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a b s t r a c t

Directional cell migration induced by a mechanical gradient on a substrate surface toward a harder
region, so-called mechanotaxis or durotaxis, has recently drawn attention not only in the field of
mechanobiology but also for possible cell manipulation in biomedical engineering. Before we can use
mechanotaxis to control cell migration on a biomaterial surface, quantitative design criteria for
a microelasticity gradient should be established. To clarify the conditions required to induce mechano-
taxis, the effects of a microelasticity boundary on cell culture hydrogels have been systematically
assessed with regard to fibroblast migration based on a custom-built reduction projection-type photo-
lithographic microelasticity patterning system with elasticity-tunable photocurable styrenated gelatins,
which is a thoroughly-improved system of our previous simple photomasking method [41]. As a result,
the conditions required to induce mechanotaxis were found to include a certain threshold jump in
elasticity (30e40 kPa) and a sufficiently narrow width of the elasticity boundary (50 mm) comparable to
a single cell’s adhered area, i.e., a sufficiently high gradient strength (30e40 kPa/50 mm in our gelatinous
gel system). A significant asymmetric distribution of the number and size of focal adhesions across the
elasticity boundary was confirmed to be one of the driving factors of mechanotaxis by indirect immu-
nofluorescence microscopy, and mechanistic considerations in the design criteria are discussed.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Organized cell migration in vivo underlies various activities of
living tissue, including morphogenetic processes ranging from
gastrulation to the development of a nervous system [1], inflam-
mation processes starting from the migration of leukocytes into an
area of insult [2,3], and wound-healing processes that involve the
migration of fibroblasts and vascular endothelial cells [4]. On the
other hand, disordered cell migration can cause diseased tissue
reactions such as those seen in tumor metastasis [5], where tumor
cells migrate from the initial tumor mass into the circulatory
system and spread to new sites. Since the appropriate control of cell
migration should make it possible to regulate such physiological
and pathological processes, the active control of cell migration has
been an important issue in the fields of medicine and bioengi-
neering [6e11]. For this purpose, the manipulation of taxis
behavior, i.e., external-stimulant-induced directional cell move-
ment, has been investigated in terms of the manner of application
of an external stimulant, which typically consists of liquid-soluble
chemoattractants [12,13], surface-fixable haptoattractants [14e16],
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etc. Especially, the engineering of biomaterial surfaces, 3D matrices
and scaffolds to control themigration of cells inwhich they reside is
expected to be a key technology for the development of a func-
tional platform for biomedical cell manipulation as well as for
the systematic investigation of the mechanisms that underlie cell
motility [17e25].

For the development of such functional biomaterials, it is impor-
tant thatwe learn to control substrate-induced taxis behavior, which
has been a focus of research in terms of the effects of the surface
topography, chemistry and mechanics, which include contact guid-
ance taxis induced by the substrate topography [26,27], haptotaxis
induced by surface-fixed haptoattractants [28,29] andmechanotaxis
induced by a surface-mechanical gradient [30], respectively. Al-
thoughmany previous studies have examined the control of contact
guidance and haptotaxis, there have been insufficient studies on the
application of mechanotaxis for biomaterial engineering, since
conditions for the systematicdistributionof surfacemicroelasticity to
manipulate mechanotaxis have not been fully established.

Mechanotaxis was first observed on a mechanical gradient
surface with an elasticity boundary between juxtaposed hard and
soft hydrogels as directional cell movement toward the harder
region (hence the original term “durotaxis”) [30], and the impor-
tance of a steep and discontinuous boundary was suggested. This
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Scheme 1. Schematic representation of the reduction projection-type photolitho-
graphic microelasticity patterning of styrenated gelatin gel. The resulting gel sample is
attached to the top of vinyl-silanized glass, and photomask patterns are copied on the
bottom of the gel surface covered with PNIPAAm-coated glass. The boundary condi-
tions of the elasticity gradient can be controlled by raising the lens position and
focusing out from the gel surface.
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interesting taxis behavior has recently drawn attention not only in
the field of mechanobiology but also for possible application to cell
manipulation in biomedical engineering. While some groups have
since tried to prepare cell-adhesive hydrogels with amicroelasticity
gradient or patterns [31e41], the systematic and precise prepara-
tion of steep and discontinuous elasticity boundaries with both
smooth topographical continuity and uniform cell adhesiveness
across the boundary have not yet been realized due to technical
difficulties. The elasticity boundary conditions, and particularly the
elasticity jump height and gradient width, needed to induce
mechanotaxis have remained unclear.

