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Surface Characterization and Stem Cell Interaction
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ABSTRACT: In this work we showed the promising perspectives offered by the radiofrequency plasma processes on polymeric sub-
strates. Polystyrene (PS) films with micropatterned grooves and nanostructured roughness were developed by Oxygen plasma treat-
ment coupled with mask, and t process parameters, as power supply and treatment time were modulated. Then, hydrogenated
amorphous carbon (a-C:H) coatings (~30 nm thickness) were deposited by methane radiofrequency plasma enhanced chemical vapor
deposition (rf-PECVD) on the polymer surface. Oxygen modified PS surface showed improved wettability, roughness and etching rate
by increasing the power supply and the treatment time. Uniform and patterned bi-layer films show a regular surface morphology, uni-
form chemical properties, with a contact angle to water of 77°, a surface energy of 51.15 mN m ™' and good stability in physiological
conditions. Nanoindentation measurements revealed a decrease of the bi-layer friction coefficient from 0.76 of PS to 0.17, highlighting
the improvement of the nanomechanical properties of the novel developed system. Interaction with human bone-marrow mesenchy-
mal stem cells demonstrates that uniform and patterned PS based films are biocompatible surfaces and remarkable, that groove pat-
terned substrates induce stem cell alignment and elongation. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40427.
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reproducible manner.* Therefore, surface modifications are
required to optimize cell adhesion and accelerate the cell
proliferation.

INTRODUCTION

The demand for polymeric materials has been increasing and
highly functionalized surface polymers are much desired to the
production materials, for wider applications ranging from eco-
friendly materials to biomaterials.

Glow discharge plasmas are generally used for the surface modi-
fication of polymers because the processes involved are solvent-
free and dry, the consumption of chemicals is extremely low
and need for sterilization of the products is eliminated. More-
over these processes are precisely controllable.” The surface can
be treated homogeneously and the surface chemistry can be tai-
lored for the required end use.® Glow discharge plasmas contain
energetic neutrals, ions, and electrons, which act on a surface
under treatment to change its physicochemical properties. The
nature of the gas species used and the energy of the ions are
important parameters, which can affect the properties of the
polymer surface immersed in plasma.

The surface properties of materials play a crucial role in bio-
medical applications"? and the control of surface properties is
very important for the high performance of adhesion, biomate-
rials and paints. Surface modification of polymers has been
extensively employed to functionalize polymers by improving
the surface properties such as adhesion, wetting, and biological
compatibility, which can be controlled not only by the surface
composition but also by the topography of the surface.’

Polystyrene (PS) has been used as a popular culture vessel for
microbes due to its excellent durability, good optical properties

and non-toxicity. The tissue culture polystyrene, as a standard in
vitro cell culture substrate, is unsuitable for serum free cell culture
medium since it normally occurs in a poor and insufficiently

© 2014 Wiley Periodicals, Inc.
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By using plasma technique, we can perform three different
processes: etching, deposition, and treatment on polymeric sur-
face, without modifying bulk properties.

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40427
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Amorphous carbon (a-C:H) films, which have been demon-
strated to be biocompatible both in vitro’™ and in vivo'® and to
have many other desirable properties including excellent hard-
ness, high stability, and favorable tribological properties,'’ can
be deposited by plasma process. a-C:H coating is a very promis-
ing approach for improving the biomechanical properties of the
polymer, since it should transfer its chemical inertness, hard-
ness, wear resistant and biocompatibility to the polymer
substrate.'"

It is well-known that cell attachment in the first stage is con-
trolled by the interaction between cell and material surface,
while the longer term adhesion and proliferation are also associ-
ated with the presence of specific biological molecules and/or
proteins.'*™"®

Surface design generating biomaterial nanotopography for tissue
engineering-based strategies has been demonstrated to enhance
differentiation of progenitor cells into their programmed lineage
pathway.'®'” To this aim, efforts have been made to tailor the
surface of biomedical devices, and biomaterials in general, to
provide chemical and physical cues to become biocompatible
with the surrounding tissues or to guide cells to form tissue.'®
Many different cell types have been shown to respond to topog-
raphies of varying shapes and sizes, but little is known about
stem cell behavior on smooth and nanopatterned surfaces.

