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ABSTRACT: Thin hydrogel films based on an ABA triblock copolymer
gelator [where A is pH-sensitive poly(2-(diisopropylamino)ethyl
methacrylate) (PDPA) and B is biocompatible poly(2-(methacryloyloxy)-
ethyl phosphorylcholine) (PMPC)] were used as a stimulus-responsive
substrate that allows fine adjustment of the mechanical environment experi-
enced bymousemyoblast cells. The hydrogel film elasticity could be reversibly
modulated by a factor of 40 via careful pH adjustment without adversely
affecting cell viability. Myoblast cells exhibited pronounced stress fiber
formation and flattening on increasing the hydrogel elasticity. As a new tool to evaluate the strength of cell adhesion, we combined a
picosecond laser with an inverted microscope and utilized the strong shock wave created by the laser pulse to determine the critical
pressure required for cell detachment. Furthermore, we demonstrate that an abrupt jump in the hydrogel elasticity can be utilized to
monitor how cells adapt their morphology to changes in their mechanical environment.

’ INTRODUCTION

In recent years, an increasing number of studies have provided
compelling evidence that biological cells have the capability of
sensitively responding not only to their biochemical envi-
ronment but also to their mechanical environment (so-called
mechanosensing).1,2 Using chemically cross-linked hydro-
gels as a model for the extracellular matrix (ECM), it has been
demonstrated that the elastic properties of substrates play crucial
roles in various cellular processes1 such as morphology3-5 and
motility6,7 of contractile cells and differentiation of mesenchymal
stem cells (MSCs).8,9 By adjusting the concentration of bifunc-
tional cross-linkers and the reaction time, one can obtain substrates
with tunable elastic properties (Young's modulus), which allows
the “ex situ” regulation of themechanical environment experienced
by the cells. Recent experiments in vivo or in organ cultures suggest
that dynamic changes in the matrix stiffness significantly influence
cell behavior during development and disease: the degeneration of
γ-irradiated alginate scaffolds enhances the extent of bone regen-
eration by transplanted stem cells,10 the stiffening of liver cells due
to fibrosis results in significant changes within whole organs,11 and
cells switch from a protease-dependent movement to an amoeboid
movement in response to the matrix density during tumor
metastasis.12 Complex interplay between these mechanisms re-
quired well-defined model systems to better understand how cells
respond to matrix stiffness. Hydrogels based on thiolated ECMs

such as hyaluronic acid13,14 and gelatin15 exhibit an increase
in elasticity due to disulfide bond formation, and the result-
ing disulfide cross-links can be degraded by dithiothreitol.
However, such a strategy does not allow either reversible cross-
linking or degradation cycles. Thus, hydrogels with dynamically
tunable mechanical properties open up possibilities for the quanti-
tative investigation of cell responses toward both static and time-
dependent mechanical stresses.

Previously, we deposited a diblock copolymer monolayer
based on poly(2-(dimethylamino)ethyl methacrylate-block-
methyl methacrylate) (PDMAEMA-PMMA), which com-
prises an equal number of monomer repeat units (n = 36)
for the hydrophobic PMMA and pH-responsive PDMAEMA
blocks, from the air/water interface onto a hydrophobic solid sub-
strate.16,17 Specular neutron reflectivity experiments in the presence
and in the absence of a biologicalmembranemodel (supported lipid
membrane) demonstrated that the PDMAEMA brushes rever-
sibly change their conformation by pH modulation,16 which
results in a significant variation in the membrane-substrate
interaction.17

