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Mechanical stress has been proposed as a major regulator of tissue morphogenesis; however, it remains

unclear what is the exact mechanical signal that leads to local tissue pattern formation. We explored
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this question by using a micropatterned cell aggregate model in which NIH 3T3 fibroblasts were

cultured on micropatterned adhesive islands and formed cell aggregates (or ‘‘cell islands’’) of triangular,

square, and circular shapes. We found that the cell islands generated high levels of mechanical stresses

at their perimeters compared to their inner regions. Regardless of the shape of cell islands, the

mechanical stress patterns corresponded to both cell proliferation and differentiation patterns, meaning

that high level of cell proliferation and differentiation occurred at the locations where mechanical

stresses were also high. When mechanical stretching was applied to cell islands to elevate overall

mechanical stress magnitudes, cell proliferation and differentiation generally increased with the

relatively higher mechanical stresses, but neither cell proliferation nor differentiation patterns followed

the new mechanical stress pattern. Thus, our findings indicate that a certain range of mechanical stress

magnitudes, termed window stress threshold, drives formation of cell proliferation and differentiation

patterns and hence possibly functions as a morphogenetic cue for local tissue pattern formation in vivo.

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

A fundamental yet unresolved problem in tissue morphogen-
esis is the understanding of how a growing tissue ‘‘knows’’ where
to branch (Chuang and McMahon, 2003) or bud (Allen et al., 1990)
in order to achieve a specific, functional complex structure. Local
tissue pattern formation, a fundamental process in tissue
morphogenesis, has been mainly explained through genetic
mechanisms regulating cell developmental signaling pathways
(Gaudilliere et al., 2004; Kashimata et al., 2000; Noselli and
Agnes, 1999) and morphogen gradients (Basler and Struhl, 1994;
Teleman and Cohen, 2000). In recent years, mechanical stress has
also been recognized as a crucial morphogenetic regulator. While
external mechanical forces are well known to influence the
structure and function of cells and tissues (Grenier et al., 2005;
Ingber, 2006; Trepat et al., 2007; Vogel and Sheetz, 2006; Wang
and Thampatty, 2006), internal mechanical stresses, or the
stresses generated by cells themselves within a cell aggregate,
have also been suggested to regulate cell proliferation and
differentiation (Huang and Ingber, 1999; Hufnagel et al., 2007;
Lecuit and Lenne, 2007; Shraiman, 2005). Even in case of
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+1412 648 8548.

p.pitt.edu (J.H.-C. Wang).
morphogen gradient, mechanical stresses are expected to arise
from the non-uniformity of morphogen distribution that drives
tissue growth, leading to stretch at the periphery and compression
at the center of a tissue; these stresses then compensate for the
non-uniformity of morphogen through certain feedback mechan-
isms on tissue growth (Hufnagel et al., 2007; Lecuit and Le Goff,
2007; Shraiman, 2005).

A few recent studies (Hufnagel et al., 2007; Nelson et al., 2005;
Shraiman, 2005) have started to address the following question
through both experimental and modeling approaches: how do
internal mechanical stresses generated by a cell aggregate drive
cell proliferation pattern formation? Using a micropatterned cell
aggregate model, Nelson et al. (2005) have shown that concen-
trated internal mechanical stresses around the perimeter of a cell
aggregate cause endothelial cells to proliferate there, but not in its
inner region. They concluded that the mechanical stress pattern,
which implies a stress gradient, dictates cell proliferation pattern.
We reasoned that, although it appears that the mechanical stress
pattern determines cell proliferation pattern, whether a cell
aggregate responds to mechanical stress gradient, as suggested
in their study, or to mechanical stress magnitude remains an
unresolved issue. The latter seems possible, as high and low
mechanical stress regions correspond to regions of cell prolifera-
tion and no cell proliferation, respectively (Nelson et al.,
2005). Furthermore, whether mechanical stress also influences

www.sciencedirect.com/science/journal/jbiomech
www.elsevier.com/locate/jbiomech
dx.doi.org/10.1016/j.jbiomech.2009.04.033
mailto:wanghc@pitt.edu,
mailto:Wanghc@imap.pitt.edu


ARTICLE IN PRESS

B. Li et al. / Journal of Biomechanics 42 (2009) 1622–1627 1623
patterning of cell differentiation, an equally vital cellular process
in tissue development, remains unknown.