In this work, surface treatment and deposition on polymeric
substrate were analyzed and combined in order to develop bio-
compatible surfaces with modulated surface topography, low
friction coefficient, good adhesion, and adequate surface proper-
ties for stem cell culture. The effect of the surface energy, topog-
raphy, and nanomechanical properties on stem cell behavior
was also reported.

This article focuses on the fabrication of nanostructured poly-
meric surfaces by means of different plasma processes and the
investigation of the influence of process parameters on the mor-
phological, chemical, wettability, mechanical and biocompatibil-
ity properties.

EXPERIMENTAL

Process of Polymeric Surface Nanotopography

Polystyrene (PS) was chosen for substrate fabrication, as it is a
biocompatible polymer that is used extensively in cell culture
experimentation.'®

Polystyrene film deposition was performed by spin coating
method by using a spin coater (Frl0KPA of CalLCTec instru-
ments). Polymer was dissolved in toluene with concentration of
0.1 mg mL™", 200 pL of solution were placed on a clean glass
cover slip with the rotation speed of 2000 rpm, for 30 s. The
samples were dried at room temperature for 24 h, when the tol-
uene was fully evaporated as previously reported.'>*

The PS films were treated by means of Oxygen (O,) radiofre-
quency plasma method using a Sistec apparatus with a Hut-
tinger power supply at 13.56 MHz. Power supply and treatment
time, were used in order to study their effect on the surface
properties and topography of the polymeric surfaces. The films
were placed into the stainless steel chamber, and then it was

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

40427 (2 of 10)

Applied Polymer

SCIENCE

evacuated for 1 h until the pressure reached 9 X 107> Torr. The
deposition condition was: power supply ranging from 5 to 30
W, pressure 9 X 107> Torr, bias voltage ranging from 140 to
380 V and treatment time ranging from 2.5 to 30 min.

To develop specific PS grooves with different height, a mask,
named 300P (with nominal microstructure of 300 grooves per
inch) was selected and put onto the PS films during the plasma
process, according to our previous work."”

Uniform Film Characterization
The PS film thickness was measured using the reflection optical
microscope NIS-elements BR software.

Static contact angle measurements were used to investigate the
wettability and the surface energy of treated PS film. The con-
tact angles were assessed using the sessile drop method in air
using a FTA1000 Analyzer. Sterile water drops of 20 pL (high-
performance liquid chromatography grade water) were placed
on films, and measurements were recorded 10 s after the liquid
made contact with the surface. Five independent determinations
at different samples were averaged. The determination of surface
energy was based on the Owens and Wendt method,”' and two
test liquids (deionized water and diiodomethane) were used as
a probe for surface free-energy (S.E.) calculations.

Nanopattern Characterization

Morphological analysis of PS patterned films was conducted
using field emission scanning electron microscope (FESEM,
Supra 25 Zeiss) on gold sputtered coated samples. Atomic force
microscope (AFM, easy Scan AFM Nanosurf) was used to study
the topography of the PS treated thin films. AFM images were
recorded in a tapping mode at room temperature in air, using
silicon cantilevers. The thickness and the uniformity of the films
were investigated and quantified. The scan rate was 0.5 s/line.

PS/a-C:H Bilayer Films

Bi-layer films were also designed and developed combining the
etching effect of Oxygen plasma on PS surface and the amor-
phous carbon (a-C:H) thin film deposition.

The PS films were treated by means of Oxygen radiofrequency
plasma method, as previously described. a-C:H film was depos-
ited on uniform and patterned PS by using methane (CH,) gas,
power supply fixed at 15 W for 5 min. Patterned films were
developed, in order to generate a chemical uniform grooves
with the same heights reported in Process of Polymeric Surface
Nanotopography section, but uniform chemistry due to a-C:H
deposition.

