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a b s t r a c t

Cell-sheet-engineering based regenerative medicine is successfully applied to clinical studies, though cell
sheets contain uniformly distributed cells. For the further application to complex tissues/organs, cell
sheets with a multi-cellular pattern were highly demanded. Micro-contact printing is a quite useful
technique for patterning proteins contained in extracellular matrix (ECM). Because ECM is a kind of
cellular adherent molecules, ECM-patterned cell culture surface is capable of aligning cells on the pattern
of ECM. However, a manual printing is difficult, because a stamp made from polydimethylsiloxane
(PDMS) is easily deformed, and a printed pattern is also crushed. This study focused on the deformability
of PDMS stamp and discussed an appropriate stamping force in micro-contact printing. Considering in
availability in a medical or biological laboratory, a method for assessing the stamp deformability was
developed by using stiffness measurement with a general microscope. An automated stamping system
composed of a load cell and an automated actuator was prepared and allowed to improve the quality of
stamped pattern by controlling an appropriate stamping force of 0.1 N. Using the system and the control
of appropriate stamping force, the pattern of 8-mm-diameter 80-mm-stripe fibronectin was fabricated on
the surface of temperature-responsive cell culture dish. After cell-seeding and cell culture, a co-culture
system with the micro-pattern of both fibroblasts and endothelial cells was completed. Furthermore, by
reducing temperature to 20 �C, the co-cultured cell sheet with the micro-pattern was successfully har-
vested. As a result, the method would not only provide a high-quality ECM pattern but also a break-
through technique to fabricate multi-cellular-patterned cell sheets for the next generation of
regenerative medicine and tissue engineering.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

For a decade, cell sheet transplantation is becoming one of key
methods in regenerative medicine [1]. A cell sheet is a thin mem-
brane composed of cultured cells and can be harvested from a
temperature-responsive cell-culture dish by simply lowering tem-
perature [2]. Since a cell sheet format is suitable for transplanting
plenty of cells onto the surface of tissues/organs like a patch, cell
sheets are widely used for repairing the damaged tissues/organs
such as the skin [3], cornea [4], myocardium [5], esophagus [6], lung
[7] periodontal tissue [8], cartilage [9], and middle ear mucosa [10].
These cell sheets include only a single type of cells, and for example,
mes.twmu.ac.jp (T. Okano).
epithelial cells are used for repairing the skin, cornea, and esoph-
agus, and muscle cells are used for the myocardium. On the other
hand, although a cell-sheet imitating complex tissue such as liver
[11] etc. have been attempted to be fabricated in several labora-
tories [12e15], they have been never used for actual clinic. Upon the
demand of repairing the damaged complex tissues with cell sheets,
a patterned multi-type-cell sheet is an essential material with a
potential for transplants.

One of useful techniques for fabricating complex cell sheets is a
protein patterning by micro-contact printing [16] and consequent
cell spontaneous organization by the adhesion interaction between
cells and proteins in extracellular matrix (ECM) [17]. In micro-
contact printing, a protein on a stamp with a target pattern made
from polydimethylsiloxane (PDMS) is transferred to the surface of
cell culture dish. Generally, micro-contact printing is still manually
operated [18]. However, this technique requires highly skillful
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technicians who can adjust the stamping force adequately, because
PDMS stamp is easily deformed by the stamping force [19]. When
the deformation of stamp is too large to exceed the height of stamp
pattern, of cause, the bottom of stamp attaches on the dish surface,
resulting in an unsuccessful printing with over-size patterns.
Therefore, ECM patterning by an automated system is highly
demanded. When the automated system is used, an index for
determining an appropriate stamping force should be required, and
considered the relationship between stamping force and the
deformation of PDMS stamp, namely the stiffness of PDMS stamp.