To address the above questions, we tested the hypothesis that
mechanical stress determines proliferation and differentiation
patterns of cell aggregates in a stress magnitude-dependent
manner. We performed computational modeling and experimen-
tal studies on cell aggregates of specific shapes (herein referred to
as ‘‘cell islands’’). We grew micropatterned NIH 3T3 cell islands on
a deformable poly(dimethylsiloxane) (PDMS) substrate so that
mechanical stretching could be imposed to modulate the
mechanical stresses generated by the cells, or internal mechanical
stresses (Kubicek et al., 2004). Herein, we report the findings of
our studies.
2. Materials and methods

2.1. Mechanical stress patterns of cell islands

Cell islands of three shapes (circular, square, and triangle) were fabricated on

PDMS substrates using the stencil micropatterning technique (Li et al., 2008a, b).

The finite element analysis (FEA) method was used to determine the stress

distributions of cell islands due to cell contraction alone and a combination with

mechanical stretching. An advanced multi-physics simulation (AMPS) program

was used for stress analysis. The cell islands were meshed with eight node brick

elements and a grid spacing of 2–12mm between nodes. The substrate to which

cell islands were attached was modeled as a large plate, which was meshed with

eight node brick elements and a grid spacing of 40–48mm. The cell islands were

modeled as two layers of materials (Table 1). The top layer was contractile, which

was simulated in the FE model by temperature drop. The bottom layer, on the

other hand, was non-contractile and represented the transition between the top

layer and its attachment to a substratum plate so that the strain in the top layer

was not affected by the boundary condition. The top layer was five times (20mm)

higher than the bottom layer (4mm), while both shared the same surface. All layers

were defined as Mooney–Rivlin material with common Poisson’s ratio 0.499. The

Young’s modulus of the top layer was 500 Pa, whereas that of the bottom layer was

100 Pa, based on the same values taken by a previous study (Nelson et al., 2005).

The Young’s modulus of the substratum plate was 2 MPa corresponding to a PDMS

substrate (Tan et al., 2003). Contraction of cell island was simulated using a 5 K

temperature drop. The thermal conductivity (10 kW m�1 K�1) and linear expansion

coefficient (0.002 K�1) were chosen so the overall reduction was consistent with

the contraction measured on the actual cell islands. In case of application of

mechanical stretching to cell islands, a triangular cell island was chosen and

placed in the substrate in such a way that one side was aligned in parallel to the

long axis of plate. A 2% or 8% uniaxial stretch was applied to the ends of the plate

as a displacement boundary condition. The von Mises stress at the bottom of fixed

layer was reported in this study, but similar stress patterns were seen using the

maximum principle stress. To verify mechanical stress predictions of cell islands

by FEA, cell traction force microscopy (CTFM) (Wang and Lin, 2007) was used for

measuring cell traction forces (CTFs), the mechanical stresses exerted by cell

islands to their underlying substrate.

2.2. Cell culture experiments

NIH 3T3 fibroblasts (ATCC, Manassas, VA) were maintained in Dulbecco’s

Modified Eagle’s Medium (DMEM) containing 10% bovine calf serum (BCS) and 1%

penicillin–streptomycin at 37 1C in a 5% CO2 atmosphere. Cells were synchronized

by incubating in 1% BCS medium for 2 days after they reached confluence (Liu et

al., 2006). To culture cells on PDMS substrate, the fibronectin (FN)-micropatterns

fabricated were encompassed with a PDMS ring prior to cell seeding. Two hundred

microliters of cell suspension (3�105 cells/ml) in 1% BCS medium were pipetted in

each ring. To culture cells on micropatterned polyacrylamide gel (PAG) substrate
Table 1
Parameters of FEA model for cell islands.

Shape of cell

island

Side length/

diameter (mm)

Area

(mm2)

Height of layer (mm)

Contractile

layer

Passive

layer

Triangle 790 490,000 20 4

Square 700 490,000 20 4

Circle 1064 490,000 20 4
for CTF measurement, 200ml cell suspension (6�105 cells/ml) were pipetted onto

the gel disk. After 1 h, non-attached cells were extracted and fresh 1% (for PDMS)

or 10% (for PAG) BCS medium was added to the culture dish. Cells were maintained

in culture for 2 days until further treatments were applied.

To apply mechanical stretching to cell islands, they were cultured in custom-

made silicone dishes, in which FN micro-islands were fabricated on the bottom.

Triangular islands were aligned in a way that one side of the triangle was in

parallel to the long axis of silicone dish, that is, along the stretching direction. After

2 days, a 2% or 8% uniaxial mechanical stretching was applied to the silicone dishes

for 24 h using a custom-made stretching apparatus (Wang et al., 2004).

