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Abstract
There is a growing appreciation of the profound effects that passive mechanical properties, especially
the stiffness of the local environment, can have on cellular functions. Many experiments are
conducted in a 2D geometry (i.e., cells grown on top of substrates of varying stiffness), which is a
simplification of the 3D environment often experienced by cells in vivo. To determine how matrix
dimensionality might modulate the effect of matrix stiffness on actin and cell stiffness, endothelial
cells were cultured on top of and within substrates of various stiffnesses. Endothelial cells were
cultured within compliant (1.0–1.5 mg/ml, 124±8 to 202±27 Pa) and stiff (3.0 mg/ml, 502±48 Pa)
type-I collagen gels. Cells elongated and formed microvascular-like networks in both sets of gels as
seen in previous studies. Cells in stiffer gels exhibited more pronounced stress fibers and ~1.5-fold
greater staining for actin. As actin is a major determinant of a cell’s mechanical properties, we
hypothesized that cells in stiff gels will themselves be stiffer. To test this hypothesis, cells were
isolated from the gels and their stiffness was assessed using micropipette aspiration. Cells isolated
from relatively compliant gels were 1.9-fold more compliant than cells isolated from relatively stiff
gels (p<0.05). Similarly, cells cultured on top of 1700 Pa polyacrylamide gels were 2.0-fold more
compliant that those cultured on 9000 Pa (p<0.05). These data demonstrate that extracellular substrate
stiffness regulates endothelial stiffness in both three- and two-dimensional environments, though the
range of stiffnesses that cells respond to vary significantly in different environments.
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1. Introduction
In recent years, there has been a growing appreciation of the profound effects that passive
mechanical properties, such as viscosity (Edwards et al., 1996), microstructure (Sieminski et
al., 2002), and especially the stiffness (Discher et al., 2005; Peyton et al., 2007) of the local
environment, can have on cellular functions relevant to development, homeostasis, and disease.
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For example, in fibroblasts substrate stiffness affects the rate (Pelham and Wang, 1997) and
direction (Lo et al., 2000) of cell migration as well as focal adhesion (Pelham and Wang,
1997) and stress fiber formation (Halliday and Tomasek, 1995; Yeung et al., 2005). Neurons
have increased branching densities when cultured on compliant substrates while glia cells,
which are normally co-cultured with these neurons, do not survive on deformable substrates
(Flanagan et al., 2002). Substrate stiffness influences the differentiation of mesenchymal stem
cells with soft, intermediate, and stiff materials being neurogenic, myogenic, and osteogenic,
respectively (Engler et al., 2006). In the latter study, it was shown that sensitivity to substrate
stiffness required nonmuscle myosin II activity, which applies tension to and thereby stiffens
cortical actin structures. Consistent with this idea, in the same study, it was shown that
mesenchymal stem cells, C2C12 myoblasts, and hFOB cells cultured on collagen-laminated
polyacrylamide gels with a substrate stiffness of ~1000, ~10,000, and ~40,000 showed a
progressive increase in cell stiffness (Engler et al., 2006). More recently, it has been shown
that for fibroblasts grown on fibronectin-coated polyacrylamide gels, the cells’ elastic moduli
were equal to, or slightly lower than, those of their substrates for a range of substrate stiffness
up to 20 kPa (Solon et al., 2007).

These studies employed cells cultured on top of protein-laminated polyacrylamide gels, where
the cells interact with a two-dimensional surface. This system affords excellent control of the
substrate stiffness but does not allow for cells to be cultured within a three-dimensional (3D)
matrix, which for many cell types is more representative of their native environment. For these
cell types, culture within three-dimensional extracellular matrix gels allows for a more realistic
environment with the stiffness of the gels controlled by altering the gel concentration,
crosslinker concentration, or the mechanical boundary conditions of the gels (Nehls and
Herrmann, 1996; Roeder et al., 2002; Sieminski et al., 2004). For example, the stiffness of
collagen gels regulates the morphology of embedded fibroblast with compliant gels favoring
elaborate dendritic extensions. The proliferation and migration of mammary epithelial cells
are regulated by the stiffness of the surrounding gels (Paszek et al., 2005). Endothelial cells
within 3D collagen gels form microvascular networks, with the average length of the network
and the average lumen area altered by the stiffness of the gel (Sieminski et al., 2004).
Endothelial cells exhibit similar stiffness-induced alterations in network morphology when
cultured in self-assembling peptide gels (Sieminski et al., 2007).

