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The migration dynamics of cells plays a key role in tissue engineering and regenerative medicine. Previous
studies mostly focus on regulating stem cell fate and phenotype by biophysical cues. In contrast, less
is known about how the geometric cues mediate the migration dynamics of cells. Here, we fabricate
graphene oxide (GO) microstripes on cell non-adhesive PEG substrate by using micromolding in capillary
(MIMIC) method. Such micropatterns with alternating cell adhesion and cell resistance enable an effective
control of selective adhesion and migration of single cells. The sharp contrast in cell adhesion minimizes
the invasion of cells into the PEG patterns, and thereby strongly confines the cells on GO microstripes.
As a result, the cells are forced to adapt highly polarized, elongated, and oriented geometry to fit the
patterns. A series of pattern widths have been fabricated to modulate the extent of cell deformation and
polarization. Under strong confinement, the cytoskeleton contractility, intracellular traction, and actin
filament elongation are highly promoted, which result in enhanced cell migration along the patterns.
This work provides an important insight into developing combinatorial graphene-based patterns for the
control of cell migration dynamics, which is of great significance for tissue engineering and regenerative

medicine.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The migration and differentiation of cells are critical proce-
dures for tissue engineering and regenerative medicine. Recently,
most efforts have been focused on the regulation of cell fate by
manipulating the biophysical or biochemical cues [1-5]. Chemi-
cal cues, including ligands, ECM proteins, and biomolecules have
been widely demonstrated to modulate cell behavior on chemically
modified surfaces [6-8]. On the other hand, physical cues, includ-
ing geometry, stiffness, topography, and stress relaxation, have
showed significant influences on the adsorption and distribution of
integrin ECM receptors and thereby the cellular processes through
changes in cell shape and actin cytoskeleton [9-11].In contrast, less
light has been shed to the manipulation on the dynamics of cells
despite of its significance on the development and regeneration of
tissues. A major challenge is the difficulties in the deconvolution
of random transient deformation, intracellular traction, and migra-
tion dynamics of cells. Thus, it is not clear how the cell-material
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interactions affect the cell geometry, intracellular traction, and
skeleton traction, which are critical for the migration.

Cell growth, proliferation, and differentiation are dynamic
procedures. The cytoskeleton, which interacts with substrate
materials, defines the cell geometry as a result of cell-material
interactions [12-14] and plays key roles in the dynamics and even
fate of cells [3,15,16]. Therefore, attempts to exert geometric con-
finement to cells have been reported to investigate the effect of
morphological cues on the behavior of cells [17-19]. The cell geom-
etry is largely mediated by traction forces, focus adhesion area,
and actomyosin contractility etc. through cellular proteins such as
integrin adhesions, Rho activation, actomyosin, and focal adhesion
kinase etc. [19-21]. Cells confined on nanostripes or microstripes
are usually forced into highly elongated geometry [22,23]. Therein,
the F-actin and myosin are activated and aligned along the patterns,
which creates high cytoskeleton tension. Although the differenti-
ation (or fate) of cells on well-designed materials has been widely
investigated [4,5], little is known about how the confinement
influences the morphology, intracellular traction, and thereby the
migration and dynamics of cells. These issues are of particular sig-
nificance as the cell migration and cytoskeleton tension is inductive
during cell differentiation [24,25].
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Graphene-based micropatterns have been extensively
employed to mediate cell morphology as well as adhesion, prolif-
eration, and differentiation. For example, graphene nanogrids have
showed high actin cytoskeleton proliferations coinciding with the
patterns of nanogrids and accelerated osteogenic differentiation of
mesenchymal stem cells (MSCs) [26]. MSCs cultured on graphene
microchannels, graphene nanoribbons and rolled graphene foams
aligned along the pattern length resulted in promoted neurogen-
esis [27-29]. Those studies mostly focus on regulating the MSCs
fate and phenotype by biophysical graphene cues, while less is
known about how the geometric cues mediate the migration
dynamics of cells, especially when cells are strongly confined on
graphene-based micropatterns with a non-fouling background.

