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ABSTRACT

The cellular adhesion and motility have direct implications in the tumoral-metastatic cells
development or in the tissue engineering mechanisms for instance. Our work aims at knowing
the impact of substrate mechanical properties on those adhesion and motility mechanisms by
modifying bulk rigidity, surface energy and composition of a bio-compatible Poly-Di-Methyl-
Siloxane (PDMS) substrate. We show how a wide range of PDMS rigidity can be obtained and
how Ar/O,-based plasmas turn PDMS surface to hydrophilic. A correlation between surface
energy, bulk rigidity, cells adhesion and growth is finally shown.

INTRODUCTION

The first intuition on how cells surrounding environment (extra-cellular matrix or ECM)
influences the cellular adhesion and motility is to investigate the effect of chemical or biological
changes. Recently, several studies focus on how substrate mechanical changes influence cellular
adhesion and motility. '***** This provides new insights on explaining the impact of substrate
mechanical properties in many fundamental biological processes like embryo-genesis', tissues
recovery®’, phagocytosis”**!°, or metastases development™'' for instance.

As Poly-Di-Methyl-Siloxane (PDMS) is a widely-used biocompatible substrate for cell
behaviour studies™'?, the aim was here to get more information on the PDMS rigidity as well as
to confirm the need of hydrophilic substrates for cellular adhesion and motility studies. This
preliminary work represents a cross disciplinary approach between researchers coming from
biology and others coming from the material sciences and microelectronics area. Thus the effects
of cross-linker concentration and baking time on PDMS rigidity, the effect of plasma treatment
on PDMS surface hydrophobicity and the relationship between PDMS hydrophobicity, cell
adhesion, cell surface, number of membrane protrusions and cell polarisation are presented at the
same time in this paper. The impact of rigidity and topography pattern designs on cell motility
will be presented in a future article.

EXPERIMENTAL

The PDMS used in the present work is a liquid bi-component silicone pre-polymer, Sylgard 184
manufactured by Dow Corning (Midland, MI). The PDMS rigidity can be controlled by the
cross-linker agent concentration in the PDMS solution, the temperature and the time of baking.
As the time and the temperature of baking are closely linked, we choose to bake the PDMS
samples at a constant temperature of 100°C (normal pressure conditions).

The tensile testing machine used for the stress measurements is a stretching tool from EMKA
Technologies (Paris, France). The PMDS stripes are clamped to a force gauge and to a movable
mass which can be moved along the vertical axis with a manual hand crank. The PDMS samples
are slowly stretched without significant loading speeds. The force gauge is connected to a
computer for real time force displaying on the computer interface. Unfortunately, this force



gauge does not allow to measure forces of less than 30kPa with a sufficient reliability. Marks
have been drawn on every PDMS sample and a picture of the stretched sample is taken for every
force using a digital camera. We get the strain values as a function of the applied force by the
direct measurement of the length variations between the marks on the digital pictures. The
sample cross-section, for every stretched length, is drawn from the measurement of the PDMS
sample width (from the front view picture of the sample) and thickness (deduced from the side
view). Then the PDMS Young’s modulus £ is extracted from the mono-axial strain-stress
equation 0_ = E[& where o0_ is the axial true stress applied on the material and £ is axial

strain of the material. We have o0 = ‘gﬂ , where dF. is the axial resultant force applied to the
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material and S_ is the material cross-section; & =—, where /; is the initial length of the sample
0

and Jl, is the stretch for the current axial resultant force. Thus the material Young’s modulus is

obtained by £ = % Elé% . The uncertainty on E is less than 20%.

0

The plasma treatment of the PDMS surfaces were conducted in a LAM 9400 SE plasma etcher,
using 100sccm oxygen or argon, at SmTorr pressure, for 2 min, without substrate polarisation.
The PDMS surface energy was calculated using the Fowke’s method."? The atomic concentration
on the PDMS surface is given by XPS analysis. Experimental details of the XPS system can be
found in reference [14].

Murin 3T3 fibroblasts are used here. Cells are cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) (Sigma Aldrich) with 4500 mg/l L glucose, supplemented with 10% foetal calf serum,
200mM L-glutamine, 0.25% penicillin/streptomycin solution. All cell culture reagents, media
and sera were obtained from Invitrogen (Invitrogen Ltd, UK). The cells are maintained at 37°C
in a humidified atmosphere with a constant 5% CO, rate. The PDMS substrates are coated with
3.5pug/cm? fibronectin (Sigma-Aldrich), a natural component of the cell ECM, and inoculated
with 6500 cells per cm?. We maintain the hydrophilic properties of the substrates after plasma
treatment by keeping them in H,O, of about 18h before starting of the experiment. The amount
of cells that adhere on the substrate is measured lh after cell seeding, using morphologic
criterion. Cells with a ratio of the short/ long axes lower than 0.75 are considered as polarised or
adherent to the PDMS surfaces. Over 120 cells per sample are considered. Cells morphologic
parameters such as cell area, polarisation and average number of membrane protrusions are
measured 17h after cells seeding. The final cell polarisation is quantified from the ratio between
the short and long cell axes.

All results are reported as mean * standard deviations of the mean. Analysis of the variances was
performed using two-way ANOVA for independent samples developed by Vassar Colleges,
USA, ©Richard Lowry 2001- 2007 (http://faculty.vassar.edu/lowry/anova2u.html). Statistical
significance was set at P < 0.05.

