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Mitsuhiro Ebara Abstract: We report here that the direction of aligned cells on nanopatterns can be tuned to a
Koichiro Uto perpendicular direction without use of any biochemical reagents. This was enabled by shape-
Naokazu ldota memory activation of nanopatterns that transition from a memorized temporal pattern to the
John M Hoffman original permanent pattern by heating. The thermally induced shape-memory nanopatterns were

prepared by chemically crosslinking semi-crystalline poly(e-caprolactone) (PCL) in a mold to
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show shape-memory effects over its melting temperature (T = 33°C). Permanent surface pat-
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Center for Materials
Nanoarchitectonics (WPI-MANA), surface patterns were then embossed onto the permanent patterns. The temporary surface pat-
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terns were first generated by crosslinking the PCL macromonomers in a mold, and temporary

terns could be easily triggered to transition quickly to the permanent surface patterns by a 37°C
heat treatment, while surface wettability was independent of temperature. To investigate the
role of dynamic and reversible surface nanopatterns on cell alignment on the PCL films before
and after a topographic transition, NIH 3T3 fibroblasts were seeded on fibronectin-coated PCL
films with a temporary grooved topography (grooves with a height of 300 nm and width of
2 um were spaced 9 um apart). Interestingly, cells did not change their direction immediately
after the surface transition. However, cell alignment was gradually lost with time, and finally
cells realigned parallel to the permanent grooves that emerged. The addition of a cytoskeletal
inhibitor prevented realignment. These results clearly indicate that cells can sense dynamic
changes in the surrounding environments and spontaneously adapt to a new environment by
remodeling their cytoskeleton. These findings will serve as the basis for new development of
spatiotemporal tunable materials to direct cell fate.

Keywords: shape-memory surface, poly(e-caprolactone), nanopatterns, temperature-responsive
polymers, cell orientation

Introduction

Adherent cells are known to probe and respond to the mechanical properties of the
surrounding extracellular matrix (ECM) where they adhere and interact.'? In fact,
cells actively deform and remodel their ECM,? probe its rigidity and topography,* and
undergo lineage-specific differentiation by integrating various biophysical signals.’

There have been numerous reports that cells have the ability to respond to the mechani-
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cal resistivity of the substrate upon which they are grown;® for instance, cells respond
adhesions, and other processes important for regulating cell behavior.””® In addi-

cell fate. Arrays of parallel nanogrooves, for example, have been used as a popular
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nanotopography on cell function.'®!" Substrate topography
can strongly influence the polarity of many different cell
types through a process known as contact guidance.'? Cells
can also respond to gradients in topographic cues.'*!* The
cell shape and velocity are closely related to the degree of
the local anisotropy of the substrate, indicating that cells
could integrate orthogonally directed mechanical cues on
a scale comparable to that of the feature sizes of in vivo
ECM networks. In addition to proliferation and migration,
the nanotopography of the cells’ surroundings also plays an
important role in cell differentiation. For instance, either
nanopits or nanotubes stimulate osteogenic differentiation of
human mesenchymal stem cells (hMSCs) in the absence of
osteogenic induction media.'>!® Skeletal differentiation was
also examined by exposing hMSCs to nanopillar structures
of different heights, finding maximal differentiation on pillars
of 15 nm."” These results suggest that cells might be exqui-
sitely sensitive to 2-dimensional and possibly 3-dimensional
variations in the ECM density and anisotropy, responding by
dynamically altering the direction and function.