In this study we succeeded in manipulating the deformation,
orientation, and alignment of cells to mediate the intracellular
contractility and cell-material interactions, and investigated the
migration dynamics of such highly polarized cells. Regulated cell
morphology, orientation, and alignment are well controlled by con-
fining cells on graphene oxide (GO) micropatterns on polyethylene
glycol (PEG) substrates. PEG is widely known as cell non-adhesive
substrate. In contrast, GO are able to adsorb proteins and other
biomolecules through specific interactions (such as -1 interaction
and hydrogen bonding, etc.) with conjugated carbon ring structures
and functional groups including carboxylic, epoxy, and hydroxide
groups, and thus support cell attachment, growth, and differentia-
tion [30-33]. Herein, we utilize the sharp contrast in cell adhesion
on GO and on PEG to strictly confine cell seeding, adhesion, and
growth. As the GO micropattern dimension is less or comparable to
cell size, such a strict confinement will force the cells to adopt elon-
gated geometry to accommodate on the stripes. By controlling the
pattern width, it is convenient to manipulate the extension of cell
elongation and alignment, and thus the intracellular tension and
contractility. It is demonstrated that such a simple manipulation in
confinement enables systematic investigation on the morphologi-
cal cues to mediate the migration dynamics of single cells.

2. Materials and methods
2.1. Materials

Poly(ethylene glycol) diacrylate (PEGDA) (M =547 g/mol), 2-
hydroxy-4'(2-hydroxyethoxy)-2-methylpropiophenone (D2959),
graphite powders (universal grade, 10000 mesh, 99.9995%) were
purchased from Aladdin-Reagent China (Shanghai) Co., Ltd. Soft
polydimethylsiloxane (PDMS) stamps were fabricated from Sylgard
184 (the ratio between component A and B was 1:10) on a negative
silicon master (line patterns with 50 wm height and four differ-
ent widths: 5 um, 10 wm, 20 pm, and 50 pwm). Other reagents and
solvents were analytical reagent grade and used as received from
Sinopharm Chemical Reagent unless otherwise specified.

2.2. Synthesis of graphene oxide

Graphene oxide (GO) was synthesized by using a modified Hum-
mers method [34]. Briefly, 5g expanded graphite powders were
mixed with 5g NaNO3 and 150 mL concentrated H,SO4 with stir-
ring in an ice-water bath for 4 h. Then, 15 g KMnO4 was gradually
added with stirring at 25 °C to obtain a highly viscous liquid. After
adding deionized water (approximately 700 mL), the suspension
was heated at 98 °C for 15 min. Then, the suspension was sequen-
tially treated with warm water and H,0,, followed by washing
with HCl and water, and freeze-drying at —70°C for 24 h in vac-
uum. Finally, the obtained powders were sonicated to get stable
GO aqueous suspension.

2.3. Characterization of GO nanosheets and micropatterns

Atomic force microscopy (AFM, CSPM 5500, Beijing Nano-
Instruments, Ltd., China) was operated in tapping mode using

silicon cantilevers (spring constant: 3-40Nm~!, resonant fre-
quency: 75-300kHz). Optical micrographs were obtained by
optical microscopy (OPM) (Olympus BX51, Japan) in the reflec-
tion mode. Static contact angles were measured on a Dataphysics
OCA20 contact-angle system equipped with a bright-field optical
microscope at ambient temperature. The average contact angle
was obtained by measuring more than four different positions of
the same substrate. X-ray photoelectron spectroscopy (XPS) (AXIS
ULTRA DLD, Kratos Analytical Ltd., Manchester, UK) was carried out
by using an equipment with a monochromatic Al Ko source at 10~°
to 10~8 mbar. All peaks are referenced to the signature of C 1s peak
for carbon at 284.8 eV.