The effect of automated-device use is expected to improve the
accuracies of stamping-force measurement and positioning PDMS
stamp to an object surface with a level far higher than that of
manual operation. Therefore, for improving the quality of printed
ECM pattern, the combination of load cell, a kind of force sensor,
and an automated stage with a positioning accuracy of micrometer
order has been proposed to be a useful system in the authors'
previous study [20]. The previous study also proposes methods for
calibrating the stiffness of PDMS stamp and estimating an appro-
priate stamping force, and performs the preliminary experiment of
micro-contact printing in a stamping force measurement. However,
the fabrication of patterned co-cultured cell sheet never succeeds
because of inadequate experimental conditions. Furthermore, there
is no discussion about the applicable range of the calibration
Fig. 1. Procedure for the fabrication of microstructured cell sheet by microcontact printing
(PDMS) stamp. (B) Application of extracellular matrix onto the surface of PDMS stamp. (C) M
incubation and medium change. (F) Seeding 2nd cells. (G) After brief incubation, medium
temperature-responsive cell culture dish.
method of stamp stiffness. Therefore, this study improved (1) an
automated system for micro-contact printing and (2) the calibra-
tion method with considering in the stiffness of PDMS stamp for
the automation of micro-contact printing for increasing its appli-
cability. First, a stiffness measurement method capable to evaluate
the stiffness of stamp without any contact was introduced with the
higher precision of measurement than that in the previous study.
Then, the automated system was basically improved with (1) a
fixation device keeping both PDMS stamp and cell culture dish in
parallel and (2) the replacement of force sensor into a precise load
cell. An equation for the index of stamping force was derived with
the stiffness of stamp, and its efficacy was verified by using the
automated system controlling the stamping force with various
levels with a minimum resolution of 0.1 N. Finally, this study
showed the fabrication of co-culture system that had a patternwith
both endothelial cells and fibroblasts based on the stamping-force-
controlled micro-contact printing of ECM (Fig. 1).

2. Materials and methods

2.1. Fabrication of PDMS stamp

PDMS stamps were fabricated by a modified method as the previous study [19].
Silicon wafers (p-type, approxi. 75 mm in diameter, 380 mm in thickness) (SEMITEC,
Chiba, Japan) were treated with vacuum oxygen plasma for 3 min at an intensity of
radio frequency of 400 W and oxygen pressure of 13 kPa in a chamber by using a
with stamping-force control. (A) Fabrication and inspection of polydimethylsiloxane
icrocontact printing with appropriate stamping force. (D) Seeding the 1st cells. (E) Brief
change, and cell culture, the harvest of cell sheet by reducing the temperature of
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plasma cleaner (PC-1100) (SAMCO, Kyoto, Japan). The negative photoresist for visible
light (405 nm) (SU-8 3050 G1) (Nippon Kayaku, Tokyo, Japan) was spin-coated onto
the treated silicon wafers by using a spin coater (ACT-300D) (ACTIVE, Saitama,
Japan) at 7000 rpm for 30 s. After being pre-baked for 1 h at 100 �C in a high-
temperature chamber (ST-110) (ESPEC, Osaka, Japan), the photoresist on the sili-
con wafers was exposed with patterned visible light for 8 s by using a maskless
exposure system previously reported [21]. An 80-mm-width and 200-mm-pitch
stripe pattern was used for the exposure. The post-baking of photoresist was per-
formed for 30 min at 80 �C and next for 30 min at 110 �C. After being cooled to room
temperature, the photoresist was developed with 2-methoxy-1-methylethyl acetate
(130e10,505) (Wako Pure Chemical, Osaka, Japan) over 1 h at room temperature.
The developed surfaces were rinsed with ethanol (057e00451) (Wako) and dried
with nitrogen gas blow. After being treated with vacuum oxygen plasma under the
same condition for silicon wafers at the first, the surface were treated with 10 mL of
trichloro(1H,1H,2H,2H-tridecafluoro-n-octyl)silane (T2577) (Tokyo Chemical In-
dustry, Tokyo, Japan) for 30 min in a vacuum desiccator (1-5801-11) (AS ONE, Osaka,
Japan) at 10 kPa. The treated surfaces were rinsed with ethanol and dried with ni-
trogen gas blow. After being degassed under vacuum drawing, a mixture of poly-
dimethylsiloxane (PDMS) prepolymer and catalyst (Silpot 184) (Dow Corning Toray,
Tokyo, Japan) was poured onto the treated surfaces, as a master mold, in a cell-
culture dish (353,003) (Becton Dickinson, Franklin Lakes, NJ). The poured mixture
of PDMS was cured for 1 h at 70 �C on a hot plate (NHP-M30N) (NISSIN, Tokyo,
Japan). The cured PDMS was cut, peeled from the master mold, and trimmed out
patterned area to provide an 8-mm-diameter stamp surface. After being rinsed with
ethanol and dried with nitrogen gas blow, the back side of trimmed PDMS stamps
and borosilicate cover glasses (25 mm in diameter, thickness No. 3) (Matsunami
Glass, Osaka, Japan) were treated with vacuum oxygen plasma for 1 min at an in-
tensity of radio frequency of 100 W and an oxygen pressure of 10 kPa in a chamber
by using the plasma cleaner. Both treated surfaces of PDMS stamps and cover glasses
were immediately bonded, and the bounded stamps and cover glasses were baked
for 1 h at 70 �C on a hot plate (NEO HOTPLATE Hi-1000) (AS ONE). The surface shape
of fabricated PDMS stamp was measured with a laser displacement sensor (CD5-
L25) (OPTEX FA, Kyoto, Japan) (Fig. 1A).

