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FIG. 5. The number of neurites on flat film and patterned
films,

TABLE I: Morphological changes of adhered neurons on PCL
film and PCL honeycomb-patterned films.
@) Cell morphologies : see Fig. 4.
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Flat film
Honeycomb patterned films
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10.2 pm (3.8 pum) O
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films (Figs. 4(a)-(f)). Further, on the patterned film (pat-
tern pore size: ¢10 um), each round neuron adhered to
the pattern rims, The number and branching of the neu-
rites were reduced compared with those on the flat films.
The neurons formed simple network structures on the rims
of the patterns. The neurons were round, similar to the
morphology of neurons on the flat films (Fig. 4(e)).
Furthermore, we found another specific morphology of
neurons on patterned films with a pore size of 3 um. Neu-
rons formed large spheroid-like round aggregates on these
films. The neural aggregates formed large bundles of neu-
rites which extended in the shape of radiation (Fig. 4(f)).
Morphological changes in neurons and formation of
lamella structures are likely to depend on the change in
pore and rim sizes (Table 1). This suggests that honey-
comb patterns act as a guide as well as scaffold for neurons

and neurites.

D. Investigation of the number of neurites on the
honeycomb-patterned films with varying pore sizes

The honeycomb patterns influenced neurite extension
and outgrowth. We investigated the number of neurites
per neurons on the PCL flat film and patterned films (5,
8, and 10 pm in diameter). We found that the number of
neurites decreased with increasing pore size and rim size
of the patterned films (Fig. 5).

Collagen gels and sheets are used as biomaterials for
tissue engineering. However, the mechanical strength of
these materials is weak, and other polymer substrates are
less biodegradable and biocompatible. The advantage of
self-organized patterned films is that they are prepared
from various biodegradable and biocompatible polymers.
The preparation of honeycomb-patterned films dose not
require high energy or high cost.

In tissue engineering, it is important to culture cells in
3-D scaffolds [17]. We can culture cells with other cells
on both sides of the honeycomb-patterned films. It is
believed that the cells can interact with each other via
the pores of the patterned films. Moreover, the patterned
films can easily be formed in various shapes. With these
patterned films, it will be possible to prepare 3-D struc-
tures, such as tube, roll, and various multi-layered struc-
tures. We can co-culture neurons with glial cells or en-
dothelial cells in these 3-D scaffolds to reconstruct 3-D
tissues. The patterned films are candidates for tissue en-
gineering scaffolds.

IV. CONCLUSIONS

We could prepare biodegradable polymer patterned
films and control the pore size of the patterned films.
Neurons formed neural networks on the patterned films,
and the morphologies of cells could be changed by varying
pore size of the patterned films. The self-organized hon-
eycomb patterned films are useful biomaterials for neural
tissue engineering.
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Abstract

Controlling cell responses to material surfaces is important for tissue engineering. Topographical property on material surfaces can play a
crucial role in directing nerve regeneration. We prepared regular stripe-patterned (groove-ridge pattern) polymer film by self-organization in order
to control direction of neurite extension. Neural cells from cerebral cortex of embryonic day-14 mice were cultured on the film coated with
poly-L-lysine. Here, we describe a complex and unusual contact guidance dependent on the pattern feature size. The neutites grew perpendicular
to wide groove of 12.7 um and wide ridge of 4.3 wm but parallel to narrow grooves (6.1 and 8.4 pm) and narrow ridge (2.2 and 3.6 jum). The
neurites sprouted parallel to the narrow groove but uniformly on the wide groove. The emersion of neurites was suppressed and the length of
neurites was longer compared with on a flat film. These results are of interest to understanding contact guidance and designing scaffold for neural

network formation.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The central nervous system (CNS) fails to recover following
nerve injuries or neurodegenerative diseases. Clinical thera-
pies for CNS damages need surgical end-to-end connection or
implantation of conduit materials [1]. A variety of biomaterials
have been investigated for neural tissue engineering applica-
tion. Synthetic materials such as fiber or hydrogels have been
used to expand neurites and reconstruct neural network [2,3]. It
has been reported that topography of micro-grooves on surface
can control direction of neurite outgrowth and neurite develop-
ment (contact guidance) [4-9]. This surface-contact guidance
of neurites on topographical pattern is important to design
devices in neural regeneration and to understand axonal for-
mation [9]. The application of micro-fabrication techniques to
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E-mail address: tanaka@poly.es.hokudai.ac.jp (M. Tanaka).
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the topographic designing of polymer surface can provide valu-
able information for understanding of the contact guidance and
materials for neural tissue engineering [ 10~12]. In previous stud-
ies, micro-patterned surfaces were fabricated by lithography and
micro-contact printing [13-16]. These techniques are expected
to be applied for neural regeneration in the future. However, the
techniques require high energy and involve many processes. In
addition, materials for scaffolds applicable to the techniques are
limited.

We have reported that regular patterns can be formed by
casting diluted polymer solution on solid substrates [17-20].
This method has great advantage that the films can be prepared
with ease, low-cost and no limitation of materials for scaffold.
In this study, we prepared stripe-patterned polymer films on a
solid substrate by the method previously reported [20] and cul-
tured neural cells from cerebral cortex of embryonic day-14 mice
on the film coated with poly-L-lysine to investigate how these
films influence neuronal morphologies and neurite extension in
cultures.
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2. Experiment
2.1. Preparation of stripe-patterned polymer films

Stripe-patterned polymer films were prepared with an instru-
ment described in the previous literature (Fig. 1)[20,21]. We pre-
pared poly (e-caprolactone)/chloroform solution (1 g/L.) before
casting. Glass plates were overlapped by ca. 4 cm and separated
with a narrow gap (200 um). Then, polymer solution (200 pl)
was injected into the gap between two glass plates. The upper
glass plate was moved straightly at the velocity controlled from
60 to 100 wm/s (Fig. 1). A thin liquid film of polymer solution
was continuously formed from the edge of sliding glass, and
the polymer intermittently deposited on the bottom glass fol-
lowing evaporation of solvent at the meniscus. Polymer patterns
were observed by optical microscope (BH-2, Olympus, Japan),
atomic force microscope (SPA-400, Seiko Instruments, Japan)
and scanning electron microscope (S-3500, Hitachi, Japan).

2.2. Preparation of flat polymer films

The polymer solution (poly(e-caprolactone) (MW 30,000-
70,000)/chloroform solution (1 g/L)) was dropped onto a slide
glass. The slide glass with polymer layer was spined at 1000 rpm
for 30 s by spin coater (MIKASA, 1H-7D).

