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The  interaction  of  polymers  with  other  materials  is  an  important  issue,  being  their  surface  properties
clearly  crucial.  For  some  important  polymer  applications,  their  surfaces  have  to be  modified.  Surface
modification  aims  to tailor  the surface  characteristics  of  a material  for a specific  application  without
affecting  its  bulk  properties.  Materials  can be  surface  modified  by  using  biological,  chemical  or  physical
methods.  The  aim  of  this  work  was  to improve  the  reactivity  of  the  thermoplastic  polyurethane  (TPU)

®

eywords:
hermoplastic polyurethane
urface modification
urface hydrophobicity
ell adhesion

material  (Elastollan ) surface  and  to  make  its  surface  cell  repellent  by  grafting  carboxylic  groups  onto  its
surface.  Two  TPU  materials  were  studied:  a polyether-based  TPU  and  a polyester-based  TPU.  The  grafting
efficiency  was  evaluated  by contact  angle  measurements  and  by  analytical  determination  of  the  COOH
groups.  Scanning  electron  microscopy  (SEM)  of  the  membranes  surface  was  performed  as  well  as  cell
adhesion  tests.  It was  proved  that  the  surfaces  of the  TPUs  membranes  were  successfully  modified  and

mark
that cell  adhesion  was  re

. Introduction

Biomaterials are designed to supplement, support or completely
ake over the functions of natural tissues or organs of human beings
nd are, therefore, designed to be biocompatible (non-toxic, non-
mmunogenic, non-inflammatory, non-carcinogenic) and to match
he properties of the tissues they are replacing. The bulk of the
iomaterial needs to fulfil the mechanical and physical require-
ents of a specific application, while its surface may  be engineered

o avoid future implantation problems such as immune responses
r thrombogenic reactions. The surface chemistry and structure
f materials and devices is mostly responsible for the biological
esponse. Therefore, the development of surface modification pro-
edures that allow controlling cell adhesion to that surface has been
n extremely important issue.

It is known that wettability, roughness, surface charge and
hemical functionalities are the main factors influencing cell adhe-
ion to artificial materials [1]. However, the success or failure of
mplanted biomaterials is also dependent on cellular response,
hich is dependent on the concentration, composition and con-
ormation of adsorbed proteins on its surface [2].

∗ Corresponding author. Tel.: +351 239798758.
E-mail address: palves@eq.uc.pt (P. Alves).

169-4332/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2013.07.011
ably  reduced.
© 2013 Elsevier B.V. All rights reserved.

Cells are unable to adhere if no ligands (e.g. RGD) are present
at the material surface with which integrins or other cell adhesion
molecules can interact. Several serum proteins and extracellular
matrix molecules (ECM) exhibit these ligand sequences. There-
fore, the capacity of cells to interact and spread on surfaces is
directly defined by the ability of the surface to attract and bind these
molecules [3,4]. This binding capacity is mainly defined by surface
chemistry and structure [3] and the ability of the cell to recog-
nize specific ligand sequences (bio-recognition) is the mechanism
behind cell–biomaterial surface interactions. Several biomedical
applications including medical implant, biosensor and biochips, tis-
sue engineering, bioelectronics and biomimetic materials are only
possible assuming that bio-recognition principle is a central con-
cern in an attempt to make a sophisticated, functional surface for
specific biointeractions [5,6].

Currently, a sort of biological, physical and chemical methods
have been used to perform surface modifications on materials.
Surface modification generally falls into one of three categories:
etching; chemical modification or coating with a different mate-
rial. These approaches can be used to modify a range of properties,
including wettability, permeability, biostability and/or chemical
inertness, adhesion, biocompatibility, topography, electrical char-

acteristics and optical and frictional properties [7].

