Figure 6.12 CHO-Tubulin cells (Green) were attached on the protein sub-micro
patterns (red).Figure (a) shows 0.6 um solid lines, figure (b) shows dash-lines ,figure (c)
and (d) shows the cells attached on vertical solid lines and T-shape patterns
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Figure 6.13 3T3 fibroblast cells (Green) were attached on the protein sub-micro
patterns (red).Figure (a) shows 0.6 um small dash lines with solid line (3A) of protein
micropatterns and figure (b) shows T-shape (4C) of protein micropatterns . The figure (c)
and (d) shows the cells attached on horizontal and vertical solid lines (2C and 2D)
(fluorescence image).
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6.4.4 Macrophage cells

In this chapter, the motility dynamics of cells is also observed in sub-micro scale.
The Macrophage cells will be put on 0.3 um line patterns (Left) and homogenous
substrate (Right) and observed. From figure 6.14, we could observe that the
Macrophages have migrated and rotated on these positions by fluorescence microscope
in these two conditions. In 0.3 um sub-micro patterns, the cells are individually located
on the surface with a low-speed rotate velocity. But in homogeneous substrate, the cells

are closely located on the surface V\{‘i;thia:‘hi‘ghilsbéed.h.rotate velocity. We suppose the

sub-micropatterns will reduce the adhesion between cells and surface and cause the
A A E

migration and rotation speed down, . “ " L

Homogenous Substrate

63X 1:600 63X 1:600

Figure 6.14 The Macrophage cells were put on 0.3 um line patterns (Left) and
homogenous substrate (Right)
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Chapter 7 Conclusions

In this thesis, we propose our idea —fabricating protein micropatterns with

accuracy of sub-micro resolution by DUV photography and Micro Contact Printing ( u

CP) method, comparing the pattern accuracy with variable size ,pitch and different

shape in each steps of  CP method and observing the neuron and cell outgrowth in

these successfully fabricated sub-micro protein patterns.

We successfully demonstrated the realization of fabricating protein sub-micro
patterns for cell biology applications. To successfully generate the protein sub-micro
patterns, some new designed procedures were involved into the DUV photolithography
with micro contact printing process, such.as TEOS film, RIE etching and AR3 coating.
For the requirements of flexible‘aspectiratio, TEOS film was added as a hard mask
between photoresist and substrate for increasing the-etching selectivity. According to
our experimental results, the aspect ratio could be offered from 1.5 to 4.5 by RIE recipe
tuning. When the pattern size is into sub-micro level, the sticking issue between silicon
and PDMS will be getting worse. Besides, sticking problem also has very strong
dependence with pattern sizes, pitches and shapes. We analyze the chemical
mechanisms and select suitable material to be used as the buffer layer to avoid the
crosslinking from these two materials. The AR3 layer was employed to be a buffer layer

and successfully reduce the issue of pattern sticking.

Several test patterns with different shapes; variable sizes, and pitches were
designed and fabricated. In each steps, the patterns were measured and analyzed. By the

accuracy comparison Table 6.1, almost all test patterns could be generated into protein
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patterns except 1:1 0.3 um line and space. That might be due to the size and pitch
dependence with resolution thus causing the patterns fail.

The results demonstrate that protein sub-micro patterns have been fabricated by
DUV photolithography with micro contact printing. It provides a stable, accurate and

workable platform to generate functional surfaces for cell biology investigations.
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Abstract

We successfilly demonsfrafed the realizafion of
Jabricafing profein sub-micre patferns for cell biclogy
applicafions. To successflly generdle the profem sub-
micro pafferns, some new designed procedures were
velved info the DUT phofolithography with micro
covfact priviing process, such as TEOY film, RIE
efching and AR3 coafing For the flexible aspect rafic
regquirements, TEOS film was added a5 a hard mask
between phoforesist avd subsfrafe for Tncreasing the
efching selecfivifp. According fo our experimenfal
resulfs, the aspect rafic cold be gffered from 1.5 fo
4.5 by RIE recipe huring When the paffern size is info
sub-micro Jevel, the sficking issue befween silicon and
FDMS will be geffing worse. Besides, it also has very
sfromg dependence with paffern sizes, pifches and
shapes, We analyze the chemical mecharvisms and
select suifable material to be the byjffer layer fo avoid
the crossliviting from fhese fwo materials. The AR3
laper was emploped fo be a buyffer laper and
suecessfully reduce the issue of paffern sficling. After
that, we observed the nauron and cell cufgrowth in
these specidl designed profei sub-micro pafferns. The
imvestigated pafferning process fhat combiving with
DUV photolifhography and micro confact prinfing
cowld be used fo generate fimcional murfaces for cell
biology applicafions

