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Three-Dimensional Self-Assembled Micro-Array Using
Magnetic Force Interaction

Yong-Sung Choi*, Young-Soo Kwon**, Eiichi Tamiya*** and Dae-Hee Park****

Abstract - We have demonstrated a fluidic technique for self-assembly of microfabricated parts onto
substrate using patterned shapes of magnetic force self-assembled monolayers (SAMs). The metal par-
ticles and the array were fabricated using the micromachining technique. The metal particles were in
a multilayer structure (Au, Ti, and Ni). Sidewalls of patterned Ni dots on the array were covered
by thick negative photoresist (SU-8), and the array was magnetized. The array and the particles were
mixed in buffer solution, and were arranged by magnetic force interaction. Binding direction of the
metal particle onto Ni dots was controlled by multilayer structure and direction of magnetization. A
quarter of total Ni dots were covered by the particles. The binding direction of the particles was con-
trollable, and condition of particles was almost even with the Au surface on top. The particles were

successfully arranged on the array.
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1. Introduction

In order to obtain 3D structures at the micro-scale, sev-
eral methods such as the folding up of flat structures by a
micro-probe have been proposed. However, these methods
are very difficult to control and were therefore unsuitable.
Self-assembly is a phenomenon in which basic units come
together and form a structure spontaneously. We can see
many self-assembling examples in the tiny natural world,
like the self-reproduction of viruses and micellization.

It is expected that self-assembly will become an effec-
tive method in the future fabrication of microstructures.
There are aspects to consider such as the gravity, the
surface tension, the hydrophilic or hydrophobic interaction,
the electrostatic force and the specific affinity of biomate-
rials etc., for construction of the system by using these
methods [1~6].

In previous works, 100~500um units were self-
assembled using hydrophobic interaction as a bonding
force [7~9]. At the micrometer-size, 3D self-assembly was
realized using hydrophobic mono-layer films. One of the
most important problems in micro self-assembly is to have
a bonding force that is not only strong enough to bond
units but that acts on the contact area only.
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The integrated type biosensor will be very useful, and it
is expected to be applied in the various fields from now on.
However, there is a problem in the integration of the sensor
in sequential immobilization of a conventional biomaterial,
and the measurement object is limited in a biosensor. In
addition, there is the predicament that the selection width
of the recognition element that uses the self-assembly of
the particles is a simple target detection method and must
select the recognition element suitable for use as the channel
will become narrower.

These biosensors [10-11] were fabricated using conven-
tional techniques such as ink-jet printing, screen printing,
photolithography, and photodeposition in which the sens-
ing chemistries are applied directly to the sensor surface.
Typically, multiple fabrication steps that are labor-intensive
and subject to some degree of variability are required.

Thereupon, we have proposed a new construction
method using an integrated type biosensor such as an
enzyme chip, immunity chip, and DNA chip. If we use the
self-assembly method to construct biosensors, there are
many advantages such as low cost, simple processing and
removal of labor-intensive activity. In particular, we think
self-assembly using magnetic force interaction is an effec-
tive method in fabricating microstructures. This research is
aiming at the development of the sensor array where the
composite signal of light and electricity are able to be
detected. The particles that immobilize a recognition
element were fabricated with the metal in which electro-
chemical reaction and chemiluminescence’s can be ac-
quired. The self-assembly by magnetic force interaction for
the arrangement of these particles onto the substrate were
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used. This research intended to integrate by using photo-
lithography technology and the self-assembly method for
integrated type biosensor construction. The significance to
the development of the useful integrated type biosensor
such as an enzyme chip, immunity chip and DNA chip is
significant.