Uniform films based on polystyrene were developed by spin
coating, and surface modified by Oxygen plasma treatment and
amorphous carbon deposition and named PSU, PSU+O,,
PSU+a-C:H respectively, while patterned bi-layer films were
also developed by combining Oxygen plasma etching coupled
with mask and amorphous carbon deposition,
PS+0,+a-C:H.

named

The hardness and elastic modulus values of the films were
determined by nanoindentation measurements by Nano Test
nanoindenter of Micromaterials using a three-sided pyramidal
diamond (Berkovich) indenter, with a load maximum of 5 mN,

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40427
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with a loading/unloading rate of 0.2 mN s~ " and dwell time 60

s. The NanoTest measures the penetration depth of the cali-
brated diamond indenter as a function of the applied load dur-
ing a load—unload cycle. A series of 25 indentations were
performed for each samples. Friction coefficients were also
measured in the nanoscratch tests by using Rockwell indenter.
The normal load of the scratch test was ramped from 0 to 5
mN. The scratch length was set to be 1000 um. The lateral force
was divided by the normal force to calculate the coefficient of
friction of films. Ten scratch tests were conducted on each
sample. Fourier infrared (FT-IR) spectra of PSU, PSU+O,,
PSU+a-C:H were also recorded using a Jasco FI-IR 615 spec-
trometer in the 4004000 cm™' range, in attenuated reflectance
(ATR) mode.

Protein Adsorption

Protein adsorption assessments were performed by transferring
300 pg of bovine serum albumin (BSA, Sigma—Aldrich), 10%
fetal bovine serum (FBS, Euroclone) culture medium, or plasma
onto nanostructured polystyrene samples. Proteins were incu-
bated for either 30 min or 24 h at 37°C (according to D’Angelo
et al.'”). After three washing steps in H,O total protein content
was measured by the Bradford method”” using BSA as the
standard. Absorbance (595 nm) was measured using a micro-
titer plate reader (ELISA reader, GDV-DV990BV6, Italy). Every
sample was analyzed in five independent experiments, each of
which was triplicated. Data reported are the mean value *
standard error of the mean of each group.

Stem Cell Interaction

Isolation and Culture of Human Bone Marrow—Mesenchymal
Stem Cells. Human mesenchymal stem cells-bone marrow
derived (hBM-MSCs) were isolated and cultured as previously
described'”?; briefly, bone marrow cells were obtained from
washouts of the medullary cavities of the femurs of informed
patients undergoing primary total hip replacement.

Bone marrow was diluted with phosphate buffer saline (PBS)
without Ca®"/Mg>" plus EDTA, mononuclear cells were iso-
lated by density gradient on Lympholyte® (Cedarlane Laborato-
ries Limited) and seeded in 25-cm? culture flasks at a density of
2.5 X 10° cells mL™" in control medium consisting of RPMI-
1640 (Euroclone) medium containing 10% FBS, 2 mM of 1-glu-
tamine, and 100 U mL ™" of penicillin—streptomycin (Euroclone)
in a humidified atmosphere and 5% carbon dioxide (CO,) at
37°C. After 5-7 days, the nonadherent cells were removed, and
fresh medium was added to the flasks. After 15 days, a
fibroblast-like colony started to grow. The medium was changed
every 3 days.

Cultured hBM-MSCs were analyzed by flow cytometry for their
surface marker expression. Cultured hBM-MSCs were tripsi-
nized, washed and resuspended in PBS, supplemented with 1%
bovine serum albumin and incubated with either FITC-, PE-,
APC conjugated monoclonal antibodies (mAbs) for 30 min at
4°C in the dark. The mAbs used were the following: anti-CD44,
-CD45, -CD73, -CD90, -CD105, HLA-ABC (BD Biosciences).
Stained cells were analyzed by flow cytometry using a FACS
(BD Biosciences) and data were analyzed using FlowJo software
(Tree Star) for data management. Cells were electronically gated
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according to light-scattering properties to discriminate cell
debris. Isotype-matched non-specific antibodies were used as
the negative control.

