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a b s t r a c t

In this paper, we describe the development of microcontact printing stamps from photopatternable sil-
icone. The photopatternability of this material enables convenient and fast stamp fabrication, and allows
rapid patterning of substrates for culturing biological cells. Microcontact printing stamps made of the
photopatternable silicone with linewidths as small as 2 lm were fabricated and reliable cell patterning
results were obtained by optimizing the stamping process. An optimal stamp surface was obtained by
optimizing the photolithographic process. Our successful demonstration of patterning cells using the
photopatternable silicone stamps establishes this alternative approach for fabricating microcontact print-
ing stamps.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Anchoring cells in predefined patterns on a surface has become
very important for the development of cellular biosensor technol-
ogy, tissue engineering applications, and understanding funda-
mental cell functions [1–3]. Realization of predefined neural
networks in vitro is especially important to achieve high-resolution
analysis at the electrical, metabolic and structural levels [4,5].
Mammalian neural cells naturally rely on an in vivo support net-
work called the extracellular matrix (ECM) for survival. Therefore,
to pattern these cells in an organized way, their growth can be
controlled by patterning the support structure they require. Most
tissue engineering applications begin with a specific chemical,
controlling where the ECM is affixed, and ultimately where the tis-
sue is able to grow. Alternatively, a chemical which behaves like
the ECM can be directly patterned on the substrate, and cell growth
can still be controlled.

In order to pattern cells in specific patterns, a common ap-
proach is to create cell-attractive regions separated by cell-repul-
sive regions, so that cells will be bound to the cell-attractive
regions without spreading over the adjacent cell-repulsive regions.
At present, microcontact printing (lCP) is the most commonly
used technique to pattern SAMs or proteins (and thereby cells)
on a micrometer scale, and polydimethylsiloxane (PDMS) is the
most frequently used material for microcontact printing [1,6,7].
ll rights reserved.

: +1 610 758 6279.
By printing proteins or self-assembled monolayers (SAMs) on
surfaces using PDMS stamps, microcontact printing has become a
routine technique for fundamental biological research. For exam-
ple, PDMS stamps have been used to imprint alkanethiols (forming
hydrophobic regions) and thiolated polyethylene glycols (PEGs)
(forming protein repulsive regions) on gold, followed by coating
with an ECM component (e.g., fibronectin) in the hydrophobic area,
which creates non-adhesive regions unsuitable for the cell growth
separated by adhesive islands of defined shape and size [8]. Some
researchers have also used PDMS stamps to print poly-D-lysine and
PEG silane (protein repulsive SAM) directly on a glass surface. Poly-
D-lysine is a cell-attractive protein and suitable for the growth of
certain cell types, such as hippocampal neurons [9]. There are great
advantages for microcontact printing using PDMS stamps, such as
low cost and rapid prototyping, however, PDMS stamps have some
drawbacks. For instance, PDMS stamps are easily deformed be-
cause of their low Young’s modulus [10,11].

In this paper, we report the use of a novel material, WL-5351
photopatternable silicone (Dow Corning), to create stamps for
microcontact printing. The main motivation for exploring this
material is that its photopatternability would enable a simpler fab-
rication process, without a molding step. Compared with PDMS,
this photopatternable silicone has a higher Young’s modulus [12].
Its high Young’s modulus is expected to reduce the deformability
of the stamps. In our previous work, we have formed the photop-
atternable silicone stamps with a minimum line and spacing reso-
lution of 25 lm [13], which is not fine enough for cell research,
where a typical size of mammalian cells suspended in culturing
medium is about 10 lm in diameter [14]. We have improved the
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resolution of the photopatternable silicone stamps down to 2 lm.
We also present here an optimization of the fabrication process for
photopatternable silicone stamps based on statistical design of
experiments related to the flatness of the contacting surface. Pre-
cise cell patterns were thus obtained using stamps made of
photopatternable silicone.
2. Materials and methods

The fabrication process for the photopatternable stamps and
subsequent patterning of cells on glass slides previously treated
by microcontact printing are schematically presented in Fig. 1.
First, we fabricated the photopatternable silicone stamps using a
photolithographic process. Then, a hydrophobic self-assembled
monolayer was printed on a glass substrate using the photopatt-
ernable silicone stamp to prevent cell growth. Finally, a hydrophilic
SAM suitable for cell growth was coated on the part of the glass
surface that was not already hydrophobic, to promote cell growth.
Immortalized mouse hypothalamic neurons (GT1-7) were cul-
tured, in vitro, on the chip prepared in this fashion. Patterned cells,
with or without fluorescent staining, were visualized by an in-
verted microscope. The details of the individual steps are pre-
sented below.

