
1. Introduction

Not only individual animals but also their
constituent cells live interacting with their milieu.
Cells are reported to develop and differentiate
depending critically on their environment including
mechanical conditions [1‒3]. Cells mechanically
explore their surroundings exerting force and
receiving reaction. Cells exert weak force on
compliant substrates and strong force on rigid
substrates [4]. The subcellular distribution of force
exerted by a single cell was first visualized as a
wrinkle pattern on a flexible thin silicone sheet [5].
The pattern is relatively easy to obtain but difficult to
analyze because strain propagates through the elastic
sheet leaving the history of wrinkle formation in both
time and spatial domains. Recent traction force
microscopy, which observes bead displacements in a
gel instead of the wrinkle pattern [6], is also subject to
the strain propagation through the gel [7]. The use of

polydimethylsiloxane (PDMS) posts succeeded to
suppress strain propagation isolating the cellular
adhesion points at the tip of each post. However, the
PDMS posts are still elastically interconnected with
each other at the bottom because the posts are
prepared by pouring PDMS into a mold made with
photolithography [8]. Relatively high elastic modulus
of PDMS of MPa order helps to suppress strain
propagation, but makes the mechanical properties of
the substrate far from in situ conditions. In the
present study, we sought to fabricate an array of
compliant microposts directly standing on a glass
surface. A technique of two-photon initiation of
polyacrylamide polymerization was used to fabricate
the micro three-dimensional posts at high processing
resolution without a need to prepare a mold [9].
Polyacrylamide was adjusted to be as elastic as
human body having an elastic modulus in kPa order:
harder than muscle and softer than collagenous bone
[1]. Rigid glass isolates the compliant posts from stress
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propagation. We tried to apply our micropost array in
the observation of subcellular force distribution at the
interface of L6 myoblasts and the underlying
substrate. Mesenchymal cells including myoblasts are
well documented to adhere to their substrate with an
apparatus named focal adhesion plaque (FA). So the
tip area of an individual micropost was designed to fit
the reported size of a single FA [10]. As an advanced
application of the array, comparison was made
between αB-crystallin knockdown (L6-KD) and wild-
type cells (L6-WT). αB-crystallin is one of the heat
shock proteins, which help protein folding as
molecular chaperones. Since FA transmits
intracellularly developed force to extracellular
substrate, mechanical stress stochastically affects
structural proteins of FA to be maintained with a help
of molecular chaperons such as αB-crystallin. Our
previous studies on L6 myoblasts with
overexpression and knockdown of αB-crystallin
clearly showed that cell adhesion to the extracellular
substrate was αB-crystallin dependent in a static [11]
as well as in a dynamic condition [12].

2. Materials and Methods

2.1 Glass surface coating
To fabricate a micropost array, a clean 35 mm

glass bottom dish (Matsunami, Osaka, Japan) was
used with preprocessing of its glass surface. To
prepare a cell-affinitive glass surface, the dish was
covered with 1.2 mL of silane coupling agent (3-
methacryloxypropyltrimethoxysilane ; Shin - Etsu
Silicone, Tokyo, Japan) hydrolyzed with 200 µL ultra-
pure water plus 120 µL acetic acid (Kanto chemical,
Tokyo), and then dehydrated by baking in an oven for
12 h. To prepare a cell-repulsive glass surface, the
dish is coated with 50 µL LIPIDURE-CM 5206 (NOF,
Tokyo).
2.2 Fabrication of a micropost array

Pregel was a water solution of N,N’-methylenebis
(acrylamide) (FUJIFILM Wako Pure Chemical, Osaka)
of saturating concentration (25 mg in 500 µl ultra-pure
water ) containing 5 mg acrylic acid N -
hydroxysuccinimide ester (Sigma-Aldrich, MO, USA),
200 mg acrylamide, 1 mg EosinY (Sigma- Aldrich), 20mg
triethanolamine (Kokusan Chemical), and 100 mg
polyacrylic acid (Mw: 250,000; FUJIFILM Wako Pure
Chemical). A spatula of the pregel was placed as a
sheet on a glass bottom dish and covered with a cover
glass to prevent drying. A laser beam of 800 nm, 28mW