2.3. Neural cell culture

Neural cells were prepared from the cerebral cortex of
embryonic day-14 mice (CLEA Japan, Inc). In brief, the cere-
bral cortices of embryonic day-14 mice were dissected and
the meninges were carefully removed. The tissues were trans-
ferred to 15 ml tubes with culture medium containing 55 uM
2-mercaptoethanol and gently triturated with a fire-polished pas-

Aom g
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(a) Gap: 200 pumn

Meniscus

Sliding direction
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(b)

i Bottom glass plat

teur pipette until most of the tissues were dissociated into single
cells. Then, the cell number and viability were measured. The
cells were seeded onto the flat film to estimate the population of
neural stem cells (NSCs). The neural cells were seeded onto the
flat and stripe patterned film at a density of 2.0 x 10* cells/cm?.
They were cultured in serum medium (Opti-MEM (Invitrogen),
10% fetal bovine serum, and 55 pM 2-mercaptoethanol (Invit-
rogen)) for the first day at 37 °C under a humidified atmosphere
of 5% CO,. After the second day, they were further cultured in
serum-free medium (Opti-MEM, B27 supplement, and 55 uM
2-mercaptoethanol). After 5 days culture, morphologies of neu-
rons and neurite extension were observed using scanning elec-
tron microscope (SEM) (S-3500, Hitachi, Japan), confocal laser
scanning microscope (CLSM) (Fluoview FV 300, Olympus,
Japan) and phase contrast microscope (IX 70, Olympus, Japan).

2.4. Preparation of the sample for SEM observation

The cultured cells were fixed with 2.5% glutaraldehyde in
phosphate-bufferéd saline (PBS). They were washed with PBS
and water. Subsequently, the samples were dehydrated by wash-
ing in increasing ethanol concentrations and then air-dried. The
samples were sputtered with platinum.

2.5. Preparation of the sample for CLSM observation

The cultured cells were fixed with 10% formaldehyde in PBS
for 30 min at room temperature. The samples were washed with
PBS three times for 5 min. They were then incubated in blocking
solution (5% goat serum, 0.2% Triton X-100 in PBS) for 1 h.
Then, the samples were incubated with mouse monoclonal anti-
B-tubulin III (1:500) in PBS for 2 h. After washing with PBS, the
samples were incubated with fluorescein isothiocyanate (FITC)-
conjugated anti-mouse IgG (1:200) for 2 h. After washing with

Polymer solution

On

Poly (e-caprolactone)/chloroform
Solution (1 g/L)

Polymer pattern

spacing

width

Fig. 1. Schematic images for preparation of stripe-patterned films. (a) Tilt and (b) side view.
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PBS and water, the sample were air-dried and then mounted with
mounting media for CLSM observation.

3. Results and discussion

3.1. Stripe-patterned polymer films

At a sliding speed of 60, 70 and 100 pm/s, the stripe pat-
tern polymer films were prepared. Width (“ridge”) and spacing
(“groove™) of the substrates were 2.2 and 6.1 pwm (sliding speed:
60 p.m/s), 3.6 and 8.4 wm (sliding speed: 70 pm/s), and 4.3 and
12.7 pm (sliding speed: 100 wm/s), respectively. The height of
the ridges was in the range of 50-100 nm. This type of the peri-
odic deposition is caused by “stick-slip motion,” which is often
observed in colloidal crystals [22] and is commonly known as
the coffee stain phenomenon [23]. Due to evaporation of solvent
at the meniscus, polymer was condensed at the edge of solution
[20,21]. Increasing local viscosity of polymer solution caused by
polymer gelation resulted in pinning of the solution edge at the
meniscus. After complete deposition of polymer onto the glass
substrate, the pinning stress relaxed and the solution edge moved
in the sliding direction like a receding tide until the next pinning.

3.2. Morphologies of neurons and neurites extension on
patterned/flat films

Fig. 2 shows morphologies of neurons and extended neurites
observed by using SEM, and CLSM. Cells cultured for 5 days

??TOQ:Hm

on the flat and patterned films were stained with neuron-specific
marker, B-tubulin III. Cells were positive for B-tubulin III on the
both films, indicating that these cultured cells were differentiated
neurons (Fig. 2a and c). :

The large difference was noted when comparing the behav-
ior and morphology of neurons on the flat film with those on
the patterned films. On the flat film, neurons were round in
shape. They extended many branched neurites, and seemed to
form neuronal network with random direction of neurite out-
growth (Fig. 2a and b). In contrast, on the patterned film, neurons
attached and elongated parallel to the stripes (indicated by arrow-
heads in Fig. 2c and d). Cells altered their shapes, crientation
and direction of neurites extension to align with the stripe-pattern
(indicated by arrows in Fig. 2c and d). These results imply that
the stripe-pattern affects the orientation of neurite outgrowth,
neurite emersion and neurite growth.

3.3. Effect of pattern width (“ridge”) and spacing
(“groove”)

Next, we describe the effects of width (“ridge”) and spac-
ing (“groove”) of the stripe-patterned polymer film on neurites
extension. The morphologies on the patterned films showed
complex and unusual contact guidance dependent on the pat-
tern feature size (Figs. 2c and d, 3a and b). Neurites were
predicted to be able to extend out of the grooves with height
<4.7 um [5]. Unless the neurites are able to extend out of

Fig. 2. Morphologies of neurons and neurite extension in SEM and CLSM. (a) Fluorescence image on flat film (staining for B-tubulinIIl), (b) SEM image on fiat
film, (c) fluorescence image on stripe-patterned film (staining for p-tubuliniIl) width: 3.6 wm, spacing: 8.4 pm (sliding speed: 70 pm/s) and (d) SEM image on

stripe-patterned film. width: 3.6 pm, spacing: 8.4 wm (sliding speed: 70 pm/s).
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(a) |

Fig. 3. Morphologies of neurons and neurite extension in phase contrast images on (a) stripe-patterned film, width: 2.2 um, spacing: 6.1 pm (sliding speed: 60 pwm/s)
and (b) stripe-patterned film, width: 4.3 pum, spacing: 12.7 wm (sliding speed: 100 pny/s).

the grooves of the stripe-patterned film, a subset of neurons
extended neurites in grooves parallel to the axis of the pattern
on narrow pattern width and spacing (width: 2.2 pm, spacing:
6.1 wm) (indicated by arrows in Fig. 3a). The narrow pat-
terns determine the site on a cell body where neurites emerged
(Fig. 2¢ and d, and 3a). On wide pattern width and spac-
ing (width: 4.3 wm, spacing: 12.7 pm), most neurites extended
across the axis of the pattern (indicated by arrows in Fig. 3b). The
number of neurites per a cell body was reduced and the length
of neurites was longer on the stripe patterned-films comparing
with that on the flat film shown in Fig. 2a and b. These results
show that the neurites sense the dimension of regular stripe
patterns.