Cell Viability Assay. To evaluate cell viability, hBM-MSCs were
seeded on different substrates PSU, PSU+0O,, PSU+a-C:H, and
patterned PSU+O,+a-C:H at a starting concentration of 2 X
10° cells mL™! of control medium. At different times (3, 7, and
14 days), cell viability was measured by assaying the mitochon-
drial dehydrogenase activity through the XTT salt solution
(Sigma) assay for 4 h at 37°C according to the manufacturer’s
recommendations. The absorbance of the samples was measured
using a microtiter plate reader (GDV) at 450 nm with a refer-
ence wavelength at 650 nm.

Immunofluorescence. Immunofluorescence images were per-
formed as previously described®’; briefly, cells were rinsed twice
with PBS, fixed in 4% paraformaldheyde for 30 min and, after
PBS washing, cells were permeabilized, blocked (PBS+10% FBS,
0.1% Triton X-100) for 1 h at RT, and incubated with phalloi-
din (Alexa-fluor-488 phalloidin, Invitrogen), for 20 min then
further incubated overnight at 4°C with other primary antibod-
ies: anti-o-tubulin (Santa-Cruz Biotechnology). After being
washed with PBS and stained with Alexa-Fluor 594-nm conju-
gated secondary antibodies (Invitrogen) for 1 h at room
temperature, samples were mounted, and nuclei were counter-
stained with Vectashield with DAPI (Vector Laboratories).
Images were acquired using fluorescence microscopy (Eclipse-
TE2000-S, Nikon) using the F-Viewll FireWire camera (Soft
Imaging System, Olympus).

Cell Alignment and Elongation Factor. Cell alignment and
Elongation Factor was evaluated on cells cultured on each sub-
strate at days 3 and 7. Eight different areas were photographed
(20X magnification)*>** and an average of 300 cells was ana-
lyzed. Images were acquired using fluorescence microscopy
(Eclipse-TE2000-S, Nikon) using the F-Viewll FireWire camera
(Soft Imaging System, Olympus). The E factor is defined as the
ratio between long and short axis minus 1. Thus, E = 0 for a
circle, and E = 1 for an ellipse with an axis ratio of 0.5.>* Cells
were considered aligned if the angle between the long axis and
the grating was <15°. Results are expressed as percentage of cell
alignment compared with the cell nuclei.

RESULTS AND DISCUSSION

Polymeric Surface Nanotopography

The spin coated PS films show uniform morphology, transpar-
ency and a regular thickness of 18 pum, as measured by FESEM
stratigraphy and reflection optical microscope (images do not
show). An efficient system was developed to design and produce
nanostructured surfaces and micropatterns having various mor-
phology, shape and dimensions on polystyrene substrates. The
Oxygen plasma treatments induce changes in the physical-
chemical surface characteristics of polymeric films.

Figure 1 shows FESEM and AFM images of the Oxygen plasma
treated PS surface for 20 min at 20 W power supply, compared
to the untreated PS FESEM images [Figure 1(a)]: micropat-
terned PS surface (b), FESEM nanotopography induced by Oxy-
gen gas (c), underlining the morphological changes occurred to

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40427
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Figure 1. FESEM images of pristine polystyrene film (a), Oxygen plasma treated PS films: patterned grooves (b) and nanostructured PS surface. AFM

image of nanostructured Oxygen treated PS surface. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

the PS surface after treatment (c). Figure 1(b) shows the mor-
phology of the patterned film, the grooves exposed to the
plasma were etched. The region not covered by the mask and
exposed to the plasma treatment results well define, with a clear
border. The pattern dimension obtained was 40 pm groove
width and 30 pm spacing. The etching effect of the treatment
was revealed by the introduction of a regular nano-dome struc-
ture with uniform distribution, with a clearly increase in surface
roughness [Figure 1(c,d)]. The AFM image [Figure 1(d)] con-
firms the nanodome structure, with a height less of 5 nm.