2.4. Fabrication of GO micropatterns on PEG substrate

Crosslinked PEG substrates were fabricated by polymerizing
PEGDA via ultraviolet irradiation with D2959 as initiator. The PDMS
stamps were placed in tight contact with the PEG substrate. A drop
of GO suspension (2.0mg/mL) was cast at the open channels of
PDMS stamp, allowing the suspension to flow into the channel as
driven by capillary force. The solvent slowly evaporated at 40 °C for
1 h. Finally, the PDMS stamp was carefully peeled off.

2.5. Cell culture and seeding

Human SV40 osteoblasts (hFOB 1.19, Shanghai Institute of Life
Sciences, Cell Resource Center, Chinese Academy of Sciences) were
maintained in low-glucose Dulbecco’s modified Eagle medium
(DMEM F12, Gibco) supplemented with 10% fetal bovine serum
(FBS, Gibco), 100U/mL penicillin, and 100 pg/mL streptomycin
under a humidified atmosphere of 5% CO, at 37°C. The culture
medium was replaced every other day. The cells were passaged by
trypsinization. Cells at passage 3, without dedifferentiation, were
used for this study.

The GO micropatterned PEG substrates were sterilized in 75%
ethanol for 10 min, followed by multiple washing in sterile phos-
phate buffered saline (PBS, pH 7.4) before cell seeding. PEG gels
with GO micropatterns were then placed in a 6-well culture plate.
Osteoblasts were trypsinized and seeded into the wells at a density
of 4x 10 cellsmL~! and incubated at 37°C and 5% CO, humidi-
fied atmosphere. The cells were fixed for immunostaining after 12 h
culture.

2.6. In situ tracking of osteoblast migration

The osteoblasts were seeded at a density of 2 x 103 cellsmL~!
in order to obtain single cell adhesion on substrates. After 8 h incu-
bation in DMEM/10% FBS, the cell migration was in situ monitored
by using a time-lapse phase-contrast microscope (IX71, Olympus,
Tokyo, Japan) equipped with an incubation chamber (at 37 °C and
5% CO, humidified atmosphere) over 12 h. The osteoblast trajecto-
ries were reconstructed based on the center positions of individual
cells over time. The total cell displacement was measured by using
ToupTek ToupView software every 30 min over 12 h observation.
At least 15 cells were counted for calculations for each sample.

2.7. Fluorescent staining of cell cytoskeleton and nuclei

Samples with osteoblasts were removed from the culture media
after 12 h incubation and carefully rinsed three times with phos-
phate buffer saline (PBS), and then fixed with 2.5% glutaraldehyde
in PBS for 12h. All samples were rinsed three times with PBS,


zhk
铅笔



74 H. Zhang et al. / Colloids and Surfaces B: Biointerfaces 145 (2016) 72-78

Fig. 1. (A) Schematic illustration to the micromolding in capillary (MIMC) of GO micropatterns on a PEG substrate. (B) Optical and (C) tapping mode AFM height images of
GO patterns (bright) with (a) 5 um, (b) 10 wm, (c) 20 wm, and (d) 50 wm width on PEG substrates, together with the line scan profiles.

permeabilized with 0.1% Triton X-100 in PBS for 10 min at room
temperature, and then rinsed with PBS again. The osteoblasts were
further blocked with 1% bovine serum albumin (BSA) in PBS for
30 min, followed by staining with 10 pg/mL phalloidin-FITC (Invit-
rogen) solution at 37°C for 1h to label the F-actin. The unbound
phalloidin conjugate was removed by triplicate rinsing with PBS.
10 pg/mL 4,6-diamidino-2-phenylindole (DAPI, Invitrogen) was
added and incubated in dark at 37°C for 15 min to stain nuclei,
followed by three washes in PBS. Finally, the cytoskeletons and
nuclei of osteoblasts were imaged by using a confocal laser scanning
microscope (CLSM, Leica TCSSP5 II, Braunschweig, Germany).