In this study, we utilized a copolymer hydrogel that exhibits a
substantial change in its viscoelastic response with subtle changes
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in solution pH.18,19 From various triblock copolymers that are
known to be responsive to external stimuli (temperature,
pH, etc.),18-23 we selected a highly biocompatible pH-
responsive ABA-type triblock copolymer [where A is poly-
(2-(diisopropylamino)ethyl methacrylate)] (PDPA) and B is
poly(2-(methacryloyloxy)ethyl phosphorylcholine) (PMPC)]
(Scheme 1A) in order to minimize any reduction in cell viability.
Since PDPA is a weak polyelectrolyte (the pKa of protonated
PDPA homopolymer is around pH 6.2),24 the mean degree of
ionization of the outer PDPA blocks (mean degree of polymeriza-
tion, n = 50) decreases as the pH is increased.18 The central MPC
block (for which n = 250) confers excellent biocompat-
ibility.21,23,25,26 As schematically shown in Scheme 1B, PDPA50-
PMPC250-PDPA50 triblock copolymer forms a free-standing trans-
parent gel comprising a 3D network of interconnected “flower”
micelles above pH 7. At higher gel pH, the PDPA chains become
more deprotonated and hence more hydrophobic. This leads to
stronger interchain interactions, resulting in a highly elastic,
physically cross-linked hydrogel film. On lowering the gel pH, the
hydrophobic interaction between the now partially charged PDPA
blocks (and thus the physical cross-linking) becomesmuchweaker,
which results in a softer gel film. Finally, the triblock copolymer
chains become molecularly dissolved below pH 6.

In this study, we prepared dry copolymer films by spin-coating
methanolic PDPA50-PMPC250-PDPA50 solutions. On immer-
sion in water, the thickness of the resulting swollen hydrogel films
was 3-4 μm (see the Supporting Information, Figure S1). In
contrast to our previous work on diblock copolymer monolayers
of less than 10 nm,16,17 these relatively thick films allow us to
significantly reduce the influence of the underlying substrate on
the cell behavior. On the basis of the range of the film elasticity
determined by the nanoindentation method,27,28 we selected
mouse myoblast (C2C12) cells for evaluation, since their contact
tissues possess comparable elasticity to the copolymer gel films.4

In addition to the analysis of cell shape using bright-field and
confocal microscopy, we developed a new technique to measure
the strength of cell adhesion using pressure waves induced by
intensive picosecond laser pulses. The pressure that can be
exerted on a cell (∼MPa) is strong enough to cause cell
detachment, which is approximately 6 orders of magnitude larger
than the typical force range achieved with optical traps29 and
magnetic tweezers.30 As the applied pressure can be calibrated from
knowledge of the laser energy and the distance between the focal
point and the target, the critical pressure required for cell

detachment can be determined quantitatively. In contrast to
alternative approaches such as pulling a magnetic particle attached
to a cell30 or peeling off a cell from its contacting substrate using an
AFM tip,31 our strategy is a probe-free technique that enables
reliable statistics from many cells to be obtained.

’EXPERIMENTAL SECTION

Experimental details for all materials used, the synthesis of PDPA50-
PMPC250-PDPA50 triblock copolymer, preparation of PDPA50-
PMPC250-PDPA50 triblock copolymer hydrogel films, evaluation of
adsorption of bovine serum albumin (BSA) onto triblock copolymer
hydrogels, nanoindentation of triblock copolymer hydrogels, cell cul-
ture, area and shape analysis of cells, confocal microscopy of immuno-
fluoresnce, and cell viability and proliferation assays are provided in the
Supporting Information.
Picosecond Laser Detachment Assay. A picosecond Nd:YAG

laser system (λ = 1064 nm, τL = 60 ps, PY 61C-20, Continuum, Santa
Clara, CA) was used to induce shock waves. The picosecond laser pulses
were led through the inverted microscope and focused through a 20�
objective lens (N.A. = 0.75, Nikon Instruments Inc.). A single picose-
cond laser pulse was focused into the culture medium at a fixed distance
of 2 mm from cells and 100 μm above the hydrogel surface. The laser
energy was adjusted with a polarizer and measured with a power meter
(PE 10-S, OPHIR). The minimum energy needed to detach cells from
substrate is the critical detachment energy. This parameter was deter-
mined empirically by systematically varying the detachment energy until
the minimum threshold value was achieved for cell detachment from the
substrate. The corresponding critical pressure (i.e., the minimum
pressure required for cell detachment) was then calculated from the
energy-pressure curve obtained in water using a factory-calibrated
pressure sensor (M€uller-Platte Needleprobe, M€uller Instruments, Oberursel,
Germany) (see the Supporting Information, Figures S2 and S3).