Figure 2 shows AFM profile and 3D images of nanopatterned PS
films obtained by using Oxygen gas, 20 W power supply and dif-
ferent treatment time (5, 10, 20, and 30 min), in order to study
ridge thickness and the steep of the transition. The profile of the
ridge is clear, it is evident the etching effect of plasma treatment.
Figure 3 shows step thickness measured by AFM for sample
treated with Oxygen at different power for different time. By
using 10 W power supply ridge heights ranging from 50 to 280
nm were obtained, with 20 W ridge heights vary from 140 nm for
5 min to 1100 nm for 30 min, finally for treatments at 30 W were
measured step of 240 nm for 5 min and 1800 nm for 30 min of
treatment. Hence using plasma treatment were produced nano-
structured surfaces with hydrophilic grooves and hydrophobic
ridges. In fact static contact angle measurements were performed
to study the plasma treatment effects on wettability and surface
energy. Contact angle measurements are one of the simplest
methods to determine changes that take place in the very outer
layer of materials during their surface treatment. Figure 4 shows
water contact angle (WCA) values and images of pristine and O,
plasma treated PS surfaces. The PSU film shows a relatively
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hydrophobic behavior with a water contact angle of 90°, as
reported in literature.”> WCA decreases with increasing the power
supply and the treatment times. The value decreased dramatically
within a very short time of Oxygen plasma treatment, for 2.5 min
of treatment the contact angle ranging from 34° for a power of 5
W to a value that is <10° for 30 W, was obtained the same trend
for the treatments of 5 min, from 27° for 5 W to <10° for 20 and
30 W, and treatments of 10 min, from 16° for 5W, 13 for 10 W to
<10° for 20 and 30 W. The value decreases more rapidly as
increases the power, it reached value <10° for 5 min of treatment
at 20 and 30 W.

The hydrophilicity was measured not only by contact angle but
also by surface energy, the change in free surface energy was
studied. Table I reports the values of water and diiodomethane
contact angle used to calculate the surface energy®' in its dis-
perse and polar components.

It was reported®® that good cell spreading only occurred when
was higher than ~57 mN m™' so the oxygen treatments make
the surface very hydrophilic and presumably suitable for cell cul-
tures, raising the surface energy from 48.11 mN m ' for the
untreated PS to 80.79 mN m~ ' for a treatment at 20 W for
5 min.

Figure 5 shows FTIR-ATR spectra of pristine polystyrene film
(PSU), oxygen treated and PS+a-C:H, in the 3800-2500 cm ™'
(a) and 2000-700 cm ™' (b). The FT-IR spectra of PSU displays
the typical characteristics absorption bands of the polymer,
underling that the plasma treatments do not modify the car-
bonyl peak. The Oxygen plasma treated polystyrene film shows
the peak at 1746 cm™' that corresponds to C=O stretching,

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40427
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Figure 2. AFM profile and 3D images of nanopatterned PS by using Oxygen plasma treatment, 20 W and different treated times (5, 10, 20, and 30 min).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

which indicates the reaction of oxygen plasma with the PS to
form a C=0 group on the surface. This effect is responsible for
the decrease in the contact angle. Meichsner et al. observed
bands at 3500-3000 cm ™' and various C—O bands (1300-1000
cm™ '), which are similar to our observations.””

It is well known that an oxygen plasma can react with the polymer
surface to produce a variety of atomic oxygen functional groups,
including C—0, C=0, O—C=0, and COj at the surface. In an
oxygen plasma, two processes occur simultaneously, etching of the
polymer surface through the reaction of atomic oxygen with the
surface carbon atom, giving volatile reaction products and the
other one is the formation of oxygen functional groups at the
polymer surface through the interaction between the active species
from the plasma and the surface atom.*® The balance of these two
processes depends on the operation of a given process.”

PS/a-C:H Bilayer Films
Amorphous carbon film was uniformly deposited on polysty-
rene substrate.