2.8. Statistical analysis

The sizes of cytoskeleton and nucleus after staining were mea-
sured by dealing with micrographs of at least 20 spreading cells
using software ToupTek ToupView. All data were analyzed by t-test
and expressed as mean + standard deviation (SD). The statistical
significance between groups was set as p <0.05.

3. Results and discussion

3.1. Characterization of GO micropatterns fabricated on PEG
substrate

The PEG substrate was synthesized by UV irradiation
polymerization of oligo(ethylene glycol) diacrylate (0oEGDA)
(M =547) with the presence of 2-hydroxy-4'-(2-hydroxyethoxy)-
2-methylpropiophenone as initiator. Highly exfoliated graphene
oxide (GO) was prepared by using a modified Hummers’ method
[34]. The obtained GO nanosheets possess a thickness of 1.2 nm
according to atomic force microscopy (Fig. S1, Supporting informa-
tion). The GO nanosheets are well dispersed in water over months,
and used as ink for micromolding in capillary (MIMIC). The GO
ink was cast on one side of the contacting polydimethylsiloxane
(PDMS) stamp/PEG assembly and flowed into the microchannels
as driven by capillary force (Fig. 1A). Well defined GO micropat-
terns with sharp edges were obtained on PEG substrate after water
evaporation (Fig. 1B, C), with pattern width of 5, 10, 20, and 50 pm.
The GO pattern thickness could be controlled by adjusting the
GO concentration. Typically, a 2 mgmL~! GO dispersion was used,

resulting in a pattern thickness about 50 nm for all the patterns
(Fig. 1C). The pattern surface was wrinkled with a roughness of
12.8 nm, probably formed during water evaporation (Fig. S2, Sup-
porting information). Such wrinkles and ripples are advantageous
for protein adsorption due to the high surface area, which is favor-
able for cell adhesion, proliferation, and differentiation [31,35].
Additionally, the static water contact angle of GO film was mea-
sured to be 36.22 4 1.5° (Fig. S3a, Supporting information). The
O/C atomic ratios of GO surface were ~0.42 (Fig. S3b, Supporting
information). Such GO surface states in previous papers effectively
enable proteins and growth factor adsorption and accelerate cell
attachment and proliferation [36]. The GO patterns were stable on
PEG substrate and did not detach during cell culture and rinsing.

3.2. Osteoblast morphology on GO micropatterns

Human SV40 osteoblasts were used as model cells for the adhe-
sion and migration study. In order to investigate the geometric
confinement on the adhesion and migration of cells, the osteoblasts
were seeded at a density of 4 x 104 cellsmL~! on sterilized flat GO
film and GO micropatterns on PEG substrates. Representative CLSM
images are shown in Fig. 2. On the flat GO film, the osteoblasts
appeared polygonal and spread randomly. The actin filaments are
densely assembled in the cytoskeletons. Lamellipodia and filopodia
extend from the leading edges of cells and anchor the cells on the
GO substrate through mature focal adhesions. The average aspect
ratio (AR) of cytoskeletons is 2, while the nuclei remain round shape
with an average AR near 1 (Fig. 2a, j). Cells initiate the migration
cycle by polarizing and extending protrusions of membrane. The
protrusions comprise large, broad lamellipodia, spike like filopodia
or both, and are driven by the polymerization of actin filaments.
Protrusions are then stabilized by adhesions that link the actin
cytoskeleton to the underlying ECM proteins, while actomysosin
contraction generates traction forces on the substratum and pro-
motes the disassembly of adhesions at the cell rear to allow the cell
to move forward [37,38]. The cytoskeletons and protrusions play
critical roles on the dynamics of cells. Hereafter, the cytoskele-
ton and protrusion morphologies are manipulated by confining
osteoblasts on GO micropatterns, in order to investigate the effect
of cytoskeleton elongation on the traction forces, contraction, and
migration dynamics of cells.
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Fig. 2. Fluorescent images of osteoblasts on (a) GO film, and GO patterns with (b,c)
5um, (d, e) 10 wm, (f, g) 20 wm and (h, i) 50 wm width after 12 h culture. Green:
cytoskeleton stained by phalloidin-FITC, blue: nuclei stained by DAPI. (j) Average
aspect ratio values of cytoskeleton and nucleus on flat GO film and GO micropatterns.