In our previous study, we developed a simple system of visible
light-based photolithographic microelasticity patterning of elas-
ticity-tunable photocurable gelatinous gels, and observed mecha-
notaxis behaviors on it [41]. Due to the quasi-contact manner of
photomaskingemployed in the system, designof elasticity boundary
conditionwas not so precise that the systematic investigation of the
boundary conditions could not be performed. Therefore in the
present study, we sought to establish quantitative precise design
criteria for the elasticity boundary conditions needed to induce
mechanotaxis by introducing a custom-built equipmentof reduction
projection-type photolithographic microelasticity pattering. By
using the new system, we prepared microelasticity-patterned gels
with square hard domainswithin a softer surrounding gel. The jump
in elasticity across the boundary was adjusted by regulating the
photo-gelation conditions by varying the photoirradiation power
and duration, and the boundary width was regulated by controlling
the focus in reduction-projected images of photomasks. The effects
of the elasticity jump and boundary width were assessed system-
atically. As a result, the conditions required to induce mechanotaxis
were found to be a jump in elasticity of a certain threshold magni-
tude (30e40 kPa) and a sufficiently narrow width of the elasticity
boundary (50 mm), comparable to the adhesion area of a single cell.
Basedon theprecise and systematic fabricationof themicroelasticity
boundary, the generation of cell polarity across the boundary was
confirmed by the indirect immunofluorescence microscopic obser-
vation of an asymmetric distribution in the amount and size of focal
adhesions (FAs). Mechanistic considerations for the design criteria
required to induce mechanotaxis are discussed.

2. Materials and methods

2.1. Styrenated gelatin

Photo-crosslinkable styrenated gelatin (StG) was used for photolithographic
microelastic patterning of the gelatinous gel, which was synthesized by the
condensation reaction between 4-vinyl benzoic acid (VBA; Wako Pure Chemical
Industries, Ltd., Osaka, Japan) and amine groups in the lysine and hydroxylysine
residues of gelatin (derived from beef bones, Wako) mediated by water-soluble
carbodiimide (WSC; Watanabe Chemical Industries, Ltd, Hiroshima, Japan) [42].
Gelatin, VBA, andWSC were dissolved in phosphate-buffered saline (PBS) in a molar
equivalent ratio of 1 (amine groups of gelatin):10 (VBA):10 (WSC). The solution was
then allowed to stand at pH 8.0 for 2 days, and the resulting gelatinwas freeze-dried
after 3 days of dialysis to remove non-reacted species. In this study, the degree of
derivatization (DD) of styrene groups on StG as evaluated by UV absorption at
265 nm was 85e95%.

2.2. Preparation of photocurable sol solution

A photocurable sol solution of StG was prepared as follows: (1) StG (30 wt%) and
sulfonyl camphorquinone (SCQ; Toronto Research Chemicals, ON, Canada; 1.5 wt% of
gelatin) were dissolved in PBS. (2) The mixed solution was subjected to high-speed
centrifugation (MX-301; TOMY, Tokyo, Japan) at 14,000 rpm (17,800 � g) for 1 h to
spin-down colloidal coagulations, and the deposit was removed. (3) The clear sol
solution was mildly aspirated to exclude dissolved oxygen, conditioned for 10 min
using a deforming agitator (MX-201; THINKY, Tokyo, Japan), and stored at �20 �C.
The sol solution was warmed at 45 �C prior to use for photolithography. Since the
photocuring efficiency of the StG sol solution is sensitively reduced depending
on the duration of storage, the sol solution was either used within one week or
discarded.
2.3. Preparation of supporting glass substrates to fix gel samples

Vinyl-silanized glass substrates (vinyl-glass) were prepared to chemically fix the
photocured StG gels according to the following procedures: (1) glass substrates
(0.12e0.17 mm thickness, 15-mm diameter; Matsunami Glass Ind., Ltd., Osaka,
Japan) were immersed in 80 �C piranha solution (conc. H2SO4: 30% H2O2 ¼ 7:3) for
1 h; (2) After sequential rinsing with distilled water (DDW), acetone and toluene, the
glass substrates were immersed in a 5% (v/v) toluene solution of vinyl-
trimethoxysilane (Tokyo Chemical Industry Co. Ltd., Tokyo, Japan), and shaken for
18 h at room temperature. (3) After sequential rinsing with toluene, acetone,
ethanol, and DDW, the glass substrates were dried at 115 �C for 10 min in air.