2.1. Photolithographic process for the photopatternable silicone

The photolithographic process for the photopatternable silicone
(WL-5351, Dow Corning), which acted as a negative photoresist,
was as follows: prior to use, the photopatternable silicone was al-
lowed to equilibrate to room temperature from its storage temper-
ature (�15 �C). The substrate used in this experiment was a 4 inch
diameter silicon wafer. First, the silicon wafer was cleaned by a
commercial cleaning solution (Nanostrip, Cyantek Inc) for
30 min, then rinsed and dried. Next, the wafer was dehydrated at
150 �C for 30 min in a convection oven. The photopatternable sili-
cone was spin-coated at 500 rpm for 15 s with a ramp rate of
100 rpm/s, and then ramped at 200 rpm/s to a speed of 2500 rpm
for 40 s. To reduce edge bead formation, the photopatternable sil-
icone was finally spin-coated at 1500 rpm for 65 s with a deceler-
ating rate of 200 rpm/s. After spin-coating, the film was soft-baked
Fig. 1. Schematic of patterning of GT1-7 cells on glass slides by microcontact
printing using photopatternable stamps.
at 110 �C for 4 min on a vacuum hot plate and then exposed to
broadband UV with a dose of 1200 mJ/cm2 using a contact aligner
EV620 (EV Group Inc, Albany NY). Following the UV exposure, the
film was subjected to a post exposure baking (PEB) at 140 �C for
2.75 min. It is during this step that the UV-irradiated portions of
the film undergo a crosslinking process rendering those areas
insoluble in the developer [15]. After the photopatternable silicone
film was developed in WL-9653 developer (Dow Corning) for 4 min
and rinsed in isopropyl alcohol (IPA) for 4 min, the elastomer
stamp was hard-baked at 180 �C for 60 min.

2.2. Microcontact printing with photopatternable silicone stamps

The first step after the completion of the stamp fabrication
process was to cut photopatternable silicone stamps on a silicon
substrate to size (3 cm2 in area), manually using a diamond scriber.
The printing process was as follows: hexadecyltrichlorosilane
(HDTS), which forms a hydrophobic surface and prevents cells
from growing, was inked onto stamps by soaking them in a
7.2 mM solution of HDTS (Gelest Inc., PA) in toluene for 30 s, and
then the stamps were blown dry with a stream of nitrogen. The
stamps were placed in contact with piranha-cleaned (70% H2SO4

and 30% H2O2) glass slides. In order to enhance the physical contact
of the stamps, a load was applied to this sandwich structure (Fig. 1)
for 30 min. For the photopatternable silicone stamps, which
have higher Young’s modulus than conventionally used poly-
methyldisiloxane (PDMS) stamps [12], the applied loads tested
were 0.67, 1.00, 1.30 and 1.67 MPa. The range of loads was applied
in order to determine the minimum load necessary for clear and
reproducible patterns. After 30 min, the stamps were carefully re-
moved and the substrate was rinsed with ethanol and deionized
water. The substrates were dried with a stream of nitrogen. Finally,
a hydrophilic SAM derived from 3-trimethoxysilyl propyl-diethyl-
enetriamine (DETA), a chemical replacement for ECM proteins to
facilitate cell adhesion and growth [4], was coated on the regions
not already coated with the hydrophobic HDTS SAM by immersing
the glass substrate in a 23 mM solution of DETA (Gelest Inc., PA) in
methanol for 1 h. The same rinsing and drying steps mentioned
above were repeated twice.

2.3. Cell dissociation and culturing

Immortalized mouse hypothalamic neurons (GT1-7) were used
to assess the effect of the SAM patterns on the cells’ positioning
and growth. The GT1-7 cells were maintained in 25 cm2 flasks
(Fisher Scientific, GA) at 37 �C in an incubator with humidified
8% CO2. The culture medium contained Dulbecco’s Modified Eagle
Medium (DMEM) (Gibco, NY), 1 mM sodium pyruvate, 10 mM so-
dium bicarbonate, 2 mM L-glutamine, 10 mM Hepes buffer and
10% fetal bovine serum (FBS, Gibco, NY) [16].

Glass slides patterned with alternating hydrophobic (HDTS) and
hydrophilic (DETA) SAM regions were put into six-well cell-culture
plates (BD Biosciences, CA). The GT1-7 cells were dissociated by
incubating in 0.125% (w/v) trypsin solution at 37 �C for 8 min. Fol-
lowing trypsinization, the cells were pelleted by centrifugation at
750 rpm for 5 min and re-suspended in the culture medium. The
cells were plated in the six-well plates at a density of 1 � 105 cells
in 5 mL culture medium. The cells were maintained under standard
conditions until patterns could be observed (typically 48 h) by
optical microscopy.