The amorphous carbon (a-C:H) film covers regularly the poly-
styrene film, hence the double layer of PSU+a-C:H has the

i

Figure 3. Evolution with plasma treatment parameters of step thickness.
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chemical properties of amorphous carbon since the PECVD
parameters permit a uniform and regular deposition of about
30 nm on polymeric substrate.”

The a-C:H coating show a good stability and adhesion on PS,
in water at 37°C, the conditions were selected in order to simu-
late the physiological environment.

Uniform double layer system has the surface characteristic of
amorphous carbon,” with a contact angle of 77° and surface
free energy of 51.15 mN m ™'

The infrared spectrum of PSU+a-C:H film [Figure 5(a,b)]
shows the presence of infrared peaks such as alkyne end groups
and C=C bonds. The «creation of alkyne end groups
(R—C—C—H) is evidenced by the new band at 3300 cm™ ',
which is assigned to C—H stretching vibration mode of the
alkyne end group. Large peaks are seen at 1630 cm ™' due to
C=C (sp® bonding). The intensity of the peaks assigned to sp’
CH, and sp3 CHj; at around 2850-2950 cm ™ ' is increased. This
result suggests that this surface coating is mostly contained in a
mixture of sp% sp>, and few sp' coordinated carbon atoms in a

os5W E10W E20W m30wW
El =
80
£ 70
371
E 60
5 50
£ 0 ————
8 a0
20
° o [T [
0 T
0 min 2,5 min 5 min 10 min 20 min 30 min

Figure 4. Water contact angle representative images and data of untreated
and oxygen plasma treated PS.
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Table I. Contact Angle Values, Surface Energy, Polar, and Dispersive Components of PSU, PSU+0,, and PSU+a-C:H

Process parameters
Samples (gas, power supply, time)  C.A.H»0(?)  CA.CHzl2 ()  SE.(mNm™)  disp. mMNm™)  Polar (mN m™%)
PSU - 90 20 48.11 47.75 0.36
PSU+0> 05, 5W, 5 min 27 23 73.37 46.81 26.56
PSU+0> 05, 20 W, 5 min 8 3 80.79 50.71 30.08
PSU+a-C:H CHy4, 15 W, 5 min 77 19 51.15 48.16 2.99

disordered network. Furthermore in the ATR spectrum of
PS+a-C:H films the peaks corresponding to the aromatic vibra-
tion in PS decrease the intensity and they are replaced by the
alkene C=C peak at 1670 cm ',

Figure 6 shows the nanomechanical properties of PSU and
PSU+a-C:H films. Representative load-displacement plots of
film indentation and representative optical image of indentation
are shown in Figure 5(a). In these plots lower indentation
depths indicate higher hardness, while higher slopes of unload-
ing curve indicate high stiffness or elastic modulus of the sam-
ples. PSU film exhibits higher indentation depth and unloading
slope compared to PSU+a-C:H. These data were used to calcu-
late the hardness and the reduced modulus of films by using
Oliver&Pharr method.”® All nanomechanical data were reported
in Table II. The maximum depth in PSU film indentation is
about 900 nm which is <1/10 of film thickness, indicating that
the sample holder effect may thus be neglected.”’ The PSU film
exhibits a hardness of about 0.29 GPa and reduced elastic mod-
ulus of 12.2 GPa, PSU+a-C:H is harder (1 GPa) but displays a
lower modulus (3.9 GPa). It is evident that the data reported
for PSU+a-C:H are not representative of the amorphous carbon
coating, but the obtained elastic modulus value could be attrib-
uted to whole bi-layer configuration, since the modulus of
amorphous carbon film is wusually higher, as previously