1. Introduction

During nerve regeneration, mpared neuwrons often
exhibit a sigrnificant capacity for re-growtl, but the
repait usually fails because the newly developed
neurites can not be directed to appropriate target

62

locations whete they can form functional synapses
with other cells. The long-distance targeting that is
characteristic of nerve cells suggests that neurte
growth and regeneration might be steered by adhesive
pathoways and topographic chammeling, In developing
eftthryo, neurons in vivo are presented with a complex
array of guidatice cues that direct neurons extend their
processes in a highly orented fashion. [1] These
gudance cues that are functional bio-molecule of
extracellilar matriz (ECA) protein such as lamindn one
of the most effective to control neuronal cell growth in
vitro, Thus, the aceuracy of micropatterns would be
very impottant to precisely control aspects of newrite
growth it vitro,

Inn the last two decades, several technigques have heen
developed to generate patterns of funectional bio-
molecules on artificial swfaces to be used for
binsensors, for cell bhiology studies and  tissue
etiginieeting applications. The use methods include
local deposition of molecules using ink-jet technigques
atud other microfluidic systems, micro contact printing
(RCP, soft lithography) techrdgue, photochemical
patterning technigque and photolithography technigue
(Ex. Lift-off and plasma etching technigques). [2]
Currently, the most popular techidegue 18 tdero contact
printing (pCP, soft lithography). Here a polymer
printing statp, wsually PDME, PolyDibdethySiloxane
15 cast using a master that s produced  with
photolithograply and silicon etching technigues. The
stamp is then used to imprint hio-molecules from an
agueous solution orto a culture substrate. The printing
process can be carried ot rapidly without the need for
expensive equipment and allows the transfer of

molecules to sutfaces i a wide concentration range
with high efficiency, and also on curved sufaces. [2, 3]



But some further investigations, sub-micro patterns are
indeed required such as artificial newron networks
cotibining  with  thin-film  microstractare,  whete
distanices between cutgrowing neurons and electrode
sutfaces may significantly influence the signal transfer.
|:Z]In sote cell growth and migration studies, cells
were shifted from growth to apoptosis by using
substrates that contained ECI coating  adhesive
islands of decreasing size. The results illustrate that the
growth index depends on the size of islands [4, 5]
Aub-micro  patterns  could net  only  offer  new
oppottunities to push the growth rate bat also other
new applications of cell biology.

Fecently, investigators have employed high

tesolution patterts techtrcues, such as
photolithography  technigques adapted from 1T or
MEMS industries [6]. The resolution has been pushed
itto gub-tnicro by K4F seanner, ete (DUV process) and
globally be used in fabricating [6]. It makes possible to
fabricate sub-micro protein pattemns by integrating two
regions, micro  contact  printing oand DOV
photolithographs.
In this paper, we design several sizes, pitches, and
shapes sub-micro patterns to wenify the accuracy of
process and compare i each step. Then, cell
outgrowth will be observed in these functional protein
patterns.

2. Experimental

2.1 Mask layout design

Inn oar approact, the layout of fabricating sub-micro
protein patterns that we design is illustrated in Tahle 1.
6 set of patterns to be plotted, including line patterns
(03 and 0.6um), line combing dash line patterns, T
shape (1. 2um) and dash line patterns (0.6um). Each of
them has 4 steps varation with different pitch,

22 New procedures of Micro contact printing
method

In this wotl, we use the DUV lithography to
fabricate sub-micro patterns. Through our related
rezeatches, photoresist base is used as the master [4].
But in DUV lithography, the thickness of photoresiat is
usually less than lam That means the aspect ratio will
be limited.

Upon this, we te-desizn the procedure of Micto
cofitact printing (PCF) method and add TEOS as anew

film stacking above silicon stnacture of wafer. The
TEDQE is an oxide film and will be a hard mask to
therease  the etching  selectivity  between DUV
photoresist and silicon.

&ccording to our experimental results, the aspect ratio
couwld be increazing from 1.5 to 4.5 (Figure 1)

Finially, we will use the new procedure of Mlicto
contact printing (pCF) method to fabricate sub-micro
protein patterns and compare the pattern aceuracy with
vatiahle szize (0.3, 06 wm), pitch (1:1-1:4) and
different shape in each step,

Table 1 The list of mask layout design.
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Fig.l &spect ratio controlled by TEDS film hard mask

&g shown in figure 2, the rectangular frame marked
by dashed outline represents the new procedures of
Micro contact printing (pCP) method we re-designed.
We deposited a TEOS film with 0.3 um thickness
ahowe  the silicon  strocture  of  wafer  After
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photolithographer, we use RIE etching and transfer of
the patterns into the TEOZ film, then using RIE
etching again and the patterns have been muccessflly
transfer into substrate of silicon.

