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Abstract

Background: One area of nanoscience deals with nanoscopic interactions between nanostructured
materials and biological systems. To elucidate the effects of the substrate surface morphology and
viscoelasticity on cell proliferation, fractal analysis was performed on endothelial cells cultured on
nanocomposite samples based on silicone rubber (SR) and various concentrations of organomodified
nanoclay (OC).

Methods: The nanoclay/SR ratio was tailored to enhance cell behavior via changes in sample substrate
surface roughness and viscoelasticity.

Results: Surface roughness of the cured SR filled with negatively-charged nanosilicate layers had a
greater effect than elasticity on cell growth. The surface roughness of SR nanocomposite samples
increased with increasing the OC content, leading to enhanced cell growth and extracellular matrix
(ECM) remodeling. This was consistent with the decrease in SR segmental motions and damping
factor as the primary viscoelastic parameters by the nanosilicate layers with increasing clay
concentrations.

Conclusions: The inclusion of clay nanolayers affected the growth and behavior of endothelial cells on

microtextured SR.
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Introduction

In tissue engineering, a growing body of research deals
with the improvement of substrates to enhance cell
functionality for in vivo applications. The cell-substrate
interaction necessitates enhanced material properties to
influence cell characteristics including proliferation,
morphology, cytoskeletal structure, and differentiation.
Physico-mechanical properties of substrates have been
shown to influence cell behavior (1, 2). Such properties
have been manipulated and modified by changing
chemical crosslinking factors (3, 4) or surface topography
(5). Chun-Min Lo et al. cultured 3T3 fibroblast cells on
flexible polyacrylamide sheets and studied the effects of
surface rigidity changes on cell migration and spreading
(6). Substrate flexibility was altered by bis-acrylamide as
a crosslinking agent (6). Guo et al. similarly created a
polyacrylamide network by adding bis-acrylamide to
achieve substrates with

different elastic moduli to demonstrate that tissue
regeneration is markedly influenced by matrix surface
rigidlity (7). Subsequently, substrates made of polystyrene
with local micropillars were prepared to investigate cell
migration and morphology in response to changes in
surface topography (8). Correspondingly, the influence of
matrix mechanical properties on glioma cells and neural
stem cells were examined (9, 10).

The physicochemical nature of the extracellular
matrix (ECM) (10) and selective junctions of trans-
membrane proteins such as integrins (11) enables cells to
sense and react to stimuli in their environment and initiate
alimited repertoire of cellular signals.

The sensitivity of cells arises from the
mechanosensitive nature of cell adhesion (12). Cell-
matrix adhesion includes dense protein networks (13)
in which chemical signaling plays key roles (14).
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Cytoskeletal arrangement and orientation are highly
dependent upon mechanical and structural properties of
the matrix such as elastic modulus, Poisson’s ratio, and
roughness (15, 16). For example, a substrate displays
different behaviors in response to cell aggregation
according to its physical and mechanical properties (17).
Inother words, if a substrate is stiff and non-elastic, focal
adhesions serve as structural links between the ECM
and the actin cytoskeleton (7). Focal adhesion isa stable
contact that mediates cell adhesion to the substrate (18).
In contrast, soft and elastic substrates provide transient
cell-matrix anchoring (19).

When interacting with the substrate, cellular
responses. including relaxation time and adaptation by
alterations in fibrous structures, are defined by local
matrix deformability (20, 21). The adjustment of the cell
cytoskeleton to the substrate’s mechanical properties
depends on polymerization and depolymerization of
actin fibers (22), which act via focal adhesion proteins at
the cell-substrate interface (20). In the current study, a
silicone rubber (SR) -based substrate was modified by the
inclusion of different mass ratios of organomodified-
nanoclay (OC) particles. The resultant surface properties
were evaluated and the effects of alterations in surface
viscoelastic properties on cell behavior are described.

Materials and Methods

Preparation of nanocomposites

Medical grade HTV silicone rubber manufactured by
Dow Coming (USA) was used as the base material.
Nanocomposites were prepared using Organoclay grade
Closite 15A (Southem Clay Products, USA).
Nanocomposite samples were prepared via a melt-
mixing process using a Brabender Plasti-Corder PL2000
Brabender (USA) in 60 cc with a mixing rate of 60 rpm
at 60 °C for 20 minutes. Dicumyl peroxide (95%) as
crosslinking agentwas added to the compound during the
mixing on a laboratory-sized two-roll mixer (Farrel
Bridge LTD, UK) at 60 °C (4). The prepared compounds
were vulcanized at 160 °C by compression molding for
9 min as the optimum cure time.

Evaluation of mechanical properties

The mechanical properties, including elastic modulus at
tension and elongation at break, were determined using
atensile testing device (Cardano al Campo (VA), Italy).
Samples were prepared and tested according to the
standard ASTM D412 protocol (23).