In spite of a considerable amount of ongoing research,
however, current efforts are centered on rather static patterns.
Due to the dynamic nature of the regeneration processes,
static surfaces seem to be deficient in mimicking changing
physiological conditions, such as would be expected during
tissue repair processes such as healing. Therefore, the sci-
entific community has recently shown increased interest in
developing surfaces with tunable abilities.'® In this context,
“smart” or “stimuli-responsive” materials have emerged as
powerful tools for basic cell studies as well as promising
biomedical applications. Recent examples of smart materials
include temperature-responsive polymer-surfaces where the
surface energy can be controlled with temperature. Okano
et al have successfully developed dynamically switchable
surfaces that exhibit temperature-responsive hydrophilic/
hydrophobic alterations with external temperature changes,
which, in turn, result in thermally modulated interactions
with biomolecules and cells.!*?° Yousaf et al have demon-
strated an electroactive monolayer that could be switched
to turn on the immobilization of ligands and subsequently
promote the migration and growth of cells.?!*? A photocleav-
able group has been also utilized to study collective cell
migration which plays a major role in cancer metastasis and
wound healing.”* Concerning dynamically switchable sur-
faces with mechanical properties, Lam et al have developed
areconfigurable microtopography system for cell alignment
using reversible wavy microfeatures on polydimethylsilox-
ane (PDMS).*

As an alternative approach, we propose here a shape-
memory cell culture platform to direct cell behavior.
Although most previous work has centered on “bulk”
shape memory behavior,”% “surface” shape memory has
been also reported.?”?® We have recently reported shape-
memory surfaces fabricated from temperature-responsive
poly(e-caprolactone) (PCL) films with on-demand, tunable
grooves.” One of the great advantages of PCL over other
temperature-responsive polymers is that surface proper-
ties such as wettability and charge are independent of
temperature. Therefore, the surface topography can transition
without changing cell-surface interactions. First, permanent
nanopatterns were generated by crosslinking the PCLs in a
mold. Temporary nanopatterns were later embossed into the
cross-linked PCLs. The effects of dynamic changes in the
nanopatterns were investigated by the application of heat;
specifically, we analyzed cell alignment on the PCL films
before and after the shape-memory activation, the surface of
which was programmed to transition from temporary grooved
nanopatterns to permanent grooved nanopatterns which are
perpendicular to the original shape (Figure 1).

Materials and methods

Preparation of shape-memory PCL films
Shape-memory PCL films were prepared by crosslinking
tetra-branched PCL with acrylate end-groups in the presence
of linear PCL telechelic diacrylates.’*3! Briefly, two-branched
and four-branched PCL were synthesized by a e-caprolactone
(CL) (Tokyo Kasei Kogyo Co, Ltd, Tokyo, Japan) ring-
opening polymerization that was initiated with tetramethylene
glycol (Wako Pure Chemical Industries, Ltd, Osaka, Japan)
and pentaerythritol (Tokyo Kasei Kogyo Co, Ltd) as initia-
tors, respectively. Acryloyl chloride (Tokyo Kasei Kogyo Co,
Ltd) was then reacted with the end of the branched chains.
The structures and the molecular weights were estimated
by nuclear magnetic resonance (‘H NMR) spectroscopy
(JEOL, Tokyo, Japan) and gel permeation chromatography
(JASCO International Co, Ltd, Tokyo, Japan). The obtained
PCL macromonomers were dissolved in xylene containing
benzoyl peroxide (BPO; Sigma-Aldrich, St Louis, MO, USA)
and the solution was injected between a glass slide with a
0.2 mm thick Teflon spacer. The PCL macromonomers were
cured for 180 minutes at 80°C.

Characterization of shape-memory
PCL films

The thermal properties of the branched PCLs were measured
by differential scanning calorimetry (DSC) (6100; SEIKO
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Figure | A schematic representation of cell response to the surrounding environmental changes.
Note: The figure illustrates how an aligned and elongated cell changes its morphology when the direction of surface patterns suddenly changes.

Abbreviation: T _, transition temperature.

Instruments Inc, Chiba, Japan). The mechanical properties
of the cross-linked materials were characterized by a tensile
test (EZ-S 500 N; Shimadzu Corporation, Kyoto, Japan). The
shape-memory effect of the cross-linked PCL films has been
quantified by thermomechanical experiments. A tensile tester
equipped with a thermo chamber that allowed simultane-
ous strain and thermal programs was used. The experiment
allowed the determination of the strain fixity rate R , as well
as the strain recovery rate R . The R quantifies the fixability
of the temporary form. The R, describes to what extent the
permanent shape is recovered.