2. Experimental
2.1 Preparation of particles

Fig. 1 (a) indicates how to make the particles. Glass sub-
strate was washed for 30 min each in the order of ultra pure
water, IPA, acetone, IPA and ultra pure water with a super-
sonic wave washer. Cr (200A) and Al (2000A) were
evaporated on this substrate. A resist pattern was made by
using the negative resist SU-8. Ni (1pum), Ti (2000A) and
Au (2000A) were evaporated on the substrate. The resist
was peeled off by dipping the substrate in SU-8 REMOVER
for 10 min at 80~85C. The particles were obtained by Al
etching. On the other hand, each particle is able to be
recognized by marking a number on this with the process of
Fig. 1 (b). The process is identical with Fig. 1 (a).
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Fig. 1 Schematic representation of metal particles consist-
ing of Ni, Ti and Au layers.

2.2 Preparation of the chip

The fabrication process of the chip is shown in Fig. 2 (a)
for chemilumineous detection and (b) for electrochemical
signal detection. In Fig. 2 (a), washing of the substrate,
evaporation of Cr and Au for the electrode preparation and
photolithography for the pattern preparation of the electro-
plating was carried out under conditions similar to the
preparation of particles. Ni was electroplated, and the sub-
strate was polished with sandpaper 2400 and ground with
alumina as a finishing. The surface of the substrate was

then smoothed. The chip for chemilumineous detection
was fabricated. Ni-electroplating conditions are tempera-
ture: 50~60°C, current density: 3A/cm?, pH: 4.0, and anode
electrode: Ni anode. The deposition speed is 1.6pm/min.
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Fig. 2 Fabrication process of Ni dot arrays on a chip.

The fabrication process of the substrate for electro-
chemical signal detection is shown in Fig. 2 (b). The Cr
and Au layer were etched by photolithography after Cr and
Au were evaporated on the substrate and coated with
OFPR of positive resist. SU-8 of negative resist was etched
by photolithography after coating. Ni was electroplated,
and the substrate was polished with sandpaper 2400 and
ground with alumina as a finishing. The surface of the sub-
strate was then smoothed. The chip for electrochemical
signal detection was fabricated.



184 Three-Dimensional Self-Assembled Micro-Array Using Magnetic Force Interaction

2.3 Arrangement of the particles on the chip

The matter whether the particles were arranged on the
chip by the magnetic force was tested. An illustration of
the experiment is shown in Fig. 3. The Ni pattern on the
chip was magnetized by placing permanent magnets in the
horizontal direction and vertical direction of the chip as
shown in Fig. 3 (a). Next, the particles were inserted in the
L.5m/ of sample tube containing the chip and water, and
stirred for several minutes as shown in Fig. 3 (b). The chip
was taken out from the sample tube and dried. This chip
was observed with the digital microscope (KEYENCE) and
the scanning electron microscope (SEM S-3500N Hitachi,
Ltd.). Whether the particles can be arranged in the solution
by magnetic force interaction, and whether the direction of
the particles could be controlled were checked. Whether
the particles can be arranged on the Ni pattern chip was
examined by using the chip that was previously magnet-
ized and the Ni particles that were not magnetizing. The
particles having a thickness of 1.4um and 200x400pm?

Harizontal Particle with gold surface on tap

Vertical Particle with nickel surface on top

(a) The chip was magnetized with a permanent magnet for 30min

Enzyme Enzyme Enzyme Enzyme

(b) After putting the chip, the particles and the water into a
test tube, the tube was shaken for 2 min. The chip was
taken out from the sample tube and dried in the air

Fig. 3 Schematic representation of the arrangement of

particles on the chip.

were used. We considered the same method without mag-
netizing the particles and the chip as a control experiment.
Furthermore, we examined whether the particles turn the
Au layer to the outside if the particles are arranged on the
Ni pattern of the chip by using the particles that are not
magnetized and having two layer structures of Ni and Au
and the chip that had the Ni pattern.