Dynamic mechanical analysis

The solid viscoelastic behavior of the cross-linked
samples was evaluated by measuring the storage
modulus (E) and the dynamic mechanical loss factor
(tan 6 = E"/E)) using a dynamic thermal mechanical
analyzer (DMTA; model 2980V 1.7B, Germany). The
samples were analyzed in the tension mode at a constant
frequency of 1 Hz, and a heating rate of 5 °C/min over
a temperature range of -160 to 50 °C. A decrease in the
storage modulus versus time curve indicated relaxation.
The temperature corresponding to the peak in tan 6
versus temperature was defined as the glass—ubber
transition temperature (Tg) (24).

Atomic force microscopy (AFM)

The effects of organomodified silicate clay layers onthe
morphology and topology of the cured SR and
corresponding nanocomposites were assessed by
atomic force microscopy (MultiMode AFMTM from
Digital Instruments, Santa Barbara, CA, USA) on the
sample surfaces. For each sample, three topographic
images were recorded and the related surface profiles
were analyzed using nanoscope image processing
software (Q-Scope). Phase images were captured on
5x5 um areas from with average heights less than 0.5
um with a 2 Hz scan rate and 400 samples per line
resolution (25, 26).

Cell culture

Human umbilical vein endothelial cells (HUVECS)
were cultured in DMEM + Ham’s F12 (Gibco, USA)
containing 10% fetal bovine serum (FBS) (Seromed,
Germany) and incubated in 5% COz at 37 °C. Silicone
nanocomposite substrates were coated by collagen type
I (Sigma, USA) at 0.5 mg/mL for proper cell
attachment. The confluent cells were transferred to the
coated substrates and incubated overnight, after which
cell images were captured and processed.

Cell counting and morphology
The images were captured via an inverted microscope
(Zeiss, Germany) after 24 hours and analyzed using the
MATLAB-based image analysis code
(TheMathWorks, Inc., USA) to approximate topological
and fractal dimension (FD) parameters (27).
Toevaluate cell growth, the area covered by the cells
in each image was determined and the ratio of cell-to-
total area was determined by producing binary
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images and segregating the cells from the background.
The cell density was determined by calculating the
number of adherent cells and comparing that to the
number of cells in the initial culture. To quantify
alterations in cell morphologies, the average shape
index (SI), an objective metric of elongation, and
average orientation angle (o) were determined. The e
parameter was defined by the angle between the
longitudinal axis of the cell and the shortest line to the
nearest cell (15, 28).

Zymogram analysis for promatrix metalloproteinase-
2 (PMMP-2) secreted by HUVECs

A 72 kDa gelatinase activity from tissue culture
supernatants was assayed using polyacrylamide-gelatin
zymography. Briefly, 10 ul from each sample were
mixed with an equal volume of non-reducing sample
buffer and electrophoresed on 10% polyacrylamide gels
containing 0.1% gelatin. Samples were electrophoresed
atl0mAforl5hat4°C.

To regain PMMP-2 activity by eliminating sodium
dodecyl sulfate (SDS) remnants, gels were washed in
2.5% Triton-X-100 three times for 30 min at room
temperature. Washed gels were bathed in proteolysis
(activation) buffer (10 mM CaClz, 0.1 mM Tris-HCl,

pH 7.4) and incubated overnight at 37 °C. Gels were
then rinsed in 2.5% Triton-X-100 and stained at room
temperature with 0.05% Coomassie Brilliant Blue-250
(30% methanol, 60% H-0, 10% acetic acid) for 1 hon
a rotator. Gels were then de-stained in 20%
methanol/10% acetic acid until color-free bands,
indicating proteolytic activity, were distinguishable
from the Coomassie blue-stained background (29).

Statistics

The datawere analyzed by the t-test. Data was presented
as mean values = S.D. and p < 0.05 was considered
statistically significant.

Results

Mechanical properties

Table 1 summarizes the mechanical properties and
roughness factor values for the cross-linked neat SR
and corresponding nanocomposites. Results indicated
increasing matrix stiffness as the concentration of the
nanoparticles was increased (p < 0.05). An increase of
18% was observed in the tensile modulus when the
mass ratio of the nanoparticles was increased from 0 to
3%.

Table 1. Mechanical properties and roughness factor for cured neat SR and corresponding nanocomposites

Sample (N/rimz) Elongation at break I(ZI%)S (ﬁr?])