from Ti:sapphire laser (Tsunami, Spectra Physics, CA,
USA) operated with 85-fs pulses at 82 MHz was
focused in the sheet by an ×40 objective lens (N.A.
0.75) of a microscope (IX70, Olympus, Tokyo). The
focal point scanned the sheet translated three-
dimensionally at 100 µm/s by a 3-axis micro-positioner
equipped with stepping motors (PX533MH-B, Oriental
Motor, Tokyo) and controllers (SC-400, SC-200 H,
Kohzu Precision, Kanagawa, Japan). The exposure
pattern for fabrication of the array was regulated by a
shutter controller (SR 470, Stanford Research Systems,
CA). Microposts of 1.5 µm diameter and 8 µm height
were arrayed at a center-to-center distance of 5 µm in
an area of 50 × 50 µm2 or 100 × 100 µm2.
2.3 Fibronectin coating

To coat the microposts with fibronectin for cell
adhesion, the N-hydroxysuccinimide ester groups on
the micropost array was allowed to form bonds with
50 µg/mL fibronectin (Biocoat, PA, USA) in a
sterilized sodium carbonate buffer solution of pH 9.5
at 4̊C for 12 h. Subsequently, remnant ester groups
were saturated with additional 100 mg/mL glycine
(FUJIFILM Wako Pure Chemical) for 1 h.
2.4 Cell lines

L6 rat myoblasts (L6-WT) were obtained from
American Type Culture Collection (VA, USA). L6-KD
cells were prepared as described previously [11].
Cells were cultured in D-MEM (Gibco BRL, MD. USA)
supplemented with 10% fetal bovine serum (FBS;
GIBCO-BRL), 1% Penicillin-Streptomycin-Neomycin
(GIBCO-BRL), and 0.04% kanamycin sulfate (Meiji
Seika, Tokyo) at sub-confluent densities (60‒70%) and
37 ̊C in humidified 5% CO2 chamber. 200 µg/mL
Geneticin was added for L6-KD cells. For cultivation,
10,000 cells were added to each dish containing 2 mL
D-MEM with 10% FBS, 0.04% kanamycin sulfate and
20 mM HEPES (pH=7.0-7.6; Sigma- Aldrich). To
monitor cell differentiation on the array, 10T1/2 cells
were incubated at 37̊C in 3 mM 5-Azacytidine
contained in D-MEM with 10% FBS, 0.04% kanamycin
sulfate and 20 mM HEPES (pH=7.0-7.6) [13]. The
medium was renewed every 24 h.
2.5 Elastometry

We evaluated the elasticity of a sheet of
polyacrylamide gel as the material of the microposts.
A flat gel polymerized overnight on a cover glass
under fluorescence light was separated from the glass
in water, where the gel swelled to 600 µm thick.
Elastometry was performed following the method of
Salerno et al. [14] by AFM (CP-II Scanning Probe
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Microscopy, Veeco, NY, USA) equipped with a gold
deposited silicon nitride cantilever (tip cone angle 25̊;
Olympus, Tokyo). The calibrated spring constant of
the cantilever was 0.11. Poisson ratio of the sheet was
assumed to be 0.457 [15] for evaluation. We also
measured the elasticity of the sheet with the
micropipette aspiration method as previously
described [16, 17]. The inner diameter of the
micropipette was 750 μm.
2.6 Microscopy

Viable cells were plated on a micropost array and
were observed under an inverted fluorescent
microscope (Axiovert 135 TV, Carl-Zeiss, Oberkochen,
Germany) equipped with Plan-Neofluor 10×, 20×, and
40× objectives. Time-lapse micrographs of 512 × 512
pixels were acquired at 400 Hz using ORCA-ER
cooled CCD camera (Hamamatsu Photonics, Shizuoka,
Japan) attached to the microscope. For prolonged
image capturing, we used a temperature regulated
transparent stage (MPF-FL-10-Z, KITAZATO) to
ensure an appropriate condition for the cultured cells
(37̊C, 5% CO2, and pH 7.2 kept by 10 mM HEPES in
the medium). The force acting on the tip of each