’RESULTS AND DISCUSSION

Elastic Properties of PDPA50-PMPC250-PDPA50 Triblock
Copolymer Hydrogel Films. Young's moduli, E, of the PDPA50-
PMPC250-PDPA50 triblock copolymer hydrogel films were calcu-
lated from the force-indentation curves using the modified Hertz
model.32,33 The Hertz model can be applied to thin films, provided
that the indentation into the sample by the tip is sufficiently small
compared to the film thickness. Thus, the fitting analysis was
confined to the first 5-100 nm (i.e., less than 10% of the thickness
of the hydrated films) of the f-i curves to determine E values that
were independent of the underlying stiff glass substrate.27,28 In fact,

Scheme 1. (A) Chemical Structure of the pH-Sensitive PDPA50-PMPC250-PDPA50 Triblock Copolymer Used in This Work and
(B) Schematic Representation of the Structural Changes That Occur within the Micellar Gel Network on Adjusting the Gel pH by
the Addition of Either Acid or Base
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the f-i curves provide a good fit to the Hertz model over a
somewhat wider range (i = 0-200 nm). Figure 1 shows the
Young's modulus measured at different solution pH values. The
Young's modulus of the hydrogels can be reversibly tuned from 1.4
to 40 kPa simply by adjusting the pH from 7.0 to 8.0. This range
covers the optimal elasticity not only for muscle cells (∼10 kPa)
but also for neurons (∼1 kPa), suggesting that these hydrogel films
have the potential to enable various cell types to be cultured.8,9,34

Changes in Cell Morphology and Shapes. Figure 2A-C,
E-G shows the characteristic morphology of mouse myoblast
(C2C12) cells cultured on the hydrogels with different elastic
moduli, E = 1.4 (pH 7.0), 19 (pH 7.5), and 40 kPa (pH 8.0), for 3
and 24 h. For comparison, the shapes of these cells when placed
on a bare glass substrate (E ≈ 50 GPa) are presented in
Figure 3D,H. The staining of actin with Alexa 488-conjugated

phalloidin reveals that more pronounced stress fiber formation
and flattening of the cells occurs on copolymer gel films with a
relatively high elastic modulus (pH 8.0), while C2C12 cells adopt
a hemispherical shape on a softer copolymer gel film (pH 7.0). It
should be noted that the different cell shapes observed here are
not attributed to any change in cell viability because no
significant differences in either the cell shape or viability
were observed for experiments conducted on either plastic or glass
substrates from pH 7.0 to 8.0 (see the Supporting Information,
Figures S4-S6). Furthermore, our picosecond laser detachment
assay confirmed that the strength of cell adhesion on glass
substrates was not altered by adjusting the pH (see below for
further details). Possible electrostatic interaction effects can also be
discounted, because the PDPA block is slightlymore cationic at pH
7.0, and thus should be more strongly electrostatically attracted to
cells covered with negatively charged glycocalyx. In fact, the cells
exhibited the most pronounced spreading over a bare anionic glass
substrate, which is electrostatically repulsive to cell glycocalyx. The
influence of serum protein adsorption on cell adhesion can be
negligible, because cells displayed no difference in spreading
between the hydrogels, whose overnight immersion prior to cell
culture was conducted either in HEPES buffer solution (no serum)
or in culture media (with serum) (see the Supporting Information,
Figure S7). In addition, we found no difference in bovine serum
albumin (BSA) adsorption onto the hydrogel films over the whole
pH range used in this study (see the Supporting Information,
Figure S8). Actually, it was reported that surface coatings based on
MPC-based copolymers lead to a significant reduction in the
adsorption of blood proteins such as albumin and fibrinogen.26,35

Thus, it is evident that the hydrogel elasticity has amajor impact on
the cell morphology.
Recent studies ofMSCs on soft hydrogels (E≈ 1 kPa) indicate

that MSCs can “feel” the underlying substrate up to a depth of

Figure 1. Young's modulus, E, determined for triblock copolymer
hydrogel films at various gel pH values. The Young's modulus was
calculated from the force-indentation curves using a modified Hertz
model. The inset illustrates the reversible modulation of E values over
several pH cycles.