Surface shape-memory assays

To prepare a shape-memory surface with permanent nanopat-
terns, the PCL macromonomer solution was cured between a
nanopatterned glass mold and a flat glass slide with a 0.2 mm
thick Teflon spacer for 180 minutes at 80°C. Nanopatterned
molding of glass substrates was performed by using an elec-
tron beam (EB) lithography system (ELS-7500EX, Elionix
Inc, Tokyo, Japan). To program temporary surface patterns,
the films were compressed in a thermo chamber. A compres-
sive stress of 0.1 MPa was applied to the samples at 37°C,
and maintained for 5 minutes. The embossing stress was
then released at 4°C after 10 minutes of cooling. Samples
had a temporary surface pattern that could be triggered
to transition to the permanent surface pattern by heating.
Nanopatterned PCL surfaces were observed by atomic force
microscopy (AFM) (SPM-9500J3, Shimadzu Corporation) in
non-contact mode using a Si,N, cantilever (spring constant;
42 N/m), and the sample temperature was controlled using

a thermo controller. To heat nanopatterned PCL surfaces
locally, the PCL film was located immediately above a
microheater-integrated glass plate (Covalent Materials
Corporation, Tokyo, Japan). The microheater was designed
to be 25 um in line width. A direct current (DC) power source
(Watty Corporation, Tokyo, Japan) was used to control the
electric current flowing through the microheater. The DC
power was set in the range of 1-8 V and was applied to the
microheater for a controlled time of 10 seconds. The moni-
tored electric current was in the range of 1090 mA.

Cell alignment assay

Before cell cultivation, PCL samples were placed in a 32°C
incubator for 1 hour to equilibrate with 10 pg/mL fibronectin.
NIH 3T3 fibroblasts were seeded at a density of 1.5 x 10* cells
cm™ on the temporal grooved surface (grooves with width
of 2 um and a height of 300 nm are spaced 9 um apart) and
cultured in Dulbecco’s Modified Eagle’s Medium in the pres-
ence of 10% fetal bovine serum (FBS) at 32°C for 48 hours.
For the surface shape-memory experiment, the cells were
transferred to a 37°C incubator after 6 hours of incubation at
32°C. The cells were subjected to a 37°C heat treatment for
1-2 hours. The cells were then allowed to equilibrate at 32°C
again. The cell morphology was continuously monitored and
imaged using a phase contrast microscope (Olympus [X71;
Olympus Corporation, Tokyo, Japan). Cell orientation angles
were quantified by the analysis of phase contrast images and
defined as the angle against the pattern direction. The cells
were considered aligned with the grooves when this angle
was less than 15°. Cell elongations were calculated from
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the length ratio of Y-axis (elongation direction) and X-axis
(perpendicular direction against elongation). To investigate
the role of cytoskeletal structures during shape-memory
experiments, cytochalasin D (Sigma-Aldrich) was used.
Cells were first cultured at 32°C for 24 hours. The cells were
subjected to a 37°C heat treatment for 1 hour in the presence
of cytochalasin D (1 pg/mL) and allowed to equilibrate at
32°C for 24 hours. The culture medium was then exchanged
to remove cytochalasin D from the medium and cells were
cultured for another 24 hours.