3. Results and Discussion
3.1 Preparation of the particles

Fig. 4 shows the photograph of the particle taken with SEM.
Fig. 4 (a) shows the particles that were evaporated Cr and Al
on glass and spin-coated SU-8 and etched. Fig. 4 (b) indicates
the particles after evaporation of Ni, Ti and Au layer on the
substrate of (a). Finally, Fig. 4 (c) indicates the particles after
removal of SU-8, Ni, Ti and Au layers from the substrate of
(b). 1t is the number of Ni/Ti/Au layers and SU-8 that remain.
The size of the particle was 200x400pum”. The number was
fabricated clearly from Fig. 4 (a), (b) and also (c). Various
numbers, 3, 7, etc., were also fabricated.

tmm 20 OKY %200 200um

(a) After SU-8 spin coating on glass/Cr/Al substrate and
development

S3500N D27 Tmm 25 ORV 2250 200im

(b) After N/Ti/Au evaporation on glass/Cr/Al substrate
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(c) After removal of SU-8 & Ni/Ti/Au layers
Fig. 4 SEM images of the particle for each fabrication process.

S3500N WD2

3.2 Preparation of the chip

Fig. 5 (a) shows the fabricated chip for chemilumineous
detection. Magnetized Ni dots could be seen. 2,500 pat-
terns of the thickness of 2um and 200x400um’ have been
formed on the chip. Fig. 5 (b) shows the fabricated chip for
electrochemical detection. Magnetized Ni dots could be
seen. Also, the fabricated Ni dot is shown in Fig. 5 (c). After
Cr and Au evaporation on the glass, SU-8 was coated. And,
the glass was etched by photolithography. Cr/Au/Ni layers
were fabricated by electroplating Ni. By polishing the
surface of Ni, flat Ni dots were obtained. The size of the Ni
dot was 200%400pm.

3.3 Arrangement of the particles on the chip

The chip was magnetized. Inserting the particles into the
sample tube containing the chip and water, it was stirred
for 2 min. Fig. 6 depicts the chip observed by a digital
microscope after the chip was removed from the solution
and dried. In Fig. 6, the thickness of the particle was 1.4um
and the size was 200x400um”. 2500 Ni patterns of thick-

ness 1.2um and 200x400um” have been formed on the chip.

The particles were arranging locally on the Ni pattern of
the chip. 24 particles existed on other than Ni pattern and
249 particles were on the Ni pattern in an area of about
2mm’. Therefore, approximately 91% of the particles were
arranged on the Ni dots. We are able to distinguish each
particle by each number. We performed the same experi-
ment, without magnetizing the entire chip and the particles
as the control experiment, to confirm that arrangement of
these particles depend on magnetic force interaction. As a
result, only several particles remained on the chip. From
these results, it was conjectured that the particles were
arranged on the chip by magnetic force interaction.

In the case magnetizing the Ni pattern of the chip by
placing a permanent magnet in the horizontal direction and

(a) Chemilumineous detection

{(b) Electrochemical signal detection

BsL1 2 o0 SN WD, i xBuH D000

1. After SU-8 spin-coating on glass/Cr/Au substrate and development

SUL00N WD27. Gmm 25 ORV %20

2. After Ni electroplating on glass/Cr/Au substrate

SULOON %027 9mm 25 OKY x180  250um

3. After polishing of Ni surface
(c) SEM images
Fig. 5 Digital microscope and SEM images of the chip for
each process.
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vertical direction of the chip and arranging the particles,
the proportion of Ni dots and Au face of the particles
making contact are shown in Table 1. The total number of
Ni dots on the chip was 2500 pieces. In Table 1, the num-
ber of particles contacting with Ni dots is 556 pieces and
56 pieces individually, and was considerably less in com-
parison with the Ni dot number of the chip. In the case that
the chip was magnetized in a horizontal direction, the pro-
portion that the Au face of the particles contact with Ni
dots of the chip was more than in a vertical direction, by
22.2%. Also, the trend in which many particles arrange
within the range of contact and be hardly arranging other
than this was confirmed. The contacting position of the
particles confirmed that it is not in the central area of the
Ni dots on the chip, deviating somewhat to the part of an
edge. We checked the magnetic field on the chip by using a
magnetic flux, to verify these causes.