Figure 2. Confocal fluorescence images obtained for C2C12 cells on triblock copolymer films after 3 (upper rows) and 24 h (lower rows) at E = 1.4 (pH
7.0), 19 (pH 7.5), and 40 kPa (pH 8.0). Prior to imaging, the cells were fixed and stained with Alexa 488 phalloidin. More pronounced flattening of cells
and remodeling of cytoskeletons were observed for higher hydrogel elasticities. For reference purposes, the corresponding images obtained for a bare
glass substrate (E≈ 50 GPa) are presented in the right-hand column. The images represent maximal projection along the optical axis (z-axis, top) and a
side projection (y-axis, side).



1370 dx.doi.org/10.1021/ja1060615 |J. Am. Chem. Soc. 2011, 133, 1367–1374

Journal of the American Chemical Society ARTICLE

3.4 μm.36,37 Notwithstanding the different cell types, this sug-
gests that the C2C12 cells on our hydrogels may be decoupled
from the glass substrate. In fact, we found that C2C12 cells adopt
a round shape on a soft copolymer gel film (E≈ 1 kPa), which is
comparable to data reported in a previous study.4 Thus, we feel
justified in concluding that the C2C12 cells are most likely not
significantly influenced by the underlying substrate in the present
study.
From bright-field images, we further evaluated the depen-

dence of the projected area on the hydrogel elasticity as a function
of time (Figure 3A). After incubation for 3 h, significant differences
in spreadingbehavior were already discernible: the projected area of
cells (423 ( 160 μm2) on a stiff hydrogel (E = 40 kPa) is about
twice that observed (203 ( 49 μm2) on a soft hydrogel (E =
1.4 kPa). It is also noteworthy that the projected area of cells in
contact with the bare glass substrate (750 ( 393 μm2) is only
around a factor of 2 larger than that on the stiff hydrogel, although
the elastic modulus for glass (E ≈ 50 GPa) is approximately 6
orders of magnitude larger. To obtain more quantitative insights
regarding the asymptotic behavior of cell spreading, a hyperbolic fit
of projected cell area versus substrate stiffness near the saturation
level (t ≈ 24 h) is presented in Figure 3B. The solid line in the
figure is the fit according to the empirical Hill equation:3,4

area ¼ aEm=½ðE1=2-spreadÞm þ EmÞ ð1Þ
where E1/2-spread is the half-saturation constant for cell spreading
and m is the cooperativity coefficient in the Hill equation. In our
system, we obtained E1/2-spread, = 23 kPa and m = 0.39. E1/2-spread
can be used as a criterion for cell spreading: substrates with E g
E1/2-spread facilitate cell spreading, while softer substrates (E <
E1/2-spread) elicit little cell spreading. A cooperativity coefficient
smaller than unity (m = 0.39) indicates that the cooperativity is
negative,which can be attributed to the fact that PDPA50-PMPC250-
PDPA50 triblock copolymer contains no specific biochemical

ligand. Previously, Discher et al. reported E1/2-spread = 2.5 kPa
and m ≈ 1 for C2C12 cells on polyacrylamide (PA) gels
functionalized with collagen.4 The difference between our experi-
mental findings and the results of Discher et al. can be attributed to
the fact that our triblocks have no specific bindingmotifs in the side
chains (such as collagen). In fact, comparing the area of C2C12
cells on two hydrogels with comparable elasticity (E≈ 1 kPa), we
found the cell contact area is approximately 2-3 times larger on the
collagen-coated PA gels.4

In addition to our analysis of the cell contact area, we evaluated
two other important structural parameters, cell elongation and
circularity. The former is simply the length/width ratio of a cell
defined within a minimum bounding box, while the latter is
defined as 4π(projected area)/(perimeter)2. Figure 4 represents
the histograms of elongation and circularity calculated from an
analysis of more than 50 C2C12 cells on hydrogels with E = (A)
1.4, (B) 19, and (C) 40 kPa. The histogram of these structural
parameters for the softer hydrogel surface (A) is rather well-fitted
using a single Gaussian function, whereas the histograms ob-
tained for the two stiffer surfaces (B,C) are well-fitted with
double Gaussian functions. The secondary populations, which
correspond to pronounced elongation and low circularity, be-
come more prominent on increasing the substrate elasticity. This
is in contrast to cells deposited on the softer surface, where
spreading is less pronounced and more isotropic.
Quantitative Measurements of Cell Adhesion Strength.

