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Abstract—Bone has the ability to adapt its structure tomeet its
mechanical environment. In spite of great efforts to understand
the mechanisms underlying this phenomenon, little is known
about bone mechanotransduction at the cellular level. In this
work, we propose that there is an interaction between the
architecture of the cell andmechanosensitivity. Specifically, we
hypothesized that cell spreading plays an important role in
bone cell mechanotransduction. To test our hypothesis, we
utilized micropatterned surfaces that allowed us to control the
degree of cell spreading. Focal adhesion area is also known to
depend on cell spreading. Thus patterns were utilized that
maintained a constant total adhesive contact area, but permit-
ted differing degrees of spreading. MC3T3-E1 osteoblasts
cultured on these patterned surfaces were exposed to dynamic
fluid shear stress. The fluid flow-induced changes in intracel-
lular calcium [Ca2+]i were determined as a function of the
degree of spreading. Cells grown on micropatterned surfaces
were more responsive in general than those grown on tradi-
tional unpatterned surfaces. Interestingly, however, we found
that cells with a higher degree of spreading were less responsive
tomechanical loading.Thisworkprovides new insights into the
interplay of cellular structure and mechanotransduction.

Keywords—Fluid flow, Focal adhesion, Cytoskeletal tension,

Mechanotransduction, Bone remodeling.

INTRODUCTION

Bone implants have been shown to achieve better
tissue integration and higher interfacial strength when
they are engineered to have micropatterned surfaces.10

It has been well-documented that these surfaces can
influence cellular behavior directly.21,27 However, it is
also possible that the patterns modulate cellular

mechanosensitivity and contribute to enhanced implant
integration with load application. Bone has the ability
to alter its structure in response to the mechanical
demands it experiences. Dynamic fluid flow occurs when
bone is subjected to habitual mechanical loading, and
has been shown to be a potent regulator of bone cell
metabolism.20,32 Nevertheless, the molecular mecha-
nisms whereby loading induced fluid flow is sensed at a
cellular level have not been elucidated. One possibility
is that application of flow results in deformation and
re-organization of cell’s cytoskeleton that then triggers
downstream signaling events. Both cytoskeletal defor-
mation and the remodeling that follows are greatly
influenced by cellular adhesion to the extracellular
matrix (ECM) and internal cytoskeletal tension.6,13

Cells attach to ECM via transmembrane proteins,
primarily integrins.3,17 Integrin binding of ECM
ligands initiates recruitment of an array of structural
and signaling proteins to the binding sites to form focal
adhesions. Due to this colocalization of structural and
signaling molecules, focal adhesions and the cytoskel-
etal elements associated with them have significant
potential as sites of mechanosensing.

Cytoskeletal tension directly affects cellular stiffness,
and thus deformation, in response to mechanical
loading. Furthermore, cytoskeletal tension may also
affect mechanosensation at the adhesion site. Recent
studies have shown a close correlation between con-
tractile force and focal adhesion area.2 It has been
shown that increased cell spreading, even while main-
taining a constant total cell contact area, leads to
greater focal adhesion activity.7 Further, it has been
suggested that higher focal adhesion activity is indic-
ative of greater cytoskeletal tension.2 Taken together
these results suggest that cells that are more spread
tend to have a higher cytoskeletal tension.
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Both cellular adhesion and cytoskeletal tension are
critical factors in determining cell deformation and
subsequent biochemical signaling. However, it is not
clear which factor, adhesion or tension, plays the
dominant role. In this study our goal was to manipu-
late adhesion and cell spreading independently and
to determine whether cell spreading modulates bone
cell mechanotransduction independent of focal adhe-
sion area. We employed a micropatterened adhesive
surface to control cell spreading while maintaining a
constant cell contact area. We also examined the effect
of growth on a micropatterned surface on cellular
mechanoresponsiveness.

METHODS

Cell Culture

MC3T3-E1 osteoblastic cells were cultured in min-
imal essential alpha medium (MEM-a; Invitrogen
(Gibco), Calsbad, CA) containing 10% fetal bovine
serum (FBS) (Hyclone, Logan, Utah), 1% penicillin
and streptomycin (Invitrogen) and maintained at
37 �C and 5% CO2 in a humidified incubator.