Fig. 6 Digital microscope image of sensor array. The parti-
cles arranged on the chip by magnetic force interac-
tion. The chip had an Ni dot array of 400x200um>.
The Ni particles of 400><200um2 were fabricated by
evaporation. The chip was magnetized before mix-
ing with particles.

Table 1 In the case magnetizing the Ni pattern of the chip
by placing a permanent magnet in the horizontal
and vertical directions of the chip, a proportion of
Ni dots and Au face of particles make contact.

{ Y

Condition of particles arranged on the chip

Direction of magnetic flux Horizontal Vertical
Quantity of particles with:
Gold surface on top 556 (22.2%) 56 (2.2%)
Nickel surface on top 47 ( 1.9%) 23 (0.9%)

Total number of nickel dots on the substrate is 2,500.

The result of Fig. 7 (a) used the same chip as in Fig. 6.
By placing a permanent magnet in the vertical direction of
the Ni dot, the Ni pattern was magnetized. Marking Ni dots

with a sigma marker for magnetic pattern observation, we
observed this with the microscope. The black part is the
magnetic pattern of the Ni dot in the perimeter portion of
Fig. 7 (a). It is a magnetic flux. Because the magnetic flux
was barely observed in the central part of Fig. 7 (a) and
was observed in the part of the edge, we were able to con-
firm that all the Ni patterns are not magnetized, being mag-
netized only at one section of the perimeter of the entire pat-
tern. Because of this, we understood that the number of the
particles that contacted in Table 1 decreased. v

Fig. 7 (b) was taken by using the same chip as in Fig. 6. By
placing a permanent magnet in the horizontal direction of the
Ni dot, the Ni pattern was magnetized. This chip was dried as
is after applying the sigma marker on the Ni dots. The mag-
netic flux was formed on a portion of the Ni dot in this Fig. By
magnetizing the Ni dot in a horizontal direction like this, we
assumed that each Ni dot is able to magnetize.

Nickel dot
¥ SU8
Chip §b b L] o Nickel dot
e SU-8
BT Au
! Magnetic direction

Neddot Nickeldot

(a) Magnetization for vertical (b) Magnetization for
direction horizontal direction
Fig. 7 Microscopic images of magnetic fluidic arrangement

on the Ni dot array of 400x200um®in toluene solution.

It is expected that the magnetic field was produced
unevenly by the direction in which the Ni pattern was mag-
netized from the aforementioned result, although it was
thought that each Ni dot of the chip produced a magnetic
field at the beginning. In Fig. 7, the equation of the mutual
potential (U) [12] of a same size and parallel magnet is
shown as follows:

_ 1 MCZOSG[J/Wb]
4y, r A

U

where, M [Wb-m] is magnetic moment vector, |, [H/m] is
permeability, r is distance between Ni dots, 8 is the angle
that is created to the direction of the magnet and the
straight line that tied two magnets. From this equation, U is
smallest and unstable at 90°. With this fact, we could
understand that each Ni dot of the chip is able to be mag-
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netized by magnetizing in the horizontal direction of the Ni
dot.

4. Conclusions

We have proposed a new method to fabricate particles
by MEMS and arrange this by self-assembly using mag-
netic force interaction on the chip. In this paper, we exam-
ined the fabrication of the particle for the enzyme immobi-
lization in an integrated type biosensor construction and
the chip, and its arrangement on the chip. The process
number for the immobilization does not change even if the
channel number of the sensor increases, when using this
method to sensor construction. The biomaterials will be im-
mobilized in parallel.

The arrangement on the chip of the particles was able to
materialize by fabrication of the particles and the chip us-
ing the material of a strong magnetic substance and mag-
netizing the chip side. The arrangement by magnetic force
interaction is a more active immobilization method than
the interaction force such as gravity, surface tension, hy-
drophilic and hydrophobic interaction and electrostatic
force. Also, even the confirmation of the type of sensor
was possible by attaching a mark on these particles. It is
conceivable that this method is extremely important as ar-
ray technology for DNA and antibody chip fabrication. In
the future, the self-assembly method using magnetic force
interaction will be applied to construct biosensors.
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