2.2. Stiffness assessment of PDMS stamp

For obtaining the stiffness of PDMS stamp (item No. 3 in Fig. 2A), a stiffness
measurement setup based on air-jet pressure application approach [22,23], which
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Fig. 2. Stiffness measurement setup. Photo (A) shows the composition of setup. (1) The cond
measurement object. Photo (B) shows the magnified image of the transparent air-nozzle. Gra
and supplied air pressure through the regulator. Data points and error bars are the value o
consisted of main two parts; (1) an inverted microscope (ECLIPSE TE2000-U)
(Nikon, Tokyo, Japan) for observing the deformation of stamp surface and (2) a
force application device with a home-made transparent air-nozzle (item No. 2 in
Fig. 2A), and a pressure regulator (IR2000) (SMC, Tokyo, Japan), was prepared.
The inner diameter, outer diameter, and height of air-nozzle were 0.5, 2, and
10 mm, respectively (Fig. 2B). The air-nozzle was fabricated with biocompatible
transparent resin (MED610) (Stratasys, Edina, MN) with a 3D printer (Objet
Eden350V) (Stratasys). The air-nozzle was fixed under the condenser lens of
microscope (item No. 1 in Fig. 2A) where the light axis of microscope coincided
with the axis of nozzle hole. Compressed air was supplied from an air compressor
(DPP-ATAD) (Kogaeni, Tokyo, Japan) to the air-nozzle and pass through a steril-
ization filter (VACU-GUARD, 6722-5000) (GE Healthcare UK, Buckinghamshire,
UK), and then, air-jet was flown out from the air-nozzle. The distance between
the nozzle and an object was adjusted to 2 mm by moving the condenser lens
with the visual confirmation of focal plane via microscopic image. The relation-
ship between the inlet and outlet of air-nozzle pressures was calibrated with a
digital manometer (1-6121-01) (AS ONE) as previously described [20]. The
applied pressure to PDMS stamp was assumed to be the same as the outlet
pressure, which was estimated from the inlet pressure. In stiffness assessment,
the various levels of air pressure generated by the air-jet were applied from the
air-nozzle to the surface of PDMS stamp for over 1 min for making the PDMS
stamp deformed. The surface of PDMS stamp was focused by the microscope at a
specific pressure, and the focal position was measured at a resolution of 1 mm on
the dial of microscope. The relative displacements of focal positions between with
and without pressure application were calculated. The slope between the applied
air pressure and the relative displacement was determined as the stiffness of
PDMS stamp.

2.3. Micro-contact printing system

A micro-contact printing systemwas prepared for improving the quality of ECM
printing. The system was composed of both a linear actuator (SGSP20-85(Z)),
(SIGMAKOKI, Tokyo, Japan) (item No.1 in Fig. 3A) and a force sensor (LUC-B-50N-ID-
P) (KYOWA ELECTRONIC INSTRUMENTS, Tokyo, Japan) (item No. 2 in Fig. 3A). In the
linear actuator, the position accuracy and the position resolution were 5 mm and
1 mm, respectively. The resolution of force sensor was 1 mN. The linear actuator and
the force sensor were controlled by home-brewed software running on a desktop
computer (HP Compaq dc5700 SFF) (HewlettePackard, Palo Alto, CA). The control
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Fig. 3. Microcontact printing system. Photo (A) shows the overview of system; (1) a
linear slider to the z-axis direction, (2) a load cell for measuring stamping force, (3) a
holder for cell culture dish, and (4) a cell culture dish. Photo (B) shows the close-up
view of system; (5) an end-effector for holding a polydimethylsiloxane (PDMS)
stamp, (6) borosilicate cover glasses, (7) polyurethane gel, and (8) PDMS stamp. White
bar indicates 1 cm.
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Fig. 4. The surface profiles of polydimethylsiloxane (PDMS) stamp. Graph (A) shows
the cross-sectional surface profile of PDMS stamp measured by a scanning leaser
displacement sensor with a pitch of 1 mm to x-axis direction. Graph (B) shows the
magnified graph of surface profile around the center of PDMS.