RESULTS

a PDMS Young’s modulus measurements:
Figure 1 gathers the results of PDMS Young’s modulus measurements using the stretching tool
experiment. We get this Young’s modulus by the mean slope of the PDMS stress/strain curves.
3%, 5% and 10% cross-linker concentrations in the PDMS solution respectively allow to obtain
PDMS rigidities of 50kPa to 200kPa, 200kPa to 800kPa and 800kPa to 4MPa for baking time at
100°C ranging from 15min to 3 days. A higher baking temperature allows a shorter baking time,



but we chose to fix the baking temperature at 100°C in this study to depict the Young’s modulus
variations as a function of the baking time.

b elastic deformations and ‘memory effect’ of the PDMS:
The figure 2a shows that the first extension of virgin PDMS exhibits more stress than the second
and the subsequent PDMS extensions, which exhibit similar stress-strain behaviour if no more
maximum stress is applied. This phenomenon is known as the Mullins effect,'” which is more
obvious for strain up to 2 or 3.'® Unfortunately, our present experimental setup is not able to
measure forces of less than 30kPa and a strain over 1 lead to the sample damage and breaking.
Thus, the figure 2a only shows a part of the usual PDMS tensile stress/strain behaviour. We have
to improve our experimental setup for a better comparison with others results on PMDS . For
PDMS extensions of 0.7 in strain, the length gain (compared to virgin PDMS samples lengths) is
of 5% and 2% for 3% and 5% cross-linker concentrations respectively. This deformation is
negligible for 10% cross-linker concentration in the PDMS solution.

¢ PDMS Young’s modulus stability as a function of time:
The PDMS Young’s modulus stability has been checked 5 months after samples preparation.
The PDMS samples were kept in air under normal conditions of temperature (20°C) and
pressure. The figure 2b shows that PDMS samples thermo-cured for less than 5h exhibit a
Young’s modulus rise of about 50% for every cross-linker concentration in the PDMS, unlike the
PDMS samples thermo-cured for more than 10h where no significant rigidity rise is noticed.

d Plasma treatments:
PDMS intrinsically presents a hydrophobic surface, mainly because of the presence of methyl
groups which are highly hydrophobic.18 Figure 3 shows that the surface energy measurement of
our untreated PDMS is between 20 and 30mN/m and its surface chemical composition, measured
by XPS, is close to the PDMS formula (O-Si(CHs),),. Among several plasma chemistries (Ar,
0O,, HBr, Cl,), Ar and O, exhibits the best rate of methyl group elimination. Figure 3a shows that
Ar and O; plasma treatments turn PDMS surface into hydrophilic, with surface energies ranging
from 60 to 80mN/m. XPS studies, depicted on figure 3b, shows that these plasma treatments
remove the hydrophobic methyl groups and change the PDMS surface into a more SiO,-like
material.

e Cell adhesion and morphology as a function of plasma treatment:
Figure 4a shows that getting a hydrophilic substrate highly favours the cell adhesion, with a cell
adhesion rate rising from 1-2% for untreated PDMS to about 30% for plasma treated PDMS.
Figure 4b, 4c and 4d respectively show that this better cell adhesion is correlated with
significantly more polarised cells and a doubling of the cell surface as well as the number of
cellular protrusions, which lead to more mobile cells.

CONCLUSION

This work shows that modifying the cross-linker concentration and the baking time allows the
tuning of PDMS rigidity from 50kPa to 4MPa. PDMS exhibits a Mullins effect behaviour under
stress which has to be taken into account for cell adhesion forces evaluation. A correlation
between Ar or O, plasma treatment, higher PDMS surface energy (hydrophilic), higher cell
adhesion, higher cell surface, larger cell polarization and more cell membrane protrusions has
been found. Thus our first results highlight that adequate tuning of the PDMS surfaces physical
chemistry can control the fibroblast adhesion and morphology (surface, polarisation and
protrusions). This is in direct relation to the tissue modelling and reorganisation

This preliminary work will be followed by the study of PDMS (Sylgard 184) elastic behaviour
and by cell behaviour assessment on various PDMS substrate rigidities and pattern designs.



Young's modulus (kPa)

250

200

150

100

50 4

0

a)

A

10

100

1000
baking time @ 100°C (min)

10000

Young's modulus (kPa)

1200

1000

800 -

600

400 -

200

0

b)

P

/_/

100 1000

10000
baking time @ 100°C (min)

Young's modulus (kPa)

5000
4500
4000
3500
3000
2500
2000
1500
1000
500
0

c)

1000 10000 100000

baking time @ 100°C (min)

Figure 1: PDMS Young’s modulus as a function of the baking time at 100°C for a) 3%, b) 5%
and ¢) 10% of cross-linker concentration in the PDMS solution.
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Figure 2: a) stress / strain curve of PDMS (3h backing time at 100°C, using 3% of cross-linker
concentration in the PDMS solution) for repeated extension-retraction strain cycles. The red part
of the curve corresponds to the first stretching. The uncertainty errors of the strain and stress
measurements are respectively of less than 1% and 2%. b) PDMS Young’s modulus evolution
for various baking time at 100°C, using 3% of cross-linker concentration in the PDMS solution:
The solid line for Young’s moduli measurements taken right after PDMS synthesis and the solid
line with round markers for Young’s moduli measurements taken 5 months later.
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Figure 3: a) surface energy and b) surface atomic composition (XPS analysis) of the PDMS as a
function of the plasma treatment applied.
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Figure 4: a) percentage of cell adhesion, b) polarisation, c) cell surface and d) number of cells
membrane protrusions as a function of the plasma treatment applied on the PDMS surface.
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