Results
Modulation of shape-memory

tem pe rature

PCL is an important class of biocompatible and biodegradable
synthetic polymers*>** which has been approved for biomedi-
cal applications by the US Food and Drug Administration
(FDA). PCL is a semi-crystalline polymer that has a melting
temperature (T, ) above which the mobility of polymer chains
changes dramatically. As the material is strained above the
T, polymer chains can stretch in the direction of an applied
external force because the material is in the amorphous state.
This strained shape (temporary shape) can be fixed when the
material is cooled below the T because stretched polymer
chains crystallize. If the polymer chains are chemically or
physically cross-linked, the material returns to its original
shape (permanent shape) by heating it again to above the T .
During this process, an increase of entropy serves as a
driving force for the material to recover its initial shape.”
Thus, the cross-linked PCL offers reversibly crystallizable
regions that can fix a temporary shape and have dual-shape
capability, showing shape memory effects. The relatively
high T of PCL (~60°C), however, has limited the potential
use for biological applications. We have previously reported
two different approaches to controlling the T  of PCL:
(1) tailoring the branched numbers,”3! and (2) incorporat-
ing non-crystalline segments.** 7 In this study, the branched
numbers were varied because this approach can decrease the
T while retaining a sharp transition in a narrow temperature
range. Two-branched and four-branched PCL were synthe-
sized by ring-opening polymerization from tetramethylene
glycol and pentaerythritol, respectively. The average degrees
of polymerization of each branch in two-branched and four-
branched PCL were 18 and 10, respectively. The obtained
copolymers were then reacted with acryloyl chloride to intro-
duce vinyl groups at the end chains. The T, decreased propor-
tionally with increasing four-branched PCL content because
an increase in crosslinking density imposes restrictions

on chain mobility and reduces the crystallization (data not
shown). In this study, we mixed two- and four-branched PCL
macromonomers at 50/50 wt% mixing ratio because it has a
T around 33°C and the transition occurs over a few degrees
Celsius. The mixed PCL macromonomer solution contain-
ing BPO was cured for 180 minutes at 80°C. The success
of thermal curing was confirmed from the disappearance of
the vinyl groups in '"H NMR spectra as described previously.
The bulk shape-memory properties for the cross-linked PCL
samples were investigated by cyclic thermomechanical tests.
The strain fixity rate R, and the strain recovery rate R_were
approximately 99% and 90%, respectively. The high R, and
R, values indicate that the cross-linked PCL has excellent
shape-memory ability.

Shape-memory nanotopography

Next, we examined the surface shape-memory effect using
a PCL film. To prepare the shape-memory surfaces, PCL
macromonomers were cross-linked in a master mold with
permanent surface patterns. The cross-linked film was then
compressed with temporary surface patterns in a thermo
chamber. A compressive stress of 0.1 MPa was applied to
the samples at 37°C and held for 5 minutes. The embossing
stress was then released at 4°C after 10 minutes of cooling.
In the previous study, we observed that the embossed
depth increased with an increase in applied stress, and the
cross-sectional profiles with an applied stress of 0.1 MPa or
above were almost identical to that of the original master.*!
Figure 2 shows topographic surface images of the cross-
linked PCL films before and after shape-memory transition.
When a PCL film with a permanent pattern (Japanese ¥100
coin) was embossed with a temporary pattern (US$1 coin)
by application of pressure at 37°C and subsequently cooled,
the film was deformed and fixed into the $1 pattern. The
temporary surface pattern was quickly erased by heating and
the permanent shape, a ¥100 coin in this case, was completely
recovered (Figure 2A). Figure 2B and C show topographic
surface images of micropatterns with a height of 50 um
observed using scanning electron microscope (SEM). First,
the permanent micropatterns were fabricated on a PCL film.
Then, an additional micropattern was overwritten onto the
permanent pattern using an additional mold. The permanent
letter “A” was replaced by the temporary number “1”. The

“1”

temporary was erased and recovery of the permanent
“A” was achieved by heating (Figure 2B). A shape-memory
transition of surface patterns was also demonstrated by
local heating of the PCL film. The PCL film was located

immediately above a microheater-integrated glass plate with
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Figure 2 Shape-memory transition from a memorized temporal pattern (left) to the
original permanent pattern (right).

Notes: (A) macroscopic; (B and C) SEM (bar = | mm); and (D) AFM images of PCL
films before and after shape-memory transition.

