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Abstract—The relationship between substrate properties and
cell behavior is complex, including roles for both mechanics
and biochemistry. Here we investigate the role of viscous
dissipation on cell adhesion behaviors, using polymer films of
tunable lateral mobility. We find that fibroblasts selectively use
o, 3 and as 3| integrin receptors to control their spreading area
and polarization on low and high mobility films, respectively.
In addition, the dynamics of cell spreading and polarization
are well described by a semi-empirical sigmoidal relationship.
Analysis of cell dynamic behavior reveals that spreading
dynamics are controlled by the availability of integrins,
whereas the polarization dynamics are controlled by intracel-
lular signaling. The result that cells preferentially use specific
integrin receptors in response to substrate mechanical prop-
erties has broad implications for processes in dynamic envi-
ronments such as wound healing and cancer metastasis.

Keywords—Block copolymers, Self-assembly, Lateral
mobility, Cell behavior, Focal adhesions.

INTRODUCTION

Cell adhesion, spreading, and polarization are directly
related with how cells sense their surroundings.” Among
the many molecules involved,*® integrin receptors play a
central role in the bidirectional signaling between intra-
cellular and extracellular environments.'” The s, and
o, 35 integrins are of particular importance because they
bind to extracellular adhesive proteins (including those
that contain the RGD peptide sequence).'®*° The us I
and o, f; integrins are also known to demonstrate both
distinct and redundant functionalities in cell adhesion.
For example, asf;, and o,f; both respond to the
mechanical properties of the extracellular matrix
(ECM),"'>*? while o5, exhibits higher mobility™ and
initiates stronger adhesive contacts than ozvﬂ3.32

A different perspective to understanding cell adhesion
processes has involved the development of artificial sub-
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strates as model systems to investigate the roles of different
material properties.”’ Examples include substrates with
control over ligand density,”?’ ligand patterning,™’ and
elastic modulus.'* The use of artificial substrates as model
systems is a compromise to the true biophysical and bio-
chemical character of the native ECM. In particular it is
challenging to create artificial substrates that (i) can be
actively remodeled by cell-generated forces, (ii) lack any
predefined spatial patterns, and (iii) allow for dynamic
presentation of ligands. The importance of these aspects of
the ECM has already been recognized,'*° motivating the
choice of self-assembled polymer films as cell substrates.
Here we investigate the role of osf3; and «,f; integrins
on cell spreading and polarization when the substrates are
self-assembled, laterally mobile, polymer films. The films
were fabricated to present a non-fouling background sur-
face® and with sufficient ligand (RGD) density to engage
integrin receptors.”* The film lateral mobilities (i.e., in-
plane diffusion coefficients) D were tuned by trace addition
of a small hydrophobic polymer during the self-assembly,
so as to introduce viscous character into our substrates.
While the role of the elastic component of cell substrates
has been extensively investigated,'****** the viscous
component has generally not been studied, even though it
is a known property of the native ECM.*® We find that
mouse fibroblasts seeded onto our polymer films adhere
and spread due to RGD-integrin binding, and more in-
terestingly we have discovered a previously unknown re-
lationship between integrin engagement and substrate
mobility. Our results indicate that cells can sense the vis-
cous character of cell substrates, and therefore underscore
the opportunity for increasingly sophisticated materials to
extend our understanding of cell adhesion processes.

MATERIALS AND METHODS

Materials

Poly(butylene)-b-poly(ethylene oxide) (PB-PEO) of
My, =10.2 kg/mol (PDI 1.14) and wgo =0.39
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resulted by hydrogenation of the commercially available
1,2-polybutadiene-b-poly(ethylene  oxide) [My, = 10
kg/mol, PDI =1.15 and wgo = 0.40, Polymer Source,
Inc. (Canada)]. Poly(isobutylene) (PIB) of M, =0.9
kg/mol and PDI = 1.3 was also purchased from Polymer
Source, Inc. (Canada). The PB-PEO copolymer terminal
groups were subsequently modified to display the cell-
adhesive tetrapeptide RGDS as described in,>* and the
resulting copolymer is hereafter referred to as PB-PEO-
RGDS. Bovine serum albumin (BSA) was purchased
from Sigma and used as received. Glass coverslips were
purchased from Fisher. Trypsin-EDTA solution, Dul-
becco’s modified Eagle’s medium (DMEM), penicillin—
streptomycin solution, and calf bovine serum were sup-
plied from ATCC. Mouse monoclonal antibodies to f;
(2C9.G3) and asf; (BMAS) were purchased from eBio-
science and Millipore, respectively.