Micropatterned Surface

Using standard photolithography, a PDMS stamp
was made with arrays of islands of circular posts (3 lm
in diameter, 5 lmor 7 lm center to center post spacing,
75 lm center to center island spacing) (Fig. 1) on its

surface. Each island was designed for one cell to
occupy. As the post (or spot) spacing was increased
from 5 lm to 7 lm while maintaining the number of
dots, hence keeping the total adhesive area constant,
the projected cell area is almost doubled (increased
from 529 lm2 to 961 lm2). The 75 lm spacing between
islands was selected to ensure that a single cell could not
span more than one set of spots. Microcontact printing
was then used to pattern adhesive islands within a non-
fouling background.13 The PDMS stamp was used to
print self-assembled monolayers of CH3-terminated
alkanethiols onto glass slides sequentially coated with
titanium (10 nm) and gold (20 nm). Slides were then
exposed to tri(ethylene glycol)-terminated alkanethiols
to generate non-fouling background.13 The slides were
then coated with 10 lg/mL fibronectin (FN) for 1 h to
form adhesive domains. The substrates were flat for
both patterned and non-patterned surfaces.

Quantification of Cell Spreading

Cell spreading (cell projected area) was measured
using image-processing software (Image J, NIH) from
images captured by the CCD camera that connected to
the microscope. The cell project areas were determined
by manually marking the cell edges from the images.

Oscillatory Fluid Flow

A previously described fluid flow device was used to
deliver laminar OFF to MC3T3-E1 osteoblastic cells.20

FIGURE 1. Micropattern design for 5 lm (a) and 7 lm (b) spot spacing group. Twenty-five spots form one island for one cell
attachment. A total of 50,000 islands were made on one stamp for patterning on one glass slide. The 7 lm spot spacing group use
exactly the same design except the spot spacing is changed to 7 lm.
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Flow was driven by a Hamilton glass syringe in series
with rigid walled tubing, and a parallel plate flow
chamber. The syringe was mounted in and driven by
an electromechanical loading device (EnduraTec, Eden
Prarie, MN). The flow rate was monitored with an
ultrasonic flow meter (Transonic Systems Inc., Ithaca,
NY). The flow rate was selected to yield peak sinu-
soidal shear stresses of 1 Pa at 1 Hz. During the cal-
cium imaging experiments, cells were exposed to a total
of 3 min of oscillating fluid flow at 1 Pa.

Calcium Mobilization

MC3T3-E1 cells were seeded onto FN-coated
micropatterned glass slides (50,000 cells/slide) and FN
coated non-patterned glass slides (200,000 cells/slide)
24 h before experimentation. Real-time intracellular
levels of calcium were quantified using a ratiometric
imaging technique. Prior to exposure to OFF, cells
were incubated with 10 lM Fura-2AM (Molecular
Probes, Eugene OR) for 30 min at 31 �C (to reduce dye
compartmentalization), then washed with fresh MEM-
a and 2% FBS. Following Fura-2 loading, the cell-
seeded slides were mounted in a parallel plate flow
chamber and fixed to the stage of a fluorescent
microscope. For 30 min, the cells were left undis-
turbed. The flow media consisted of MEM-a and 2%
FBS. All experiments were performed at room tem-
perature to reduce Fura-2AM dye compartmentaliza-
tion. Ratio values, which are proportional to the
intracellular Ca2+ concentration, were obtained for
each cell using image analysis software (Metafluor,
Universal Imaging, West Chester, PA). A cell response
was defined as a transient increase in fluorescent ratio
of at least four times the maximum oscillation recorded
during the 3 min pre-flow baseline period (the region
to the left of the ‘flow on’ arrow in Fig. 7). The per-
centage of cells responding is calculated by dividing the
number of cells having Ca2+ response by the total
number of cells being measured.

Statistical Analysis

To conduct multiple comparisons, a one-way
ANOVA and Turkey’s post hoc test were used.
A significance level of 0.05 was employed for all sta-
tistical analyses. Data were reported as mean ± SD.

RESULTS

Microcontact Printing and Cell Seeding

Immunofluorescent staining of the fibronectin
coated on the patterned surface (Fig. 2) showed that
the designed pattern was transferred from the stamp to

the slide surface with high fidelity and resolution. Cells
adhered to and remained constrained by the micro-
patterned domains for at least 48 h (Fig. 3). It was
observed that occasionally two cells occupied one
island (data not shown). Moreover, there were occa-
sional cases when cells were found to occupy only part
of the island (data not shown). Nevertheless, most cells
adhere to and fully occupy one adhesion island as
desired.

Quantification of Cell Spreading

Cell spreading was quantified by measuring pro-
jected cell areas on non-patterned surface and micro-
patterned surfaces with 5 or 7 lm center-to-center spot
spacing between neighboring spots. Non-patterned
cells have significant higher cell spreading (841.2 ±

273.9 lm2) compared to 5 lm-spacing-patterned cells
(530.2 ± 28.5 lm2) (p< 0.05). However, the difference
between non-patterned cells and 7 lm-spacing-
patterned cells (957.3 ± 97.0 lm2) is not statistically
significant (p = 0.51) (Fig. 4).