Fig. 5. Stiffness assessment of polydimethylsiloxane (PDMS) stamp. Microphotograph
(A) and (B) show the surfaces of PDMS stamp at 0- and 92-kPa air pressure application,
respectively. White bars indicate 200 mm. (C) The relationship between pressure under
the outlet of air-nozzle and the displacement of PDMS stamp. Data points and error
bars are the value of average and standard deviations (N ¼ 6), respectively. Dashed line
indicates an approximation straight line with an intercept of the origin for the data
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cycle was 1 ms. A home-made vacuum suction probe was used for holding PDMS
stamp at the tip of force sensor.

2.4. ECM application onto the stamp

ECM was applied onto the stamp surface by a modified method as the previous
study [19], ECM was applied onto the stamp surface by a modified method as the
previous study [19]. Dusts on PDMS stamps bonding with cover glass were carefully
and gently removed with mending tape (MP-18) (Sumitomo 3M, Tokyo, Japan). The
cleaned PDMS stamps were rinsed with ethanol and dried with nitrogen gas blow.
After being treated with vacuum oxygen plasma for 3 min at an intensity of radio
frequency of 400 W and an oxygen pressure of 13 kPa in a chamber of plasma
cleaner, the surface were treated with the vapor of 10 mL of trichloro(1H,1H,2H,2H-
tridecafluoro-n-octyl)silane for 30 min in the vacuum desiccator under 10 kPa. The
treated PDMS stamps were rinsed with ethanol and dried with nitrogen gas blow.
Fibronectin derived from bovine plasma (F1141) (SigmaeAldrich, St. Louis, MO) was
diluted (100 mg/mL) in Dulbecco's phosphate buffer saline (PBS) (D1408) (Sigma-
eAldrich). The diluted fibronectin solution was applied and fully covered on the
surface of PDMS stamp head perpendicularly. The solution-applied PDMS stamps
were incubated in a petri dish (150,255) (Thermo Scientific, Roskilde, Denmark) to
prevent the solution drying for 1 h at room temperature. The incubated PDMS
stamps were immersed in sterilized and deionized water for 5 s. After water
remaining on the PDMS stamps was blown by nitrogen gas, the PDMS stamps were
used for printing (Fig. 1B).

2.5. Micro-contact printing with the system

A target temperature-responsive cell culture dish (UpCell®) (CellSeed, Tokyo,
Japan) (item No. 4 in Fig. 3A) was fixed with a metal holder (item No. 3 in Fig. 3A) for
points.
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preventing a rattle of dish. A fibronectin-applied PDMS stamp was held by the tip of
vacuum suction holder (itemNo. 5 in Fig. 3B) with a polyurethane elastomer column
(outer diameter: 8 mm, height: 3 mm) (2184) (ACTY, Nagoya, Japan) (item No. 7 in
Fig. 3B). The elastomer column was inserted between two borosilicate cover glasses
(25mm in diameter, thickness No. 3) (Matsunami) (itemNo. 6 in Fig. 3B). The surface
of PDMS stamp (itemNo. 8 in Fig. 3B) was forced to be in contact to the target dish by
moving down the linear slider. Contact force between the stamp and the dish was
from 0.1 to 2.0 N. After a 1 min contact, PDMS stampwas detached bymoving up the
linear slider (Fig. 1C). The surface of dish after the contact was monitored with a
fluorescent microscope (TE-2000U) (Nikon, Tokyo, Japan).
2.6. Fabrication of patterned cell sheet