Abbreviations: SEM, scanning electron microscope; AFM, atomic force microscopy;
PCL, poly(e-caprolactone).

25 um line width. A DC power source was used to control
the electric current flowing through the microheater. Within
10 seconds, an area with approximately | mm in width was
heated above the T, and thus, only the number in the heated
area disappeared (Figure 2C). Figure 2D demonstrates the
surface shape-memory transition of nanopatterns observed by
AFM. First, parallel nanogrooves with a height of approxi-
mately 300 nm and a width of 2,000 nm were fabricated on a
PCL film as a permanent shape. Then, additional nanogrooves
with the same geometry were directly programmed above the
T_, with the temporary grooves oriented perpendicularly to
the permanent grooves. Although the roughness of the tem-
porary surface increased after cooling due to crystallization
of the PCL below the T_, the permanent nanogrooves were
successfully replaced by temporary nanogrooves which were
oriented 90° to the permanent grooves. After shape-memory
activation, the permanent nanogrooves fully recovered.
Regardless of the pattern depth, therefore, the permanent

pattern was found to return fully to its original shape after
shape-memory activation above T .

Dynamic controls of cell orientation

To investigate the role of dynamic surface nanopatterns
on cell alignment on the PCL films before and after a
topographic transition, cells were cultured on the PCL films
and shape-memory activation was carried out. One of the
advantages of using PCL is the good cell compatibility, the
wettability of which is independent of temperature (Figure 3).
This is very important for the following cell culture experi-
ment because surface wettability determines initial cell
adhesion.’®* First, NIH 3T3 fibroblasts were seeded on
fibronectin-coated PCL films with a temporary grooved
topography (grooves with a height of 300 nm and width of
2,000 nm were spaced 9,000 nm apart) and cultured at 32°C
for 24 hours. Cells aligned parallel to the grooves as seen
in Figure 4A. Temperature was then increased to 37°C for
1 hour to induce the surface transition of the nanogrooves
to perpendicular direction. Interestingly, cells still aligned
horizontally to the direction of the temporary grooves (or
vertically to the permanent grooves), even though the direc-
tion of grooves transitioned 90° to the temporary grooves
(Figure 4B). However, cells spontaneously changed their
shape with time and reoriented 90° to the original direction
at 48 hours after the shape-memory transition (Figure 4C).
The cell alignment was also studied quantitatively by angu-
lar histograms (Figure 5). The cell orientation angles were
defined as the angle against the temporary groove direction.
The distribution of cell-orientation angles correlated well
with the topographic features of the underlying temporary
grooves before transition. The percentage of aligned cells was
86% of the original cell population. At 6 hours after shape-
memory transition, however, the percentage of cells aligned
along the temporary direction decreased and the cell angle

120

Contact angles (°)
3 8

w
o
T

25°C 37°C

Figure 3 Contact angles on PCL surface at 25°C and 37°C.
Abbreviation: PCL, poly(e-caprolactone).
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Figure 4 Phase contrast images of NIH 3T3 fibroblasts seeded on the fibronectin-coated PCL.
Notes: (A) Phase contrast images of NIH 3T3 fibroblasts seeded on the fibronectin-coated PCL films with the temporal grooved surface (cells were cultured at 32°C for
24 hours). (B) For the surface shape-memory experiment, the cells were subjected to a 37°C heat treatment for | hour. (C) The cells were then allowed to equilibrate at

32°C for 48 hours.
Abbreviation: PCL, poly(e-caprolactone).

dispersion increased. After 24 hours, the percentage of cells
toward the permanent direction increased, suggesting that
cells reoriented themselves along the direction of the emerged
permanent grooves. Seventy percent of the cells were aligned
parallel to the permanent grooves after 48 hours.

To investigate the possible relationship between cell
alignment and morphology, we compared the time-dependent
changes in cell orientation angles with cell elongation ratio

(U of o |
A ST 1O

LTI A LT
hl M e
|

Population of cells (%)

Cell orientation angles (°)

Figure 5 Histograms of cell orientation angle on the PCL film before and after
shape-memory activation. Cell orientation angles were quantified by the analysis
of phase contrast images and defined as the angle against the temporary groove
direction.