Intracellular Calcium Mobilization

For intracellular Ca2+ response experiments, only
cells that fully occupied the entire square shaped island
were selected and their intracellular Ca2+ responses to
fluid flow quantified. At the onset of flow, for both the
patterned group and non-patterned group, cells
responded with a transient increase in intracellular
calcium concentration indicated by ratio value.

Percentage of Cells Responding to Fluid Flow
(1 Hz, 1 Pa)

There was a significantly higher percentage of cells
responding to fluid flow with increases in [Ca2+]i on the

FIGURE 2. Immunofluorescent staining image of fibronectin
coated on the patterned Ti–Au coated glass surface. Scale
bar, 20 lm.
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patterned surfaces (92% for 5 lm spacing, 53% for
7 lm spacing) compared to cells seeded on the non-
patterned surface (22%) (Fig. 5). Interestingly, more
spread cells grown on the 7 lm spaced pattern were less
responsive to dynamic fluid shear stress than cells grown
on the 5 lm pattern in terms of the percentage of cells
exhibiting at least one calcium transient (p< 0.05).

Percentage of Cells Exhibiting Multiple Calcium
Transients in Responding to Fluid Flow (1 Hz, 1 Pa)

Cells grown on the patterned surfaces were much
more likely to exhibit multiple calcium transients (61%
for 5 lm spacing, 23% for 7 lm spacing) compared to
cells grown on the unpatterned surface (9%) (Figs. 6

and 7). Similar to what we observed in percentage of
cells responding to fluid flow, more spread cells grown
on the 7 lm spaced pattern were less responsive to
dynamic fluid shear stress than cells grown on the 5 lm
pattern in terms of the number exhibiting multiple
transients (p< 0.05).

DISCUSSION

To date the majority of investigations of cellular
mechanisms of bone mechanotransduction have
focused on determining the biochemical signaling
pathways activated by mechanical stimulation. A rel-
atively small number of studies have considered the
mechanical behavior of the cell as an integrated part of
the response although this is likely to be critical to

FIGURE 3. (a) Bright field light microscope image of cells
that adhered to and remained constrained to the micropat-
terned domains. Scale bar, 20 lm. (b) Bright field light
microscope image of cells that adhered to non-patterned
surfaces. Scale bar 10 lm.
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FIGURE 4. Quantification of cell spreading (projected cell
area) per cell on non-patterned (control) surface and two dif-
ferent micropatterned surfaces with 5 or 7 lm center-to-center
spot spacing between neighboring spots. Bars represents
means 6 SD (n = 6 for all groups; * significant difference
between the non-patterned group and the patterned group,
p < 0.05). # Significant difference between 5-lm-spot-spacing
group and 7-lm-spot-spacing group, p < 0.05).
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FIGURE 5. Percentage of cells responding with increases in
[Ca2+]i. The percentage of cells responding is determined
by dividing the number of cells having Ca2+ response by the
total number of cells being measured. Bars represents
means 6 SD (n = 4 for all groups; * significant difference
between the non-patterned group and the patterned group,
p < 0.05). # Significant difference between 5-lm-spot-spacing
group and 7-lm-spot-spacing group, p < 0.05).

Bone Cells Grown on Micropatterned Surfaces 185



understanding how cellular mechanotransduction
occurs.19,23 Other studies have suggested that in addi-
tion to maintaining the cell’s mechanical integrity, the
cytoskeleton plays a central role in sensing mechanical
stimuli.26,28,29 Nevertheless, the role of mechanical
tension in the cytoskeleton in bone cell mechano-
transduction, as distinguished from the existence of an
intact cytoskeleton itself. In this study we utilized
micropatterning to modulate cell spreading without
the use of pharmacological agents that could poten-
tially affect cell functions.

In this study intracellular calcium (Ca2+)i served as
our primary outcome variable. Intracellular Ca2+ is an
important second messenger molecule in a wide variety
of cellular transduction processes. In bone cells spe-
cifically it has been shown that many types of
mechanical loading9,14,16,24,31,34 produce transient
increases in [Ca2+]i, and this process can occur on a
time scale of a few seconds. This transient mobilization
of intracellular calcium has been linked to a variety of
downstream signaling processes including MAP kinase
activity, NFkB translocation to the nucleus, activation
of the PI3K-Akt signaling cascade, transcription factor
activation, and ultimately expression of osteogenic
genes.8,9,18,22,33 Interestingly, intracellular calcium
mobilization due to local mechanical deformation has
also been linked to local cytoskeletal actin orienta-
tion.1 Due to its ubiquitous role as a second messenger
and involvement in regulation of bone-specific gene
transcription, it is an excellent choice for characteriz-
ing responsiveness in this study.