2.4. Cell imaging by epifluorescent microscopy/phase contrast
microscopy

The patterned GT1-7 cells were rinsed with phosphate buffered
saline (PBS) solution and placed in serum-free medium (containing



Fig. 2. SEM image of the test structure for photopatternable silicone with an
exposure dose 1200 mJ/cm2, and post exposure baking at 140 �C for 2.75 min. The
linewidth varies from 2 to 50 lm separated by 60 lm spacing.

Fig. 3. (a) Profilometer measurements of the surface topology of photopatternable silicon
different shapes of lines. If there were no bumps on a line, we measured the full height
substrate and the line’s region between the bumps as the height of the line.
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all of the components of the culture medium mentioned above
except FBS) in each well. A fluorescent stain, 2 lM calcein AM
(Invitrogen Corp., CA), was added to the medium and the cells were
incubated at room temperature for 20 min. The stained GT1-7 cells
were visualized with an inverted microscope IX70 (Olympus Inc.,
PA). Phase contrast images were also taken by the same inverted
microscope. The scale bars were calibrated with a stage microme-
ter (OB-M 1/100, Olympus Inc., PA) for different magnifications and
added with the SPOT imaging software (Diagnostic Instruments,
MI).

3. Results and discussion

In our experiments, we have focused on three areas: (1) deter-
mining the best photolithographic resolution that can be achieved
using photopatternable silicone; (2) optimizing the photolitho-
graphic process to obtain the optimal stamping surface; (3)
optimizing the stamping process to get reliable patterning results.

First, we explored the photolithographic resolution of the
photopatternable silicone. The typical thickness range for the
e stamps. Note the bumps at the edges of the lines. (b) The measurement scheme for
of the line; if there were bumps on a line, we measured the distance between the



Fig. 4. (a) Profilometer measurements of the surface topology of the photopatternable silicone test structure with linewidths varying from 2 to 50 lm. The spacing between
the lines was 60 lm. (b) The relationship between feature height and linewidth of the photopatternable silicone stamps fabricated using a contact aligner EV620 and
proximity contact mode with a 2 lm separation. The measurements were performed on five dies uniformly distributed over a 4 inch wafer. (c) The relationship between
feature height and linewidth of the photopatternable stamps fabricated using a GCA 10X i-line stepper. The measurements were performed on five dies uniformly distributed
over a 4 inch wafer.
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photopatternable silicone is 6 to 18 lm and the recommended spin
speed is 500 to 2500 rpm [15]. Here we use 2500 rpm to obtain
thinner films so that we could achieve the best resolution within
manufacturer recommended thicknesses for this material during
photolithographic steps. The best resolution we were able to
achieve is 2 micron (exposure dose 1200 mJ/cm2 using contact
aligner, post exposure baking temperature at 140 �C for
2.75 min), as shown in Fig. 2. Higher exposure doses such as
1400 mJ/cm2, which were implemented to optimize the profile of
the exposed lines (as explained in later portions of this section),
have resulted in slightly overexposed features, by lowering the
resolution to approximately 5 microns, which is sufficiently fine
for patterning mammalian cells.

The issue that we had observed during our initial experiments
was the unusual shape of the lines formed in photopatternable
silicone upon the completion of photolithographic process (includ-
ing the exposure, development and post baking process). Specifi-
cally, we have observed a slope of the profile with slight bumps
at the edge of the flat patterned lines, as illustrated in Fig. 3a.
Experimental results from other research groups also show the
existence of the bumps [17,18]. The underlying reason is still not
clear and it is under investigation.

We have investigated the prominence of these bumps as a func-
tion of the linewidth. First, it was necessary to clarify the way of
measuring the bump height. Our measurement scheme is illus-
trated in Fig. 3b and was as follows: if there were no bumps on a
line (which was the case with very thin lines), we measured the
full height of the line; if there were bumps at the edges of a line,
we measured the distance between the substrate and the line’s re-
gion between the bumps as the height of the line.