In previous studies, similar parallel and perpendicular con-
tact guidance of neurites has been observed on microgrooved
fused quartz substrates in response to stripe-patterned feature
dimension and cells. Several hypothesis have been proposed
on the mechanism of contact guidance. CNS neuroblasts ori-
ent their neurites both perpendicular and parallel to the axis
of grating-like structure [4]. Perpendicular orientation is fre-
quently observed when the microstructured grooves have depths
between 300 and 800 nm and a width of 1 wm. Embryonic rat
hippocampal neurites grow parallel to grooves with height of
1 pm and width of 4 pm, and perpendicular to grooves with
height of 130 nm and width of | pm on fused quarz {5,6]. Xeno-
pus neurites grow parallel to grooves as shallow as 14 nm and
as narrow as 1 wm [5]. Recently, neonatal rat dorsal root gan-
glion neuron was reported to extend neurites that bridged across
grooves with no underlying solid support on deep grooves of
50 pm [7]. The cell—cell interaction was supposed to be involved
in the bridging of the neurites across grooves. Not only groove
width but also ridge width plays an important role in bridge for-
mation. The dependence of contact guidance on the pattern size
for neurons from cerebral cortex of embryonic day-14 mice in
the present study conflicts that for CNS neuroblasts and embry-
onic rat hippocampal neurons. The pattern width (ridge width)
of the stripe-patterned polymer film in the present study varied
companying with the spacing. The neurites might sense both
the pattern width and spacing. This might lead to the contact
guidance characteristic for the stripe-patterned polymer films
by self-organization different from that on microgrooved fused
quartz.

The possibilities considered for the mechanism of the per-
pendicular orientation were proposed such as the extension of
a neurite at right angles to the structure by recognition of the
physical surface structure of neurite bundles and the involvement
of more specific surface molecules on the neurites responsible
for the perpendicular contact guidance [4]. Parallel and per-
pendicular orientation of hippocampal neurites are supposed to
utilize different mechanisms [6]. Growth cones of neurite rec-
ognize the topography of the surfaces [13,23,24]. The structure
of growth cones is critical to neurite guidance and aids in the
sensing and exploration of the underlying environment. Further,
stripe-geometry influences cytoskeletal arrangement and focal
adhesion formation of neurons and growth cones that determine
signal transduction associated with directional neurite growth
[25-27]}. The stripe-pattern topographies may produce ridge-
groove-ridge signals dependent on the pattern dimension that
direct growth cone attachment leading to producing oriented
and directed growth. The mechanisms by which cells sense
stripe-patterned surface contours and translate them into direc-
tional growth remains, however, still largely unexplored and
are not entirely clear. Our study extends the studies previously
reported to indicate that a stripe-pattern determines the growth
direction and length of neurites, and the number of neurites
per cell depending on the wide of groove and ridge, leading
to comprehensive interpretation on the response of neurons to
stripe-patterned surface in future.

4. Conclusions

Stripe-patterned polymer films were effective for orientation
of neurites extension. Orientation of neurites depended on the
pattern width and spacing. These biodegradable patterned films
can be used as patterned polymer biomaterials for implants in
living body. Patterning of polymers by self-organization can
become an effective method for modification of neural implants
and contribute to develop regenerative medicine [28-30].
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Hb Q India: Is It Always Benign?

To the Editor: Hb Q India is an o chain variant reportedly having no
deleterious phenotypic effect [1]. We report 19 cases of Hb Q India detected
on HPLC analysis. The MCV was low in five out of 8 Hb Q heterozygotes.
The MCV and MCH levels in six Hb Q heterozygotes with B-thalassemia
trait were significantly lower than were isolated from Hb Q trait patients
(P < 0.003). Iron deficiency was found to alter Hb Q levels mildly. Thus,
Hb Q trait patients show microcytosis and anemia, which is further accent-
uated by B-thalussemia trait or iron deficiency.

Subjects included patients visiting hematology department for investiga-
tion of anemia from 2001 to 2003. Hemograms were performed on Sysmex
Hematology-Analyzer Model K4300 (Sysmex, Mundelein, IL), and Hb
variants were quantified by HPLC (Variant'rM, Bio-Rad, Hercules, CA).

Nineteen cases of Hb Q India were detected from over 4,500 patients
investigated, giving an overall prevalence of <0.5%. There were two cases
each from 3 families. The clinical features included pallor, generalized

TABLE . Hematological Indices and Hb Q Levels (Mean Values)
in Hb Q India Cases*

B-Thalassemia  Iron deficiency

Hb Q trait and with
Parameter Heterozygote Hb Q trait Hb Q trait
No. of patients 8 6 4
Hb (g %) 11.48 10.73 11.0
MCYV (FL) 77.2 60.48 67.5
MCH (pg) 26.6 20.0 23.1
MCHC (pg/dL) 343 331 34.0
RBC count (x10% 4.36 5.37 4.81
Hb Q (%) 18.0 8.9 14.3

*One of the 19 patients was case of G6PD deficiency with Hb Q trait
(Hb Q 18.3%).

© 2005 Wiley-Liss, Inc.
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weakness, pain in the legs, and breathlessness. In three cases, previous
episode(s) of jaundice wus present. One patient with associated iron defi-
ciency needed blood transfusion.

The different hemoglobins detected on HPLC are listed in Table I. Five
out of 8 isolated Hb Q trait patients showed low MCV values. The MCV,
MCH, and Hb Q levels in Hb Q heterozygotes with f-thalassemia trait
were significantly lower than Hb Q trait alone (P < 0.005). Patients of iron
deficiency with Hb Q trait also showed lower MCV, MCH, and Hb Q
levels, though they were statistically nonsignificant. No homozygous Hb Q
India case was detected.

Hb Q India was first described in three Sindhi families (western India)
[T]. Subsequently, there have been five reports, which include one of
Iranian/French descent [2-4]. The present study is the largest reported
from a single institution. The prevalence of Hb Q India (0.4%) was
found to be lower than Hb S, Hb E, and Hb D-Punjab in Indian popula-
tions [5]. The population prevalence is likely to be even lower. In one
patient, jaundice could be explained by G6PD deficiency. The average
The Hb Q heterozygotes with concomitant iron deficiency anemia had
lower Hb Q levels. Tron deficiency is known to lower Hb A, in B-thalasse-
mia trait. G6PD deficiency did not decrease Flb Q level. The high Hb Q
level (41.1%) in one case could be due to associated o-thalassemia [2].