Fabrication of Supported Block Copolymer Films

Glass coverslips were rinsed with ethanol and reverse-
osmosis water, subjected to oxygen plasma treatment,
and submerged in the reverse-osmosis water subphase of
a Langmuir trough. Chloroform solutions of polymers
were applied dropwise at the air/water interface and left
quiescent for 15 min before compression. The initial
surface pressure after the addition of polymer solution
and before compression was between 20 and 22 mN/m.
The interfacial films were compressed at a rate of 10 mm/
min up to a surface pressure of 39 mN/m.

For the fabrication of supported monolayers, we used
chloroform solutions of PB-PEO or its mixture with PIB
homopolymer. Interfacial films were transferred from the
air/water interface to the glass coverslips at a constant
deposition pressure and rate (39 mN/m, 1-2 mm/min)
using Langmuir-Blodgett (LB) deposition. Within an
hour post-fabrication, the supported monolayers were
used to create a supported bilayer by the Langmuir—
Schaefer (LS) technique. LS deposition was allowed a
contact time of one minute between the supported
monolayer and the interfacial film of PB-PEO.

For the cell adhesion studies, chloroform solutions
of PB-PEO and PB-PEO-RGDS were premixed in a
stoichiometric ratio that resulted in the desired RGD
spacing of 50 nm. The calculation of the RGD spacing
assumes ideal mixing between the polymer chains and
employs the deposition surface density. The interfacial
film containing PB-PEO-RGDS was introduced as the
topmost layer through LS deposition onto neat and
PIB-doped PB-PEO monolayers.

Cell Studies

Synchronized and enzymatically recovered fibrob-
lasts were centrifuged (125 g, 10 min, 2x) and then

resuspended in complete DMEM. The reverse-osmosis
water phase above freshly prepared polymer films was
exchanged with PBS solution (3x, 5 mL). PBS was
exchanged with BSA solution (1 mg/mL, pH 7.4) (3x%,
5 mL) and left quiescent for film passivation
(T = 20 °C, t = 30 min). Afterwards, the BSA solu-
tion was exchanged with complete DMEM (3%, 3 mL).
The cell suspension was added above the bilayer films
to an initial surface concentration of 1.5 x 10* cells/
cm? and placed for incubation at 7= 37 °C and 5%
CO,. Image acquisition for all the different incubation
conditions was performed at regular intervals using an
Olympus IX70 inverted microscope.

To examine the role of integrins on spreading dy-
namics we used the specific monoclonal inhibitory
antibodies (2C9.G3*° and BMAS5'® for the extracellular
domains of «,f; and asf;, respectively). Cell suspen-
sion of 1.5 x 10* cells/ml was mixed with 20 uL (0.5
mg/mL) of a,f; specific antibody (or 5 uL of asp,
antibody solution, 5 mg/mL) for 30 minutes and then it
was added over DMEM-covered bilayer films to a final
volume of 1 mL. Equal amounts of «,f; (20 uL, 0.5
mg/mL) inhibitory antibodies (or 5 pL of asf5; anti-
body solution, 5 mg/mL) were added to the seeding
medium after image acquisition.

The pharmacological experiments with ROCK in-
hibitor (Y-27632) were performed on cells adherent on
low and high mobility films for 24 h. Y-27632 was
dissolved in PBS (pH 7.4) and added at a final con-
centration of 50 uM. Cells remained incubated with
Y-27632 for 30 min before acquisition of bright field
images.