SR 147+0.08 356.19+26.72 14.69+046 11444018
SR-OC (1%0) 1494019 35355+3353 21.43+0.33 16681054
SR-OC (2%0) 157+0.09 34059+25.02 22.02+042 16.90+0.68
SR-OC (3%0) 1.73+0.06 289.04+14.30 43.16+1.82 2056+8.04

Viscoelastic behavior of SR-OC bionanocomposites
The effect of the incorporation of organically-modified
Closite 15A particles on the viscoelastic behavior of the
cured SR compounds was assessed by DMTA. The
storage modulus as a function of temperature, as well as
values of the measured thermophysical parameters (Tg
and melting temperature) and loss factor (tan J), are
shown in Figure 1 and Table 2, respectively.

The value of the storage modulus for samples
decreased as the temperature increased due to the
increase in the mobility of molecular chains (Fig. 1). The
sharp decrease in the storage modulus is observed near
the glass transition temperature.

Thessilicone elastomer exhibited two peaks inthe tan
0 plot over the temperature range studied. The low
temperature peak is at a glass transition temperature
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and not dramatic. The higher temperature peak
corresponds to a crystalline melting point. The melting
point of the pure and reinforced silicone was only
slightly affected by increasing the OC filler content in
the SR matrix (Table 2). However, increasing the OC
filler content increased the Ty relative to that of SR alone.
The Ty values of the neat SR, and 1, 2, and 3 wt% of
nanoclay were -113.0, -99.3, -905, and -81.1 °C,
respectively. The Tg’s of the nanocomposites were
higher than that of the neat polymer. The addition of
clay platelets caused an increase in the Tq consistent with
the hindered action of nanoclay particles (30). The
maximum tan o height for neat and nanocomposites
was reduced as the nanofiller concentration increased.
The maximum tan 6 values for neat polymer, and 1, 2,
and 3% nanoclay-loaded nanocomposites were 1.95,
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1.65, 1.70, and 1.48, respectively. The decrease in the
magnitude of the peak loss factor is related to the
immobilization of the rubber chains in the presence of
nanofiller particles, indicating that the elastic nature of
the nanocomposites was increased by the incorporation
of nanoclay into the matrix (31).

Table 2. DMTA data of cured neat SR its nanocomposites with OC

Sample Tg(°C) Twm(°C)  Tan dmax
SR -113.0 -514 1.95
SR-0OC (1%) -99.3 -52.3 1.65
SR-OC (2%) -90.5 -53.8 1.70
SR-OC (3%) -81.1 -43.4 1.48

AFM analysis of SR-OC bionanocomposites

Atomic force microscopy images of the samples based
on neat SR and its corresponding nanocomposite
containing 3 wt% OC are presented in Figures 2. In the
case of neat SR, Figures 2a and b, which are 2-
dimensional (2-D) and 3-dimensional (3-D) AFM
images, show nearly uniform matrixes with small light
regions that may arise from the soft segments, whereas
the dark background with more high regions inthe 2-D
height micrograph of 3% SR-OC indicates the stiffer-
layered silicate and that the particles are dispersed in the
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polymer matrix. This figure also shows evidence of OC
particle aggregation in the polymer matrix (Fig. 2c).

The smoothness data of SR and its prepared
nanocomposites are presented in Table 1. When the
clay was incorporated, the RMS roughness and mean
roughness values increased to 2143+0.33 and
16.68+0.54 nm, respectively.

Effect of nanoclay on endothelial morphology

Figure 3 presents the change in SI, e, and fractal
dimension (FD) values for different OC loadings.
Topological and fractal analyses showed rearrangement
of the HUVECs caused by the OC nanolayers,
exhibiting increased alignment with increased OC from
1 to 3wi%. By increasing the OC ratio, the orientation
angle increased gradually; however, the moderate
growth observed in the SI curve was not statistically
significant (p > 0.05). The most meaningful effect of
clay incorporation was on fractals dimension (p<0.05).
The highest morphological change occurred in 2%
nanoclay, in which increases of 8.57% in orientation
angle and 40.60% in cells SI were observed.

-150 -130 -110 -90

-50 -30 -10 0 10 30

Temperature, °C

Fig. 1. Temperature dependence of the dynamic storage modulus for cured SR and SR/OC nanocomposites.
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Fig. 2.2D and 3D AFM micrographs for SR (aand b) and SR-OC (3%) substrates (c and d).
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Fig. 3. Effects of OC incorporation on (a) FD, (b) e, (c) SI, and (d) the relative cell density after 24 hours
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Figure 3d represents the relative cell density for the
different groups. The results indicated an increase in cell
density with an increase of the mass ratio of
nanofillers(p<0.05).

Detection of a matrix-degrading enzyme in HUVECs
The PMMP-2 was identified by gel zymography. This
technique involves electrophoretic  separation  of
proteins within polyacrylamide-gelatin sheets followed
by enzymatic digestion of the gelatin within the sheets.
Staining and de-staining of the sheets displays the
activity of individual enzymes as color-free bands (Fig.
4).