Osteoblasts adhered exclusively on GO patterns and showed
highly aligned, oriented, and elongated actin filaments and filopo-
dia. On 5 pwm gratings, since the period (pattern width +spacing,
10 wm) is much smaller than the cell dimension (approximately
15-20 pm of short axis), the osteoblasts spread across a few stripes
(Fig. 2b) by riding on others to bridge over the PEG gap (Fig. 2c). No

focal adhesions are formed on PEG. The cells are highly aligned and
elongated along the patterns, in sharp contrast to the random dis-
tribution and spreading on the unpatterned GO area of the same
sample (Fig. 2b). On 10 wm GO patterns, the cell adhesion density
is abruptly decreased (Fig. 2d). Single cells are highly elongated,
with an average cytoskeleton length of 90 pwm, and very narrow
lamellipodia and little filopodia on the stripe (Fig. 2e). Meanwhile,
the nuclei are deformed. The average AR values of cytoskeletons
and nuclei are drastically increased to 9 and 3 (Fig. 2j). Such a
strong confinement reduces the numbers of actin filaments and
focal adhesion area, which may reduce cell adhesion stability and
thereby cell density on the stripes.

As the stripe width is increased to 20 pm, which is very close
to the cell dimension, it allows for the cells to adapt a relatively
relaxed state, with wide lamellipodia and filopodia (Fig. 2f). The cell
number on 20 pm stripe was significantly increased than those on
10 pm patterns. The cells communicated with each other through
filopodium connection. The average ARs of cytoskeletons and nuclei
are decreased to 6 and 2, respectively (Fig. 2j). As the pattern width
was further increased to 50 pm, two or three cells sat aside on sin-
gle stripes, showing a polarized geometry and alignment along the
stripes (Fig. 2f, g). The actin fibers became more relaxed than oth-
ers. The average AR of cytoskeletons and nuclei further decreased
to about 4 and 1.77, a little larger than the level on flat GO film.

These results demonstrate a simple and efficient method to
manipulate the cell cytoskeletal orientation, elongation, and align-
ment by using well defined GO patterns. The patterned surfaces
can increase the actin fiber formation of cytoskeleton [39-41].
The assembly and organization of actin fibers exert dynamic con-
tractile forces against the ECM, define the cell morphologies and
nuclear shape, and regulate the cellular gene expression, adhe-
sion, migration and differentiation [42,43]. Herein, the osteoblasts
were strongly confined on GO micropatterns and their cytoskele-
tons were highly elongated. The oriented actin cytoskeletons are
likely to greatly enhance the contractile force of oteoblasts. For sin-
gle cellson 10 wm and 20 wm GO patterns, in particular, such strong
contractility may play key roles in cell morphologies and migration.

3.3. Single osteoblast migration on GO micropatterns

In order to investigate the effect of GO micropatterns on
cell spreading and migration, osteoblasts on 10 wm and 20 pm
micropatterns after 12 h incubation were in situ traced by using
a time-lapse phase-contrast microscope equipped with an incu-
bation chamber in 5% CO, humidified atmosphere at 37 °C. Cells
cultured on polystyrene (PS) culture plate and GO film were used
as negative controls. A low cell density (2 x 103 cellmL~1) was used
for seeding on substrates in order to minimize cell-cell contact.