Abbreviations: h, hours; PCL, poly(e-caprolactone).

after the shape-memory transition. Cell elongations were
calculated from the length ratio of Y-axis (elongation direc-
tion) and X-axis (perpendicular direction against elongation).
Cells took on a more round morphology when cell alignment
was lost 6 hours after shape-memory transition (Figure 6A).
Cell elongation ratio, however, increased with time as cells
reoriented along the direction of the emerged permanent
grooves. This result indicates that cell alignment strongly
correlated with cell elongation. Figure 6B and C show time-
dependent changes in the orientation angles and elongation
ratio of cells on the PCL film, after shape-memory transition
from a temporal grooved pattern to the permanent flat surface,
and from a temporal flat surface to the permanent grooved
pattern, respectively. As the surface grooves disappeared,
the cell angle dispersion increased and the cell elongation
ratio decreased with time. On the other hand, the randomly
oriented cells started to align and elongate with time as the
surface grooves appeared on a flat surface.

To confirm the role of actin in regulating cell shape asso-
ciated with shape-memory transition, the cells were treated
with cytochalasin D, an inhibitor of actin polymerization.
Cells were first cultured on temporary grooved surface at
32°C for 24 hours. After cells aligned along the substrate
patterns, they were subjected to a 37°C heat treatment for
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Figure 6 Time-dependent changes in the orientation angles and elongation ratio of cells on the PCL film after shape-memory transition from a temporal grooved pattern to
the permanent grooved patterns which is perpendicular to the original shape (A), from a temporal grooved pattern to the permanent flat surface (B), and from a temporal
flat surface to the permanent grooved pattern (C). Cell orientation angles were quantified by the analysis of phase contrast images and defined vertical direction to elongation
as a 0°. Cell elongations were calculated from the length ratio of Y axis (elongation direction) and X axis (perpendicular direction against elongation).

Abbreviations: h, hours; PCL, poly(e-caprolactone).

1 hour in the presence of cytochalasin D. Cells became
rounded and failed to orient the permanent grooved patterns
that emerged. Neither cell alignment nor elongation was
observed. However, cells started to reorient and elongate
along the permanent patterns after removal of cytochalasin D
from the medium (Figure 7). The results indicate that cells
sense changes in topographical features at submicron scales
and respond by reorganizing their cytoskeletal proteins.

Discussion
Although numerous studies with micro- and nanoengineered
substrates demonstrate influences on cell morphology,

migration, proliferation, and differentiation, it remains
unclear how dynamic changes in the mechanical properties
influence cell behavior. One area that has seen significant
progress is the fabrication of substrates that can dynami-
cally alter their topography. Shape-memory polymers, for
example, offer significant promise for the creation of topo-
graphically tunable substrates because of their capability
to undergo large elastic deformations and to rapidly return
to their initial undeformed state. PCL is a common choice
in this regard because it is biocompatible and has a T _ that
can be adjusted close to physiological temperature. In this
study, we prepared PCL films that had a T, around 33°C by
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Figure 7 Cell orientation angles (A) and elongation ratio (B) on the PCL film before and after shape-memory transition from a temporal grooved pattern to the permanent
grooved patterns which is perpendicular to the original shape. Cells were cultured at 32°C for 24 hours (left image in A). The cells were subjected to a 37°C heat treatment
for | hour in the presence of cytochalasin D and allowed to equilibrate at 32°C for 24 hours (middle image in A). The culture medium was then exchanged to remove
cytochalasin D from the medium and cells were cultured for another 24 hours (right image in A).