The Hb, MCV, and MCH levels in Hb Q trait with and without
B-thalassemia trait were lower than reported earlier [2]. In eatlier reports,
the Hb Q trait patients had normal MCV levels [1-3]. In contrast, seven out
of 8 cases in this study have low MCV values. Hb Q heterozygotes also
had low Hb level.

Thus, Hb Q heterozygotes may present with microcytosis, mild anemia,
and nonspecific symptoms. This is in contrast to previous impressions that
isolated Hb Q India is completely benign. Apart from co-existent #-globin/
B-globin genotypes, iron deficiency also affects Hb Q levels.
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Cutaneous Reactions to Imatinib Mesylate Treated
by Topical Steroid

To the Editor: Tmatinib mesylate is a selective tyrosine receptor kinase
inhibitor used to treat CML, Philadelphia-positive acute lymphoblastic
leukemia, and gastrointestinal stromal tumors (GIST) [1]. Recently, Rule
et al. described two cases of chronic myelogenous leukemia (CML) with
severe adverse cutaneous reactions to imatinib mesylate that were con-
trolled by using short-term oral steroid therapy or by reintroducing imati-
nib mesylate with a gradual escalation in dose [2]. Herein we report two
cases of cutaneous reactions to imatinib mesylate that were well-controlled
using only topical steroids.

Case 1 involves a 46-year-old man who presented with chronic-phase
CML who was started on imatinib mesylate at a dose of 400 mg daily.
After 6 weeks of therapy with imatinib mesylate, he developed a scaly

Fig. 1.

(a) Scaly pruritic erythemas on the forehead and
cheeks. (b) Multiple edematous erythema, 1-3 mm in diameter,
scattered on the left upper arm.

pruritic erythema on his face, neck, trunk, and upper limbs (Fig. la).
These eruptions and the pruritus gradually became aggravated over the
next 2 weeks. No other medication could be implicated in these changes.
We started to treat him with difluprednate ointment on his body and
alclometasone dipropionate ointment on his face, twice daily. The rash
quickly resolved without discontinuation of the imatinib mesylate therapy.
After 4 weeks of topical steroid treatment, the skin rashes had subsided.
However, readministration of imatinib mesylate induced a similar rash
again, which was controlled by topical steroids. The patient has been on
this treatment for a further 20 months and is showing a good control of the
skin rashes using topical steroids only.

Case 2 involved a 43-year-old man with multiple hepatic metastases of
GIST who was started on imatinib mesylate at a dose of 600 mg daily.
After 9 days, he developed small, finger-tip-sized, multiple edematous
erythema on both shins, which spread to over his entire body over the
next 2 days (Fig. 1b). We began treating him with diflorasone diacetate
ointment twice daily. The rash resolved 2 weeks after topical steroid treat-
ment was initiated without any discontinuation of the imatinib mesylate
therapy. The rash was controlled by topical steroid treatment for a further
13 months in conjunction with the imatinib mesylate therapy.

Adverse cutaneous reactions induced by imatinib mesylate are frequent,
and various kinds of eruption have been reported. Skin rashes are quite
common with the use of this agent [3], and several cases of severe cutaneous
reactions, such as erythema multiforme (EM) and Stevens-Johnson syn-
drome, have been reported [4,5]. These reactions are sometimes life-threaten-
ing and require imatinib mesylate treatment to be stopped or oral
corticosteroids to be introduced. Cases of severe cutaneous reaction tend to
be emphasized in the recent reports {4,3]. The present cases demonstrated that
imatinib mesylate can induce not only severe cutaneous reaction but also
moderate-type skin rashes as seen in the present reports, which can be con-
trolled with an appropriate topical steroid treatment alone.
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Hemophagocytosis Evolving Into Acute
Lymphoblastic Leukemia

To the Editor: Goldschmidt et al. {1] suggest that the patient reported by
them with hemophagocytosis evolving into acute lymphoblastic leukemia
showed clonal evolution. However, the karyotype reported during the
overtly leukemic phase was 47 XXY, llp™, 18p™. This is highly unlikely
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to have evolved from a clone with the karyotype shown in a single cell
during the hemophagocytic phase, which was reported as 46 XY, 6q*,8q,
11p*, 18q*.

Although both karyotypes showed 11p*, one had addition of material to
the short arm of chromosome 18 and the other had addition to the long
arm. In addition, it is not at all likely that a more complex karyotype would
evolve to a less complex one. It would be possible to postulate that there
had been an original clone with 46 XY, 1lp™, which underwent two
different clonal evolutions, that which was detected during the leukemic
phase, giving a greater growth advantage.
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Preparation of Self-Organized Mesoscale Polymer Patterns on a
Solid Substrate: Continuous Pattern Formation from a Receding

Meniscus**

By Hiroshi Yabu* and Masatsugu Shimomura

o el RO S

ilute.

1. Introduction

Dewetting is a spatio-temporal phenomenon involving the
rupture of a thin liquid film on a solid substrate into liquid
droplets. Once dewetting occurs in a homogeneous liquid film,
randomly formed liquid droplets form irregular figures, such as
Voronoi patterns.) Dewetting is undesirable in lubrication, la-
mination, and adhesion applications in industrial coating tech-
nology. Therefore, dewetting of polymer melts on solid sub-
strates has been intensively investigated both theoretically!*!
and experimentally®® in order to fabricate homogeneous
polymer thin films. Recently, we have reported that regular
polymer patterns are formed from casting a dilute polymer so-
lution on a solid substrate. Dissipative structures formed in the
evaporating polymer solution and subsequent dewetting of the
polymer film on the substrate cooperatively induce regular pat-
tern formation. Dissipative structures, such as Rayleigh-Bé-
nard convection patterns,m fingering instabilities,[gl and other
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spatio-temporal structures,”) are formed during the evapora-
tion process of casting polymer films. Fingering instabilities,
the so-called “tears of wine” phenomenon caused by Marango-
ni convection, induce periodic condensation of polymer at the
casting solution edge. Subsequently, periodic deposition and
highly ordered dewetting of polymer form regular stripe, lat-
tice, and hexagonally arranged dot patterns from polysty-
rene,'% electrically conducting polymers,' and liquid-crystal-
line polymers.['?!