By measuring the heights of structures with a P10 profilometer
(KLA-Tencor, San Jose, CA) as shown in Fig. 4a, we found that lines
with different widths had different heights. For features produced
with a 2 lm separation proximity contact mode, as shown in
Fig. 4b, five measurements were performed for lines with different
widths on five dies uniformly distributed over a 4 inch wafer. The
2 lm lines had the smallest average height (2.81 lm), and 10 lm
lines had the biggest average height (8.82 lm). As the linewidth
was gradually increased to 50 lm, the height dropped to
7.31 lm; eventually, the film thickness tapered down to 6.66 lm
for lines with a width of 1 mm.

Alternatively, we also used a GCA 10X i-line stepper to perform
the exposure, and the optimum exposure dose for this purpose was
found to be 1800 mJ/cm2. A similar trend for height of lines of the
Table 1
Design of experiment (DOE) table for optimizing the photolithographic processing of the
with a 2 lm separation.

Run order Exposure dose (mJ/cm2) PEB temp

1 1400 130
2 1400 130
3 1400 150
4 1400 130
5 1400 150
6 1000 150
7 1000 150
8 1000 130
9 1000 130

10 1000 150
11 1200 140
12 1000 150
13 1400 150
14 1000 130
15 1000 130
16 1400 130
17 1400 150
18 1200 140
photopatternable polymer was found as for line heights obtained
using contact aligner exposure, as illustrated in Fig. 4c, in which
five different measurements were performed for each linewidth
on five dies uniformly distributed over a 4 inch wafer. The average
height was smallest, 5.09 lm, for 2 lm wide lines and biggest
(8.17 lm) for 10 lm wide lines. The average height dropped to
7.01 lm when the linewidth was gradually increased to 50 lm;
eventually, the film thickness decreased to 6.47 lm for lines with
a width of 1 mm. Using a stepper did not improve the photopatt-
ernable silicone patterns, nor could bumps at the edge of lines be
eliminated, so the projection mode was not better than the 2 lm
separation proximity contact mode we used for processing the
photopatternable silicone.

In the following section, we will describe our optimization pro-
cess for the bump minimization. In order to minimize the bump
height at the edges of WL-5351 lines to get higher cell patterning
resolution, we used method of design of experiments (DOE) to
optimize the processing conditions. Then, we used MiniTAB soft-
ware to analyze our experimental results. We identified three
parameters which have the most influence on the bump height:
A: exposure dose, B: post exposure baking (PEB) temperature,
and C: PEB time. Then, we determined the boundary values for
each parameter in this designed experiment: the exposure dose
was between 1000 and 1400 mJ/cm2, the PEB temperature was be-
tween 130 and 150 �C, and the PEB time was between 2 and
3.5 min. The reasons for the choice of boundary condition values,
above, are: (1) when the exposure dose was below 1000 mJ/cm2

or above 1400 mJ/cm2, the desirable low resolution (2 microns)
for the photopatternable silicone was not obtained; and (2) when
the PEB temperature was higher than 160 �C and PEB time was
longer than 4 min, an undeveloped residue of the photopatternable
silicone resurfaced on the surface. The total number of experi-
ments analyzed was eighteen, including executing each possible
parameter combination twice. We also included the experimental
center point, in order to estimate the curvature of the experiment,
and that was repeated twice as well. The design table with exper-
imental bump heights is shown in Table 1.

Using the MiniTAB software, (see Pareto chart shown in Fig. 5a),
we found that the main factors affecting the bump height are PEB
temperature and PEB time. From the main effects plot generated by
MiniTAB shown in Fig. 5b, we determined that higher PEB
temperature and longer PEB time lead to a smaller bump height
of WL-5351. In contrast, the exposure dose affects the resolution
of this photopatternable silicon, but it has little effect on bump
photopatternable silicone using a contact aligner EV620 and proximity contact mode

erature (�C) PEB Time (min) Bump (lm)

2 2.90
3.5 1.80
2 1.51
2 2.91
2 1.63
2 1.53
2 1.54
3.5 2.14
2 2.36
3.5 0.77
2.75 2.18
3.5 1.1
3.5 1.49
2 2.91
3.5 2.11
3.5 1.91
3.5 0.84
2.75 1.54



Fig. 5. (a) Pareto chart of the standardized effects of different parameters on bump heights of the photopatternable silicone. The vertical line indicated the value of the
minimum significant factor, which was 2.262. (b) The main effects of the standardized effects of different parameters on bump height of WL-5351. The circular dots were
boundary conditions for post exposure baking (PEB) temperature and PEB time. The square dots were center points for the PEB temperature and PEB time.
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height. The curvature calculated from this set of experimental data,
0.019, is much smaller than the minimum significant curvature,
which is 0.53. So we conclude that the relationship between bump
height and PEB temperature is linear between the boundary values,
as is the relationship between bump height and PEB time. How-
ever, we cannot increase the PEB temperature and PEB time with-
out limit because there will be undeveloped residue of the
photopatternable silicone on the surface if the PEB temperature
is higher than 160 �C and PEB time is longer than 4 min. We find
the average bump height, which is 0.94 lm, is the smallest under
the exposure dose of 1000 mJ/cm2, post exposure temperature of
150 �C, and post exposure baking time of 3.5 min. The optimal rec-
ipe for the bump height minimization is as follows: exposure dose
of 1000 mJ/cm2; post exposure baking temperature of 150 �C; post
exposure baking time of 3.5 min.