2.3. Proliferation and differentiation assays of cell islands

For determining cell proliferation, after cell islands were cultured for 2 days,

BrdU labeling reagent (RPN20 kit, GE Healthcare, Piscataway, NJ) was added to the

medium at a dilution of 1:1000. Eighteen hours later, cells were fixed using 4%

paraformaldehyde for 15 min, followed with incubation in a Blotto buffer for 1 h.

Then, primary antibody (anti-BrdU monoclonal antibody, dilution 1:100) was

applied overnight at 4 1C. Next, the sample was washed 3�10 min with Blotto.

Secondary antibody (goat anti-mouse, Cy3-conjugated, dilution 1:200) was then

applied for 1 h, followed by washing 3�10 min. Finally, fluorescence images of cell

islands were acquired on a fluorescence microscope (Nikon Eclipse TE2000-U).

Overlapping of fluorescence images of the same cell island shape was performed

using a SPOTTM imaging software (Diagnostic Instruments, Inc., Sterling Heights,

MI).

To determine cell differentiation, cells were fixed for 15 min using 4%

paraformaldehyde and washed 2�2 min with PBS. After blocking, the primary

antibody, anti-mouse a-SMA was applied to cells for 30 min. Cells were then

washed 2�2 min before incubating with secondary antibody (Cy3-conjugated

goat anti-mouse) for 20 min. After washing with PBS, fluorescence microscopy was

then performed.
3. Results

3.1. Mechanical stress distributions of cell islands

Using the stencil micropatterning technique, cell islands were
obtained. Cells conformed to the geometry of each island
(Fig. 1A–C).

As determined by FEA, larger mechanical stresses of cell
islands were distributed around their perimeters compared to the
inner regions of the islands (Fig. 1D–F). Moreover, even larger
mechanical stresses were concentrated at the corners of the
triangular and square cell islands.

We reasoned that if a cell island produces large mechanical
stresses around the perimeters and corners of the island due to
cell contraction, they may also exert large traction stresses to the
substrate at these locations because anchorage-dependent cells
transmit their contraction to the underlying substrate. Indeed, we
found that CTFs were larger at the perimeters than at the inner
regions (Fig. 2).

3.2. Proliferation of cell islands

We found that cells around the perimeters of all three islands,
but not at the inner regions, exhibited strong BrdU signals,
indicating that cells at the perimeters were proliferating
(Fig. 3A–I). This can be more clearly shown from the
overlapping of a number of BrdU immuno-staining images of
similar shapes (Fig. 3J–L). The enhanced cell proliferation at the
perimeters of cell islands were not due to the possible nutrient
gradients from the edge of each island to its inner region (data not
shown).

Moreover, we found that a 2% stretching applied in parallel to
one side of a triangular cell island caused mechanical stress in the
region close to the perimeter of island to be slightly increased
while the overall stress pattern did not apparently change
(Fig. 4A–B). Correspondingly, the proliferating cell zone was
slightly expanded to inner region of cell island (Fig. 4D–E).
Proliferation of the majority of cells in inner region, though, was
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Fig. 1. Micropatterned cell islands of distinctive shapes and their mechanical stress patterns. (A–C) Cell islands of triangular, square, or circular shapes, respectively and

(D–F) mechanical stress patterns of cell islands determined by finite element analysis (FEA). Mechanical stress magnitudes are color coded, where red represents the

highest stress and blue represents the lowest. As seen, mechanical stresses are concentrated at the perimeters of cell islands, independent of their shape. Note the whole

triangular island did not fit in one image due to the imaging area limit of CCD camera. (Scale bars, 100mm). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article).
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Fig. 2. Cell traction force (CTF) distribution of cell islands determined by cell traction force microscopy (CTFM). (A–C) Phase contrast microscopy images of cell islands on

polyacrylamide gels (PAGs). (D–F) CTF maps obtained using CTFM. CTF levels are color coded, where red represents the highest stress and blue represents the lowest. (Scale

bars, 100mm). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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not apparently affected. However, under an 8% stretching,
although the mechanical stress pattern of the cell island still
partially resembled the stress pattern of non-stretched cell island,
the magnitude of the mechanical stresses increased markedly at
all locations (Fig. 4C). For example, with an 8% stretching, the
maximum stress in the triangular cell island increased 4.5 times
compared with that in the non-stretched cell island (44.6 Pa vs.
8.0 Pa). The mechanical stresses at nearly all locations throughout
the stretched island were now higher than the highest stress in
non-stretched island. Correspondingly, proliferating cells were
distributed throughout the entire stretched island (Fig. 4F) instead
of being only concentrated at the perimeter of the cell island
without stretching (Fig. 4D) and with 2% stretching (Fig. 4E).
3.3. Differentiation of cell islands