introducing branching in the polymer backbone. The transi-
tion occurred over a few degrees Celsius, and the strain fixity
rate and the strain recovery rate were approximately 99% and
90%, respectively. In general, incorporating rigid segments
or blending with other components are the most studied
methods for decreasing the T, of PCL.***' The enthalpies
(AH, ) observed around T _, however, are diminished, because
T_isreduced via the incorporation of non-PCL components
that hinder crystallization.*> Figure 2 demonstrates that a
temporarily memorized surface can completely recover its
permanent pattern after shape-memory activation at 37°C,
regardless of pattern dimensions. These results correspond
well with our previous data that the recovery of permanent
surface patterns was almost 100%.3' We have studied how the
shape-memory topographical change influences cell align-
ment using planner PCL films with nanotopography. First,
cells were seeded on fibronectin-coated PCL films with a tem-
porary grooved topography. Cells showed marked alignment

along the pattern direction. Upon heating, the direction of
grooves transitioned 90° to the temporary grooves. However,
nearly 90% of cells still aligned horizontally to the direction
of the temporary grooves at 1 hour after shape-memory
transition. At 6 hours, cell angle dispersion increased and
the majority of cells showed a stellate shape. The percentage
of cells aligned along the vertical direction to the temporary
grooves gradually increased with time, and by 36 hours 70%
of cells had eventually aligned horizontally to the direction
of the permanent grooves. This was not achieved when a
cytoskeletal inhibitor was added because active cytoskeletal
remodeling is a key determinant of cell functions including
differentiation, motility, apoptosis, and proliferation.*** The
cells did not detach or undergo apoptosis during the shape-
memory activation process. Figure 6 compares the time-
dependent changes in the orientation angles and elongation
ratio of cells on the PCL film with different topographies after
shape-memory transition. Of particular interest is that cells
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decreased their alignment within several hours, but it took
more than 24 hours to adapt their shape to new patterns. Since
there is a possibility that cells go through the mitosis during
the experiment, we have also observed cell growth. Only 50%
of cells underwent cell division within the 36 hour period
because cells were cultured at 32°C (data not shown). On the
other hand, almost all cells changed their direction during the
same period. These results indicate that the changes in cell
alignment are mostly due to respreading of daughter cells, but
some of the original cells also remodeled their cytoskeleton
in response to dynamic changes in the surface topography.
Although there have been previous reports that thermal acti-
vation of the substrate to restore the flat shape induced the
cells to reorient randomly,?”?® we demonstrated for the first
time that shape-memory nanopatterns induced a 90° rotation
of the cell orientation. In the future, this approach will also
enable unprecedented observations of time-dependent cell—
substrate interactions, without the need for invasive forces
against intact adherent cells. We believe that our finding will
have a major impact on the design of synthetic cell culture
substrates for the fields of not only basic cell biology but
also tissue engineering; in the latter field it remains unclear
how the mechanical properties of widely used biodegradable
polymers influence cell behavior.

Conclusion

In conclusion, our study demonstrated that the adherent
cell morphology is dynamically modulated by substratum
topography. Cells cultured on the PCL film with parallel
nanogrooves showed marked alignment along the pattern
direction. Then, the direction of grooves was suddenly tran-
sitioned 90° to the temporary grooves. Interestingly, nearly
90% of cells still aligned horizontally to the direction of the
temporary grooves 1 hour after shape-memory transition.
However, the percentage of cells aligned along the vertical
direction to the temporary grooves gradually increased with
time, and by 36 hours 70% of cells had eventually aligned
horizontally to the direction of the permanent grooves. This
finding is novel in that it is the first study that induced a 90°
rotation of the cell orientation by using a shape-memory
surface. Our findings also have relevance to the interpre-
tation of in vitro data, as well as to the study of cellular
interactions with implantable biomaterials; it is yet unclear
how the mechanical properties of widely used biodegrad-
able polymers such as PCL influence cell behavior even
though tissue engineering research has recently focused on
the micromechanical properties of a scaffold and its effects
on cells. Future work will be targeted at directing stem cell

fate using the dynamically tunable nanoscale topographic
features.
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