Biocompatibility is also mediated by the hydrophilicity (or
hydrophobicity) of the surface of a biomaterial [8]. Hydrophilic-
ity may  be the initial parameter affecting protein adsorption. It is

dx.doi.org/10.1016/j.apsusc.2013.07.011
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.apsusc.2013.07.011&domain=pdf
mailto:palves@eq.uc.pt
dx.doi.org/10.1016/j.apsusc.2013.07.011
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Fig. 1. Schematic representation of the photo-oxidation reaction of the TPU mem-
branes.
P. Alves et al. / Applied Surf

ell known that the adsorption of proteins from aqueous solution is
mproved by hydrophobic surfaces [1,8]. On the other hand, a highly
ydrophilic surface may  repulse any protein molecules and thus

nhibit protein adsorption. Although hydrophilicity has been well
nown with respect to its influence on protein adsorption, its effect
n cell behaviour has been quite controversial and inconsistent in
xperimental data. Some authors [1] state that improved surface
ydrophilicity is necessary for hydrophobic materials to support
ell adherence. However it has been acknowledged that both very
ydrophilic and very hydrophobic surfaces are not good for cell
ttachment. Thus, surfaces with moderate wettability showed good
ell adhesion due their ability to adsorb proteins and maintain their
nvironmental conformation [1,9,10].

Thermoplastic polyurethanes (TPU) elastomers are versatile
aterials that behave as crosslinked elastomers at room temper-

ture but can be processed by heating using several industrial
olymer processing methods [11]. In this work, two  different TPU
ere studied: Elastollan®1180A50 (a polyether-based TPU) and

lastollan®685A (a polyester-based TPU). The surface of these two
PUs was modified by grafting of carboxylic groups (either with
crylic acid or monochloroacetic acid) in order to reduce cell adhe-
ion by reducing their surface wettability.

. Experimental

.1. Materials

Hydrogen peroxide (H2O2) 30%, acrylic acid (AA), ferrous sul-
hate (FeSO4), hydrochloric acid (HCl) and sodium hydroxide
NaOH) were purchased from Sigma–Aldrich. Monochloroacetic
cid (MCA) was obtained from Merck-Schuchart. Sodium chlo-
ide (NaCl) was  purchased from Riedel-de Haen and sulphuric acid
H2SO4) from Fluka. The solvent, isopropyl alcohol, was ordered
rom José Vaz Pereira, S.A., Portugal. Elastollan®1180A50 and
lastollan®685A were obtained from BASF. All chemicals were used
s received, except AA, which was purified through a basic Al2O3
olumn. Carbonate-free HEPES buffered (25 mM)  and Dulbecco’s
odified Eagle medium (DMEM) with 10% foetal calf serum were

urchased from Life Technologies, Basel, Switzerland.

.2. Methods

.2.1. Membranes preparation
Membranes (30 mm × 20 mm  × 2 mm)  were prepared using

lastollan®1180A50 and Elastollan®685A. Preparation method was
y injection moulding and the procedure was the same for both
aterials.
Elastollans® are water absorbing materials. Thus, a high humid-

ty and moisture in the materials results in the formation of bubbles
nside the injection moulded parts. To reduce the water content of
he polymers granulates, a small portion of either Elastollan® was
ried in a drying chamber at 90 ◦C for 2 h. Immediately after the
rying process, the materials were placed in the piston injection
oulding machine and heated up to 190 ◦C. After a short heating-

p time the materials were injected into a rectangular tool cavity
nder a pressure of 3.5 bar. For the removal of the component, the
ool was cooled down and opened.

.2.2. Surface modification by chemical grafting
Elastollan® membranes (both 1180A50 and 685A) were ultra-

onically cleaned in isopropyl alcohol for 15 min  prior to surface
rafting. After dried, the membranes were oxidized with H2O2

30%) in order to enhance the reactivity of the polyurethanes sur-
ace, as previously described [12]. Briefly, TPU membranes were
mmersed in a hydrogen peroxide solution (30%) and exposed for

 h to UV-irradiation with a Mineralight®Lamp, Model UVGL-48, in
Fig. 2. AA grafting reaction on the surface of the previously oxidized TPU mem-
branes.

the 254 nm wavelength setting. This generated a power of 6 W and
the samples were placed at a distance of 4 cm from the light source.
This procedure is schematically shown in Fig. 1.

After the oxidation reaction, the grafting of carboxylic groups
( COOH) onto the surface of the TPU membranes was  carried by
out for both Elastollans® via two  approaches: either with AA or
with MCA.