PSU
‘JILl.‘I‘I||;llli‘"\'\du’,\vh.r‘-'\/‘#ﬂl‘;\.f"\."".AJl'IV-)ll‘\m‘,\;\litl,’v-",/‘-_-"!l.\wmdMA‘-'x,m.fL P A fﬂwm&wﬁm&vv
VA
1/
\/
1PSU+O,
&
'_
PSU+a-C:H

x T T T T T T T T T T
3800 3600 3400 3200 3000 2800 2600

Wavenumber (cm™)

reported.32 Because of the low a-C:H thickness (30 nm), the
role of film/substrate interface have to be taken into considera-
tion, in elastic modulus measurements, while the friction coeffi-
cient values are not affected by the mechanical properties of the
substrate, but only the outmost layer. Because continuous
curves are observed during unloading stage no severe failure
occurs during the loading process.'' Figure 6(b) shows the fric-
tion coefficient curve measured at constant load of 5 mN that
decreases from 0.76 for PSU to 0.17 for PSU+a-C:H. Moreover
the amorphous carbon coating shows good adhesion with the
polymeric film since the onset of cracking or delamination of a
hard coating is signalled by a sudden increase in friction coeffi-
cient.*>** The plots reported in Figure 6(b) show flat behavior
of the friction coefficient as a function of the scan distance, it
should be noted that there is data scattering in the friction coef-
ficient of PSU while PSU+a-C:H exhibits constant results. This
effect could be due to the nanoscale topography and surface
structures of the analyzed films.”' Furthermore it is well known
that the mechanical properties of the surface have important
implications in stem cell behavior, as previously reported,”>™’
since stem cells are able to convert mechanical cues on bio-
chemical signals and in turn modulate their fate. Figure 7 shows
the protein adsorption of each substrate. After 30 min of
adsorption, we found comparable quantity of purified BSA, FBS

b)
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Figure 5. FTIR-ATR spectra of pristine polystyrene film (PSU), Oxygen treated and PS+a-C:H, in the 3800-2500 cm™"' (a) and 2000-700 cm™" (b).
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6. Nanomechanical tests of PSU and PSU+a-C:H films. (a) Representative load—unload curves and indentation image; (b) friction coefficient as a

function of scan distance. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

10% and plasma between polymers indicating the absence of
the influence of surface characteristic of polymers. These results
were confirmed in all polymers after 24 h for FBS 10% and
pure BSA, although levels of this protein were highest. Interest-
ingly levels of plasma adsorbed were dissimilar between poly-
mers reaching the highest value on O, treated surface.

Biological Evaluation

To assess the coating cytocompatibility, we cultured hBM-MSCs
on each substrate (PSU, PSU+O,, PSU+a-C:H, and patterned
PS+0,+a-C:H). Figure 8(a) shows a schematic view of the sur-
face structures on glass coverslip substrate: uniform, Oxygen
treated PS, and double layer PS-amorphous carbon thin films
together [Figure 8(b)] with representative images of stem cells
after culture and F-actin immune-staining. Figure 8(c) shows
the measures of the cell density, cellular length and width, cell
area after 3 and 7 days of culture on each coating. As control
stem cells were cultured on TCP. We observed a comparable
viability and absence of toxic signs on stem cells cultured on
each substrate and TCP (data not shown), whereas we found
significant differences on stem cell behavior perhaps as conse-
quence of the characteristic of each coating (Figures 7 and 8).
hBM-MSCs seeded on PSU showed the lowest values of cell
density, cellular length and width, cell area indicating differences
in morphology and spreading capabilities as also emerge from
the related cell cytoskeleton images [Figure 8(a,b)]. Conversely,
hBM-MSCs seeded on PSU+O, or PSU+a-C:H showed cellular
distension comparable to that routinely observed on TCP sub-
strates [Figure 8(a)], but revealed cell parameters almost two
fold higher than those evaluated on PSU [Figure 8(b)]. Con-

Table II. Hardness, Reduced Modulus, and Friction Coefficient of Polysty-
rene and a-C:H Deposited on PS

Friction
Sample H (Gpa) Er (Gpa) coefficient
PSU 0.29 = 0.02 122 0.6 0.76 = 0.04
PSU+a-C:H 1.0=01 39+02 0.17 =0.02
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firming our previous observation'”?> hBM-MSCs seeded on
PSU+0,+a-C:H with groove pattern, aligned along the pattern
direction [Figure 9(a)].