Though dissipative structures are typical self-organization
phenomena of complexity mediated by many physical and
chemical conditions, they can be applied to polymer patterning
because of their physical generality. If the patterning process is
carried out under controlled casting conditions (controlled with
regard to temperature, polymer concentration, solvent, and so
on) one can prepare regular polymer patterns reproducibly
and continuously. It is noteworthy that the key events inducing
pattern formation, fingering instability, and dewetting, occur at
the evaporating solution edge. Systematic production and man-
ufacturing of patterned polymer films is possible when the
evaporating solution edge, especially the meniscus region on
the casting substrate, is formed in a controlled casting process.
We report the fabrication of a computer-controlled apparatus
which has two precisely manipulated sliding glass plates. A nar-
row, thin, liquid film of polymer solution with a receding me-
niscus is continuously supplied from a small gap between two
glass plates, and a patterned polymer film is subsequently
formed on the stationary substrate from the evaporating solu-
tion edge. A fluorescence microscope connected to the appara-
tus carries out an in-situ observation of the pattern continu-
ously developing at the moving solution edge on the sliding
glass plate. Several types of polymer patterns are reproducibly
prepared by changing preparation conditions, such as sliding
speed and polymer concentration. More complicated patterns
are prepared by secondary processing of the patterned films.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2. Results and Discussion

To control the pattern-formation process, we fabricated a new
apparatus composed of two moving substrate holders and a mi-
croscope system (Fig. 1a). A glass plate was attached to a sub-
strate holder, which moved smoothly at a speed set by a comput-
er-controlled driving system. Another glass plate was set on the
other substrate holder. The glass plates overlapped by about
3—4 cm and were separated by a narrow gap of 200 pm. Chloro-
form solutions of polystyrene (PS) and poly(3-hexylthiophene)
(PHT) were freshly prepared before casting. Polymer solution
(200 uL) were added to the gap between the two glass plates,
and the upper glass plate was moved linearly at a speed from
10 ums™ to 400 ums™. A thin liquid film of polymer solution
and meniscus were continuously formed behind the moving
edge of the sliding glass plate, and the polymer was continuously
deposited on the bottom glass plate following rapid evaporation
of solvent at the meniscus.

-
]
=,
-3
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=
=
™

(a)

substrate holder

sliding direction
speed:10 . m/s~400 u m/s

(b)

, meniscus

Gap: 200 um
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polymer solution
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Mn=2,276,000, Mw/Mn=1.02)
{chloroform solutions
0.1g/L.~4.0g/L
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poly(3-hexyithiophene)
(PHT)/chloroform solution

73 1.0g/L
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n

Figure 1. Photographic and schematic illustrations of the experimental set-up.
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2.1. Dot, Stripe, and Ladder Structures

Optical microscopy and atomic force microscopy (AFM) im-
ages of patterned PS films are shown in Figure 2a. A regular
array of micrometer-sized polymer dots was formed when a PS
solution of concentration 0.1 gL ™! was deposited at a sliding
speed of 50 pms™. The mean diameter of each microdot was
10 um. AFM measurements showed that the height of the mi-
crodots ranged from 50 nm to 100 nm. The spacing between
adjacent dots was about 10 pm along the sliding direction and
about 2-5 um perpendicular to the sliding direction. At higher
concentration (0.5 gL™), micrometer-sized periodic stripes
were formed. The stripes were oriented perpendicular to the
sliding direction. AFM revealed that the width and height of
the stripes were 10 um and 100 nm, respectively, with a line
spacing of 10 um. Highly uniform ladder-like polymer patterns
were formed when a 4.0 gL™ solution was used for casting.
These “ladder patterns” consisted of thick lines 400 nm high

()

sliding direction

polymer pattems
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(a)

(b)

laser diffraction

skslag diestion

sliding direction

Figure 2, a) Optical (upper row) and atomic force (lower row) microscopy images of polymer patterns prepared from polystyrene solutions. b) The ladder

pattern prepared on the glass plate and its laser diffraction pattern.

along the sliding direction, and thin lines 100 nm high perpen-
dicular to the sliding direction.

Figure 2a clearly shows that the concentration of the poly-
mer solution is an important determinant of pattern formation.
The array of microdots perpendicular to the sliding direction
converts to a single continuous line with increasing concentra-
tion. Further increasing the concentration yields new stripes
paralle] to the moving direction and the formation of ladder
patterns. At a sliding speed of 50 pms™, 0.3 gL and 1.0 gL
were the critical concentrations for stripe and ladder forma-
tion, respectively, because the coexistence of two patterns (dots
and stripes, and stripes and ladders) was found at these two
concentrations.

As shown in Figure 2b, glass plates coated by a patterned
polymer film showed strong interference colors originating
from the microstructures, especially' from the ladder pattern.
Periodic spots from diffraction of a laser beam (diode-pumped
solid-state (DPSS) Nd:YVOy, laser, =532 nm) by the ladder-
patterned polymer film are also shown in Figure 2b. The two
periodic structures formed in the ladder pattern were indicated
by two series of diffraction spots crossing each other. Diffrac-
tion spots arrayed horizontally were generated by stripes that

Adv. Funct. Mater. 2005, 15, No. 4, April
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ran parallel to the sliding direction of the glass plate. These dif-
fractions, with a long spacing, reflect the regular arrangement
of the stripes with short repeating period formed perpendicular
to the sliding direction. Another series of diffraction spots ar-
rayed vertically, perpendicular to the former series, had a
shorter spacing. They were diffracted from another stripe struc-
ture formed parallel to the sliding direction, with a long repeat-
ing period. This result clearly indicates that the micrometer-
scale lattices in the ladder pattern are regular enough to serve
as a grating. Thus, highly ordered periodic structures can be
easily prepared by our sliding apparatus without conventional
lithographic techniques. These micropatterns can be used for
optical wave guide arrays, diffraction gratings and photonic
bandgap materials.

2.2. Mechanism of Formation of Polymer Patterns
The pattern-formation process was observed at the edge of
the upper glass plate by in-situ fluorescence microscopy.