While there is ample evidence that substrate stiffness can affect cell function, very little is
known about how a given response to changes in 2D substrate stiffness might correlate to
cellular responses to changes in 3D substrate, an issue highlighted in a recent review on cellular
responses to cellular stiffness (Peyton et al., 2007). Here, we investigate the effects of 2D and
3D substrate stiffness on endothelial cell stiffness. In addition, we explore substrate stiffness
effects on actin, as actin is a major determinant of a cell’s mechanical properties, with both the
abundance of actin and its tension likely playing important roles (Pourati et al., 1998).
Endothelial cells are an ideal cell type for these studies as they reside in vivo in both types of
environments: the endothelial monolayers lining conduit vessels that resemble the 2D in vitro
environment and capillaries surrounded by basement membrane that resemble the 3D in vitro
environment.

2. Materials and methods
2.1. Culture of cells on 2D and in 3D substrates

Bovine aortic endothelial cells (BAEC) were cultured on top of fibronectin-laminated PA gels
with a stiffness of 1700 and 9000 Pa. Polyacrylamide gel stiffness was regulated while
maintaining a constant level of fibronectin adsorbed to the surface as previously described
(Yeung et al., 2005). Human umbilical vein endothelial cells (HUVEC) were from Cascade
Biologics and cultured as previously described (Sieminski et al., 2004, 2005). To regulate the
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substrate stiffness in a 3D environment, HUVEC were suspended at 1 × 106 cells/ml in type-
I rat-tail collagen gels at concentrations ranging from 1.0 mg collagen/ml (compliant gels) or
3.0 mg/ ml (stiff gels) as described before (Sieminski et al., 2005).

2.2. Characterization of gel stiffness
Cylindrical cell-free collagen gels were prepared. After polymerizing, gels were transferred to
a RFS II fluids spectrometer (Rheometrics Inc.) and the shear modulus was measured in 3–6
gels at each concentration. From the shear modulus (G′), the elastic modulus (E) was calculated
assuming that the gels are incompressible, a reasonable assumption given their high (>99%)
water content and the short duration of the rheology measurements.

2.3. Measurement of cellular deformability by micropipette aspiration
Cellular stiffness was assessed using micropipette aspiration of substrate-attached cells.
Micropipette aspiration has traditionally been conducted on cells not attached to the substrate
(Hochmuth, 2000). We chose to measure cellular stiffness in substrate-attached cells to avoid
changes in cellular stiffness due to alterations of cytoskeletal structure and tension that likely
occur in non-attached cells. While it would be ideal to measure the stiffness of cells within
three-dimensional gels, this is neither possible using micropipette aspiration, to our knowledge,
nor has it been done using other techniques. Thus, we used micropipette aspiration to determine
the stiffness of adherent cells recently isolated from compliant and stiff gels. Cells were
removed from the collagen gel by adding 1 ml of 0.5 mg/ml collagenase type IV (Gibco), and
incubating at 37 °C for ~15 min with continuous shaking. Cells were centrifuged, re-suspended
in supplemented EBM-2, and plated on glass slides. Microaspiration measurements were
performed on cells 1–3 h after plating; this provided adequate time for the cells to spread on
the substrate but was the minimal time to acquire measurements from five independent cells
from a single condition. We have previously detailed our adaptation of micropipette aspiration
for use on substrate-attached cells (Byfield et al., 2004). Briefly, to facilitate the visualization
of the aspirated membrane segment, cells were stained with DiIC18, a fluorescent membrane
dye. The tip of the pipette was placed next to the cell membrane (Fig. 1A), a specific level of
vacuum (P) was applied, and the length of the aspirated membrane (L) was observed. The
steady-state membrane aspiration was then normalized to the pipette diameter (a), which
ranged from 3 to 5 µm. The normalized aspiration length per mmHg vacuum (L/a)/P provided
a convenient measure inversely related to cell stiffness.