We further investigated whether the internal mechanical
stresses generated by cell islands were related to cell differentia-
tion patterning. Using immunofluorescence microscopy, we aimed
to detect cellular expression of a-SMA, which is a marker of
myofibroblast differentiation (Chen et al., 2007; Hinz et al., 2003).
We found that only cells at the perimeter of each island
exhibited a-SMA signals, meaning that these cells had differ-
entiated into myofibroblasts. Similar to cell proliferation, the a-
SMA expression pattern of each cell island also corresponded to
the mechanical stress pattern of the cell island (Fig. 5A–C);
that is, cells differentiated into myofibroblasts at high stress
magnitudes, whereas they remained as fibroblasts at low
magnitudes.

To examine whether altered mechanical stresses also led to
altered cell differentiation pattern, we applied mechanical
stretching to PDMS substrate containing triangular cell islands.
Compared to cell islands without stretching (Fig. 5D), more cells
expressed a-SMA in islands under 2% stretching (Fig. 5E).
However, virtually all cells expressed a-SMA in islands under 8%
stretching, indicating that a uniform pattern of cell differentiation
occurred throughout the entire island (Fig. 5F).
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Fig. 3. Proliferation patterns of cell islands. (A–C) Stained nuclei indicated uniform distribution of cells throughout the island. (D–F) Proliferating cells were identified

through immunofluorescence microscopy for BrdU incorporation. BrdU-positive signals indicated proliferating cells which incorporated BrdU during DNA synthesis. (G–I)

Proliferating cells were preferentially located at the perimeters of three cell islands (merged images of nucleus and BrdU staining). (J–L) Stacked images of BrdU signals for

triangular, square, and circular shapes, respectively. For each shape 6–10 immunofluorescence microscopy images were overlapped using a SPOT software. (Scale bars,

100mm).
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W/o Stretching 2% Stretching 8% Stretching

Fig. 4. Alteration of mechanical stress and cell proliferation patterns of cell islands. (A–C) Mechanical stress patterns of the triangular cell island without stretching and

with 2% or 8% stretching, respectively. (D–F) Cell proliferation patterns of the same cell island without stretching and with 2% or 8% stretching, respectively. Note that

arrows indicate stretching directions. (Scale bars, 100mm).
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4. Discussion

While many studies have focused on the effects of mechanical
loading on cells, such as gene and protein expression, knowledge
is limited in terms of how aggregated cells use internal
mechanical stresses generated by themselves to regulate local
tissue growth. Nelson et al. (2005) were the first to define the
relationship between mechanical stress pattern generated by a
cell aggregate and cell proliferation pattern. Using micropatterned
NIH 3T3 fibroblasts of different shapes, we showed in this study
that these aggregated cells produced specific mechanical stress
patterns, and they corresponded to specific cell proliferation
patterns. While these results are consistent with the finding by
Nelson et al. (2005) using endothelial and epithelial cells, they
emphasize that formation of cell proliferation pattern
due to internal mechanical stress is not cell-type dependent.
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W/o Stretching 2% Stretching 8% Stretching

Fig. 5. Differentiation patterns of cell islands. (A–C) Non-stretched cell islands of

various shapes. The myofibroblast differentiation was assessed by immunofluor-

escence microscopy for a-SMA expression. (D–F) Triangular cell islands under no

stretching, 2%, and 8% stretching, respectively. Arrows indicate the stretching

directions. (Scale bars, 100mm).

Mechanical Stress Magnitude (MSM)

C
el

l A
gg

re
ga

te
 R

es
po

ns
e

Tl Tu

“Window Stress Threshold”

I

III

II

I

III

II

Increasing
stress magnitude

Fig. 6. Schematic illustration of the concept of mechanical stress magnitude
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patterns (zone II). (B) An example of cell aggregate response. Zones I and II

correspond to the inner region and perimeter of the triangular cell island,

respectively, while zone III spans across the entire island when mechanical

stresses are elevated above Tu such as by application of 8% mechanical stretching.
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Furthermore, we have for the first time shown that the specific
internal mechanical stress patterns (Fig. 1D–F) match well with
cell differentiation patterns (Fig. 5A–C).