Figure 3 shows photographs of the stripe and ladder patterns
during their formation. A thin liquid film of polymer solution

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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aedge of the upper
glasﬁ slide

(b)

film of polymar solutior
solution edge )

S0hn

Figure 3. In-situ flucrescence microscopy images of the pattern-formation
process. The sliding speed was 50 pms™ and the solution concentration
was a) 0.5g L7 and b) 4.0 gL, respectively,

(dark) follows the moving edge (bright) of the upper glass plate,
and polymer deposition occurs at the meniscus region of the so-
lution edge (bright). The bright area indicates that the solutes,
i.e., polymer and fluorescence probe, are locally condensed. In
the case of the 0.5 gL solution, polymer was deposited inter-
mittently from the meniscus of the solution to form periodic
stripes perpendicular to the sliding direction (Fig. 3a). This type
of the periodic deposition is caused by “stick-slip motion”,
which is often observed in colloidal crystals!™® and is commonly
known as the coffee-stain phenomenon.!'¥ Due to evaporation
of solvent at the meniscus, polymer was condensed at the edge
of solution.'” Increasing local viscosity of polymer solution
caused by polymer gelation resulted in pinning of the solution
edge at the meniscus. After complete deposition of polymer
onto the glass substrate, the pinning stress relaxed and the solu-
tion edge moved in the sliding direction like a receding tide
until the next pinning. The pinning frequency depends on the
solution concentration at the meniscus: pinning occurs when
the polymer concentration reaches a certain threshold value.
Once pinning occurs, the edge of the solution recovers the ini-
tial polymer concentration. Repetition of the deposition and
recession cycle forms periodic stripes of deposited polymer. Be-
cause the time period of the meniscus reaching this threshold
was constant, a regular stripe pattern was formed.

In the case of the 4.0 g L™! solution, a series of bright spots
emerged along the edge of the glass-slide (Fig. 3b, white ar-
rows). The polymer was deposited from these spots on the sub-
strate to form thick lines parallel to the sliding direction. The
spacing between these lines was uniform. This periodic conden-
sation of polymer along the glass edge was caused by convec-
tional flow in the solution, so-called fingering instability.'l The
fingering instability is one of the typical dissipative structures
known as the “tears of wine” phenomenon, caused by Marango-
ni convection and governed by the interaction between surface
and interfacial tension. It is known that local condensation of
polymer decreases the local surface tension of the solution, and
therefore the solution spreads to a region of higher concentra-
tion. Convectional flow caused by local fluctuation of surface
tension is known as the “solutal Marangoni effect”.l'”) Local
condensation of polymer forms “fingers” by this mechanism.
These fingers are fixed on the substrate due to their high viscos-
ity, and regular lines are formed by the continuous deposition
of polymer from the fingers. If stick—slip motion and fingering
instability occur simultaneously, the ladder pattern is formed.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The dot pattern only formed in dilute solution (e.g.,
0.1 gL™!), and was the result of dewetting of the stick—slip
stripes. Gelled stick-slip stripes still retained solvent, and as a
result, the stripes deformed into dots by Rayleigh instability:
the solution of hydrophobic polymer spontaneously ruptured
into droplets on the hydrophilic surface to minimize the surface

free energy.

2.3. Regulation of Patterns

Figure 4a shows the effect of sliding speed on the spacing of
the stick—slip stripes. With increasing sliding speed the spacing
of the stripes initially decreases to a minimum at 75 um s and
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Figure 4. a) Effect of the sliding speed on the spacing of the stick-slip
stripe. b) Side view of the receding solution edge at 30 ums™, 50 pms™,
and 150 ums™, and their schematic illustrations. c) Plots of distance and
fingering spacing at sliding rates of 30 ums™, 50 ums™, and 75 pms™,
respectively.
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then increases with increasing speed. The deposition frequency
of polymer depends on the evaporation rate of the solvent, and
the evaporation rate itself depends on the surface area of the
meniscus region where the evaporation events occur. To esti-
mate the area of the meniscus region and its effect on deposi-
tion frequency, the side view of the receding meniscus was
observed during sliding by in-situ fluorescence microscopy.
Figure 4b shows the side views of the receding menisci and
their schematic models at various sliding speeds. At low speed
(30 ums™), the receding contact angle of the polymer solution
was about 31° and the meniscus spread about 200 um from the
solution edge to the glass edge. When the sliding speed was in-
creased to 50 ums™ the receding contact angle decreased to
11° and the spread of the meniscus expanded to 600 pm. Fluo-
rescence microscopy clearly revealed that the meniscus was de-
formed and decreased in thickness with increasing sliding
speed. At this speed, the enlarged surface area of the deformed
meniscus required a shorter time for evaporation than during
slower sliding, resulting in an increase in deposition frequency
and a corresponding decrease in the spacing of the stripes. Fast-
er sliding (over 75 ums™) provided a continuous liquid thin
film of polymer solution with its meniscus. At a sliding speed
of 150 ums™, the receding contact angle was larger than at
50 ums™. The shear stress on the meniscus was relaxed and the
surface area of the meniscus decreased. Consequently, the de-
position frequency decreased and the spacing of stripes in-
creased in proportion to the sliding speed.

The relation between the sliding distance and the fingering
spacing is plotted in Figure 4c. In the first stages of sliding,
the spacing of the fingers was non-uniform, and decreased as
sliding proceeded. Fanton and Cazabat investigated the
growth of the fingering instability in a heptane/dodecane sys-
tem!™ and found that the instability grew until a certain peri-
od, after which the system reached a stationary state. In our
case, after about 400-600 s (about 18-30 mm on the sub-
strate), the spacing of the fingers converged to 1 um at any
sliding speed. The solvent evaporating only on the solution
edge caused no dependence of spacing between fingers on
sliding speeds.

2.4. Preparation of Poly(3-hexylthiophene) Micropatterns

One of the advantages of this method is that there is no re-
striction on polymer materials that can be used for micropat-
terning. Here, we show the micropatterning of a conducting
polymer, PHT. A chloroform solution of PHT was placed in
the gap between the glass plates, and one plate was slid at
50 ums™. A metallic-looking, colored interference film was ob-
tained (Fig. 5a). Optical microscopy revealed that stripe and
ladder patterns were formed (Figs. 5b,c).

Topography and current images simultaneously observed
using AFM (Figs. 5d,e) reveal that the micropatterned film was
electrically conductiing. The measured conductivity is in the
semiconducting regime (o=1.3x10* Scm™), and is the same

Adv. Funct. Mater. 2005, 15, No. 4, April
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as that of bulk PHT."" This result helps confirm that a wide
variety of materials can be patterned using this method.

2.5. Secondary Processing of the Complicated Structures and
Patterning on the Curved Surface

The prepared patterns could be peeled off the glass substrate
in water. The patterned film (which floats off) could be trans-
ferred onto another substrate or patterned film. Figure 6a
shows a double-mesh structure of PS prepared by crossing and
layering two ladder films.

