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Abstract

Segmented polyurethanes based on poly(dimethylsiloxane), currently used for biomedical
applications, have sub-optimal biocompatibility which reduces their efficacy. Improving the
endothelial cell attachment and blood-contacting properties of PDMS-based copolymers
would substantially improve their clinical applications. We have studied the surface pro-
perties and in vitro biocompatibility of two series of segmented poly(urethane-dimethyl-
siloxane)s (SPU-PDMS) based on hydroxypropyl- and hydroxyethoxypropyl-terminated
PDMS with potential applications in blood-contacting medical devices. SPU-PDMS copoly-
mers were characterized by contact angle measurements, surface free energy deter-
mination (calculated using the van Oss—Chaudhury—Good and Owens—Wendt methods),
and atomic force microscopy. The biocompatibility of copolymers was evaluated using an
endothelial EA.hy926 cell line by direct contact assay, before and after pre-treatment of
copolymers with multicomponent protein mixture, as well as by a competitive blood-pro-
tein adsorption assay. The obtained results suggested good blood compatibility of synthe-
sized copolymers. All copolymers exhibited good resistance to fibrinogen adsorption and
all favored albumin adsorption. Copolymers based on hydroxyethoxypropyl-PDMS had
lower hydrophobicity, higher surface free energy and better microphase separation in
comparison with hydroxypropyl-PDMS-based copolymers, which promoted better endo-
thelial cell attachment and growth on the surface of these polymers as compared to hydro-
xypropyl-PDMS-based copolymers. The results showed that SPU-PDMS copolymers display
good surface properties, depending on the type of soft PDMS segments, which can be
tailored for biomedical application requirements such as biomedical devices for short- and
long-term uses.
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Thermoplastic segmented polyurethane elastomers
(SPUs) are used extensively in cardiovascular devices
such as heart valves and vein replacements, as an
encapsulating material, for orthopedic and dermal
application, and for transdermal drug delivery patches
[1]. They possess relatively good biocompatibility, are
easy to process, and have a wide range of tunable
physical and mechanical properties [1,2]. The SPUs are
known to exhibit a two-phase microstructure due to
the thermodynamic incompatibility between the hard
and soft segments.

In the last 10 years, the poly(dimethylsiloxane)
(PDMS) has often been used to produce SPUs due to
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the fact that PDMS exhibits excellent thermal pro-
perties, hydrophobic properties and biostability [1,3,4].
PDMS is the non-polar oligomer, which hampers its
conjunction with polar urethane matrix [5]. To over-
come the difficulties, many approaches have been
studied in order to synthesize the PDMS-based SPUs
yielding high molecular weight and good mechanical
properties. In line with these, the synthesis of high
molecular weight SPU copolymers using hydroxybutyl-,
hydroxyhexyl-, aminopropyl- and methylaminopropyl-
terminated PDMS oligomers has been reported [6,7].
However, most of the research was focused on using
hydroxyl-terminated PDMS or amino-terminated PDMS
by cooperating with polyether macrodiol, in order to
increase the compatibility of the reaction mixture and,
thus, to achieve higher molecular weights and better
mechanical properties of copolymers [7]. For instance,
Adhikari et al. [8] studied the ability of hydroxyethoxy-
propyl terminated-PDMS to mix with the poly(hexa-
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methylene oxide) macrodiol (PHMO) as the soft seg-
ment of the SPUs, and the results indicated that about
20 wt.% PHMO in the soft segment produced SPUs with
a combination of good biostability and mechanical
properties. However, to further enhance the biostab-
ility of SPUs derived from hydroxyethoxypropyl term-
inated-PDMS, reduction of PHMO in the soft segment
mixture is desirable [9-11].

Introduction of PDMS soft segment or siloxane
based chain extenders into polyurethanes has led to
the development of materials such as commercial poly-
ether/PDMS based SPUs, i.e., Elast-Eon™ 2 and 3,
which comprise groups of very flexible high and low
modulus SPU copolymers, respectively [1]. PDMS has
been incorporated into these copolymers in order to
obtain non-cytotoxic polymers with better microphase
separation structures, and thus enhanced biostability
and low thrombogenicity [11,12]. However, SPUs and
PDMS in Elast-Eon™ are inherently resistant to cell
adhesion and support relatively poor endothelial cell
growth. Bax et al. [12] found that Elast-Eon™ exhibits
low levels of human umbilical vein endothelial cell
(HUVEC) adhesion and cell viability, but surface plasma
modification and tropoelastin protein coating of Elast-
-Eon™ enhanced endothelial cell attachment and
reduced thrombogenicity.