Bovine aortic endothelial cells (BAEC) (JCRB0099 HH) (JCRB Cell Bank, Osaka
Japan) and normal human epidermal fibroblasts (NHDF) (CC-2511) (TAKARA BIO,
Shiga, Japan) were suspended in Dulbecco's Modified Eagle Medium (DMEM,
D6429) (SigmaeAldrich, St. Louis, MO) with 1v/v% antibiotics (penicillin-strepto-
mycin, Gibco 15140-122) (Life Technologies, Carlsbad, CA) and Fibroblast Growth
Medium 2 Kit (C-23120) (TAKARA BIO, Shiga, Japan), respectively. NHDF were
stained with green-fluorescent dye [CellTracker Green CMFDA (5-
Chloromethlyfluorescein Diacetate)] (C7025) (Life Technologies) in advance of
seeding cells. After fibronectin was printed on the dish (Fig. 1C), NHDF were firstly
seeded into the dish (Fig. 1D). The seeded cells were cultured for 3 h in a humidified
condition with 5% CO2. After medium containing non-adherent cells was removed
from the dish (Fig. 1E), BAEC were secondarily seeded into the dish (Fig. 1F). The
initial densities of seeding NHDF and BAEC were 1.2 � 105 cells/cm2. After a 1 h
incubation, medium containing non-adherent cells was removed from the dish, and
then, DMEM containing the antibiotics and 10% fetal bovine serum (FBS) (Lot No.
Fig. 6. Low-magnified fluorescent microphotographs of microcontact printed surface with th
force. Yellow dashed line ellipses indicate the absence of printed pattern on the surface. Sca
the references to color in this figure legend, the reader is referred to the web version of th
83300124) (Moregate BioTech, Queensland, Australia) was poured into the dish.
After a 1-day cultivation, the dish surface was monitored with the fluorescent mi-
croscope, and a cell sheet containing BAEC and NHDF was recovered by reducing
temperature to 20 �C (Fig. 1G). The recovered cell sheet was monitored with the
fluorescent microscope.

3. Results and discussion

3.1. Surface profile of PDMS stamp

By using the laser displacement sensor, the surface profile of
PDMS stamp was measured (Fig. 4A). The measured data was able
to show both global and local profiles. In the trend of global surface
profile, the surface was found to have a convex shape where the
center of PDMS stamp was the bottom of convex part. The depth
between the bottom of convex part and the upper part of PDMS
stamp was found to be 12 ± 3 mm (mean ± SD) (N ¼ 3). In the trend
of local surface profile, the surface was fully covered with small
convex and concave shapes caused by the stripe pattern on PDMS
stamp. The local depth between the top and bottom of stripe
patternwasmeasured to be 19 ± 1 mm (mean ± SD) (N¼ 3) (Fig. 4B).
These results suggested that by not only contacting but also
pushing the stamp to object surfacewith exceeded additional force,
an excessive stamping force allowed the bottom part of stamp to hit
e various levels of stamping force. The value in each image shows the level of stamping
le bar indicates 500 mm, and the scale of each image is the same. (For interpretation of
is article.)
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the object surface. Furthermore, the permissible value of stamp
displacement was no more than 3 mm.

3.2. Stiffness assessment of PDMS stamp

The relationship between outlet and inlet pressures was found
to be linear passing the origin (Fig. 2C). The outlet pressure was
two times smaller than the inlet pressure adjusted by the pressure
regulator. The reproducibility of pressure application by air-jet was
high with a coefficient of variance ±5%. Especially, the reproduc-
ibility at the range of lower pressure was higher than that at higher
pressure, because the standard deviation at 50 kPa, the smallest
inlet pressure, was 0. Therefore, in this setup, the pressure appli-
cation by air-jet was speculated to be suitable for stiffness
assessment of PDMS stamp, and the pressure applied to the sur-
face of PDMS stamp was supposed to be the calibrated outlet
pressure.

Upon the consideration of the measurement error of displace-
ment generated by focusing error, generally, the possible range
where an object focused image in this study was defined as the
depth of focus d as follow:

d ¼ 250;000u
NA$M

þ l

2NA2 (1)
Fig. 7. High-magnified fluorescent microphotographs of microcontact printed surface with th
force. Red arrowheads indicate the excessive area of printed pattern on the surface. Scale ba
references to color in this figure legend, the reader is referred to the web version of this ar
where u, NA, M, and l are the resolution of human eye (¼ 0.0014),
the numerical aperture of objective lens, the total magnification of
microscope [¼ 40 (objective lens) � 10 (eyepiece) ¼ 400], and the
wavelength of light (¼ 0.55 mm), respectively (Berek's formula)
[24]. In this study, 40� objective lends (S Plan Fluor ELWD ADM
40�), (Nikon, Tokyo, Japan) was attached to the microscope and
showed NA ¼ 0.6. Under this condition, d ¼ 2.2 mm. Therefore, in
this study, the displacement of object was able to be measured
easily without a focusing error of over 5 mm. Naturally, errors
caused by focusing were expected to depend on the skill of
measurer. The error would be suppressed by using an automated
focusing system [25,26].