Furthermore, this method can be utilized for patterning onto
curved surfaces. A glass tube with 0.60 mm diameter was in-
serted into another glass capillary with 0.70 mm internal diam-
eter, and a chloroform solution of PS (1.0 gL™) was introduced
into the gap between two capillaries. After sliding the inner
glass tube, PS microrings were prepared on the outer surface of
the inner (0.60 mm diameter) glass tube (Figs. 6b,c). These
rings are stick—slip stripes. Patterning of curved surfaces is diffi-
cult to achieve by conventional lithographic techniques, but
our method can be applied to polymer patterning on substrates
of various shapes.

3. Conclusion

We have developed a novel method and an instrument to
control mesoscopic patterning from polymer solutions. A poly-
mer solution was introduced into the gap between two glass
plates, and the upper glass plate was allowed to slide over the
lower. The meniscus of the polymer solution followed the edge
of the top glass plate and various polymer patterns were
formed on the bottom plate after solvent evaporation. Three
different mechanisms, namely, dewetting, stick-slip motion,
and fingering instability, gave rise to three types of microme-
ter-scale patterns with controlled size: dots, stripes, and ladders,
respectively. Polymer patterns can be prepared not only on a
planar substrate but also on a curved surface, This method is
applicable to the patterning of any kind of polymer material,
on any scale from the nanometer to the micrometer, because
dissipative phenomena and the dewetting process are general
physical phenomena of polymer materials. The patterned ma-
terials can be applied to photonics,®” electronics,”!) and bio-
technology,™ and can serve as building blocks for nanometer-
scale technologies.®!

4. Experimental

PS (weight-average molecular weight, M, =2316000; number-aver-
age molecular weight, M, =2 276 000; M,,/M, =1.02) and PHT were ob-
tained from Scientific Polymer Products Inc., USA and Aldrich, USA,
respectively. Chloroform solutions were prepared with concentrations
ranging from 0.1 gL to 4.0 gL\, Glass plates (76 mm x 26 mm) were
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obtained from MATSUNAMI, Japan and cleaned by UV/Oj; treatment
and ethanol. The water contact angle on the washed glass plate was
ca. 0°. The roughness of the glass plates was 2 nm, on average.

Polymer patterns were observed by optical microscopy (BH-2, Olym-
pus, Japan), atomic force microscopy (SPA-400, Seiko Instruments,
Japan) and scanning electron microscopy (S-3500, Hitachi, Japan). The
process of pattern formation was observed using in-situ fluorescence
microscopy using polymer solutions containing 0.05 wt.-% of octadecyl
rhodamine B (Molecular Probes, Inc., USA) as a fluorescence probe.
The top view and cross-section of the moving meniscus were observed
by a revolving objective lens around the glass plates. The pattern-for-
mation process along the evaporating solution edge and the side view
of the receding meniscus were stored as digital video images using a
video recorder (DV-CAM, SONY, Japan).

The electrical conductivity of the PHT pattern was measured using
AFM. The patterned PHT film was fixed on the AFM sample stage
with conductive carbon tape (Nitto Denko, Japan). Five volts of bias
voltage were applied between the PHT film and a gold-coated AFM
tip (SN-AF-01-A, Seiko Instruments Inc., Japan), and the topography
and current image were simultaneously obtained.
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Microporous polymer films with a hexagonal arrangement of pores were prepared by simple casting of
various polymer solutions under humid conditions. Hexagonally packed micropores were prepared by
using condensed water droplets as templates on the surface of polymer solutions. Spherical micro lens
arrays (MLAs) were fabricated simply by molding from the resulting honeycomb structures. By peeling
off the upper layer with adhesive tape, the pillars were severed, forming pins on each layer, and a hexagonal
array of pincushion structures was generated by this procedure. Hemispherical ML.As were also fabricated
by molding the pincushion structures. The hemispherical MLAs projected clearer miniaturized images

than spherical MLAs.

This paper describes the fabrication of micro lens arrays
(MLAs)with a hexagonal arrangement. Micro lens arrays
are important devices in photonics and electronics. Many
applications of MLAs, e.g., coupling lenses for optical
telecommunication, light homogenizers in liquid crystal-
line display (I.CD) projectors, image sensors, and others,
have already been reported.! A simple way to produce
MLAs is by molding. Once a suitable template is developed,
an MLA can be reproducibly fabricated as a negative mold.
The original templates are usually produced by conven-
tional lithographic technologies including the ion exchange
technique;? modified Lithographie, Galvanoformung, Ab-
formung (LLIGA) processes;® and anisotropic etching.*
However, these technologies involve expensive and elabo-
rate multistep processes. Therefore a simple, low-cost
method of template fabrication to prepare MLAs is
desirable.

The template-directed self-assembly proposed by
Whitesides et al. is one of the simple ways of producing
MLAs.> Microcontact printing and template-directed
polymer dewetting on solid substrates have also been used
in MLA fabrication.® Xia et al. have reported that
microsphere arrays self-assembled on a patterned surface
were used for MLAs.” Additionally, a monolayer assembly
of fine polystyrene microspheres prepared on an air—water
interface has been used as an MLA.® However, these
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methods all require many steps and prepatterned surfaces
prepared by photolithography or soft-lithography. Mono-
disperse microspheres of suitable materials with high
refractive indexes are essential for Xia’s method.

It has already been reported that microporous polymer
films with a hexagonal arrangement of pores can be
prepared by simple casting of various polymer solutions
under humid conditions.?~** Hexagonally packed micro-
pores in the range of 500 nm to 50 um were prepared by
using condensed water droplets as templates on the surface
of polymer solutions. We have found that these micropores
have spherical shapes, reflecting the shape of the con-
densed water droplets. MLAs can be fabricated simply by
molding from the resulting honeycomb structures. We
report here the straightforward preparation of an MLA
from poly(dimethylsiloxane) (PDMS) by molding from the
above-mentioned films. Using the spherical pores as
templates, a negative mold of the honeycomb film was
prepared. Moreover, a hexagonal array of pillar structures
was prepared by peeling off the top layer of the honeycomb-
patterned film. A hemispherical MLA was prepared by
molding the pillar structure. The optical properties of
prepared MLAs are discussed below.

After evaporation of solvent under a humid atmosphere,
an opaque film was obtained. Typical scanning electron
micrographs of the opaque film clearly showed a honey-
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Figure 1. Scanning electron micrograph of porous polymer films and MLAs. (a) A honeycomb film. (b) A pillar structure. (c) A
spherical MLA (type A). (d) A hemispherical MLA (type B). Laser diffraction patterns and cross-sectional images are inserted in
the lower left and upper right corners of the scanning electron micrographs, respectively.