Based on the results above, it appears that mechanical stress
gradient, or stress pattern formed by contraction of cell island,
determines cell proliferation pattern, as suggested by Nelson et al.
(2005). To examine the validity of this conclusion, we altered the
mechanical stresses of cell islands by applying small or large
uniaxial static stretching (2% or 8%). We found that the region of
mechanical stress higher than the maximum stress in non-
stretched cell island was widened upon a 2% mechanical
stretching, although the overall stress pattern did not apparently
change. Correspondingly, the region of cell proliferation and
differentiation was broadened, but the cell proliferation and
differentiation patterns remained largely unchanged. However,
upon 8% stretching, the mechanical stresses at all locations of a
triangular cell island exceeded the maximum stress in non-
stretched cell island. As a result of altered mechanical stress by
stretching, both proliferating and differentiated cells were now
uniformly distributed throughout the entire island instead of only
around the perimeter under non-stretching conditions. Note that,
however, mechanical stretching did not eliminate the mechanical
stress gradient within the cell island under both 2% and 8%
stretching conditions; rather, significantly higher stresses were
present along the perimeter of cell island across the stretching
direction compared to other regions (Fig. 4B–C). Thus, these
results support that it is the mechanical stress magnitude, not the
mechanical stress gradient that dictates spatial patterning of cell
proliferation and differentiation.

Note that although there were also mechanical stresses in the
inner regions of cell islands without stretching, cell proliferation
and differentiation events largely occurred at the perimeter
regions (Figs. 3 and 5A–C) where larger mechanical stresses were
located (Fig. 1D–F). This observation suggests that there exists a
lower mechanical-stress-magnitude (MSM) threshold (Tl) below
which aggregated cells were not activated by mechanical stresses
to undergo proliferation or differentiation (Fig. 6A, zone I); as a
result, cell proliferation and differentiation patterns were not
likely formed. On the other hand, that large but non-uniform
mechanical stresses due to an 8% stretching induced nearly
uniform distribution of cell proliferation and differentiation
indicates the presence of an upper MSM threshold (Tu), above
which further enhancement of cell proliferation and
differentiation did not likely happen (Fig. 6A&B, zone III);
consequently, no appreciable changes occurred in cell
proliferation and differentiation patterns with increased
mechanical stresses. Therefore, the lower and upper thresholds
constitute a ‘‘window stress threshold’’ for a cell aggregate to
respond to mechanical stresses in terms of the formation of cell
proliferation and differentiation patterns (Fig. 6A, zone II). The
extent of cell proliferation and differentiation within the window
stress threshold can vary, implying that cell proliferation and
differentiation patterns may also vary, depending on the
magnitude of mechanical stresses. The window stress threshold
concept is supported by previous studies using both theoretical
and experimental approaches. For instance, modeling a cell
aggregate revealed that cell growth stops when the peripheral
region falls below a certain stretching threshold (Day, 2007). Cell
orientation response has also been found to be strain threshold-
dependent (Wang et al., 1995; Wang and Grood, 2000). In other
studies, force-induced focal adhesion reinforcement and
translocation were found to depend on force magnitude
(Balaban et al., 2001; Mack et al., 2004; Riveline et al., 2001).
Given the fact that focal adhesions are miniature mechano-
sensors that mediate mechanotransduction (Ingber, 2003;
Riveline et al., 2001), it seems reasonable to expect that cells
respond to mechanical stress in a stress threshold-dependent
fashion. Finally, the concept of upper MSM threshold explains why
uniform cell proliferation and differentiation patterns were
formed in cell islands under 8% mechanical stretching (Figs. 4F
and 5F).

Despite the interesting findings of this study, there are a few
limitations. First, the FEA model, similar to that previously utilized
(Nelson et al., 2005), considers an aggregated cell island as a
continuum, homogenous elastic object. Future research should
develop a more representative model of aggregated cells, such as
incorporation of viscoelastic property of cells, so that more
predictive power can be realized. Second, the molecular mechan-
isms of the downstream signaling pathways responsible for MSM-
regulated cell proliferation and differentiation pattern formation
remain unclear and needs to be investigated. In addition, biaxial
mechanical stretching may be applied in future studies to see
whether changes in cell proliferation and differentiation patterns
differ from application of uniaxial mechanical stretching.
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In summary, we show that MSM is likely the mechanical signal
that is responsible for the spatial patterning of both cell
proliferation and differentiation, and hence it may function as a
morphological cue for local tissue pattern formation in vivo. We
suggest that there are lower and upper MSM thresholds for cell
aggregates in their response to mechanical stresses in terms of
formation of cell proliferation and differentiation patterns. These
findings have important physiological implications, as they imply
that by simply invoking ‘‘new contraction’’ and hence altering
mechanical stress pattern through autocrine or paracrine me-
chanisms (e.g., release of soluble factor TGF-b1), cell aggregates
may form new patterned tissues in vivo. Moreover, imposing
external mechanical stresses (e.g., fluid shear stress) on develop-
ing embryonic tissues may also result in changes in tissue forms.
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