micropost was evaluated from the radial displacement,
height, diameter and elasticity of the micropost
following the method of Roure et al. [18]. Elasticity
obtained with AFM was adopted for the evaluation.
To stain DNA and F-actin, cells were fixed in 10%
neutral buffered formalin supplemented with 2 mM
MgCl2 and 2 mM EGTA for 10 min, and permeabilized
in additional 0.03% Triton-X 100 for 10 min. After the
treatment with 1% BSA in phosphate buffered saline
(PBS) containing 0.02% NaN3, we simultaneously
stained DNA with additional Hoechst 33342 (Thermo
Fisher, MA, USA) at 3,000 times dilution, and F-actin
with additional Texas RedⓇ-X Phalloidin (Thermo
Fisher, MA) at 30 times dilution for 1 h. Then a
mounting agent was added, and the cells were
observed under TCS-SP 5 confocal microscope (Leica
microsystems, Wetzlar, Germany) with a 488 nm
argon laser, 405 nm blue diode laser, and 594 nm He-
Ne laser.
2.7 Statistical Analysis

Data are expressed as means ± standard error of
the mean (s.e.m.) for a given number of observations.
Comparisons between two normally distributed

Fig. 1 Fabrication of a micropost array by two-photon initiated polymerization.
(a) A top view of a micropost array (50×50 μm2). Scale bar = 10 μm. (b) Study design.
Compliant microposts stand directly on a rigid glass surface. The displacement of each
micropost reflects force acting on it without an effect of strain propagated from
neighboring microposts. (c) The protrusion length of the polyacrylamide gel into the
micropipette (ΔL) is plotted against the aspiration pressure (ΔP). The slope of the
relationship is proportional to the inverse of the elasticity (Young’s modulus) of the gel at a
given inner diameter of the micropipette [17]. Estimated elasticity was 69 kPa. (d) The
force-displacement curve of elastometry with AFM. The blue curve is drawn when the
cantilever pushes into the gel, and the red curve is drawn when the cantilever moves out
of the gel. The red curve in the displacement range of -3.5 μm to 0 μm was fitted to
estimate the elasticity (Young’s modulus) to be 57 kPa.
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groups were made using an unpaired Student’s t-test.

3. Results

3.1 Micropost arrays fabrication by two-photon
excitation
A glass substrate is coated with a silane coupling

agent, and a micropost array was fabricated. The size
of the array is 50 × 50 µm2 (Fig. 1a) or 100 × 100 µm2.
Cell adheres on posts and exerts a traction force (Fig.
1b, Supplementary Fig. 1). When the post is shorter, it
is difficult to see the bend. When the post is longer
than 8 µm, the post tends to collapse. The spacing was
5 µm. If they are too close, the posts stick together.
The post diameter is 1.5 µm. Since the size of a focal
adhesion (FA) on an acrylamide gel of 20 kPa or more
is approximately 1 µm [10], cells can form an FA on a
post with 1.5 µm diameter. The hydrogel is
conjugated with fibronectin for cell adhesion. When
10T1/2 cells were induced to differentiate on the
micropost array (Supplementary Fig. 2), the 10T1/2
cells became myotubes. The micropost array was
found to be non-cytotoxic, as the cells on the array
were observed for 15 day.

To measure cell traction forces, the length,
diameter, and elasticity of the post and displacement
of the edge should be known. Subsequently, elasticity
can be measured using two methods: micropipette
aspiration and AFM. The elasticity value obtained by
micropipette aspiration was 69 kPa (Fig. 1c). In the
case of AFM, the elasticity was 57 kPa (Fig. 1d). The
unit of elasticity used was kPa instead of MPa as hard
as the PDMS post. We speculated that these readings
were accurate because both the values obtained in
this study are similar. Using two different methods

ensured that the measurement of the elasticity of the
gel was reliable.