After all, a new step iz added in photolithography
process, In figure 3, the ARS layer iz used to be buffer
layer to avold sticking issue between silicon and
FDLLE and gets a silicon base of master,

] ' e
| 03ticon base l.':" ot BPONS samp

A— fel g% rjgema fredtng
| ioieim HHHHH :

depastion T Protein nosng
i O - Lstamping
F——— 2 Phatokhocyaghy =¥

I 6 Patiemed protein

E_E [HE 0o ass
| JPRsE Tim RIE

Eching
,E—E|.1=}+:I?.'Sll.'l_'r RIE = ..
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. — (et

543 cofiry = wuueatwate
— 0
|7 Y
E 6.POMS coating T rok esie

Figure 2 Bchematic illustration of the procedure of
silicon base of Micro Contact Printing

During the new procedures, we could control the
aspect ratio by tuning etching recipe. In theoty, we can
get 5 times Photoresist/Silicon etching selectivity by
TECE hard mask.

Fig.3 The profile of silicon master with ARZ coating,
Pattern size 15 0.6 um (Left) and 0.3 um (Right)

23 DUV photolithography

In this wotk we use FAF (A=24% nm) scatmer for
fabricating sub-micto patterns. Silicon with TEOS
films of wafers was primed with HWMD3, The UVEZ
(Shipley) phototesist wete spun to the thicknessz (0.6
) and baked at 130°C for 90 sec. The DUV scanner
1z 3206B (Wikomjand the dlamination we choice is
NA=052,0=035 for exposure. After exposure, the
samples were post-exposure-baked at 130°C for 90 sec
atud developed by developer track A CT-2 (TEL) for 2
it Then the phototesist masters were genetated.

24 Hard mask and RIE etching

We deposited a TEQS film with 0.3 um thickness
above the silicon structure  of  wafer.  After
photolithograpter, we use RIE etcher LAN 9400
(LAMY with recipe 10mT/350TCEAI00BRSTOCIZY
100HByt and tratnisfer of the patterns into the TEOS film,
then using FIE etcher again and the patterns have been
successially transfer into substrate of silicon.

215 Buffer layer coating

After all, the samples have to be re-coated an anti-
teflection layer ARSZ (Shipley) 7004 and baking at
130°%C for 90 sec as a budfer layer to avoid sticking
13zue hetween silicon and PDLE and get a silicon base
of master.

2.5 PDMS stamp

Then we prepared by casting the lguid prepolymer
of PDMLE against a master that has a patterned relief
structare. After that, The PDME stamp is treated in
oxygen plasma cleaner (Diener electronic) evacuated
with a mechamical roughing pump for 20 s at 100°W
prio: to protein immobilization.

2.7 Protein micropatterns

Lamitin solution (30 pg Ml in PEE is dropped on
the suface of the patterned stamp for 4 hours at room
temperabure to allow for protemn adsorption. The
stattips wete rinsed with dilsted PBE3 and distilled
water and then blown dey with a nitrogen blow-off gun.
The stamp is placed in contact with 22 cmd glass
coverslip for 2 min. The coverslips are then immersed
iy sterile PBS before cell plating,

3. Results and Discussions



Protein sub-micro patterns have successfully been
getierated by DUV lithography with micto contact
printing method. We will analyze and compare each
proveszing steps it the following,

3.1 Photolithography

From figure 4, 6 sets of patterns were generated by
lithography process. The exposure condition s
Na=022,0=025 (Mikon 3208) with 60004 resist
thickness ([ Shipley UV-52)

0.3 —1

Figure 4 The top view pictures of & sets of patterns by
lithography process (Uit wm)

32 Silicon layers

In figure 5, 0.6 um dash line pattern (5B) could he
getierated i RIE etchier (LA 94000, Figute (1) shows
the crogs section in 5 degree tit. (b)) and () show the
cross section with 13kvZ 15000 and 1 3ke2075000 . The
profile of oxide film iz taper with 30 degree and sharp
in sliconn stractare. The thickness of oxide film and

2 um

silicon structure are 24004 and élﬁEIEI &
Figure 5 The cross-section pictures of dasgh lines (5H)
aftetr RIE etching
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33 Chemical mechanism of buffer layer

& problem of the sub-micto-size micto coftact
printing process is that fine patterns such as narrow
detise lites statt pattern missing and sticking with
PDMIE  layers i the procedure of PDM3  stamp
fabtication.

In figure éra), the sufaces of silicon will crosslink
with PDI 3. When the pattern size iz into sub-micro
lewel, the sticking issue will he getting worse. The
oxide film could not avoid the sticking issue because
the hydrogen bonding still happened between hoth as
shown in Figure 6000, Thus, a buffer layer must be pre-
fortmed before the PDME coating to prevent the
stickitiz issue.