2.2.2.1. Grafting reaction with acrylic acid (AA). The COOH grafting
reaction with AA can be illustrated by the reaction shown in Fig. 2
for both Elastollan® membranes.

TPU membranes were individually immersed in 20 mL  30% AA
aqueous solution. In a glass tube purged with nitrogen was  added
0.1 mL  of a 0.015 M solution of FeSO4/0.005 M H2SO4 to carry out
graft polymerization reaction at 60 ◦C for 120 min. The carboxylic-
grafted TPU membranes were rinsed with PBS (10 mM,  pH 7.4)
and distilled water to remove the unreacted monomer and any
homopolymer that may  have been formed.

2.2.2.2. Grafting reaction with monochloroacetic acid (MCA). The
grafting reaction with MCA  was  accomplished by suspending the
TPU membranes in 20 mL  of 0.1 M NaCl solution and placed in an
ice bath. Then, a 6 M NaOH aqueous solution was  slowly added to
each of the previous solutions while stirring, until the temperature
reached 15 ◦C. The mixtures were then removed from ice bath and
a 2% MCA  solution was  added and incubated for 70 min at 25 ◦C,
with constant stirring. The membranes were finally washed with
0.1 M NaCl 3–4 times to remove excess reagent. Fig. 3 schematically
represents the grafting of MCA.

2.3. Characterization techniques

2.3.1. Quantification of hydroxyl groups content
The procedure used for the quantification of the hydroxyl groups

was  based on a modification of the method of Fritz and Schenk [13].
The acetylating reagent was  prepared as follows: 13 mL  of perchlo-
ric acid were added to 845 mL  of ethyl acetate. Then, 30 mL  of acetic
anhydride were allowed to react at room temperature for 30 min.
The reagent was  then cooled to 5 ◦C followed by the addition of
90 mL  of acetic anhydride previous cooled to 5 ◦C. The reagent was
kept at 5 ◦C for 1 h, and then was  warmed up to room tempera-
ture. After the preparation of the acetylating reagent, 20 mL  of the
reagent was  pipetted into Erlenmeyer flasks (one for each sam-
ple and one for a blank determination). Elastollan®1180A50 and
685A membranes were submerged in each flask and left to react
for 1 h. Then, 5 mL  of water were added followed by 20 mL  of 3:1

pyridine–water mixture. The flasks were allowed to stand for 5 min.
Then, 50 mL  of a standard 0.5 N methanolic potassium hydroxide
were pipetted into each flask (including the blank). Finally, the
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groups as well as the COOH groups were determined. In
Tables 1 and 2 the obtained results are presented.

The reaction with H2O2 results in the formation of OH
groups on the surfaces. Thus is possible to suggest that, for

Table 1
Amount of OH groups (mol/cm2) present on TPU surfaces after the oxidization
reaction with H2O2.
Fig. 3. MCA  grafting reaction on the surfa

olutions were titrated with a standard 0.5 N methanolic potassium
ydroxide using phenolphthalein as the indicator.

.3.2. Quantification of carboxylic groups content
For the quantification of the carboxylic groups, 20 mL  of a

.005 M NaOH solution were pipetted into flasks. One flask was
eserved for a blank determination. In the others, a sample of
ach modified membrane was added and incubated for 24 h. The
embranes were then removed from the NaOH solution. Finally,

he remaining incubation solutions as well as the blank one were
itrated with a 0.005 M HCl solution.

.3.3. Contact angle and surface free energy
The contact or wetting angle is most often assessed by placing

 small liquid droplet on a flat horizontal solid surface. The contact
ngle is the angle which is formed by the baseline and the tangent
o the drop contour at the three-phase point. This value is specific
or any given system being determined by the interactions of the
hree interfaces. If a liquid is in contact with a plane solid surface,
hree interfacial free energies have to be assumed. The equilibrium
f forces at the edge of a resting drop can be described by Young’s
quation (Eq. (1)):