To evaluate the strength of cell adhesion on these synthetic

Figure 4. Histograms of elongation (the ratio betweenminor andmajor
axes) and circularity (perimeter2/(4π2 � projected area)) of cells on
triblock copolymer hydrogel films at E = (A) 1.4 (pH 7.0), (B) 19 (pH
7.5), and (C) 40 kPa (pH 8.0), recorded after 3 (black) and 24 h (red) of
incubation. The solid lines represent fits to the histograms using either
single or double Gaussian functions. An increase in the substrate
elasticity leads to the elongation and flattening of cells, which becomes
more prominent with time.

Figure 3. Projected area of C2C12 cells on triblock copolymer hydro-
gels as a function of (A) time and (B) the elastic modulus of the substrate
(t≈ 24 h). The total number of cells for each data point is 50. Error bars
represent the standard deviations.
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triblock copolymer hydrogels, we utilized pressure waves in-
duced by picosecond laser pulses. As shown in Scheme 2, the
pressure wave induced by a picosecond laser pulse is exerted on a
cell. The magnitude of such pressure waves was monitored using
a pressure sensor (see Figure S2). The first pressure wave (full
width at a half-maximum ≈ 80 ns) had a supersonic velocity of
approximately 1640 m s-1. Since this “shock wave” proved to be
the strongest within the whole time window, it is the dominant
cell detachment force in the following experiments. As presented
in Figure S3, the pressure generated by a shock wave can be
calibrated by the laser pulse energy and the distance from the
focus. The critical pressures required to cause the detachment of
adherent cells can be readily calculated by careful calibration
prior to the experiments. C2C12 cells adhered on either soft or
elastic hydrogels could be detached using laser-induced shock
waves that correspond to pressures of either 1.1 or 2.0 MPa,
respectively (Figure 5). It should be emphasized that the
detachment caused by the shock wave did not result in cell death
(e.g., ejection of cytoplasm). Moreover, there were no signs of
any debris remaining on the hydrogel surfaces after cell detach-
ment. Indeed, the detached cells could adhere and continue to
grow once contact with the hydrogel surface was re-established.
The irradiation of an intensive, short laser pulse often leads to

the generation of a cavitation bubble, which is known to cause
tissue damage in laser medical surgeries.38 In our study, we
carefully excluded any potential damage to the target cells by
cavitation bubbles. First, the distance between the cells and the
laser focal point (2.0 mm) was set larger than the maximum
radius of cavitation bubbles (Rmax < 1.4mm) and the film damage
(Rdamage < 300 μm) achievable using our setup (see the
Supporting Information, Figure S9). Second, the short separation
distance between the cavity inception and the substrate (∼0.1 mm)
suppresses any adverse effects due to hydrodynamic liquid jet
impacts.39,40 Thus, the target cells are not exposed to hot gaseous
products from the medium-to-strong hydrodynamic liquid jets.
Figure 6 shows time courses for the critical shock wave

pressures required for cell detachment from the hydrogel surface.

The results obtained after 3 h clearly indicate that the critical
pressure increases monotonically with the elastic modulus: Pth =
0.77, 1.3, and 1.6 MPa for E = 1.4, 19, and 40 kPa, respectively.
We also observed that the Pth values increase continuously with
time, regardless of the film elasticity. This trend can be directly
correlated with the cell adhesion behavior presented in
Figures 2-4. For higher hydrogel elasticities, C2C12 cells show
more pronounced spreading and stress fiber formation. Actually,
the critical pressures (Pth ≈ 10 MPa) determined for cell
detachment from glass substrates (E ≈ 50 GPa, pH 7-8) are
about 7 times larger than the corresponding values determined
for hydrogels. After 24 h, the Pth value of 2.2 MPa obtained at pH
7.5 (E = 19 kPa) is very close to that observed at pH 8.0 (E =
40 kPa), which seems to be consistent with the comparable
projected areas for these two conditions (Figure 3A). Interestingly,
both the projected area and thePth of cells at pH7.0 (E= 1.4 kPa) are
almost 50% of the corresponding values obtained at pH 7.5 and 8.0.
Previously, Hosokawa et al. proposed that shock waves

induced by femtosecond laser pulses can be used for manipula-
tion (detachment and sorting) of fibroblasts on cell culture
dishes with/without fibronectin coating, once filopodia are cut