The zymogram in Figure 4 reveals that the addition
of OC filler increased HUVEC secretion of PMMP-2
into the culture medium following a 24-hour monolayer
cell culture. The introduction of the nanoclay induced a
significant increase in the intensity of the color-free
band.

Fig. 4. Zymogramof protein lysates of HUVECs grownin 3,2, 1,
and 0% nanoclay on polyacrylamide-gelatin gels.

Discussion
One hypothesis proposes that the viscoelastic properties
of cell substrates governs the cells’ behavior (32). To
understand the substrate-dependent cellular behavior of
HUVECs, we prepared collagen-coated substrates
based on SR, and corresponding nanocomposites with
varying stiffness and roughness by adding small
amounts of OC. The Young’s modulus of composites
ranged over 1 MPa. The molecular dynamic modulus
of composites was lower than that of neat SR within the
studied temperature range. This may be due to the
slippage of the SR segments attached to the surface of
the OC silicate layers as a result of low surface tension
SR surface tension. Moreover, as shown in Figure 1, the
inclusion of nanolayers onto the structure of SR led to
the increase of the onset temperature for the decrease of
storage modulus, indicating an interaction between the
SR and OC nanolayers and an increase in T,

The fractal analysis is a useful tool for elucidating
the effects of substrate viscoelasticity on cell behavior,

and one that may in the future become more widely
used. The power of the model stems from the ease of
microscopic imaging and data processing. Increase of
FD as a measure of the increase in cell alignment and
proliferation is in accordance with alterations in cell
density due to high correlation factors. In other words,
cell growth is the other factor, besides substrate
viscoelasticity, that affects FD, leading to FD elevation
due to the increase in the cell population. This means
that although cell alignment leads to an increase in FD,
the general rate of cell growth due to the presence of
rough nanoparticles of clay in the SR surface reduces
cell morphology complexity and the consequent FD
value (33).

Cell proliferation in the SR-OC nanocomposites
was greater than that in the SR sample. Cell
morphology and the contact area of the HUVECs
changed as the substrates’ viscoelasticities changed. We
conclude from the above results that the behavior of
HUVEC:s is sensitive to the surface properties of the
substrates to which they attach. It was also reasoned that
not only the elastic modulus dictated by loading
nanofillers could affect cell morphology, but also
roughness might regulate cell proliferation. In the short
term cultures, cells grown on rigid membranes became
confluent more quickly than cells grown on soft
membranes. This could be due to the mechanism by
which cells spread on substrates and the contact areas,
which are both directly related to the viscoelastic
properties of substrates.

Matrix metalloproteinase is thought to play an
important role in endothelial cell migration and matrix
remodeling during various physiological and
pathological processes. Here the data showed that
HUVECs seeded on collagen-coated rigid and soft
surfaces produced PMMP-2.

The surface viscoelasticity influenced the release of
PMMP-2 on collagen-coated rigid substrata. The
reason for the decreased degradability of the adsorbed
proteins could be related to the lack of integrin clustering
on soft SR substrata, changing the interaction between
PMMP-2 and the cell membrane, thus enhancing
PMMP-2 secretion (34, 35). Other causes of high
PMMP-2 expression and subsequent ECIM remodeling
include the conformational changes in protein networks
due to the stronger binding to the softer than the harder
SR substrata (36, 37). Some literature has also correlated
biocompatibility and the improved flexibility of the
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designed substrate to the enhanced ability of cells to
absorb and degrade the protein substrate (38, 39). Thus
the data reported here support the hypothesis that the
surface roughness and stiffness can predict cell fate
including proliferation, migration, and differentiation.

Cell growth and alignment were enhanced in
nanocomposite substrates. It has been shown that
inorganic nanofillers have higher surface energies than
polymer matrixes (40). Silicone rubber is hydrophobic
due to the presence of methyl groups, and thus is
considered a low surface energy polymer (41, 42).
Increasing OC leads to a rise in the free surface energy
by enhancing surface roughness (16).

Viscoelastic properties of substrates influence cell
functions. Cytoskeletal arrangement and orientation are
highly dependent upon mechanical and structural
properties of the matrix such as elastic modulus,
Poisson’s ratio, and roughness (15, 16). When
interacting with substrate, cellular responses, including
relaxation time and adaptation by alterations in fibrous
structures, are defined by local matrix deformability (20,
21). The adjustment of the cytoskeleton to the surface
properties of the substrate is related to the
polymerization and depolymerization of actin fibers
(22), which act via focal adhesion proteins at the cell-
substrate interface (20).

Our data demonstrates that surface roughness and
stiffness are the two factors that govern cell behavior.
Therefore, two principle conclusions can be drawn from
our study; first, higher modulus materials influence
endothelial cell adhesion and elongation, and second,
surface roughness influences cell spreading, the number
of adhered cells, and integrin clustering.
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