Based on the error evaluation on both pressure application by
air-jet and displacement measurement with the microscope, this
setup was useful for assessing the stiffness of soft materials similar
to PDMS simply, because one of main components, an inverted
microscope, were found easily in medical laboratory investigating
tissue engineering and regenerative medicine, and the 3D data of
transplant nozzle was in public domain [27].

Without air-jet application, well-aligned stripe patterns on the
surface of PDMS stamp were observed in focus (Fig. 5A). On the
other hand, during air-jet application, the stamp surface was
deformed by the pressure of air-jet. And then, the edge of stripewas
out of focus (Fig. 5B). After the edge was refocused during air-jet
e various levels of stamping force. The value in each image shows the level of stamping
r indicates 200 mm, and the scale of each image is the same. (For interpretation of the
ticle.)
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application, the relative displacement of PDMS stamp surface to the
original surface before air-jet application was determined. In the
stiffness assessment, the deformation of center part of micropho-
tograph was used. The deformation was found to increase linearly
as increasing the pressure of air-jet (Fig. 5C). This linear property
was speculated to be caused by the infinitesimal deformation,
because the maximum displacement of PDMS stamp in stiffness
measurement was less than 50 mm, which was smaller than 20%
thickness of PDMS stamp, and the complexity of deformation, such
as the contribution of shear stress, was able to be negligible. The
stiffness calculated from the slope of measured data was
2.4 ± 0.4 kPa/mm (mean ± SD). Although this stiffness index was
different from Young's modulus [28] and inapplicable to general
purposes, one of the most general indexes of physical value, the
value could provide the expected value of deformation during
contact printing with a specified stamping force. This value indi-
cated an 8-mm-diameter plane PDMS stampwith the same value of
stiffness was expected to be deformed by 100-gram-load with a
maximum displacement of 10 mm.

As the result of stiffness assessment, an appropriate stamping
force was required, because the contact between the convex parts
of stamp pattern and the target surface became neither too much
Fig. 8. Fabrication of microstractured cell sheet based on extracellular-matrix patterning b
contrast image of polydimethylsiloxane stamp surface with micro-pattern, the fluorescent im
after seeding normal human dermal fibroblast (NHDF), respectively. Microphotographs (D),
seeding NHDF (green) and bovine artery endothelial cells, respectively, and white bars indi
and marged images of cell sheet after reducing temperature, respectively. White bars indic
color in this figure legend, the reader is referred to the web version of this article.)
nor too little. Therefore, as one of the best methods for determining
the appropriate stamping force, the squeezing distance between
the edge of PDMS stamp and the bottom of globally concave part
was only deformed. Under this assumption, the appropriate
stamping force f was provided as follows:

f ¼ krAh (2)

where k, r, A, and h were the stiffness of PDMS stamp (in other
words, the slope between the applied air pressure and the relative
displacement of PDMS stamp), the ratio of the area of target pattern
to the total area of stamp, the total area of stamp, and the appro-
priate deformation based on the error to the height direction on the
stamp, respectively. The stiffness parameter of stamp k was able to
be obtained from the result from the stiffness measurement. The
geometric parameters of stamp r and Awere design values. Another
geometric parameter h was empirically given 4e5 mm from an
observed value in the experimental conditions. The distance was
able to be determined by a calculation with known values k,
measured values h, and designed values r, and A:, while both shape
and stiffness assessments were performed.
y microcontact printing system. Microphotographs (A), (B), and (C) show the phase-
age of rhodamine-fibronectin-printed surface, and the phase-contrast image of surface
(E), and (F) show the phase contrast, fluorescent, and marged images of surfaces after
cate 200 mm. Microphotographs (G), (H), and (I) show phase the contrast, fluorescent,
ate 200 mm in (A)e(F) and 500 mm in (G)e(I). (For interpretation of the references to
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3.3. Printing quality in the various level of stamping force