2.4. Photolithographic microelasticity patterning of gelatinous gel

Photolithographic microelasticity patterning of the StG sol was performed as
follows: 30 ml of StG sol solutionwere spread between vinyl-glass and a normal glass
substrate coated with poly(N-isopropylacrylamide) (PNIPAAm, Sigma Aldrich Co.
MO, USA), and the sample was placed on a hot plate at 45 �C. PNIPAAmwas used to
ensure that photocured StG gel could be easily removed from the normal glass
substrate by treating it with an aqueous solution below the lower critical solution
temperature (LCST). First, the soft base gel was prepared by irradiation of the entire
sample with visible light (100 mW/cm2 at 514 nm, 20 s) through the back of the
vinyl-glass. Next, a hard domain was prepared by subsequent local irradiation
(120 mW/cm2 at 514 nm, 5e30 s) of the soft base gel through a micropatterned
photomask using a custom-designed reduction projection-type photolithographic
system, as shown schematically in Scheme 1. In this system, a 2� objective lens
(NA 0.1, Nikon Corporation, Tokyo, Japan) and ametal halide light source (MME-250;
Moritex, Tokyo, Japan) were used. Light intensity was measured using a laser power
meter (HP-3; Pneum Co., Ltd. Saitama, Japan). To control the sharpness of the
elasticity gradient, the position of the focal plane of the projected photomask
pattern was regulated by changing the z-position of the objective lens within the
range of 1e3 mm. Finally, the produced gels were detached from the PNIPAAm-
coated normal glass substrate and thoroughly washed in PBS at room temperature to
completely remove the adsorbed PNIPAAm.

2.5. Measurement of the surface elasticity distribution around the elasticity
boundary

The surface elasticity of the photocured StG gel was determined by nano-
indentation analysis using atomic force microscopy (AFM). Force-indentation (fei)
curves were measured for the gel surface using AFM (NVB100; Olympus Optical Co.
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Ltd., Tokyo, Japan; AFM controller & software, Nanoscope IIIa; Veeco Instruments,
CA, USA) along with a commercial silicon-nitride cantilever with a pyramidal tip and
a nominal spring constant of 0.02 N/m (OMCL-TR400PSAHW, Olympus Optical Co.
Ltd. Tokyo, Japan) in PBS. The frequency of the tip approach/retract cycle was chosen
to be 1 Hz tominimize noise fluctuationwithin a single fed curve. Young’s moduli of
the surface were evaluated from fei curves by nonlinear least-squares fitting to the
Hertz model in the case of a conical indenter [Eq. (1)] (semi-vertical angle a: 18� ,
Poisson ratio m: 0.5) [43e45].

F ¼ 2E
ptana

�
1� m2

� d2 (1)

The distribution of Young’s moduli around the elasticity boundary was obtained
through manual force-volume measurement with a resolution of 50 mm.

2.6. Cell culture

A mouse fibroblast cell line (3T3-Swiss albino) purchased from Dainippon
Pharmaceutical Co. Ltd. (Osaka, Japan) was cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco BRL, Grand Island, NY, USA) supplemented with 10% fetal
bovine serum (FBS; Gibco BRL), 3.5 g/l glucose, 2 mM L-glutamine, 100 units/ml
penicillin, and 100 mg/ml streptomycin. Cells were maintained on tissue culture
polystyrene dishes at 37 �C under 5% CO2 in a humidified incubator.

2.7. Time-lapse observation of cell migration

The migratory behavior of cells on the microelasticity-patterned gel surface
was monitored using a time-lapse image-capturing camera (VB-6000; Keyence
Corporation, Osaka, Japan) connected to a phase-contrast microscope (TE300;
Nikon) with a temperature- and humidity-controllable cell chamber. Prior to the
time-lapse observation, cells were seeded at a density of 1.5 � 103 cells/cm2 on the
gel sample and cultured with DMEM containing 10% FBS under 5% CO2 for 8 h.
DMEM was then replaced by L15 (Gibco BRL) containing 10% FBS to adapt the
cultured cells to the long observation period without needing to regulate the CO2

concentration in the cell chamber. Images of cells were captured every 15 min for
20 h. The coordinates of 20 isolated cells and the migratory track were measured
using ImageJ software.