Immunofluorescence Staining

After a seeding period of 24 h, cells underwent
fixation by transferring the coverslips to wells con-
taining 4% formaldehyde (Carson-Millonig Formula-
tion; Fisher Scientific) in PBS containing Ca’" and
kept at ambient temperature for 15-20 min. Following
three rinses with PBS, free aldehydes were quenched
with 0.3 M glycine in PBS (3x, 15 min) and
cells permeabilized with 0.1% Triton X-100 for 5 min.
To block non-specific interaction, 2% BSA in PBS was
added and incubated for 60 min at ambient tem-
perature. Cells were rinsed with 0.1 M EDTA in PBS
(3x, 5 min) to remove trace metals. Anti-vinculin-
FITC (1:50 dilution, Sigma Aldrich) was added and
left in the dark for 60 min at room temperature. After
rinsing with 0.1% Triton X-100 in PBS (3%, 2 min)
and 0.1 M EDTA in PBS (3%, 5 min), actin-phalloidin-
orange (1 unit; Molecular Probes) (2% BSA) in PBS
was added for 30 min. The coverslips were mounted on
microscope slides with ProLong antifade reagent
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(Molecular Probes) and left to cure overnight in the
dark prior to image acquisition.

Statistics

Unless otherwise noted, data are reported as mean
values and error bars as the standard error of the
mean. For pair-wise comparisons we used the Stu-
dent’s ¢ test.

RESULTS AND DISCUSSION

Mouse fibroblasts seeded onto our polymer films do
not simply wet their substrates in a non-specific man-
ner, they engage available RGD ligands and demon-
strate anisotropic cell spreading (Supplementary
Figures S1 and S2). We have previously shown that in
the absence of RGD ligands, cells do not appreciably
spread on these substrates.”* In the process of adhesion
and spreading, we find that cells preferentially use
distinct integrins depending on the mobility of the
underlying substrate. On low mobility films
(Dp_peo ~ 1 x 1071° em?/s**), blocking o, 8; results in
significantly lower cell area 4 as compared to the un-
treated control (Fig. 1a). Conversely, on high mobility
films (Dpp_ppo ~ 4 x 10710 cm?/s**), blocking «sf,
results in significantly lower cell area as compared to
the untreated control (Fig. 1b). The preference for
certain integrins is clear because blocking asf; on low
mobility films, or blocking «,f; on high mobility films,
does not substantially inhibit cell spreading. From
these endpoint results we define “‘critical”” integrins to
be a,f; on low mobility films and osf; on high mo-
bility films.

In previous work we showed that on low mobility
films, spreading is particularly favored by a response
mediated by focal adhesions (FAs),** and here we find
that o,f; is primarily responsible for spreading. The
connection between these results is seen by the for-
mation of FAs with relatively large size on low mo-
bility films (Fig. 2, black). This finding is consistent
with the observed accumulation of ,f; in FAs*'*** and
their contributions to the formation of large FAs.** On
high mobility films, spreading is particularly favored
by a response associated with integrin ligation and
clustering,”* and here we find that osf, is primarily
responsible for spreading. In addition, cell adhesion on
high mobility films results in the formation of FAs
with smaller size (Fig. 2, gray). This finding is also
consistent with the observed participation of osf}; in
the formation of small FAs.>* Furthermore, Rossier
et al.® studied integrin diffusion both inside and out-
side FAs, finding that o5/, is always more mobile than
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oyf5. Therefore our data suggest that cells transduce
substrate mobility into cell spreading by selectively
engaging either asfs; or a,f; integrin receptors.

Cells display the same preferential use of critical
integrins to polarize their shape on films of varying
mobility. To quantify cell polarization, we use the di-
mensionless ratio of circularity C = P?/4nA where P is
the cell perimeter. Note that C =1 corresponds to a
circle (i.e., a rounded cell) and C = 0 corresponds to a
line (i.e., a highly elongated cell). On low mobility
films, blocking «,f; causes a large increase in circu-
larity as compared to controls (Fig. 3a), whereas on
high mobility films, blocking osf, causes the largest
increase in circularity (Fig. 3b). Several groups have
reported cell polarization to be proportional to the
overall force generated at the cell-substrate inter-
face.”'*! As mentioned already, low and high mobility
films favor the o,f;- and osf;-mediated formation of
large and small FAs, respectively. Because FAs are
transmitters of force onto the extracellular substrate,
cellular force transmission onto the films is therefore
supported primarily by either asf, or «,f;. Thus our
data suggest that cells transduce substrate mobility
into force transmission through integrin-specific con-
trol of contractile forces.