The cells were seeded on a fibronectin-coated
array. F-actin and the nucleus were visualized after
the formalin fixation, to ensure that the cells were
solely on the array for the force measurement.
Microscope observation showed that part of the cell
attached to the glass coated with a silane coupling
agent. By coating the glass-bottom dish surface with
LIPIDURE, cells were kept on the array once they
landed upon being seeded on micropost array (Fig. 2
and Supplementary Fig. 3).
3.2 αB-crystallin dependent cell behavior on
micropost arrays and the force
When L6-WT cells and L6-KD cells were seeded

on a micropost array made on a glass substrate
coated with LIPIDURE, the two kinds of cells
behaved differently. The different responses of L6-
WT and L6-KD cells on micropost arrays depend on
the ability of αB-crystallin to adapt appropriately and
respond to the environmental changes of the cell. The

Supplementary Figure 2.
Induction of cell differentiation of 10T1/2 cells on a
glass surface (a-d) and on a micropost array (eg). After
24 h incubation at 37 ̊C, 5-Azacytidine is added at
3 µM to induce differentiation (according to Taylor
SM and Jones PA, Cell 17, 771. 1979) in the medium for
another 24 h incubation, and then the medium was
changed. Images of the cells on a glass surface were
taken 1 (a), 7 (b), 13 (c) and 21 (d) days after the
incubation in 5-Azacytidine. Fused multinucleated
cells are observed in (c). Images of the cells on a
micropost array were taken 3 (e), 7 (f) and 15 (g) days
after the incubation in 5-Azacytidine. Cells on the
micropost array made contact with the glass surface
coated with a silane coupling agent, multiplied, and
survived for 15 days. Scale bar = 50 µm for (a-d) and
100 µm for (e-g).

Supplementary Figure 1.
Time-laps images of a L6-WT cell on a micropost
array taken every 20 min. The L6-WT cell bends the
posts. Blue line indicates the outline of the cell. Scale
bar = 20 µm.
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L6-WT cell stayed in one place, but L6-KD did not
stop migrating and continued to move on micropost
arrays (Fig. 3). Additionally, the shapes of cells on
micropost arrays were also different. The L6-WT cell

sent out pseudopodia [19] and extended its area, while
the L6-KD cell remained round (Fig. 4). The L6-WT
cell tracked the post well, but the L6-KD cell tracked
the post weakly, which results in bending posts

Fig. 2 Cells on the freestanding micropost array
The arrays on glass coated with a silane coupling agent with L6-WT cells (a, b). The arrays on
glass coated with LIPIDURE with a 10T1/2 cell (c-e). DNA (blue) and F-actin (red) were stained.
Microposts appear light blue due to auto-fluorescence by 488 nm excitation. (a, b) and (c, d) are
sets of (top, bottom) views of the same area. The bottom views are horizontally flipped for
convenience. (e) is a side view reconstructed from confocal z-scan. In (a, b) cells on the array are
shown to make contact with the glass surface treated with silane coupling agent. In (c-e), the cell
stays entirely on the posts without reaching the glass surface treated with LIPIDURE. The side
view of the cell in (e) shows that two or three stress fibers were holding each micropost (asterisks
in e). Scale bar = 20 µm in (a, b) and 10 µm in (c-e).

Fig. 3 Cell migration on micropost arrays.
Micropost arrays on LIPIDURE coated glass with L6-WT cells (a-e) and L6-KD (f-m) cells.
Cells are incubated at 37 ̊C for 2 h during which time-lapse images were taken every
40 min (a-d) or 20 min (f-l). In (e) and (m), colored outlines of the cell are overlaid on the
images of (d) and (l), respectively, to show the migration paths of the cells (red arrows).
Migration distances of the L6-WT cells in (a-e) are 20 µm and 26 µm, meaning the average
speed of 12 µm/h. The distance of the L6-KD cell in (f-m) is 68 µm, meaning the speed of
34 µm/h. Scale bar = 20 µm.
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outside (Fig. 4c, d). The traction force of L6-WT cells
exerts 4-fold bigger than that of L6-KD cells.

4. Discussion

Freestanding microposts of biological elasticity
Applying the two-photon excitation technique,

we successfully fabricated arrays of freestanding
microposts of elasticity similar to biological tissues.
Independent bending of each micropost enabled
detailed mapping of force transmitted by subcellular
apparatus of the cells. The traction force of L6-WT
cells observed with our compliant microposts (Fig. 4)
was an order of magnitude smaller than that reported
with smooth muscle cells on rigid PDMS posts [4]. An

immediate consequence of mechanical interaction of
the cells with underlying substrate would be
mechanical stress imposed on the apparatus
transmitting force generated in the cytoplasm to
extracellular substrate. Stochastic degradation of the
force transmitting apparatus would require molecular
chaperons for structural homeostasis as we
previously observed in L6 and glioma cells as αB-
crystallin dependent adhesion to substrate in static
condition [11] as well as in dynamic condition of
repetitive stretch and release [12]. Therefore, the
smaller mechanical interaction between L6-KD cells
and the underlying microposts observed in the
present study would be a consequence of a failure in
maintaining structural proteins in FA against
mechanical stress. In other words, αB-crystallin
seems to give L6-WT cells considerable mechanical
resilience even in the low stress condition on the
compliant substrate. Our recent knock down and