SV = �SL + �LV cos � (1)

here �SV, �SL and �LV represent the interfacial tension of the
olid/vapour, solid/liquid and liquid/vapour interfaces, respec-
ively and � represents the equilibrium contact angle [14,15].
wens–Wendt–Rabel and Kaelbe distinguished between disperse

nteraction and polar interactions [16]. Polar interactions contain
oulomb interactions between permanent dipoles and interactions
etween permanent dipoles and induced dipoles. Disperse inter-
ctions are caused by time fluctuations in the charge distribution
ithin the molecules [17]. The surface energy (�SV) represents the

trength of the polar forces and the dispersive forces. This quantity
ay be resolved into two parts, that due to polar forces and that

ue to dispersive forces (Eq. (2)):

SV = �D
S + �P

S (2)

The contact angle with water as well as surface free energy
eterminations of the membranes’ surfaces were performed at
oom temperature in an OCA 20 contact angle measurement unit
rom Dataphysics. The tests were performed on the air-facing sur-
aces of the samples. The water contact angle of the samples was
valuated by static contact angle measurements using the sessile
rop method. Surface free energy values as well as the disper-
ive �D

S and polar �P
S components were obtained according the

wens–Wendt–Rabel and Kaelbe method (OWRK) [16,17] by static
ontact angle measurements with four liquids: water, ethylene
lycol, propylene glycol and formamide. Nine measurements on
ifferent points of each sample were performed from which the
ean static contact angle and its standard deviation were deter-
ined.

.3.4. Surface topography analysis
The topography of the membranes’ surfaces was observed by
canning electron microscopy (SEM), before and after modification.
amples were sputter coated with a thin layer of gold, under argon
tmosphere and examined at room temperature, in a JSM-5310
JEOL, Japan) scanning microscope operating at 20 and 25 kV.
the previously oxidized TPU membranes.

2.3.5. Dynamical mechanical thermal analysis (DMTA)
DMTA is a very sensitive technique, detecting different molec-

ular events, so it is one of the main techniques for the study of the
mechanical and thermal properties of polymers. DMTA analyses
of thick specimens (15.0 mm × 7.5 mm × 2 mm)  were performed
with a Triton Tritec 2000 in the Constrain Layer Damping mode
using 2 frequencies (1 Hz and 10 Hz), with a standard heating rate
of 2 ◦C/min. The glass transition temperature (Tg) was determined
as the peak of tan ı (tan ı = E′′/E′) where E′′ and E′ are the loss and
storage modulus, respectively.

2.3.6. In vitro characterization
2.3.6.1. Characterization of materials cytotoxicity. The biocompati-
bility of all materials was  tested according ISO 10993-5 [18] extract
test. Briefly, 125 ml  of bi-distilled water buffered at pH 7.4 were
used to prepare the extract. All samples were processed sepa-
rately. The samples were incubated for 24 h at 37 ◦C under gyratory
shaking. Containers without samples but with the same quantity
of bi-distilled water were used and treated identically and used
as a negative control. All obtained extracts were used directly
after incubation. Confluent 3T3 fibroblastic cells were trypsinized
and counted. In each of the central 60 wells of 96-well plates,
200 �l contained 1500 cells were added. After 24 h the medium
was  replaced by 200 �l of medium containing different concen-
trations of the extract solutions: 0% (negative control), 10%, 20%
and 50%. After an incubation period of 5 days, cellular viability
was  assessed through the reduction of 3-(4,5-dimethyltiazol-2,5-
yl)-2,5-diphenyltetrazolium bromide (MTT) into a water-soluble
formazan product.

2.3.6.2. Cell adhesion and spreading. Cell spreading behaviour on
the different materials was analysed by inoculating the samples
with 3T3 Swiss albino embryo mouse fibroblast cells at a density
of 15,600 cells/cm3 in carbonate-free HEPES buffered (25 mM)  Dul-
becco’s modified Eagle medium (DMEM) with 10% foetal calf serum
(FCS). The samples were thereafter incubated for 48 h under cell
culture conditions (95% humidified air/5% CO2, 37 ◦C). Afterwards,
the cells were fixed and were stained for DNA, actin and micro-
tubuli in order to visualize the cells and their cytoskeleton by the
method previously described by Kaiser and co-workers [3]. The cell
spreading was visualized by confocal laser scanning microscopy in
the fluorescence mode.