2.8. Confocal microscopic observation

The amount of fibronectin adsorbed onto the microelasticity-patterned gel
surface (a), the topographical features of the surfaces (b), and the distribution of
focal adhesion (c) were characterized using a confocal laser scanning microscope
(LSM510META, Carl Zeiss, Oberkochen, Germany): (a) Alexa Fluor 488-conjugated
fibronectin (Alexa-fibronectin) was adsorbed onto the gels for 24 h. The fluorescence
intensity of adsorbed Alexa-fibronectin on the top of the gel surface was measured
for a confocal slice image of the surface. (b) For the analysis of surface topography,
the gels were adsorbed and stained with fluorescein-conjugated albumin, and
confocal cross-sectional observation was performed. (c) For characterization of
the distribution of focal adhesions formed on the gel surface, cells were cultured on
the gel samples for 24 h, fixed with 4% formaldehyde, blocked in 10% donkey serum,
and permeabilized with 0.1% Triton-X 100 at room temperature for 1 h. Cells were
incubated with anti-paxillin (Santa Cruz Biotechnology, CA, USA, diluted 1:200)
for 1 h, and then incubated in Alexa488-anti rabbit IgG (Invitrogen, CA, USA, diluted
1:1000) and rhodamine-phalloidin (Cytoskeleton, CO, USA) for 1 h. The samples
weremounted on cover glass and observedwith a 63� oil-immersion objective lens.

2.9. Image analysis for characterization of the distribution of focal adhesions

Confocal microscopic images of focal adhesions visualized by indirect immu-
nofluorescence of vinculin were quantitatively characterized by the following
protocol using MetaMorph version. 7.6 image analysis software (Molecular Devices,
Inc., CA., USA.); raw 8-bit images were treated by (1) flattening the background to
reduce significant noise, (2) thresholding over a certain lower criteria (12 as gray-
scale) to offset the constant background level, and (3) Integrated Morphometric
Analysis to measure the area, position and long-axis length of all objects except
those smaller than 3 pixels. These treatments were applied to the confocal image
obtained under the standardized constant parameters for confocal microscopy to
enable the relative quantitative comparison among different images.

3. Results

3.1. Preparation of elasticity boundaries with different gradient
conditions

To establish quantitative criteria for an elasticity gradient to
induce cell mechanotaxis, microelasticity-patterned gelatinous gels
with different boundary conditions for the elasticity gradient were
prepared by a photolithographic technique. Since the spatial
distribution of the degree of crosslinking in hydrogels of photoc-
urable styrenated gelatin can be controlled by locally regulating the
power, duration and position of photoirradiation, it is possible to
systematically preparemicroelasticity-patterned gelswith different
elasticitygradient boundaries. To assess the effects of themagnitude
of the jump in elasticity and thewidth of the boundary, the duration
of photoirradiation and the focus of the projected patterns of the
photomaskwere controlled, respectively, as described in the legend
for Fig. 1.

Fig. 1 shows microelasticity-patterned gels with five different
boundary conditions for the 400 mm square hard domains. For Gels
A, B, and C, elasticity jumps of 2.7 � 0.9 kPa, 21.3 � 1.6 kPa and
42.1 �18.1 kPa from the softer 1.2 � 0.5 kPa base were successfully
achieved within the 50 mm gradient width. The durations of pho-
toirradiation for the hard domain were 5, 10 and 30 s, respectively,
under the fixed-focus setting in which the lens (2�; focus depth:
1.8 mm) was positioned 1 mm above the central focal plane of the
gel surface on PNIPAAm-coated glass (Scheme 1). This somewhat
irregular focal condition was purposely set to avoid significant
topographic turbulence between the soft and hard regions, which is
inevitably caused by swelling discordance across the boundary
(data shown in Fig. 2, explained in detail in the next section). Gels
A, B, and C were used to determine the effect of the magnitude of
the elasticity jump on the efficiency of the induction of mechano-
taxis under a fixed boundary width. On the other hand, in Gels C, D
and E, the initial jumps in elasticity from the softer base region
were all ca. 40 kPa (44.2 � 7.3 kPa), due to irradiation of the hard
domain for 30 s, while the width of the boundary was 50, 150, or
200 mm, which was achieved by setting the focal position at 1, 2, or
3 mm above the gel surface, respectively. This series of samples was
used to evaluate the effect of the width of the elasticity gradient on
mechanotaxis behavior.

3.2. Surface topography and adsorption of fibronectin around the
microelasticity boundaries

In general, cell motility should be affected by the surface topo-
graphic features and the density gradient of surface biochemical
factors to determine cell adhesivity. To solely investigate the
mechanical effect of the microelasticity boundary on mechanotaxis
behavior, the contributions of these two factors should be excluded.
These two factors were characterized as follows.