2.4. Measurement of cellular deformability by atomic force microscope (AFM)
microindentation

Individual cell stiffness was measured with a Novascan atomic force microscope (Novascan
Technologies, Ames, IA) mounted on an inverted Nikon microscope (Tokyo, Japan) as
described in the reference (Titushkin and Cho, 2007). A cantilever with borosilicate particle
(10 µm, 0.12 N/m) (Novascan Technologies, Ames, IA) served as the cell indenter. The
indentation was probed over the cytoplasmic area of the cell to avoid the nucleus and the cell
edge. A total of 30–40 cells of each type and experimental condition were used, with 15 force–
distance curves acquired from each cell. The force–distance curves were collected and analyzed
according to the Hertz model, as listed as following:

F relates the loading force; δ is indentation depth; ν is the cellular Poisson’s ratio (assumed to
be 0.5); R is the radius of the spherical indenter (5 mm); E is the local Young’s elastic modulus.
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2.5. Visualization and quantification of actin
Collagen gels containing cells were fixed in 4% paraformaldehyde overnight. Collagen gels
were cut into ~1 mm3 samples and stained with 0.165 µM AlexaFluor 546 Phalloidin
(Invitrogen) for 24h according to manufacturer’s instructions. Samples were placed on glass
slides and gently pressed with a glass coverslip. The cells in stained samples were then
visualized using a Leica TSL SL confocal fluorescent microscope with a 63 × oil-immersion
lenses at 543 nm excitation and 555–700 nm emission. Five representative maximal projection
z-stacks from each sample were analyzed using ImageJ to determine the average brightness of
cells within each image.

2.6. Statistics
Data are presented as average ± SEM. Means were compared using Student’s two-tailed t-test
and paired t-test. p<0.05 is considered significant.

3. Results
Relative to endothelial cells on the less stiff polyacrylamide gels (1700 Pa), cells grown on the
stiffer polyacrylamide gels (9000 Pa) were themselves stiffer (Fig. 1B–D). The (L/a)/P, a
measure of how easy it is to deform a cell, for cells isolated from compliant gels was
approximately twice that of cells isolated from stiff gels; 1.74±0.20 and 0.92±0.21 mmHg−1

(p<0.05), respectively.

The elastic modulus of collagen gels increases as collagen concentration increases (Fig. 2).
Our measured elastic moduli for type-I rat-tail collagen gels are in general agreement with
those reported by others (Paszek et al., 2005;Leung et al., 2007;Sieminski et al, 2007). HUVEC
cultured within collagen gels for 2 days in the presence of the phorbol ester, phorbol myristate
acetate (PMA), and the pro-angiogenic growth factors bFGF and VEGF, each at 50 ng/ml,
undergo morphogenesis and form capillary-like networks (Fig. 3A); in the absence of PMA,
HUVEC do not form capillary-like networks (Sieminski et al., 2005). At 500 ng/ml, (10-fold
concentrations greater than used here), PMA alters actin structure in endothelial cells while
100 ng/ml has no effect on actin structure (Liu and Sundqvist, 1995). Endothelial cells elongate
in collagen gels of various stiffnesses. Qualitatively it appeared that the cells in stiff gels have
more prominent stress fibers than those in compliant gels (Fig. 3B vs. A).

Consistent with qualitative observations, quantitative image analysis of cells fluorescently
stained for actin revealed that the average staining intensity of HUVEC in stiffer 3D gels was
1.5-fold greater than those in relatively compliant gels (Fig. 3E). HUVEC isolated from
compliant and stiff collagen gels and then plated onto tissue-culture-treated plastic (Fig. 3C
and D) retained their difference in actin staining with cells isolated from stiff gels having 1.7-
fold greater average staining intensity than those from compliant gels. The fold increases in
average staining intensities between cells in stiff and compliant gels are similar whether the
measurements are made on cells in or recently isolated from collagen gels (Fig. 3E). Within 1
day following plating onto glass slides, cells isolated from within collagen gels appear to adapt
to their new mechanical environment and difference in the average actin staining due to the
stiffnesses of the collagen gels they were previously cultured in disappear (Fig. 3F). Isolated
cells tended to have lower average staining intensities than cells in the gel (Fig. 3E). It is likely
that at least part of this decrease in average staining intensity is due to the fact that cells cultured
on tissue-culture-treated plastic spread more than those in a gel (Fig. 3C and D vs. Fig. 3A and
B), thus decreasing the average intensity by distributing a given signal over a greater area.