Figure 5. (A) Bright-field images of an individual cell on a soft hydrogel
(E = 1.4 kPa, pH 7) before (left) and after (right) its detachment when
subjected to a shock wave above a certain minimum pressure. Note that
the detached cell is shifted by about 10 μm due to its inertia until it
adheres to the film again. (B) The corresponding result obtained for a
stiff gel (E = 40 kPa, pH 8) also confirms that cells that are exposed to a
high-pressure shock wave (>1 MPa) remain active, retaining their
capability to adhere once more to the hydrogel surface and even
continue their growth at this new location.

Figure 6. Time courses for a critical shock wave pressure, Pth, required
to cause cell detachment from triblock copolymer hydrogel films. The
error bar represents standard deviation. The total number of cells for
each data point is 50.

Scheme 2. Schematic Illustration of a Picosecond Laser
Coupled to an Inverted Microscope Equipped with a Cell
Incubation Chambera

a Pressures generated by laser pulses can be calibrated by the pulse
energy and the distance between the focal point and the target cell, which
enables the cell adhesion strength to be determined.
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prior to the shock wave experiments.41 Hagerman and co-work-
ers proposed applying pressure waves perpendicular to the
surfaces by illuminating the substrate from the back side.42,43

Despite using different target cells as well as varying physical and
biochemical properties of substrates, the reported values seem to
be of the same order of magnitude as those in the present study.
On the other hand, if one roughly assumes that the area of a
C2C12 cell exposed to a shock wave is about 100 μm2, one can
estimate the critical detachment force fth to be∼100 μN. This is
more than 2-3 orders of magnitude larger than the lateral “peel-
off” force for C2C12 cells measured using micropipets, fth ≈
0.05 μN,44 and for fibroblasts measured using AFM, fth ≈
0.4 μN.31 However, one major difference between the shock
waves method and other experiments (micropipets and AFM) is
the duration of the mechanical stimulus (note that the duration
of the shock waves used in this study is about 80 ns), resulting in a
significant difference in loading rates. As demonstrated by the
AFM experiments reported by Merkel et al.,45 higher loading
rates result in stronger interactions between ligand-receptor
pairs. If one converts the loading rates (106 s-1) into a stress
(which is of the order of MPa),42,43 this has the same order of
magnitude as the critical pressure determined in the present
study. Furthermore, cell deformation by shock waves should be
predominantly elastic within such a short time frame,46 which
could result in a different detachment mechanism compared to
the continuous “peeling” of cells using an AFM cantilever.
Mechanosensing of Cells upon Dynamic Change in Me-

chanical Environment. One unique advantage offered by these
pH-sensitive PDPA50-PMPC250-PDPA50 hydrogels is the ability
to dynamically tune their mechanical properties simply by
adjusting the solution pH. To observe the dynamic response of
cells to their mechanical environment, we varied the solution pH
of the culture medium between 8.0 and 7.0 every 180 min.
Figure 7A shows the representative phase contrast images
obtained for a single C2C12 cell responding to several pH cycles.
During the first 180min period at pH 8.0, the C2C12 cell became
stretched and flattened on a stiff surface (E = 40 kPa). Upon
adjusting the pH to 7.0 at t = 180min, the cell began to shrink and
became round within 15 min, which is comparable to observa-
tions made for relatively soft hydrogels (E ≈ 1 kPa). Interest-
ingly, adjusting the pH to 8.0 at t = 360 min (thus stiffening the
hydrogel) led to an immediate transition to produce a stretched
cell within 15 min. The observed changes in cell morphology
were evaluated by monitoring the projected area of the cell as a