First, to assess the surface topography of the prepared micro-
elasticity gradient boundaries, the gels were stained by the adsorp-
tion of fluorescein-labeled albumin, and cross-sectional observation
was performed by confocal microscopy. As shown in Fig. 2a, while
the soft regions on the right sidewere significantly swollen by about
20 mm compared with the hard regions on the left side, the regions
of Gels A, B and C were smoothly connected across the elasticity
boundary, which reflects a similar topography. These three condi-
tions did not exhibit significant differences in surface topography,
which suggests that we can examine the mechanical effect of an
elasticity gradient on cell motility on these gels separate from any
topographic issues. Note that this smooth topographic transition
between adjacent hard and soft regions was achieved by regulating
the photolithographic focus.Whenwe focused on the outermost gel
surface, hill-and-valley features in the area around the boundary
were produced and the smooth transition between adjacent regions
was disturbed (data not shown). To exclude the contribution from
such a topographic effect, we discarded this condition of focusing,
and adopted a 1 mm above focal condition.

Next, to check the adsorption of cell-adhesive proteins on
regions of different elasticity, wemeasured the amount of adsorbed



Fig. 1. Micropatterned square hard domains with elasticity gradients with different boundary conditions. Upper photos: phase-contrast microscopic images of each gel. Lower
graphs show the distribution of Young’s modulus around the boundary measured along the broken line indicated in the upper photos. Scale bar: 400 mm. Photoirradiation duration,
focus setting: Gel A; 5 s, 1 mm above. Gel B; 10 s, 1 mm above. Gel C; 30 s, 1 mm above. Gel D; 30 s, 2 mm above. Gel E; 30 s, 3 mm above. The edge of the domain was defined as the
position where Young’s modulus significantly increased from the soft plateau region.

T. Kawano, S. Kidoaki / Biomaterials 32 (2011) 2725e27332728
fibronectin on hard (90 kPa) and soft (2 kPa) regions of Gel C, which
had the largest jump in elasticity among the prepared gels. Alexa
488-labeled fibronectin was absorbed on the gel surface for 24 h
and the fluorescence intensity profiles on the top surface layer
(10 mm-thick) of the hard and soft regions was observed by confocal
microscopy (Fig. 2b). The fluorescence intensity was almost the
same in the hard and soft regions, indicating that they had almost
the same amounts of adsorbed fibronectin. Therefore, we can
exclude the possibility of haptotactic motility induced by a density
gradient of adsorbed cell-adhesion proteins in the following
experiment.

3.3. Cell migration around elasticity boundaries with different
gradient conditions

To determine the conditions of amicroelasticity gradient needed
to induce cell mechanotaxis, we observed cell migration on the
above-preparedmicroelastic-patternedgelswithdifferent elasticity
gradient conditions. Fibroblast 3T3 cellswere seededongels at a low
seeding density to exclude the contribution of cellecell interactions,
which disturb the standardmechanics of cell-substrate interactions.
Fig. 3 shows the observed trajectories of cells located near the
boundaries on each gel. In each plot, the results of three runs under
time-lapse observation are superimposed, and the positions of the
outer edge of the square hard domain were determined from the
data on the elasticity distribution measured in Fig. 1. The square
domains in Gels A, B, C, D, and Ewere 500, 500, 500, 700 and 800 mm
on a side, respectively. Among these five gels, biased cell migration
toward the harder region was only observed on Gel C, while the
other gels did not show clear biased cell trajectories (also see the
Supplemental video data, file names: Gel A, Gel C, and Gel E).

Supplementary data related to this article can be found online at
doi:10.1016/j.biomaterials.2011.01.009.

To more closely examine the biased trends toward the harder
region, the observed raw trajectories were presented in a different
format (Fig. 4a) by setting the starting position of each cell trajectory
as the origin of the graph, where the elasticity boundary of each
domain is the Y-axis. In this new format, the positive Y-directionwas
defined as the counterclockwise directionof thedomain’s boundary,
and the positions relative to the nearest boundary were re-plotted
for each cell. For example, if a cell migrated across the domain’s
boundary from outer hard region into soft domain, the trace would
be appeared in the left side, i.e., minus X-direction. Inversely, it
migrated toward hard region, the trace would be described in the
right side, i.e., plus X-direction. Near the elasticity boundaries onGel
A (ca. 3 kPa jump) and Gel B (ca. 20 kPa jump) with a 50 mm-wide
gradient, the XeY trajectory showed an almost isotropic distribu-
tion, and the time-course trajectories in theX- andY-directionswere
dispersed randomly. Biased trajectories toward the harder square
regions from the softer base region, i.e., minus X-direction, were
only observed on Gel C (ca. 40 kPa jump with a 50 mm-wide
gradient), i.e., marked mechanotaxis was induced. Since the elas-
ticity gradient became less sharp from Gel C (50 mm-wide), to
D (150 mm-wide), to E (300 mm-wide) under almost the same jump
in elasticity (ca. 40 kPa), both the X- and Y-trajectories and the time-
course trajectories showed a progressively random distribution. In
addition, as seen in Fig. 4b, the ensemble-averaged time-course
X-trajectories clearly established a time-dependent biased motility
towards a harder region onlyonGel C,whilemovement on the other
gels was almost random.