3. Results and discussion

3.1. Determination of the hydroxyl and carboxyl groups content

Surface modifications were quantitatively analysed. The -OH
Elastollan® membrane n OH/cm2 (×104)

1180A50 + H2O2 25.13 ± 0.06
685A + H2O2 2.36 ± 0.03
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Table 2
Amount of COOH groups (mol/cm2) present on TPU surfaces following grafting
with AA or MCA.

Elastollan® membrane n COOH/cm2 (×107)

1180A50 + AA 41.7 ± 0.90
1180A50 + MCA  4.13 ± 0.01
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685A + AA 29.2 ± 0.09
685A + MCA  3.38 ± 0.10

he same condition of reaction, the number of OH groups
rafted to the surface is higher for Elastollan®1180A50 than for
lastollan®685A. This difference in the grafting efficiency might
e explained by the different chemical structures of the two TPUs.

t is known that polyester urethanes (Elastollan®685A) are more
usceptible to hydrolytic degradation and polyether urethanes
Elastollan®1180A50) to oxidation [19,20].

According to the different amount of OH groups present on
oth Elastollan® surfaces, the larger number of grafted COOH
roups obtained for Elastollan®1180A50 membranes was  already
xpected. Therefore higher grafting efficiency was achieved for this
aterial.
Interestingly, it was also observed a relation between the

mount of COOH and the type of grated monomer. AA grafting
ed to a higher COOH content than MCA  for both materials. This
esult might be associated with the AA ability to polymerize, which
ay  lead to a more significant number of AA molecules attached to

he surface.

.2. Contact angle measurements

It is widely recognized that surface energy is an important
arameter affecting polymers adhesion, material wettability and
ven cell adhesion and biocompatibility [21].

The measurement of contact angles is considered the most con-
enient method for determining the surface free energy of solid
amples. This technique relies on the determination of the inter-
ctions between the solid sample of interest and liquids with well
etermined surface tensions.

During this work, water contact angles and surface energies of
he membranes before and after chemical grafting (AA or MCA)
ere determined. The obtained results are presented in Table 3.

As shown in Table 3, both modification steps (oxidation and
rafting of COOH groups) led to a decrease of the water contact
ngle. Contrarily, surface energies increased after both reactions.
hese results are explained by the presence of hydroxyl and car-
oxylic groups which are hydrophilic and may  therefore establish
ignificant ionic, H-bonding and polar forces. These interactions
re the reason of obtaining high energy surfaces when in contact
ith air. However, these variations are more significant for mem-

ranes prepared with Elastollan®1180A50 which is consistent with

he results obtained and described in the previous section. Such
esults indicated that the amount of OH groups as well as of -COOH
rafted onto the surfaces was significantly higher for this material.
he results also suggest that, for both Elastollan®, the variation in

able 3
ater contact angle, surface free energies and respective components (dispersive and po

Elastollan® membrane � (◦) �SV (m

1180A50 95.4 ± 1.8 19.34 

1180A50  + H2O2 86.7 ± 1.1 25.99 

1180A50  + AA 82.3 ± 0.4 30.71 

1180A50  + MCA  84.7 ± 0.8 25.42 

685A  99.6 ± 1.2 19.02 

685A  + H2O2 92.3 ± 1.0 25.37 

685A  + AA 88.2 ± 1.1 31.82 

685A  + MCA  91.8 ± 0.3 25.40 
ience 283 (2013) 744– 750 747

water contact angle and surface energy was  higher when AA was
used as the grafting monomer. Once again, this result is consistent
with the quantification of OH and COOH groups already referred.

Furthermore, while the original membranes present a very low
polar component, this value considerably increased when OH
and COOH groups were grafted. The presence of polar functional
groups such as OH or COOH increases the hydrogen bounding
interactions and therefore increases the polar component of the
surface energy [2]. In this study, oxidation with H2O2 (introduc-
ing OH groups) and grafting of AA or MCA  (containing carboxylic
groups) onto the films surface increased the polar component of
the surface energy while decreasing their dispersive one.