Scheme 1. Schematic Illustration of MILA Preparation

honeycomb structure
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comb-like structure (Figure 1a).16 This structure reflects
the shape and arrangement of condensed water droplets
generated on polymer solution surfaces. The pores were
connected to each other laterally, and each pore had a
spherical shape. The diameters of the honeycomb pores
shown in this figure were easily controlled in the range
of 500 nm to tens of micrometers simply by changing the
volume of solution cast.!® The honeycomb film showed
highly ordered laser diffraction spots, clearly indicating
that the arrangement of pores had high periodicity.

A schematic illustration of the preparation procedure
is shown in Scheme 1. Honeycomb films were prepared
by casting 1.0—5.0 mL of a 5.0 g/L chloroform solution of

(15) Yabu, H.; Tanaka, M.; Ijiro, K.; Shimomura, M. Langmuir 2003,
19 (15), 62917.

(16) Tanaka, M.; Takebayashi, M.; Yabu, H.; Shimomura, M. Polym.
Prepr. Jpn. 2003, 52 (11), 2943,

curing at 300°C for 2 hours
templates removed by CHCly
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pincushion structure
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Sample B

polystyrene (Chart 1, 1, Aldrich, M,, = 280 000 g/mol) and
amphiphilic copolymer 2 (Chart 1, 1:2 =9:1)in a 9 cm
Petridish. This amphiphilic polymer works as a stabilizer
of condensed water droplets and prevents water droplets

Chart 1
o}
PV N N N N
9 ~7 ¢ &
n N/\/\/\COOH
3 H
1 2

from fusion. After casting, moist air (relative humidity,
~50%) was applied vertically onto the solution surface.
The prepared film was studied by optical (BH-2, Olympus,
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Figure 2. Experimental setup of the projection experiment.
The black polymer sheet with a transparent letter F in its center
was prepared by a laser printer (Phaser 850, Textronix, U.S.A.)

Japan) and scanning electron microscopy (SEM, S-3500N,
Hitachi, Japan) after complete evaporation of solvent and
condensed water. Peeled honeycomb films were prepared
by peeling off the top layer of honeycomb-structured films
using adhesive tape (Scotch Tape, 3M).

The two types of negative molds were prepared from
the honeycomb films and peeled honeycomb films, re-
spectively (Scheme 1). PDMS prepolymer (Sylgard184,
Dow Corning Inc., U.S.A.) was cast onto a honeycomb
film and cured at 300 °C for an hour in an electric oven.
The prepared film was then rinsed by chloroform to give
atype AMLA. Another type of negative mold was prepared
from peeled honeycomb films by casting PDMS prepolymer
as before, yielding type B MLAs. The prepared structures
were studied by SEM.

The projection experiment was performed with an
optical microsope (BH-2, Olympus, Japan) and is depicted
in Figure 2. The prepared MLA was fixed on the sample
stage of the microscope and illuminated with white light
through a projection template, in which a small slit had
been made, shaped in the form of the letter F. The size
of the optical slit was 10 mm x 10 mm. Miniaturized
images of this template were projected through the MLA,
and the projected image was observed through the
objective lens of the microscope.

The honeycomb-patterned film had a double-layer
structure in which the upper layer was connected to the
bottom layer by pillars located at the vertexes of the
hexagons formed by the pores (Figure 1a).1% By peeling off
the upper layer with adhesive tape, the pillars were
severed, forming pins on each layer (Scheme 1), and a
hexagonal array of pincushion structures was generated
by this procedure. The bottom layer of the film had
hexagonally arranged bowl structures (Figure 1b), in
which the bowl-shaped dents had submicrometer scale
depths and micrometer scale diameters.

PDMS is a suitable material for molding the honeycomb
template of polystyrene, for the following reasons: (1)the
honeycomb template does not dissolve in the PDMS
prepolymer; (2) the refractive index of PDMS is ca. 1.4,
which is high enough for the lens material; and (3) PDMS
is almost transparent to visible light (wavelengths from
400 to 800 nm). After curing the PDMS prepolymer cast
on the template honeycomb film, the polystyrene template
was removed by rinsing with chloroform, yielding two-
dimensional arrays of spherically shaped (type A) MLAs,
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hemi-spherical

Figure 3. Optical micrograph of projected images through the
spherical MLA (type A, (a)) and the hemispherical MLA (type
B, (b)). The letter F was clearly observed in the case of the
hemispherical lens.

Figure 1c. The PDMS spheres were connected to each
other laterally, and the microsphere array was obtained
as a free-standing polymer sheet. Hemispherical (type B)
micro lenses, Figure 1d, were fabricated from the pin-
cushion structure, with the bowl-shaped dents acting as
templates. Highly ordered laser diffraction spots were also
observed from the two types of PDMS molds (insets of
Figure 1¢,d). These results show that each negative mold
structure maintained the high periodicity of the original
honeycomb template.

A projection experiment was performed with these
MLAS using an optical microscope (Figure 2), as follows.
The MLAs were placed on the sample stage of the
microscope and illuminated with white light from below
through a projection template. The projection template
was a transparent letter F in a black sheet. A hexagonal
array of miniaturized Fs was observed through the
objective lens of the microscope when the prepared MLA
was inserted under the objective lens. When using the
type A MLA, a hexagonal arrangement of bright spots
was observed, but the shape of the letter F was not clearly
recognized in the spots (Figure 3a). It has been reported
that spherical lenses project blurred images because of
spherical aberration.” In addition, the type A MLA has
many focus and image lengths. A hemispherical lens is
better suited for the projection of sharp images, since it
can focus alight beam originating from a single light source
onto a single spot. Using a type B MLA, which has
hemispherical lenses, hexagonally arranged Fs were
clearly projected (Figure 3b).

We have developed a simple fabrication method to
prepare MLAs using self-organized honeycomb-patterned
films as templates. Spherical and hemispherical MLAs
were prepared by using as templates the original hon-
eycomb films and peeled honeycomb films, respectively.
The hemispherical MLA had better projection properties
than did the spherical. Our method provides some
advantages in the fabrication of MLAs: (1) this method
does not require any expensive machinery or materials;
(2) the size of the template features is easily controlled
(we have already reported!® that the pore size can be
controlled from 200 nm to 100 zm by changing the amount
of water used in the process); and (3) our process can be
applied to large-scale fabrication of MLAs.
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