These results showed that directional motility toward a harder
region occurred with a boundary with a jump in elasticity of 40 kPa
over a 50 mm-wide gradient, which suggests that mechanotaxis can
be induced if both the jump in elasticity and the elasticity gradient
are sufficiently large.

3.4. Characterization of the distribution of focal adhesions across
the elasticity boundary

One of the essential conditions for inducing mechanotaxis as
clarified abovewas a sharp elasticitygradient,where thewidth of the
boundary is comparable to a single cell’s adhered size of 50e100 mm.
Therefore, we considered that the driving factor of mechanotaxis is
related to cell polarity induced across the elasticity boundary. To
confirm this polar character of cells adhered across the boundary, the
distribution of focal adhesions around the boundary on Gel C was
analyzed by immunofluorescently observing the assembly of vincu-
lins. As shown in Fig. 5a in a typical observation, rich lamellipodium
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Fig. 2. Characterization of surface topography and adsorption of fibronectin around
the microelasticity gradient. a) Confocal microscopic cross-sectional view of the elas-
ticity boundaries in Gels A, B, and C stained by the adsorption of fluorescein-labeled
albumin. The positions of the boundary region indicated by the white broken lines
were determined based on data in Fig. 1. b) Confocal microscopic images and fluo-
rescence intensity profiles of the top surface of the hard and soft regions in Gel C on
which Alexa 488-labeled fibronectin was allowed to adsorb for 24 h. Observations are
with a layer 10 mm thick. Scale bar: 200 mm. Fluorescence intensity profiles are plotted
along the white broken lines in the upper photos. To extract fluorescence signals only
from the top surface of each region, a layer in the upper image was subtracted from the
original image which included the region of interest.

Fig. 3. Raw cell trajectories observed around elasticity boundaries with different gradient co
superimposed. Cell numbers observed: Gel A; n ¼ 19. Gel B; n ¼ 20. Gel C; n ¼ 17. Gel D; n
original photomask pattern is indicated by a broken frame, and the resulting hard domains
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and many larger FAs were predominantly formed in the hard region
on the left (also see Supplementary Fig. 1). To quantitatively char-
acterize this trend, the number, area and size of FAs were measured
by imageanalysis. The results clearly showed that thenumberof focal
adhesions was asymmetrically distributed across the boundary,
indicating that the hard region inducedmore stable FAs than the soft
region (Fig. 5b), and the area and size of each FAwere determined to
be significantly larger in the harder region (Fig. 5c and d). On Gel C,
which induces mechanotaxis, the distribution of FAs across the
elasticity boundary was confirmed to be significantly asymmetric,
and thus generated significant cell polarity.

4. Discussion

In general, directional cell movement, so-called taxis behavior, is
induced by various types of gradients of stimulus intensities or field
conditions in the extracellular milieu, which include gradients in
the concentration of chemoattractants (driving factor for chemo-
taxis) [12,13], light intensity (phototaxis) [46], gravity (geotaxis)
[47], voltage strength (galvanotaxis) [48], density distribution of
haptoattractants (haptotaxis) [28,29], and stiffness (mechanotaxis)
[30]. Gradients of these factors induce certain cell polarity through
a specific mechanism in each type of taxis. In the case of mecha-
notaxis, what quantitative conditions regarding the elasticity
gradient are required to induce cell polarity?. There have been few
previous studies on this aspect of mechanotaxis, and only a few
quantitative conditions of the elasticity gradient have been repor-
ted. For example, in the first report on the mechanotaxis of fibro-
blast cells [30], an elasticity gradient was prepared by the simple
juxtapositioning of soft (14 kPa) and hard (30 kPa) gels of collagen-
coated poly acrylamide (PAAm), and the width of the boundary was
50 mm. The second report described a microelasticity patterning
method based on soft-lithography using a PDMS mold, by which
mechanotaxis-based fibroblast accumulationwas induced in a hard
PDMS domain (2.5 MPa) compared with a surrounding softer region
(12 kPa) [31]. A series of works by Wong et al. [32,34,35] showed
that smooth muscle cells exhibit significant mechanotaxis under an
elasticity gradient of 4 kPa/100 mm on collagen-coated PAAm gels
[35], which were prepared using a microfluidics-based gradient
generator [33]. On the other hand, Cheung et al. reported that an
elasticity boundary of ca. 15 kPa/50 mm effectively induces
mechanotaxis of fibroblast cells on fibrinogen-functionalized PEG-
diacrylate photo-crosslinked gels by microfluidics-based lithog-
raphy [36]. As seen in this survey of previous findings, the design
criteria for the microelasticity gradient needed to induce mecha-
notaxis are not yet clear, and this is due to the technical difficulty of
systematically preparing well-defined elasticity boundaries on
a cell-adhesive hydrogel surface under fixed conditions of surface
nditions. The results for three runs of time-lapse observation every 15 min for 6 h were
¼ 13. Gel E; n ¼ 21. The starting positions of each trajectory are indicated by a dot. The
are shown as colored regions with the edge of elasticity defined using data in Fig. 1.