As actin is a major determinant of the mechanical stiffness of endothelial cells (Sato et al.,
1990; Pourati et al., 1998), we reasoned that since endothelial cells in the relatively stiff 3D
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gels had more actin fibers, they would also be stiffer. A linear relationship was observed
between the steady-state aspirated length and the vacuum pressure (Fig. 4A). Relative to cells
isolated from stiff gels, cells isolated from compliant gels had larger aspirated lengths at a given
pressure (Fig. 4B); i.e., cells from compliant gels were easier to deform and are less stiff. The
average stiffness for the cells microaspirated ~1–2 h after plating was compared to those
measured ~2–3 h after plating (a minimum of 1 h was allowed for the cells to adhere in all
cases). The average stiffness corresponding to the two periods did not differ suggesting that
cells were not significantly changing their stiffness in a time period comparable to that required
to measure the stiffness in a sample set. In parallel experiments, the stiffness of HUVEC
isolated from 1.5 mg/ml collagen gels and plated onto glass cover slips was assessed with AFM
(Fig. 5). As observed with actin fluorescence, the average stiffness changed within the first 8
h, but had stabilized within 24 h.

4. Discussion
Endothelial cells alter their cell stiffness in response to the stiffness of the substrate they are
cultured on top of. These observations are consistent with earlier studies of fibroblasts,
mesenchymal stem cells, as well as immortalized osteoblast and myoblast cell lines (Engler et
al., 2006; Solon et al., 2007). In addition, we report for the first time that the stiffness of the
3D matrix that cells are cultured within also alters the stiffness of the cells. Since technical
limitations prevent the measurement of stiffness of the cells within the 3D gels, for these cells
stiffness measurements were made on cells recently isolated from gels with different
stiffnesses. It is reasonable to expect that the cell stiffness measured on cells recently isolated
from gels reflects their stiffness within the gels for several reasons. First, quantification of actin
staining, which was performed on cells still within the 3D gels, yielded differences in actin
staining that were consistent with the trends observed in the stiffness measurements. The notion
that changes in cell stiffness are accompanied by changes in the actin cytoskeleton is supported
by a recent study with fiborblasts cultured on fibronectin-coated polyacrylamide gels of
different stiffnesses (Solon et al., 2007). Second, cells isolated from gels of different stiffnesses
initially had different stiffnesses and these differences remained stable for the several hours
required to make microaspiration measurements. Finally, over a period of 8–16 h, the stiffness
and actin of cells isolated from gels stabilized as they adapted to their new environment. The
time scale of this adaptation is much slower than that required for our measurements of cell
stiffness.

The choice of the stiffnesses for the 2D polyacrylamide gels was guided by the work of Yeung
et al. showing that cells cultured on matrices with a stiffness of 1600 Pa or less lacked stress
fibers or other actin bundles while cells on matrices with E of 3200 or greater stress fibers were
abundant (Yeung et al., 2005). Yueng et al. also showed that endothelial cells attached to, but
failed to spread on top of, gels with a modulus less than ~1000 Pa. Thus we chose a range of
gel stiffnesses that would likely affect endothelial cells while still allowing the cells to exhibit
normal behavior (Yeung et al., 2005) on top of their substrate. Given our data for endothelial
cells on polyacrylamide gels and the published results of others showing cells respond to
changes in stiffnesses on the order of 1000 or 10,000 s of Pa, one might initially suspect that
changes across a similar range of stiffnesses would be required to stimulated changes in
endothelial cells within gels. There are several reasons that we chose lower stiffnesses for the
3D gels. First, we (Sieminski et al., 2004) and others (Kanzawa et al., 1993) have previously
demonstrated that endothelial cells within 3D gels alter their morphology to changes in this
range of substrate stiffnesses. Second, others have shown that endothelial cells in significantly
stiffer 3D gels (~1000 Pa) fail to form microvascular networks and remain essentially spherical
(Sieminski et al., 2007). Thus, as in the 2D studies, in 3D studies, we chose a range of gel
stiffnesses that were likely to affect endothelial cell behavior while still allowing the cells to
exhibit normal behavior.

Byfield et al. Page 5

J Biomech. Author manuscript; available in PMC 2010 June 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