From the data in Figs. 1 and 3, it appears that there
is a minimal role for the “non-critical” integrins (i.e.,
asf; on low mobility films and «,f; on high mobility
films). To obtain insight into the contributions of these
non-critical integrins, spreading and polarization dy-
namics were analyzed. Data over 24 hours were nor-
malized and fit by sigmoidal expressions (Egs. 1 and
2)>1637 to extract global spreading and polarization
rates (ks and k¢, respectively). Based on this analysis,
spreading and polarization dynamics are dominated by
an intermediate regime defined by <7<t (obtained
by first-order expansion about the respective ¢* in Eqs.
1 and 2, see Supplemental Material for details). Indeed,
the intermediate regime of spreading area is nearly
linear against time, consistent with the scaling analysis
of Cuvelier et al.'
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Our analysis reveals roles for non-critical integrins
in the dynamics of cell spreading and polarization.
When the non-critical integrin is blocked, the spread-
ing rate ks decreases (Fig. 4a), with the difference
more prominent on low mobility films (Table 1). To
understand this result, we recall that in the absence of
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FIGURE 1. Cell area A on (a) low and (b) high mobility films with various blocking treatments, after 24 h. The number of cells
analyzed for each condition varied from n = 20-40. Statistical comparison by Student’s t test (* p < 0.05; ** p < 0.01; *** p < 0.001;

and NS: not significant).
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FIGURE 2. Distribution of FA size at 24 h for fibroblasts on
low (black) and high (gray) mobility films, respectively. The
statistical significance is shown by the inset box-and-whisker
plot (** p < 0.01). The sample size of FAs in both films is n> 60.
Due to the limitation of optical resolution we apply a lower
size cut-off of 0.5 um?,

blocking antibodies cells can use both «,f; and asf3,
receptors to bind adhesive ligands, whereas when ei-
ther asf5; or o,f; are blocked, cells require additional
time to circulate the lower number of available inte-
grins, thus slowing cell spreading dynamics.

The effects of non-critical integrins on cell polar-
ization dynamics are different than from cell spreading.
Blocking a5, on low mobility films causes an increase
in the polarization rate k¢ (Fig. 4b). This result is
unexpected, and points to a competition between cri-
tical and non-critical integrins to determine polariza-

tion dynamics on low mobility films, which we discuss
below. On the other hand, blocking «,f; on high mo-
bility films does not alter the k¢ significantly (Table 1),
suggesting that on high mobility films osf; is primarily
responsible for polarization dynamics. We emphasize
that these conclusions would not be anticipated from
the endpoint data of Fig. 3.

The spreading lag time 75 constitutes the period of
minimal spreading at the beginning of cell-substrate
contact, during which integrins bind and cluster ad-
hesive ligands.'"!” On both low and high mobility
films, controls exhibit shorter spreading lag times (i.e.,
lower ta values) compared to either blocking treat-
ment (Table 2), and these results can also be ra-
tionalized by the availability of multiple integrins in
the control condition.

Polarization lag times t¢ are always reduced when
the non-critical integrins are blocked, indicating an
earlier onset of cell polarization (Table 2). This result is
in contrast to the result for spreading lag times and
points to the mechanistic differences between changing
cell area (spreading) and changing cell shape (polar-
ization). Indeed, the changes in 7¢ suggest an interplay
between asf; and «,f; in controlling polarization dy-
namics. We were therefore motivated to examine the
role of intracellular cues affecting cell polarization.'? It
is already known that the synergy between osf; and
o,f; increases RhoA/ROCK activity,** which in turn
initiates signals that reduce cell polarization (i.e., in-
crease circularity).® To test the possible role of ROCK
on cell polarization in our system, we measured cir-
cularity C after administration with an inhibitor (Y-
27632) of ROCK activity."***** Our results on both
low and high mobility films (Fig. 5) show that inhibi-
tion of ROCK activity decreases cell circularity,
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FIGURE 3. Cell circularity C on (a) low and (b) high mobility films with various blocking treatments, after 24 h. The number of cells
analyzed for each condition varied from n = 20-40. Statistical comparison by Student’s t test (* p < 0.05; ** p < 0.01; *** p < 0.001;
and NS: not significant).
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FIGURE 4. Normalized (a) cell area N(A) and (b) cell circularity N(C) over time on low mobility films. Diamond symbols corre-
spond to a5, blocking and circles correspond to the control condition (i.e., no blocking). The sigmoidal fits (Egs. 1 and 2) are
represented by lines. The number of cells analyzed for each blocking condition varied from n = 10—40.