3.3. Surface topography analysis

In order to observe any differences in the surface of the materials
before and after chemical grafting, the samples were analysed by
scanning electron microscopy (SEM). In Fig. 4 are presented the
images obtained during this analysis at the magnification of 500×.

From Fig. 4 can be seen that different modifications led to differ-
ent surface topologies. It is known that a surface becomes smoother
after grafting, when compared with its original state [22]. There-
fore, the smoother the surface becomes, the higher density of
monomer is grafted to the surface. In this study, after the graft-
ing reactions, the surfaces do look smoother than the unmodified
materials, which is an indication of the grafting efficiency. Also, as
expected from previous results, AA grafting resulted in smoother
surfaces, which is consistent with the suggestion of a higher graft-
ing efficiency with this monomer.

3.4. Thermal analysis

The DMTA technique has been intensely used and recognized
as a powerful tool to identify the materials thermal transition due
to its extremely high sensibility. The main goal of this analysis is
to obtain information about the mechanical and/or thermal prop-
erties of the materials by applying a sinusoidal load to a specimen
and measuring the resultant deformation, while the sample is sub-
jected to a controlled temperature programme. This information
allows inferring about the extension of the modification along the
materials bulk.

The results presented in Fig. 5 show the damping factor (tan ı)
traces obtained for the unmodified as well as for the correspondent
AA and MCA  grafted membranes.

These traces indicate that the TPU bulk material was not affected
by the grafting with MCA  since the glass transition temperature
(Tg) remains the same (only 2 ◦C difference between unmodified
and MCA  grafted surfaces), meaning that only the surface of the
membranes was  modified. However, modification with AA caused
a more significant decrease on Tg value for both materials (approx-

imately 10 ◦C). This decrease in the Tg indicates that the resultant
membranes were more flexible than the unmodified one. The
increase in the flexibility of the membranes may  be explained by the
fact that the grafting might lead to the formation of branched chains

lar) obtained for the unmodified and grafted TPU membranes.

N/m) �D
S (mN/m) �P

S (mN/m)

± 2.30 11.01 ± 1.43 8.33 ± 0.97
± 2.22 8.52 ± 1.35 17.47 ± 1.77
± 1.63 8.70 ± 0.59 22.01 ± 1.18
± 1.36 11.11 ± 0.77 14.31 ± 1.12
± 2.14 16.54 ± 1.98 2.48 ± 0.8
± 2.24 9.84 ± 0.74 15.53 ± 1.74
± 1.44 8.46 ± 1.05 23.35 ± 0.98
± 0.90 7.27 ± 0.24 18.14 ± 0.55
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Fig. 4. SEM pictures of unmod

tructures on the surfaces. These branched chains may  increase in
he space available for molecular motion and therefore lead to a
ecrease in Tg. Similar results have been reported by other authors
23].

.5. In vitro characterization

The results of the MTT  assay are presented in Fig. 6, which rep-
esents the cellular activity after incubation with the extracts of the
embranes. To calculate the relative cytotoxicity, the absorbance

f the control well (0%) was regarded as 100% of cellular viability.

rom Fig. 6 is possible to see that a small decrease in cellular activ-
ty was noted when cells were exposed to the membranes extracts
btained from all the samples. However, considering standard devi-
tion such variations are not significant. These results show that

Fig. 5. Plots of tan ı versus temperature for the unmodifi
and grafted TPU membranes.

the extracts did not contain any component which may  cause cell
death. This suggests that the molecules linked to surface of the
materials are covalently linked and therefore are not released into
the incubation medium. Consequently, both the unmodified and
modified materials did not reveal cytotoxic profile during these
tests.

Cell adhesion on the surfaces was evaluated with 3T3 Mouse
fibroblasts cells. Cell shape and spreading (cytoskeleton orga-
nization) was  analyzed by staining of the cell components i.e.,
actin (green) and nuclei (blue) using fluorescent dyes. The images
obtained by confocal laser scanning microscopy in the fluorescence

mode are presented in Fig. 7.