As showed in Figure 9, the F-actin fibers [Figure 9(b)] and « -
tubulin [Figure 8(c)] aligned along the direction of the a-C:H
grooves indicating a direct effect of the nanoconfiguration on
the change of the cytoskeleton organization. We monitored a

30 minutes
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20-
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S o] . O
< ,2;0 A

Figure 7. Protein adsorption measurements of PSU, PSU+O, and
PSU+a-C:H, at 30 min and 24 h. Protein adsorption is expressed as pg of
total proteins bonded to the polymer. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 8. (A) scheme of plasma modifications. (B) Representative images of hBM-MSCs seeded on each corresponding surface polymer. (C) Measures of
the cell density, cellular length and width, cell area after 3 and 7 days of culture on each coating (see Method section for experimental details). [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

cell alignment of 71% higher with respect to uniform surfaces
(PSU, PSU+O, and PSU+a-C:H) [Figure 9(d)] and compara-
ble aligned level to that measured in nanopatterned a-C:H in
our previous work.'”” Alignment of hBM-MSCs cultured was
also observed on patterned PSU (Table III) although in a lesser
extent compared to PSU+O,+a-C:H. Interestingly comparing
stem cell grown on both ridges PSU+O,+a-C:H and PSU
revealed that elongation factor values varied with power supply
and treatment time, that are parameters necessary for a fine
modulation of the step grooves and the surface roughness
(Table III). These data, according to our previous observa-
tion,!”?>33¢ indicated that the structure of the substrate and
the type of modifications influence the cell morphology.

The overall data indicated that PSU, PSU+O,, PSU+a-C:H and
patterned PSU+O,+a-C:H are suitable substrates for h-BM-
MSCs, but: (i) PSU+0O,, PSU+a-C:H coatings preserve the
stem cell behavior observed on routinely used TCP: (ii) PSU
influences the size, adhesion and stem cell spreading; (iii) pat-
terned PS+0,+a-C:H forced hBM-MSCs to spread along the
grating leading an elongated cellular morphology. Finally these
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results confirm our previous observation'”?*?>% that the sub-
strate modifications could influence the cell morphology.

CONCLUSIONS

The utility of the micropatterns on polymers for tissue culture
applications have clearly been demonstrated by the stem cell
culture. Therefore, the wrinkled surface combined with amor-
phous carbon films would possess biological compatibility and
may have the potential for a vast range of biomedical
applications.

In summary top-down processing approach, using combination
of plasma etching and deposition techniques permits the devel-
opment of large nanopatterned surfaces.

We have highlighted some of the surface topographies of PS
polymer created by using plasma technique. Various surface
topographies such as groove, nanodome can be easily created by
the technique and the control of the plasma parameters directly
affects the surface topographies. The interaction of human bone
marrow stem cells with specific designed topography has proven
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Table III. Elongation Factor and Alignment Percentage of Uniform and

a-C:H Patterned Surfaces Developed by Using Different Plasma Process Parame-
= i) u O ters (Time and Power Supply), that Permit to Obtain Groove with Differ-
-. .-. | | -H .- | | ent Step Thickness
Patterned PS
Treatment Step pPSU PSU+a-C:H
Glass COVEI’SIip parameters (power  thickness
10 W, 10 min 9 24 20 19 7
30 W, 5 min 240 35 8 56 3
30 W, 10 min 640 19 9 33 8
30 W, 20 min 1420 56 30 52 27
30 W, 30 min 1800 3.4 45 6.3 71

to be an important signaling modality in controlling cell
function.

Surface modification using plasma methods has a vast range of
applications; therefore, it is crucial for materials scientists, biol-
ogists and medical doctors to firmly collaborate and seek to
understand how the local interactions between cells and their
surrounding microenvironment can regulate cellular behavior in
order to develop highly functionalized scaffolds for tissue engi-
neering applications.

Patterned

This study was supported by the Fondazione Cassa di Risparmio
di Perugia, Italy (grant no. 2010,0110445 to S.M.),
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