The AR5 layer was employed to be a buffer layer and
suecessfully reduce the izsue of pattern sticking In
fiure a(c), it could not only be immobilized on the
oxide filtn becavse of hydtogen bonding and separated
betweets PDRE and oxide film bt also low binding
between ARS and PDLISE. Besides, AFS iz a conformal
type of adhesion layers and covered along the suiface
topography of the substrates (Figure 30 It is also a
stable and elastoteric polymer. For these advantages,
it iz wvery useful to awoid the sticking issue and
guarantee the designed pattern completely to be
printing down to the PDME layers.

34 PDMS layers

&z figure 7, 6 sets of patterns could be generated by
silicon masters stamping Figure 8 shows the cross
section of shott dash lines (3C) PDME patterns. The
PDMIE patterns have taper profiles. From the results,
the reliability of the sub-micto patterns is good and no
more sticking issues i this procedure. The lmit of
tesolution of the combined process is estimated to be
less thar 0.3 um.

|:|E —-;{ﬁ
T
I

Figure 7 The top wview pictures of & sets of PDLIS
patterns by masters. (Uit um)
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Figure & The cross-section pictures of shott dash lines
(32 PDMS patterns

3 5 Protein layers

Figure 9 shows that 6 sets of protein patterns were
generated by PDME stamping process. The 0.3 um
patterns are not so good (Up-Left) and the other 0.6
um patterns are good.
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Figure 9.The top wiew pictures of 6 szets of protein
patterns

3.0 Accuracy comparisons

We have compated two different linewidth (0.3 v,
0.6 vm) and four variable pitches in each process step
(Table 2. We got some results as below,

First, the silicon hase could offer enough acouracy it
evety pitch in 0.6 um linewidth bt in 0.3 um linewidth,
the ecqual lne and szpace was getting worse it
procedure of PDIEE . The same trend will be found n
procedure of protein patterns. That means the pitch and
size of patterns became smaller; the accuracy of PDLIE
and protein printing will be in decay. (Figuee 10
Moreowver, the size of 0.3 um and 0.6 um linewidth
protein mdero patterns are both successfully printed in
each pattern shapes as well as in all wariable pitches,

Table2. Comparison tables in each step of process
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Figure 10 The tl:up Fiew piCtLlrES of 0.3 wm through
pitch (Leff) and 0.6 um through piteh (Right) protein

patterns

3.7 Cell biology applications

In this work, the owtgrowth of cells gave direct

evidetice for the functionality of the sub-micto protein
patterns. All the six sets of protein patterns were able
to be utilized for outgrowth of cells. Two protedn
mictopatterns with 0.3 um line and T shape structures
were generated following the process we re-designed
as illustrated in the figure 1104) and (b) tespectively.
The cells (Macrophages) were directly attached on the
positions that were matked by the arrows,
From the fimare 110c) and (d), we could observe that
the Macrophages have migrated and rotated on these
positions by fluorescence microscope. The findings
prove that the DUV photolithography combining micro
comtact printing cowld generated sub-tmicto protein
patterns and be used in cell investigations.
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Figure 11 Macrophage cells were attached on the 03
un line of protein micropatterns (a) and T-shape of
proteity micropatterns (b)) az marked by the arrows. The
figure () and (d) shows the magrified pictures of
Macrophage cells outgrowth on the positions marked
by arrowrs i figure (1) and () (floorescence image).

4. Conclusions

We successflly demonstrated the tealization of
fabricating protein sub-micro patterns for cell hiology
applications. To successfully generate the protein sub-
ticro patterns, some new designed procedures were
wrvolved ito the DUV photolithography with micto
contact printing process, such as TEO3 film, RIE
etching and ARS coating. For the flexible aspect ratio
tequitements, TECS film was added as a hard mask
betweets photoresist and substrate for itcreasing the
etching selectivity. According to owr experimental
results, the aspect ratio could be offered from 1.5 to
4.5 by RIE recipe tuning, When the pattern size iz into
sub-ticto level, the sticking issue between silicon and
PDMIE will be getting worse. Besides, it also has wery
strong dependence with pattern sizes, pitches and
shapes. "We analyze the chemical mechanisms and
select suitable material to be the buffer layer to avoid
the crosslinking from these two materials, The AR3
laywer was employed to be a buffer layer and
successfully reduce the issue of pattern sticking,
Several test patterns with different shapes, variable
sizes, and pitches were designed and fabricated. In
each steps, the patterns were measured and analyzed.
By the accuracy comparison Table 2, almost all test
patterns cowld be generated into protein except 1:1 0.3
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um line and space. That might be due to the size and
pitch dependenice with resolution thus cavsing the
patterns fail.

The tesults demonstrate that protein sub-micro
patterns  hawve  been  fabricated by DUV
photolithograplyy  with  micro  contact printing, It
provides a stable, accurate and convenient platform to
genierate  functional  swfaces for  cell  hiology
e stigations.
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