function of time (Figure 7B), showing sharp and reversible tran-
sitions between the round state (projected area ∼300 μm2) and
the stretched state (∼600 μm2) corresponding to the soft (E =
1.4 kPa) and elastic (E = 40 kPa) nature of the hydrogels.
Although the local pH in the hydrogel films could not be

monitored directly, proton diffusion in or out of the hydrogel
(D > 102 μm2/s) should enable the equilibrium hydrogel elasticity
to be achievedmuch faster than the typical time scale of∼10min that
is required to observe changes in the cell shape. Thus, the time trace
of the projected area can be regarded as the relaxation of adhering
cells responding to an abrupt jump in the hydrogel elasticity.
Since there are no specific interactions between the cells
and the hydrogel surface, it is plausible that the observed shape
transition is governed by the remodeling of the cytoskeleton
but not by the association/dissociation of ligand-receptor
pairs. Our experimental results provide clear evidence that the
change in the mechanical environment quickly triggers changes
in the cell morphology with no significant time lag. The char-
acteristic time for the increase in the contact area observed for
stiffer hydrogels seems to be comparable to that found in the
early stages of cell adhesion.47-49 Cuvelier et al. reported that the
contact radius, R, of HeLa cells follows a fast initial diffusive
regime according to the scaling law R ∼ t1/2, and subsequently
slows to a subdiffusive behavior summarized by the scaling law
R ∼ t1/4.47 The sharp transition between two distinct cell states
(i.e., their stretched and round shapes) suggests that cells
undergo a first-order phase transition between strong and weak
adhesion.50-52 Recently, Besser and Schwarz have predicted the
hysteresis in the mechanosensing of cells to dynamic changes in
the substrate elasticity.53 Thus, the novel use of the stimulus-
responsive polymer hydrogel described in the present study
allows us to gain deeper insights into the cell morphology
responding to dynamic (and thus time-dependent) mechanical
cues.

’CONCLUSIONS

Thin hydrogel films based on an ABA triblock copolymer
containing biocompatible 2-(methacryloyloxy)ethyl phosphor-
ylcholine (MPC) and pH-sensitive 2-(diisopropylamino)ethyl
methacrylate] (DPA) blocks are shown to be a versatile new
synthetic platform that enables cell behavior to be fine-tuned.
Indentation experiments confirm that the elasticity of such
hydrogels could be conveniently tuned over a wide range

Figure 7. Dynamic response of a cell to elasticity changes caused by exchanging culture media at 180 (pH 8.0f 7.0), 360 (pH 7.0f 8.0), and 540 min
(pH 8.0f 7.0). (A) Phase contrast images obtained for cells during these changes in dynamic hydrogel elasticity (scale bar: 20 μm). (B) Time evolution
of the projected area of the observed cell calculated from the images presented in (A).
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(Young's modulus =1.4-40 kPa) simply by adjusting the solu-
tion pH over a relatively narrow, physiologically relevant range
(pH 7-8). Confocal microscopy images of mouse myoblast
cells indicate clear differences in cell morphology: pronounced
stress fiber formation and flattening of the cells was observed for
a hydrogel film with a relatively high elastic modulus (E ≈
40 kPa). Using strong shock waves generated by picosecond laser
pulses, the strength of cell adhesion could be quantitatively
assessed by determining the critical pressures required for cell
detachment. Moreover, it has been demonstrated that
this synthetic stimulus-responsive hydrogel allows the dynamic
modulation of cell-substrate contacts, which enables one to
monitor the morphological transition of cells caused by time-
dependent mechanical stresses. These results indicate the po-
tential of stimulus-responsive hydrogel films for the detailed
investigation of both ex situ and in situ mechanosensing of
contractile cells responding to external stimuli in their surround-
ing environment. Judicious use of a synthetic pH-resp
onsive triblock copolymer gelator has enabled us to obtain new
insights into the mechanism of mechanosensing of contractile cells.
This is a good example of how cutting-edge synthetic chemistry
can facilitate important new physical insights in biophysics and
cell biology.
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