Fig. 3 shows representative optical micrographs of single cells
on the PS plate (Fig. 3a), GO film (Fig. 3b) and GO micropatterns
(Fig. 3c-d). On the PS plate, a transient elongated cell was sampled.
In the first 120 min, its centre remained almost stationary while
both ends contracted asymmetrically toward the nucleus to pull
the cell forward. The cell migrated randomly through cyclic exten-
sion and contraction of lamellipodia and release of focal adhesion
(Fig. 3a). The cell migration is much slower on GO film than on PS.
The osteoblasts slowly and extended and weakly contracted their
protrusion to pull the cell forward in 480 min (Fig. 3b). These results
indicate that the F-actin has stronger interactions to GO than to
PS. On GO patterned surface, in contrast, the elongated single cells
slightly extended a leading edge and then rapidly contracted the
rear, resulting in movements along the pattern in minutes (Fig. 3c,
d). Specifically, the osteoblast contraction to round shape took
7.3+1.9minon 10 wm GO patterns and 4.1 + 1.8 min on 20 pm GO
patterns (p < 0.05, Fig. 3e).
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Fig. 3. Time-lapse bright field images of osteoblasts on (a) PS plate, (b) flat GO film, and GO micropatterns with (c) 10 wm and (d) 20 wm widths. (e) The contraction time of

osteoblasts on 10 wm and 20 wm GO micropatterns (*p <0.05, t-test).

In order to quantitatively analyze the migration of single
osteoblasts, the cell migration trajectories on various substrates
were recorded by using time-lapse microscopy (see movies in Sup-
porting information). The direction parallel with the GO stripes was
defined as the x- coordinate. The cell center was recorded every
30 min and plotted on a trace map (Fig. 4). On the PS plate and GO
film, osteoblasts moved randomly (movie S1 for PS and S2 for GO,
Supporting information). On the PS substrate, the cell trajectories
covered an area of about 200 x 70 wm? (Fig. 4a). The cell migra-
tion on GO film covered an area of about 15 x 10 um? (Fig. 4b). In
contrast, on GO patterns, the cell migration was restricted within
the GO stripes (movie S3, Supporting information), with the tra-
jectories equally distributed in the +x and —x direction due to the
symmetrically elongated morphology of cells (Fig. 4c, d). The tra-
jectory distance was about 200 pm on 10 wm GO patterns (Fig. 4c),
and about 80 pm on 20 wm GO patterns (Fig. 4d). These results
indicate that the cell movement on GO patterns is strongly and

uniaxially confined and the migration direction is dominated by
the polarization of F-actins (Fig. 2).

The migration dynamics is highly related to both the
cell-material interaction and intracellular contractility. Under con-
finement, the intracellular contractility is increased as a result of
the high alignment and elongation of actin filaments. Herein, we
examine the morphology evolution of cells on GO micropatterns in
ordertoinvestigate the relaxation of cells on micropatterns through
deformation from elongated state to round shape. The cell shape
parameters including AR and spreading areas (SA) of cytoskeleton,
based on in situ tracking on at least 15 cells, were used to quan-
titatively measure the morphology evolution of cells. The results
are summarized in Fig. 5. On flat substrates, the AR of osteoblast
cytoskeleton on the PS plate and GO film were almost constant
(3.1 +1.2) during migration. In contrast, osteoblasts on 10 wm and
20 pm GO patterns relaxed from stripe to ellipse or round shape,
with the AR decreased from 8.6+3.0 and 5.6+1.1 to 1.2+0.3.

Fig.4. Cell migration trajectories on (a) PS plate, (b) flat GO film, and GO patterns with (c) 10 wm and (d) 20 wm width. Cell motions were continuously recorded every 60 min

for 12 h.
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Fig. 5. Diagrams of (a) aspect ratio and (b) spreading area of cells before and after migration on different substrates (*p <0.05; **p <0.01, t-test). Error bars represent standard

deviations.
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Fig. 6. The average migration rates of cells on different substrates (**p <0.01). Error
bars represent standard deviations.