Previously it has been reported that surface pattern-
ing and topography can have a dramatic effect on bone
cell proliferation, motility, and adhesion as well as the
interfacial strength of titanium implants.4,5,11,12,15,30

Given the dramatic effects surface pattern can have on
so many aspects of cell metabolism, it is surprising that
in the context of mechanotransduction only limited
investigations have been conducted. Chen et al.7 have
shown that decreased contractility and reorganization
of the actin cytoskeleton can occur when a single adhe-
sive spot is displaced in amicropatterned surface similar
to the ones used here. Fibroblasts were found to bemore
sensitive to stretch when grown on grooved surfaces
when the grooves were perpendicular to the stretch
direction.25 However, our work represents the first
examination of bone cell mechanosensitivity with
micropatterned surfaces and the first examination of the
response to fluid flow in any cell type. We found that
bone cells grown on micropatterned surfaces were dra-
matically more responsive than cells grown on unpat-
terned surfaces (Figs. 5 and 6). This was a consistent
finding for both the 5 lm and 7 lm spacing. The exact
mechanism whereby micropatterned surfaces increase
cellular responsiveness to mechanical stimulation is
unclear at this point. One possibility is that on the pat-
terned surface adhesive contact area was limited when
compared to the unpatterned surface. This would result
in a larger force per unit area being transmitted across
the focal contacts when the cells were exposed to shear
stress, and hence, individual integrins experiencing lar-
ger molecular forces. In any case further investigation
will be required to more completely characterize the
fluid-flow response of cells grown on micropatterned
surfaces and the molecular mechanism behind this
enhanced sensitivity.
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FIGURE 6. Percentage of cells responding with two or more
Ca2+ responses. Two or more Ca2+ responses means that cells
respond to fluid flow with two or more times of transient
increases in fluorescent ratio which is at least four times the
maximum oscillation recorded during the 3 min pre-flow
baseline period. Bars represents means 6 SD (n = 4 for all
groups; * significant difference between the non-patterned
group and the patterned group, p < 0.05). # Significant dif-
ference between 5-lm-spot-spacing group and 7-lm-spot-
spacing group, p < 0.05).

FIGURE 7. Patterned cells exhibit multiple Ca2+ responses to
oscillatory fluid flow. Each curve represents the ratio value of
fluorescence at 340/380, which is proportional to the con-
centration of free intracellular Ca2+, in one individual cell as a
function of time.
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When the results for the 5 lm and 7 lm patterns are
compared directly, we observed a decrease in respon-
siveness with increased spot spacing (Fig. 5). This
was unexpected as it actually suggests that cellular
sensitivity to mechanical stimulation decreased with
increased spreading. It is important to note that the
total cell–substrate contact areas for these two patterns
are identical. Results from Chen and colleagues7 sug-
gested that the increase in cell spreading leads to in-
creases in focal adhesion size and activity. This would
suggest an increase in cytoskeletal tension when con-
sidered along with the Balaban et al. study.2 Thus, our
finding is surprising in light of prior studies of the role
of the cytoskeleton, and presumably cytoskeletal ten-
sion, in mechanotransduction.26,28,29 One interpreta-
tion is that when cells are more spread and cytoskeletal
tension increases, the resulting pre-stress makes them
stiffer in response to subsequent loading, much as a
string or rope under tension becomes stiff with respect
to transverse deformation. Thus, it is possible that cells
in the 7 lm spacing group undergo less deformation
when exposed to shear stress and molecular mecha-
notransduction mechanisms dependent on deforma-
tion are less likely to be activated. However, currently
there are no published data that directly demonstrate
decreased deformation of cells exposed to shear stress
with spreading.

Figure 6 shows that increased cell spreading results
in a decreased percentage of cells exhibiting multiple
Ca2+ responses. It has been established that the pat-
terns of multiple Ca2+ response in other cell types has
an impact on downstream effects such as gene expres-
sion or protein modification. Therefore, the change
in Ca2+ response patterns observed here reflects the
potential role of cell spreading in bone cellular response
to mechanical loading.

In summary, in this study we have demonstrated for
the first time that cells grown on micropatterned sur-
faces are dramatically more sensitive to mechanical
stimuli than cells grown on smooth surfaces. Interest-
ingly, however, mechanosensitivity actually decreased
when the cells were further spread by increasing spot
separation while maintaining total adhesive area. This
may be a result of decreased deformation in spread
cells when exposed to fluid shear stress, although this
has not been confirmed.
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