannot be patterned. A solution
to this problem is to evaporate the medium. With de-
crease in the level of the liquid medium, the particles
reach within the persistent distance to be trapped.
However, the evaporation causes the change in com-
position of the medium, leading to coagulation of par-
ticles, damages to cells, etc. in some cases.
In this note bacterial cellulose (BC) was chosen for

the demonstration purpose. Because BC produced
stays floated in a medium, the conventional magnetic
patterning technique is not applied successfully. We
combined the magnetic technique with filtration to en-
able micropatterning of BC.
Acetobacter xylinum, JCM 10150 (Japan Collec-

tion of Microorganisms) was used to produce BC. A
BC particle obtained by static culture was immersed
in the phosphate buffer to obtain a suspension of ace-
tobacterium. The suspension and an aqueous solution
of Mn(II)EDTA (0.1M) were mixed at 2:3 by volume

to make the medium paramagnetic. 2mL of the pre-
pared suspension was poured into the plastic dish
and subjected to cultivation at 30 �C for 3.5 h with
or without magnetic field. During this cultivation
time, BC is formed.
A plastic dish (40mm diameter) with a hole

(15mm) cut in the bottom was used. The hole is cov-
ered with a Millipore filter (Omnipore JGWP02500,
polytetrafluoroethylene, 25mm diameter, 0.2 mm pore
size, 80 mm thick) glued to the bottom. This plastic
dish was placed on a field modulator6 (alternating lay-
er of aluminum and iron sheet of 300mm) with the
Millipore filter being in contact with the modulator
surface. Whole of the dish and the modulator was
tightly fixed between two poles pieces of an electro-
magnet generating a horizontal magnetic field of 1 T.
The experimental setup with a field modulator is

shematically shown in Figure 1. In the case that a hor-
izontal magnetic field is applied to the modulator, the
magnetic flux density is reduced on the iron layers, re-
sulting in formation of minima on the iron layers. The
depth of the minima depends on the distance from the
surface of the modulator. The modulation persists ap-
proximately over the distance comparable to the iron
and aluminum layer thickness.
The magnetic force acting on a suspended particle

is proportional to V��rB2, where �� ¼ �p � �m is
the difference between the magnetic susceptibility of
the particles �p and that of the medium �m. Both �p

and �m are negative because BC and the medium
are diamagnetic; V is the size of the particle; rB2 is
the magnetic force field. The rB2ð¼ 2BdB=dxÞ value,
which is estimated using the modulation profile shown
in Figure 1, is approximately 2,000T2/m. This value
is comparable to that necessary for a water droplet
to levitate in the air (1,400T2/m). If �� < 0, the par-
ticles are attracted to the minima of the field. The dif-
ference �� between BC and the medium is so small
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that the magnetic force generated is not strong enough
to trap BC. In order to enhance the magnetic force, a
paramagnetic compound is often added to the medi-
um. In the present study, Mn(II)-EDTA (paramagnet-
ic) was used.
The speed of sedimentation of BC suspended in the

medium is very slow or BC even does not sink. There-
fore, it would take a long time or is impossible to
achieve the patterning because the magnetic force is
effective only in the vicinity of the bottom that is in
contact with the modulator. In order to accelerate
the patterning, removal of the suspending medium
by filtration is useful. Schematic diagram of this meth-
od is shown in Figure 2. Due to the capillary force
acting on a filtered liquid that is in the narrow space
between the top surface of the modulator and the bot-
tom surface of the Millipore filter, the medium com-
ing out through the Millipore filter gradually leaks
away. It took about 3 h for the completion of filtration.
In Figure 3a, BC suspended in the plastic dish is

shown. The bottom of the dish is covered with a
Kapton film that is in contact with the field modulator
subjected to the magnetic field. Only a very small por-
tion of BC that happens to be close to the substrate
surface is trapped to form a very blurred line pattern.
However, most of the BC remains floated in the culti-
vation medium without being trapped even after a pro-
long time. On the other hand, if we use a Millipore
filter instead of a Kapton film, the cultivation medium
is allowed to leak away slowly. As a result, the BC
that is unable to pass through the filter is trapped dur-
ing the filtration of the medium to form the line pat-
tern as shown in Figure 3b. Because the pattern is
not formed when the magnetic field is not applied to
the modulator, the pattern formation is attributed to
the magnetic effect.
There are some factors that could affect the forma-

tion of pattern. If the amount of the BC floating in the
medium exceeds the amount acceptable to the field
minima, the imperfect localization of BC would take
place: the extra amount of BC would be located be-
tween lines. The velocity profile of the medium in
the vicinity of the substrate surface could affect the
formation of pattern. Because the medium is paramag-
netic, the medium tends to flow toward the surface of
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Figure 2. Schematic diagram showing the magnetic pattern-

ing assisted by filtration. The medium passes through the Milli-

pore filter and is removed from the plastic dish. Upon decrease

of the liquid level, particles floating in the medium reaches the fil-

ter surface where they are captured by the modulated field.
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Figure 1. Schematic diagram of magnetic patterning by

means of a field modulator (left). A uniform magnetic field B is

modulated over the surface of the modulator composed of alter-

nating aluminum and iron layers. The modulation persists over

the distance comparable to the aluminum and iron layer thickness

(here 300mm is assumed) (right). Particles are trapped on the iron

layers if �� < 0.
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Figure 3. Optical micrographs of BC subjected to modulated magnetic field. The direction of the applied magnetic field is indicated by

an arrow. (a) A Kapton film is used for substrate. Most of the suspended BC remains floated; only a very small portion is forming a line

pattern on the substrate. (b) A Millipore filter is used for substrate. A line pattern is clearly formed after the cultivation medium is removed

by filtration. The distance between the lines is ca. 600 mm.
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aluminum layer where the field is more intense. The
particle is attracted toward the surface of the iron lay-
er. This attractive force should overcome the flow of
the medium that goes opposite to the motion of the
particle. The size of BC is also an important factor.
Even if a single BC fiber is not large enough, a strong
enough force could act if BC fibers are highly floccu-
lated.
In conclusion, we reported a novel method of mi-

cropatterning of floating particles in a suspension:
the filtration and the magnetic trap by the modulated
field were combined. This technique was applied to
the patterning of BC to obtain a line pattern, but it
may be also useful for patterning of other small parti-
cles in a suspension that is too slow to reach the trap-
ping zone by sedimentation.
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