Fig. 4. Transformed presentation of cell trajectories observed in Fig. 3. a) Starting position-superimposed trajectories and time-course trajectories in the X- and Y-directions. The
method used for transformation is described in the text. b) Ensemble-averaged time-course trajectory in the X-direction. The X-positions of all of the cells observed were averaged
and plotted together with their standard deviations.

Fig. 5. Characterization of the distribution of focal adhesions across the elasticity boundary. a) Typical confocal microscopic observation of the distribution of focal adhesion in
adherent cells across the elasticity boundary on Gel C, visualized with immunofluorescence-labeled vinculins. The boundary position indicated by a white broken line was observed
under low magnification in the reflection mode and superimposed in the high-magnification fluorescence observation. Scale bar: 20 mm b) Distribution of the number of focal
adhesions in the X-direction measured by image analysis for 14 cells adhered across the elasticity boundary. The number of objects larger than 3 pixels obtained after treatment to
reduce noise was counted along the Y-axis parallel to the elasticity boundary for each X position. c) and d): Mean area and mean long-axis length, respectively, of the observed focal
adhesions. *Statistically significant level: P < 0.01 (t-test; numbers of focal adhesion measured in the hard and soft regions were 192 and 53, respectively).
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topography and surface chemistry, both of which affect cell
motility. In the present study, we tried to clarify the general
quantitative design criteria for amicroelasticity boundary to induce
mechanotaxis by addressing these problems through the use of
a photolithographic method with photocurable styrenated gelatins.

The results led to the conclusion that mechanotaxis is induced
under a sufficiently high jump in elasticity at a sharp elasticity
boundarywith awidth comparable to a single cell’s adhered region.
In our 30 wt% StG gel system, the required jump in elasticity was
ca. 40 kPa, and the boundary width was determined to be 50 mm
(Gel C). Jumps of 3 and 20 kPawith a 50-mm-wide boundary (Gels A
and B) did not induce any directionalmovement. On the other hand,
under the conditions for Gels D and E, the jump in elasticity per
single cell adhered region (typical long-axis length of cultured
fibroblasts is 50e100 mm) can be calculated to be ca. 20 kPa (40 kPa/
150 mm� 70 mm) and 10 kPa (40 kPa/250 mm� 70 mm), respectively
(mean long-axis length was considered to be 70 mm for simplicity),
which did not induce mechanotaxis. These data clearly indicated
that a certain threshold jump in elasticity and a narrowwidth of the
elasticity boundary are essential for inducing mechanotaxis, which
can also be expressed as the importance of a threshold gradient
strength [35]. In our gelatinous gel system, 30e40 kPa/50 mm was
required. While a direct comparison of the boundary conditions
described in the literaturewith our data is not appropriate since the
absolute values for the elasticity gradient should vary depending on
the properties of the gelmatrix used, such as kind and density of the
component polymers, ourfindingswere similar to those reported by
Cheung et al. [36] forfibroblast cells. On the other hand, the gradient
strength is much greater than the values observed for smooth
muscle cells (4 kPa/100 mm) [35]. This difference in the strength of
the elasticity gradient requiredmay be due to the differences in cell
types. Cell type-dependent differences in mechanotaxis may be
useful for the development of cell-separation materials.

