








dent by the static contact angle of 84.3° (Figure 4). It
was reasonably inferred that hydrophobic interaction
of these two macromolecules was significantly strong,
since individual single cell could be accommodated
within each pattern and stably cultured for more than
one month [28]. The chemicals on these patterned
surfaces were scarcely cytotoxic [29], that was also
helpful for long-term culture.

Two segments of the PEG at both wings were
generally considered to stick out their tails into a
liquid phase [30], and exerted the excluded volume
effect of linear polymer chain. Based on the chemical
bond length and angle, the length of individual PEG
segment could be roughly calculated as at most about
26 nm when extended. Thus, Pluronic molecule adsor-
bed on the resist surface would not impair the size and
shape of the lithographed patterns, and could make
the cell specifically adhering according to the pattern.
Resolution of the pattern was achieved up to 100 nm,
so that the ‘V-shape’ pattern of micro size was finely
lithographed with sharp two horns and a tip, and
NIH3T3 cells adhered on the pattern tracing the V-
shape’. Engraved pattern was completely lithographed
through the EB resist to the glass substrate. The
polymer resist did not remain at the bottom of the
pattern, so Pluronic coating did not occur and the cell
could adhere within the pattern.

Design of the ‘V-shape’ and accurately lithograph-
ing this shape were essential requisites for enabling
directional migration in this study. CLSM imaging
showed that the cell adhered to the tips of two horns
of the “V’, forming an arc by its lamellipodium edge at
front. In the case that tail tip of another ‘V’ pattern
ahead overlapped at this lamellipodium arc, the cell
could adhere on the front pattern as a foothold and
creep forward (Figure 7, 9). Once adhered on the tail
tip of the pattern in front, the cell protruded projec-
tion, making the adhesion firm. If the gap between the
patterns was wide and overlapping of the front pat-
tern to the cell behind got less, moving forward (z.e.

induction of the directional migration) became diffi-

cult. Therefore, the spacing value between each pat-
tern worked as another important factor for achieving
directional migration. Indeed, ratio of the directional
migration (Figure 6) as well as the total migrating
distance (Figure 8) markedly decreased as increasing
the spacing of patterns, attributing to the above
mentioned mechanism and reason. In contrast, the tail
of the cell on the pattern exactly traced the sharp tip
of the ‘V-shape’, and extremely tapered, which was
unnatural shape to be a front edge for migrating [6].
There was no overlapping portion of the pattern
behind to the front cell, and the gap of non-adhesive
surface could not be overcome for reversely moving.
In total, the design of ‘V-shape’ micropattern itself
and the concept as dividing each pattern with appro-
priate spacing and aligning them repeatedly were
successfully established for effectively regulating
directional migration. Migrating distance could also
be theoretically lengthened by multiplying the pat-
terns. Furthermore, since different cell species have
different cell size, capability of deformation and
motility, conformable shape and size should differ for
each cell species as well [31]. Therefore, it is expected
that this guiding migration system could be applicable
to separate arbitrary cell species from cell mixtures
by optimizing size and shape of ‘V’ pattern to induce
target cell species into directional migration.

The ‘V-shape’ pattern was designed to induce the
polarized asymmetric shape, which cell intrinsically
takes in migration. Intracellular position of
centrosome has been used as the index for polariza-
tion, and/or mechanism of directional migration has
been discussed in previous studies. Whitesides’ group
investigated migration of NIH3T3 cell initiated with
the two dimensional micropattern of teardrop shape
[21]. Since only the single pattern was fabricated and
used as initiator of migration, migration in single
direction over long distance was not regulated. They
showed that centrosome was located slightly ahead or
in almost same position of nucleus in the polarized

cell. In contrast, Yamada’s research group studied
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motility of fibroblast plated on the one dimensional
fibrillar matrix and the three dimensional cell-free
ECM matrix [8, 26]. In these cases, the relative
position of centrosome in a soma was reported rear of
nucleus. For our ‘V-shape’ micropattern, where
centrosome was intracellularly located during the
directional migration was examined by immunofluor-
escence staining to investigate migrating mechanism.
In this study, the positions were classified into three
categories (front, same, rear) relative to nucleus. In
the halted cell, ratio of the each position was almost
equal (Table 1), conforming to the data of Etienne-
Manneville’s group [27]. They have reported that the
centrosome was evenly distributed irrespective of
cellular shape, so that distribution of the angle
between the centrosome—nucleus axis was almost
equal in every directions. Similarly, migrating cell did
not show remarkable deflection for the centrosome
position on the above mentioned three categories. In
particular, ratios of front and rear were in the same
level. There still remains controversy and further
study should be required whether the cell was polar-
ized on the ‘V-shape’ pattern and polarization with the
micropattern contributed as the driving force to direc-
tional migration.

With fluorescence staining of F-actin, fibrous struc-
tures in parallel for the migrating direction were
observed. In the process of directional migration on
the ‘V-shape’ pattern, cell repeatedly extended and
contracted. This motility should accompany dynamic
and rhythmic remodeling of cytoskeleton [6, 32],
constantly applying the mechanical stress in the same
direction (z.e. migrating direction). It has been ac-
cumulated growing knowledge that repeatedly apply-
ing mechanical stress affects the cellular behaviors
like specific gene expression and also generation of
tissue or organ [33, 34]. Investigating relation
between migration, accompanying mechanical stress
and cellular behavior including proliferation and dif-
ferentiation, in particular, of stem cell would be inter-

esting and provide a new insight in cell biology and

cell engineering.

5. Conclusions

Guidance of directional cell migration was achieved
solely by the topography of the micropatterned sub-
strate, originally developed with EB lithography and
the polymer resist materials. Use of guiding molecules
of ECM proteins or bio-signaling factors was unneces-
sary at all. Micropatterns on the substrates were able
to be flexibly designed and finely fabricated in nano
resolution. The longitudinally asymmetric ‘V-shape’
patterns of V10-2 aligned with 2 xym spacing (Figure 2)
could navigate NIH3T3 cell to migrate along the
patterns in the ‘V-shape’ opening direction in ca. 70%
efficiency. The cells that adhered on these mi-
cropatterns changed their shapes tracing the patterns
to be intrinsic asymmetric from, which is appropriate
in migration. It was confirmed that protrusion of the
lamellipodium reached forward to the sharp tip of
another ‘V’ in front, which was introduced into hollow
of the pattern behind, so that the cell could used it as
a foothold and crept forward. In contrast, the tail of
the cell tapered by exactly tracing the sharp tip of the
‘V-shape’, which was inadequate shape for moving.
Additionally, the spacing of non-adhesive surface
between the micropatterns impeded reversely migrat-
ing of the cell. Not only the micropattern’s design
itself but also the concept as dividing each pattern
with appropriate spacing and aligning them repeated-
ly were successfully established for -effectively
regulating directional migration of the cell over long
distance. Migrating distance could theoretically be
lengthened by further multiplying the guiding pat-
terns.

The guiding substrate of directional migration for
the individual cell level in this study would be served
as the basic system to investigate the mechanism and/
or characteristic of the cellular motility. The cell
separating system depending on the cellular motility
was also considered as the application. Moreover, in

the migrating process, cells dynamically and repeated-
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ly extend and contract accompanying reconstruction
of cytoskeletons and focal adhesions. These move-
ments should apply mechanical stress to the cell, and
be expected to affect the cellular behavior in some-
how or other. Control of directional migration with
examining how the mechanical stress could affect on
proliferation and differentiation for mesenchymal

stem cell is currently under way in our laboratory.
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