With a small stamping force of less than 0.6 N, the printed
patternwas observed with large defect areas (Fig. 6). Especially, the
defect areas were located at a region near to the center, because the
convex shape of PDMS stamp directly affected the contact of sur-
faces between PDMS stamp and target dish (Fig. 4A). On the other
hand, by a stamping force of over 0.7 N, no defect was observed
(Fig. 6). However, in magnified microphotographs (Fig. 7), an
excessive stamping force of over 0.8 N was found to provide
extruded parts from printed pattern. These results were speculated
to be caused by an interaction among the curved surface of stamp,
the height of formed patterns, and PDMS stiffness. As a result, the
quality of printed patterns strongly depended on the level of
stamping force, because only printed pattern at 0.7 N had the best
quality in the experimental results. The value of appropriate
stamping force for PDMS stamp used in this experiment was
calculated, from the equation (2), to be f ¼ 0.72 N in the case of
k¼ 2.4 kPa/mm, r¼ 0.4¼ 80/200 (¼width/pitch), A¼ 5.0� 10�5 m2

(¼p/4 � diameter2), h ¼ 15 mm (¼ mean þ max. range). And, the
calculated value was the same as the value of stamping force giving
the best quality of printed pattern in the experimental data. The
variation of stiffness index of PDMS stamp was within 17%. The
range of stamping force corresponding to the standard deviation
between 0.6 and 0.8 N never produced destructive patterns
including 10%-under/over printed area, similar to the patterns in 0.1
or 2.0 N (Figs. 6 and 7). Furthermore, in the preliminary experiment
described in the reference [20], the estimated value of appropriate
stamping force even in rough estimation also provides better-
printed patterns among those in the cases of the other stamping
forces, though the experimental setup is simpler than that of the
current study. Therefore, the stiffness index derived from the
stiffness measurement method was robust for determining the
appropriate stamping force. These results indicated that (1) micro-
contact printing had essentially a difficulty, which was affected by
the elasticity of PDMS, and (2) the difficulty was able to be over-
come easily by controlling an appropriate stamping force with a
resolution of 0.1 N, which was based on the simple method for the
stiffness assessment with air-jet and a microscope, even without
special instruments.

3.4. Micro-patterned cell sheet

With an appropriate stamping force, rhodamine-fibronectinwas
successfully transferred from a stripe-pattern-formed PDMS stamp
(Fig. 8A) onto the surface of temperature-responsive cell culture
dish (Fig. 8B). After NHDF were seeded and unattached cells were
removed, the cells were observed to be aligned in the samemanner
as the stripe pattern of fibronectin (Fig. 8C). Furthermore, after the
second cells were seeded, the surface of dish was fully covered with
both cells (Fig. 8D). On the same dish, the stripe pattern cover of the
first seeded cells was still remained in the fluorescent micropho-
tograph (Fig. 8E and F). After lowering temperature, the cells were
successfully detached from the dish surface as a continuous cell
sheet, which was observed to float in culture medium (Fig. 8G). In
the fluorescent microphotograph, the stripe pattern composed of
green-fluorescent-dye-stained NHDF and unstained BAEC was
found to be still preserved in the harvested cell sheet (Fig. 8G and
H). Because the cell sheet was floating in the medium and slightly
curved, some areas were out of focus in the microphotographs
(Fig. 8GeI). As a result, the fabrication of cell sheets with patterns
consisting of two different types of cells was succeeded. Especially,
endothelial cell and fibroblast were quite important cells in non-
parenchymal cells for maintaining the inherent functions of com-
plex organ and tissues such as liver [29e31]. Therefore, the
patterned cell sheets would be useful as a supportive tissue in the
case of layered cell sheet composed of parenchymal cells.

4. Conclusion

This study proposed a simple calibration method for measuring
PDMS stamp stiffness for providing an appropriate stamping force
in micro-contact printing. Force control by the developed system
was able to fabricate a high-quality printed pattern of fibronectin. A
cell sheet composed of endothelial cells and fibroblasts was suc-
cessfully fabricated with stable micro-contact-printing-based
fibronectin patterning. This method would be useful for fabri-
cating a micro-patterned cell sheet in both tissue engineering and
regenerative medicine for the complex tissues and organs.
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