Correspondingly, the average cell SA values on 10 and 20 pm GO
patterns were decreased from 607 + 33 wm? and 1343 + 448 um?
to 315+£61 wm? and 5364325 um?, while those on PS plate
and GO film remained almost unchanged (2100800 um? and
1200 + 400 wm?). These results indicate that, under strong micro-
confinement, the elongated osteoblasts contract their cytoskeleton
through actin stress fiber reorganization to keep adhesive homeo-
stasis. Thus, the elongated osteoblasts may actively generate strong
contractile forces for cell movement, which may account for the
long cell migration distance on GO micropatterns.

Such high contractile forces strongly influence the migration
rate of osteoblasts. Fig. 6 compares the average cell migration rates
on the 10 pm and 20 wm GO patterns, as well as those on PS plate
and flat GO film, based on statistics of at least 15 spreading cells.
Notably, osteoblasts on flat GO film showed a slow migration at
5.5+ 0.9 wm/h, whereas it was fastest on PS plate (24.5 £ 3.5 wm/h).
Previous studies have demonstrated that a strong adhesion of
focal adhesions to substrates delays the release and migration of
cells [14,44]. Herein, the osteoblasts have a strong adhesion to GO
film with polar functional groups [45,46]. However, on 10 wm and
20 wm GO micropatterns, the migration rates of osteoblasts were
significantly improved at 17.8 +3.7 um/h and 12.1 £3.1 wm/h. Itis
likely that the high cytoskeleton tension and intracellular traction
forces of the highly elongated cells may partly overcome the strong
adhesion between cells and GO, leading to higher cell contractil-
ity and mobility. Moreover, the migration rate on 10 and 20 pum
GO patterns were significantly different (p <0.01), further indicat-
ing that the diverse cell spread morphologies generate different
traction for cell motility and migration.

Why do the elongated osteoblasts on the GO micropatterns
deform and migrate rapidly, even if the osteoblasts exert strong
adhesive interactions on GO substrate? Typically, the migration

of mammalian cells includes five steps [47,48]: (i) morphological
polarization; (ii) extension of membranes toward the direction of
motility by assembly of actin filaments; (iii) formation of attach-
ments between the leading membranes and the substrate by
integrin; (iv) contraction of the cell body from both ends toward
the nucleus; (v) release of adhesion receptor from cytoskeleton
and substrate at the back of the cell and recycling of adhesion
receptors to the front of the cell. These processes lead to a net
translocation of cell body. In this study, the GO micropatterns con-
fine the osteoblasts to remodel F-actin elongation and to polarize
cytoskeleton along GO stripes (Fig. 2). The highly polarized cells
generate strong cytoskeleton traction, resulting in a rapid contrac-
tion and release within 4-7 min, while the random osteoblasts on
GO film took about 6 h. Therefore, the polarized osteoblasts on GO
surface mainly enhance the contractile force of cytoskeleton, which
strongly forces the release of adhesion receptors at the back of cells
on GO micropatterns.

4. Conclusions

In conclusion, single cell migration dynamics have been medi-
ated by regulating the geometric confinement on cell-adhesive
graphene oxide (GO) micropatterns. It is convenient and efficient
to fabricate GO micropatterns with different widths on cell non-
adhesive PEG substrates. Such a sharp contrast in cell adhesion
enables a strong confinement of single cells on GO micropat-
terns. By controlling the pattern width, cells are forced to adapt
highly elongated, aligned, and oriented geometries on GO pat-
terns. With an increase in the AR values of cytoskeleton and
nuclei of the osteoblasts, the actin filament alignment and elon-
gation, cytoskeleton contractility, and intracellular traction force
are highly promoted, leading to aligned attachment and ori-
ented migration of single cells on GO micropatterns. Such highly
deformed and stressed cells are forced to rapidly release the adhe-
sion receptors within 4-7 min, in comparison to that on flat GO
film for about 6 h. We conclude that the strong cell-GO interac-
tions determine the cell migration rate on GO substrate, while
the enhanced intracellular traction and cytoskeleton contractility
highly accelerate the cell migration dynamics.
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