While endothelial cells showed very similar changes in their cellular stiffness in response to
changes in either 2D substrate (cells on a gel) stiffness or 3D substrate (cells in a gel) stiffness
(Fig. 4B), the magnitudes of the 2D substrate stiffnesses eliciting the affects were about an
order of magnitude greater than the 3D substrate stiffnesses. The concept that matrix
dimensionality may modulate matrix stiffness effects is consistent with concepts proposed by
others and published data. Cukierman et al. suggested that matrix dimensionality and matrix
stiffness both act to regulate cell-matrix adhesions (Cukierman et al., 2001). Studies looking
at cellular responses to changes in either 2D substrate stiffness or 3D substrate stiffness also
support the conclusion that the dimensionality of the substrate may modulate stiffness effects.
For example, as we already noted, there are several studies investigating the effects of either
2D or 3D substrate stiffness on different endothelial cell function, yet those looking at cells
within 3D gels saw responses at lower stiffnesses. Similarly, those studying fibroblasts in 3D
collagen gels have seen effects attributed to stiffness at collagen concentrations in the range
of those we used here (e.g., reviewed in (Grinnell, 2003)) while those studying matrix stiffness
effects in fibroblasts on top of ECM-laminated polyacrylamide gels tend to explore higher
stiffness from ~1000 to ~30,000 Pa (Lo et al., 2000;Jiang et al., 2006;Kostic and Sheetz,
2006).

In contrast to the notion that dimensionality is a key variable, other differences between the
cells in collagen gel system and the cells on polyacrylamide gel system may account for the
observed difference in the effectual stiffnesses. For example, ligand density, which will vary
between the two systems we used, and stiffness are known to interact to regulate cellular
responses in other systems (Engler et al., 2004). In addition, the apparent differences in the
effectual stiffnesses we observe may not represent true differences in the endothelial cells’
response to their local environment but result from the difficulty characterizing the stiffness
of a nonlinearly elastic material. Collagen gels, but not polyacrylamide gels, exhibit nonlinear
elasticity with increased stiffness at greater strains (Storm et al., 2005). That is, in strain
stiffening materials, the stiffness of collagen gels at larger strains is much higher than its
stiffness at lower strains and thus it is possible that the stiffness that we report here for collagen,
which is based on the linear elastic region observed at relatively low strains, may under
represent the actual stiffness in the pericellular environment if larger strains are present.
Conversely, the viscoelastic nature of collagen, opposed to the purely elastic nature of
polyacrylamide, would enable collagen to creep over longer times, which could decrease stress
thus lowering collagen’s effective stiffness. Regardless of the reasons for the real or apparent
differences in the effectual stiffnesses in the 2D and 3D systems we employed here, these data
further support the notion that changes in either 2D substrate stiffness or 3D substrate stiffness
both can have significant effects on cells and show for the first time that cells alter their cellular
stiffness in response to changes in the stiffness of their 3D environment. Further, these data
illustrate that the magnitude of the stiffness initiating a response is strongly dependent on
specific features of the environment, potentially including the dimensionality of the matrix,
and suggest that care should be taken when extrapolating effectual stiffnesses obtained in one
environment to another environment.
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Fig. 1.
Microaspiration of adhered cells. The micropipette is gently pressed against the glass slide and
slid into contact with the adhered cell (A). A vacuum is applied; aspirating a portion of the cell
(arrow) into the pipette bore (B, C). The aspirated length is monitored as a function of time
revealing that bovine aortic endothelial cells cultured on stiff substrates are more difficult to
deform relative to those cultured on compliant gels (D).
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Fig. 2.
Increasing collagen concentration increases gel stiffness. Figure shows mean values and the
SEM.
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Fig. 3.
Qualitative (A–D) and quantitative (E, F) assessment of actin for endothelial cells. Cells within
compliant gels (A) exhibit less intense actin staining and less prominent stress fibers as
compared to cells within stiff gels (B). These differences in actin are preserved after the cells
are isolated from compliant (C) or stiff (D) gels and plated on glass slides. Quantitative image
analysis (E) confirm the qualitative observation. (F) The average actin fluorescence for cells
isolated from stiff and compliant gels decreases as a function of time since plating of cells onto
glass slides.
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Fig. 4.
Micropipette aspiration data for endothelial cells isolated from relatively compliant (open
symbols and bars) and relatively stiff (filled symbols and bars) gels. Panel A shows the steady-
state normalized aspirated length (L/a) as a function of applied vacuum. Panel B shows the
normalized aspirated length per mmHg with a vacuum of 5 mmHg for both cells isolated from
gels as well as those cultured on gels.
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Fig. 5.
Elastic moduli of HUVEC following removal from a collagen gel and being plated onto glass.
Histogram of elastic moduli of HUVEC measured by AFM at 3 h (A), 8 h (B), and 24 h (C)
after seeding on glass slides. Average and SEM of elastic moduli as a function of time (D). *
indicates p<0.02; # indicates p = 0.95.
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