TABLE 1. Spreading ks and polarization k¢ rates (1/h).

Low mobility films

Control —05 04 —ayfiz
Spreading rate ka 0.36 0.23 n/a
Polarization rate k¢ 0.25 0.34 n/a

High mobility films

Control —05 04 —ayfi3
Spreading rate ka 0.42 n/a 0.39
Polarization rate k¢ 0.25 n/a 0.24

All quantities are obtained from best-fits of Egs. (1) and (2). Cases not applicable are denoted by n/a.
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TABLE 2. Lag times for spreading s and polarization ¢ (h).

Low mobility films

Control —as5 4 —ayfa
Spreading lag time 4 5.3 5.6 n/a
Polarization lag time ¢ 4.2 2.5 n/a
High mobility films
Control —o5 4 —ayfi3
Spreading lag time 74 7.7 n/a 8.9
Polarization lag time ¢ 4.7 n/a 3.7

All quantities are obtained from best-fits of Egs. (1) and (2). Cases not applicable are denoted by n/a.
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FIGURE 5. Cell circularity Con (a) low and (b) high mobility films after treatment with a pharmacological inhibitor of ROCK activity

at 24 h.

corresponding to an increase of cell polarization.
Therefore the interplay between aosf5; and o,f; to
promote RhoA/ROCK activity appears to explain the
smaller polarization rates k¢ and larger lag times 7¢ for
the control conditions (Tables 1 and 2).

Taken together, our results indicate that cells can
sense the viscous character of cell substrates, and uti-
lize distinct integrin receptors to promote cell adhe-
sion, spreading, and polarization. Due to the sub-
micron thickness of our films,***® the elastic compo-
nent of our substrates is only well defined in the di-
rection normal to the substrate. Previous works® have
shown that cells will “feel” the underlying glass cov-
erslip in this sub-micron regime. Thus cells on our films
are probing an elastic response in the normal direction
and a viscous response in the lateral direction. The
biological relevance of the substrate viscous properties
should be viewed in a similar light to the relevance of
densely crosslinked polyacrylamide gels, the ‘stan-
dard” for many studies'****** exploring the rela-
tionship between substrate elastic properties and cell
behavior. In other words, the polymer films used here

are models to represent a part of the spectrum of me-
chanical properties (ranging from purely fluid to purely
elastic), that will ultimately will inform future studies
attempting to more closely mimic physiological, or
even pathological states,® of the heterogeneous ECM.

CONCLUSIONS

By using self-assembly we created laterally mobile
polymer films to recapitulate both the display of cell-
adhesive ligands and the viscous character of the native
ECM. Investigating the role of integrin receptors on
cell spreading and polarization reveals the relationship
between cell mechano-biology and the mobility of the
extracellular substrate. Specifically, asf, and «,f; in-
duce substrate mobility-dependent effects on cell
spreading area and polarization. The extents of cell
spreading and polarization are mainly affected by the
mobility of integrins, presumably relative to the mo-
bility of the substrate. While cell spreading dynamics
are determined by the availability of integrins, cell

% BIOMEDICAL ENGINEERING SOCIETY™

www.bmes.org



494 A. P. KouroukLis AND H. BERMUDEZ

polarization dynamics are determined by integrin-me-
diated intracellular signaling, thus highlighting specific
molecular pathways to investigate in future studies.
This work emphasizes the need for increasingly so-
phisticated materials in order to more clearly reveal the
physics of receptor-mediated cell adhesion.

ELECTRONIC SUPPLEMENTARY MATERIAL

The online version of this article (doi:
10.1007/s12195-015-0394-7) contains supplementary
material, which is available to authorized users.
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