In the case of Elastollan®1180A50, cells developed a well spread
actin cytoskeleton. The fibroblast cells formed star-like as well
as elongated actin bundles, similarly to the polystyrene culture

ed and grafted TPU membranes obtained at 1 Hz.
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Fig. 6. Effect of unmodified and grafted 

ish surface (Fig. 7). Cells inoculated on Elastollan®685A mate-
ial developed an actin cytoskeleton, which was poorly established.
evertheless can be assumed that both Elastollan® materials pro-
oted cell support, mainly Elastollan®1180A50.
Regarding the modified surfaces, in Fig. 7, cells exhibited a

eaker spreading in the presence of modified surfaces when
ompared to the unmodified membranes. The grafting effect on
ells adherence was more pronounced for Elastollan®1180A50,

ince no cells could be observed on this surface when
rafted either with AA or MCA. This means that the graft-
ng procedures described were effective in producing a cell

Fig. 7. 3T3 Mouse fibroblasts cell behaviour on un
embranes extracts on cell performance.

repellent surface for Elastollan®1180A50 independently of the
amount of COOH groups (AA – 41.7 × 10−7 n COOH/cm2; MCA  –
4.13 × 10−7 n COOH/cm2) and water contact angle within the range
82–84◦.

The effect of these grafting procedures was  not so obvious for
Elastollan®685 membranes since, despite the obvious reduction in
cell spreading, cell could still be observed at the surface of this
material. However, in these cases, cell colonization was sparse and

cells developed an actin cytoskeleton, which was poorly estab-
lished and the most circular cell shape was mainly reduced to
a small area around the nucleus, which might indicate that cell

modified and functionalized TPU surfaces.
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how bad adherence to the surface. The cells adhesion on modi-
ed Elastollan®685, within the obtained range, is also independent
f the amount of COOH groups (AA – 29.9 × 10−7 n COOH/cm2;
CA  – 3.38 × 10−7 n COOH/cm2) and water contact angle (AA –

8.1◦; MCA  – 91.8◦). Several studies such as the works of Haddow
t al. [24] and Daw et al. [25], indicated that human keratinocyte
ells and ROS17/2.8 osteoblast-like cells improved their adher-
nce and growth on substrates with COOH group. The reason
or the improvement was  attributed to the enhanced of the sur-
ace wettability. However, Li et al. [26] found that, even with
ow COOH groups grafting densities and the improvement of

ettability of the substrate, cell adhesion was reduced on PET
ubstrates. These findings are inline with the results presented in
his here. Despite the COOH groups grafted into Elastollan® sur-
aces and the improvement of hydrophilicity, the cell adhesion was
educed.

Therefore, in the present work, in vitro studies suggested that for
oth Elastollan®, the COOH grafting decreases or even eliminates
ells adhesion to the surface while maintains their non-cytotoxic
ature.

. Conclusion

During this work, chemical grafting of COOH groups was
erformed on the surface of membranes prepared from either
lastollan®1180A50 or Elastollan®685A. According to the obtained
esults, one can state that grafting of acrylic acid (AA) was more
fficient than monochloroacetic acid (MCA).

Thermal analysis showed a small shift of the Tg value after graft-
ng. This variation was more pronounced for AA and is associated

ith the diluting effect of the branched chains that result from
rafting reaction on the surface [23]. Since AA tends do polymerize
n the surface, this effect becomes more evident leading to a more
ignificant variation on Tg.

Surface wettability analysis revealed a small decrease of water
ontact angle and a considerable increase in the polar component
f the surface energy, due to the presence of grafted polar groups
COOH). In addition, SEM analysis illustrated that surface grafting
reated smoother surfaces.

Cell adhesion tests showed that both modifications decreased
ell adhesion. This effect was, however, more significant for the
embranes prepared with Elastollan®1180A50. It was also found

hat cell adhesion on modified surfaces was not directly related
ith the amount of COOH groups present on the surface, within

he studied range (4.13 × 10−7–41.7 × 10−7 n COOH/cm2).
As an overall conclusion, it is possible to state that the mod-

fications performed on the original membranes resulted in cell
epellent profiles meaning that these modification methods are
uitable to reduce cell adhesion on a biomaterial.
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