Fig. 4 Subcellular force mapping of L6-WT and L6-
KD cells.

L6-WT (a, c) and L6-KD (b, d) cells after 4 h incubation
at 37 ̊C observed with an ordinary microscope (a, b)
and with a confocal microscope (c, d). Area of the L6-
WT cell was 500 µm2, and the area of the L6-KD cell
was 300 µm2. Arrows in (c) and (d) shows the direction
and magnitude of the force exerted by the cells.
Traction force is indicated by red arrows and the
force pushing the micropost outside of the cell was
indicated by green arrows. The summed magnitude
of the traction force in L6-WT and L6-KD cells are
shown in (e) (n=3). Scale bar = 10 µm (a, c) and 5 µm (b,
d).

Supplementary Figure 3.
The effect of LIPIDURE coating.
10T1/2 cells were incubated on a non-coated (a) and
LIPIDURE coated (b) cover glasses for 2 h at 37̊C.
Cells adhered and extended cytoplasmic area on the
noncoated glass surface. On the other hand, cells did
not adhere to the cover glass coated with LIPIDURE.
Scale bar = 50 µm. (c-k) Time-laps images (taken
every 20 min) of a 10T1/2 cell incubated on a
micropost array fabricated on a LIPIDURE coated
glass surface. A cell once touched and adhered the
glass surface (g-j) but soon left the surface to reside
entirely on the array (k). Scale bar = 20 µm.
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overexpression studies also indicated that αB-
crystallin endowed cultured cells with not only
mechanical stability but also vital stability probably
through enhanced general protective activities [11, 12].
Adaptive induction and translocation of αB-crystallin
to mechanical stress was also observed in mature
skeletal muscle cells. In the gravitational force baring
slow muscle, αB-crystallin specifically decreased from
early stages of hindlimb suspension of rats [20, 21], and
the decrease was counteracted by mechanical stress
induced by dorsiflexion of the ankle [20]. Under
mechanically stressed condition, αB-crystallin in
skeletal muscle cells localized in Z discs of sarcomeres
[22, 23]. Z discs accumulates active and passive force
developed in the sarcomeres, and transmit the force
to extracellular matrix through costamere, which
bridges intracellular sarcomeres to extracellular
substrates. Muscle contraction of experimental
animals and human exercise that intensely strain
sarcomeres are reported to translocate αB-crystallin
from cytosol to Z discs [24, 25]. Z discs of mature
muscle cells are generally considered to be a relevant
structure of FA in general cells. This is because both
Z discs and FA transmit intracellular force on F-actin
to extracellular substrates via vinculin-integrin
complex, although F-actin is mainly composed of α-
actin in mature muscle cells, and β-actin in myoblasts.

5. Conclusion

Using the two-photon excitation technique, we
succeeded to fabricate an array of compliant
microposts standing independently on a rigid glass
surface. This array enabled evaluation of mechanical
interaction between individual FA of a cell and an
underlying micropost of an elastic modulus
comparable to human tissues. On this array, F6-WT
cells settled stably extending pseudopodia exerting
traction force, while F6-KD cells kept wandering
showing round-shaped contours. This confirmed the
significance of molecular chaperones such as αB-
crystallin in the homeostasis of subcellular mechanical
attachment even at low force conditions. Providing in
vivo-relevant conditions for the evaluation of focal
mechanical interaction between cells and
extracellular substrate, our compliant micropost
arrays would be valuable in a variety of research
fields that explore physiological subcellular responses.
We expect the combination of biological research and
materials science would provide further opportunities

to explore the relationship between stimulation and
response at in vivo-relevant conditions affording a
fundamental basis for scientific health promotion.
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