One more fabrication detail should be highlighted here: the
surface of the photopatternable silicone was still sticky after soft-
baking, so hard contact between the aligner and the photopattern-
able films is not recommended. In order to get better resolution
when using the EV620 contact aligner to expose photopatternable



Fig. 6. GT1-7 cells overgrew to hydrophobic regions after 2 days of cell growth
patterned using a photopatternable silicone stamp and the load of 1.67 MPa under
phase contrast mode. The stamping time was 5 min.

Fig. 7. (a) The photopatternable silicone stamp had 50 lm wide ridges inked with
HDTS (hydrophobic). (b) GT1-7 cells after two days of cell growth patterned using a
photopatternable silicone stamp under phase contrast mode. (c) Fluorescently
stained GT1-7 cells after 2 days of cell growth patterned using a photopatternable
silicone stamp and a 1 MPa load.
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polymer, we recommend using proximity contact with a 2 lm
separation between the mask and the photoresist-covered surface
of the wafer.

Another parameter that needed optimization was the duration
of the stamping process, which defined our hydrophobic areas.
We have discovered that an insufficient stamping time results in
incomplete SAM coverage (shown in Fig. 6) and subsequently, in
an overgrowth of the cells on this patterned substrate. Namely,
the cells we cultured here, immortalized mouse hypothalamic neu-
rons (GT1-7), tended to overgrow the incomplete hydrophobic
areas, and the intended pattern was no longer visible. Therefore,
to get a uniform HDTS SAM films, we performed stamping for
30 min using our photopatternable silicone stamps. When this
stamping duration time was used, GT1-7 neuronal cells did not
populate the hydrophobic surfaces, defined by the SAM derived
from HDTS. Instead, they grew on the hydrophilic surface derived
from DETA, (see Fig. 7b and c) and accurately matched the corre-
sponding photopatternable silicone stamp patterns shown in
Fig. 7a.

In this work, we achieved higher resolution for WL-5351 pat-
terns and minimized the bumps on the edge of the lines. However,
we could not completely eliminate bumps on photopatternable sil-
icone lines wider than ten microns. Bumps at the edge of the lines,
as well as the relatively high Young’s modulus of the photopattern-
able silicone, made larger loads necessary for good contact.
When the applied load is lower than 1 MPa, GT1-7 cells will over-
grow the hydrophobic region and the desired pattern is not visible.
Our conclusion is that the hydrophobic SAM was not transferred
completely using this pressure. We have found that a load of
1 MPa is the minimum load that yields clear and repeatable cell
patterns. Loads higher than 1 MPa do not increase the cell pattern-
ing resolution in our experiment and increase the likelihood of die
fracture. Roof collapse deformation of the silicone stamp has never
been observed when using our optimal pressure whereas it was
observed for PDMS stamps for the pressure of 83 kPa.

4. Conclusion

A convenient, alternative microfabrication method to generate
stamps for microcontact printing was developed. Microcontact
printing stamps were fabricated from a photopatternable silicone,
with a linewidth as small as 2 lm. We determined that a 30 min
stamping time was required to obtain reliable cell patterning. It
was observed that there is a slope of the profile, with slight bumps
at the edge of the flat patterned lines. We also established that
exposure dose and exposure mode (contact mode or projection
mode) did not affect the bump heights at the edge of lines while
they did affect the resolution of the photopatternable silicone.
Although we were not able to completely eliminate bumps, by
increasing the post exposure temperature and post exposure bak-
ing time, we could minimize the bumps at the edge of line.
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Due to the existence of these bumps at the edge of the flat pat-
terned lines, the obtained cell patterning resolution was larger
than the photolithographic resolution of the photopatternable sil-
icone stamps. It was determined that 1 MPa was the minimum
load that yields clear and repeatable cell patterns. Sharp and pre-
cise hydrophobic patterns were made by contact printing using
stamps made of photopatternable silicone and the corresponding
cell growth pattern was observed and repeatedly obtained.
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