To rigorously characterize mechanotaxis behavior, the following
five conditions should be satisfied simultaneously: (1) cell-adhesive
hydrogel composed of single-chemical components, (2) tunable
surface elasticity, (3) ability to produce a sharp elasticity boundary
comparable to the size of a single cell, (4) a constant adsorbed
density of cell-adhesive protein regardless of the surface elasticity,
and (5) a smooth surface topographyaround the elasticity boundary.
Our photocurable gelatinous gels ensured conditions (1) and (2), and
the photolithographic microelasticity patterning method realized
condition (3). With regard to condition (4), our system showed an
almost constant amount of adsorbed fibronectin between the hard
and soft regions, as shown in Fig. 2, which is due to the uniformity of
the matrix density of StG gel independent of the crosslinking
density. A single molecule of StG polymer has about 30 vinyl groups
that can be used for crosslinking. Even under a low degree of
crosslinking, if at least one vinyl group is crosslinked, the entire StG
polymer should be trapped and not released from the resulting gel
matrix, to produce a nearly uniform density matrix. This situation
makes the amount of fibronectin adsorbed almost constant. Finally,
with regard to condition (5), which involves the issue of surface
topography, careful setting of the focus of the photolithographically-
projected patterns onto the StG sol is essential. The regular setting of
good focus has a rather negative effect on the smooth topographic
connection between the hard and soft regions. When the regular
setting was used, a hill-and-valley topography was formed and
mechanotaxis behavior was completely inhibited. To exclude this
negative effect, the focus conditionwas carefully set. Confirmationof
these required conditions suggests that the directional cell migra-
tion observed in our systemwas independent of the effect of surface
topography and chemical properties, and therefore it can be attrib-
uted to cell-substrate mechanical interaction, which can be char-
acterized as cell mechanotaxis. A photolithographic microelastic
patterning method using StG polymer can completely satisfy the
above five requirements, and the obtained criteria for the elasticity
boundary are the first complete quantitative criteria needed for the
induction of mechanotaxis.

With regard to the mechanism of mechanotaxis, under an elas-
ticity gradient that is sufficiently strong to induce mechanotaxis,
significant cell polarity was induced across the elasticity boundary,
as confirmed by the asymmetric distribution of the numbers and
sizes of focal adhesions around the boundary (Fig. 5). This observa-
tion suggested that the amount and character of intracellular
mechanosignals from the elastic substrate through each focal
adhesion site asymmetrically vary across the elasticity boundary in
an elasticity-dependent manner. While the details of the molecular
transmitting cascade of FA-route mechanosignals [49] are quite
complex, a possible mechanism for mechanosignal transmission is
outlined below: (1) Substrate elasticity affects the assembling
activity of focal adhesion proteins through dynamic mechanical
interactions between actin cytoskeletal tension and substrate stress
responses, where force-responsive mechanosensory proteins such
asFAK [50], p130Cas [51], talin [52],filamin [53], andfibronectin [54],
etc. play critical roles to recruit subsequent assembling proteins to
the FA site. (2) An increase in the traction force at the FA site resulting
from the above process may activate stress-sensitive ion channel,
such as Ca2þ channel [55,56]. Especially, the amplitude of sponta-
neousfluctuation in the cytosolic Ca2þ concentration has been found
tobehigher in cells on ahard region thanona softer region [57]. (3)A
protein-activating cascade of tyrosine phosphorylation involved in
the FA-assembly process and the mechanically-induced inflow of
second-messenger ions can regulate the remodeling of cytoskeletal
structures, the strength of contractile forces, and the stability of FA,
which would determine both static cell morphology and dynamic
cell motility. The introduction of a discontinuous elasticity boundary
in a single-cell adhered region can lead to asymmetric cell behavior
on each region with different elasticities based on these mecha-
nisms. This effect of an elasticity boundary may be an essential
driving trigger to produce the asymmetric FA distribution observed
in the present study. An elasticity boundary with a systematically
well-defined gradient strength should provide an appropriate plat-
form to precisely characterize the quantitative relationship between
FA-route mechanosignal input and the driving forces of directional
cell motility, and this should enhance our basic understanding of the
mechanics of cell motility.

5. Conclusion

In the present study, to establish quantitative design criteria for
inducing mechanotaxis, the effects of the boundary conditions of
a microelasticity gradient in gelatinous gels were systematically
assessed with respect to fibroblast migration. The conditions that
were essential for inducing mechanotaxis were a certain threshold
jump in elasticity and a sufficiently narrow width of the elasticity
boundary, comparable to a single cell’s adhered area, i.e., an
adequate gradient strength (30e40 kPa/50 mm in our gelatinous gel
system).On the otherhand, boundaryconditions of 3e20kPa/50mm
did not induce mechanotaxis. A significant asymmetric distribution
of focal adhesions across the elasticity boundary was confirmed to
be a driving factor for mechanotaxis. The precise and systematic
fabricationof amicroelasticity boundary is important for controlling
mechanotaxis behaviors.
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Figures with essential colour discrimination. Certain figures in
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