SPUs possess blood-contacting properties that
make them suitable for short and long-term biomedical
applications, however their long-term thrombogenic
nature can cause emboli occlusion [1]. Thrombosis is
the major cause of short-term failure of heart valves,
stents and vascular grafts. The investigation of protein
adsorption, which is the first step in thrombus for-
mation, is very important for understanding the mole-
cular mechanisms underlying this process, and more
importantly for engineering thromboresistant surfaces.
Also, the structural conformation of the adsorbed
protein appears to be crucial in influencing cell adhe-
sion and growth [13], and studies on the behavior of
protein adsorption and cell adhesion are important for
improving the biocompatibility of SPU materials. In
vitro cell culture in controlled conditions is one of the
most often-used methods for evaluation of cytocom-
patibility, while the blood-based testing and plasma
protein adsorption assays provide a good insight into
the hemocompatible properties of the material [1]. The
properties of SPUs surfaces are utmost important due
to their role in thrombosis and inflammatory response.
Namely, surface properties such as topography, surface
free energy, surface composition, and chemistry of
SPUs can greatly influence its protein adsorption, cell
attachment and hence its biocompatibility [14—18]. In
our previous works [16—18], we have found that micro-
phase separation, surface roughness and soft segment
content represent the most important properties inf-
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luencing endothelial cell adhesion and protein adsorp-
tion.

The present work is focused on the surface pro-
perties, in vitro hemo- and cytocompatibility of two
series of poly(urethane-dimethylsiloxane) copolymers
(SPU-PDMS) based on hydroxypropyl- and hydroxy-
ethoxypropyl-terminated PDMS. Therefore, the aim of
this study is to investigate the influence of different
soft PDMS segments on the water contact angle, sur-
face free energy and its components, surface topo-
graphy and biocompatibility of SPU-PDMS copolymers.

EXPERIMENTAL PART

Materials

a,w-Dihydroxypropyl poly(dimethylsiloxane) (HP-
PDMS, M, = 960 g/mol) and a,w-dihydroxyethoxy-
propyl poly(dimethylsiloxane) (EO-PDMS, M, = 1000
g/mol) were purchased from ABCR. 4,4’-Methylene-
diphenyldiisocyanate (MDI), supplied by Aldrich, with
an isocyanate content of 33.6 wt.%, was used without
further purification. 1,4-Butanediol (BD, from Aldrich)
used as a chain extender was purified by vacuum dis-
tillation. Stannous octanoate (Sn(Oct),) from Aldrich
was used as a dilute solution in the anhydrous mixture
of DMAc/THF (1/1, V/V). N,N-Dimethylacetamide
(DMAC, from Acros) and tetrahydrofuran (THF, from J.T.
Baker) were distilled before use. Formamide (analytic-
ally pure, Merck) and diiodomethane (analytically pure,
UCB, Belgium) were used as received.

Synthesis of segmented polyurethanes

Two series of segmented polyurethanes were
obtained by two-stage polymerization procedure in the
solution (DMACc/THF, 1/1, V/V), using a,w-dihydroxy-
propyl- or a,w-dihydroxyethoxypropyl-PDMS, MDI and
BD. Each series of the synthesized SPU-PDMS consisted
of three samples of different hard segment content
(20, 45 and 55 wt.%), which, in this study, is marked by
the last two numbers in the name of prepared samples.
The total molar ratio of -NCO and —OH groups was kept
constant (NCO/OH = 1.05). Catalyst concentration was
kept at 0.04 wt.%. The synthesis and characterization of
SPU-PDMS copolymers have been described in details
in our previously published papers [17,19]. SPU-PDMS
samples were synthesized in 100 mL four-neck round-
bottom flasks, placed in a silicone oil bath and con-
nected to an inlet for dry argon, a mechanical stirrer, a
dropping funnel and a reflux condenser. Calculated
amounts of macrodiol and MDI were weighed into
reaction flask at room temperature, dissolved in the
mixture of DMAc/THF and then heated up to 80 (for
the SPU-PDMS,;» series) or 40 °C (for the SPU-PDMSgq
series) under an argon atmosphere. The reaction
started by the introduction of a solution of Sn(Oct), in
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DMAC/THF. The reaction mixture was stirred for 20 min
(for the SPU-PDMS,; series) or 30 min (for the SPU-
-PDMSgo series) to prepare the NCO-terminated pre-
polymer, i.e., until the theoretical NCO content was
attained. The NCO content was controlled by the dibut-
ylamine back-titration method [20]. In the second stage
of the reaction, a dilute solution of BD in DMAc/THF
was added dropwise to the NCO-terminated prepoly-
mer and the reaction was continued for 24 h. Copoly-
mers were precipitated into methanol/water (1/1, V/V)
solution, filtered and dried to constant weight in a
vacuum oven at 40 °C. The SPU-PDMS films (0.40-0.50
mm thickness) utilized for characterization and biocom-
patibility evaluation were cast from DMAc solution (10
wt.%) into Teflon® molds and were left for 48 h in a
circulating air oven at 40 °C. Finally, the films were
dried to constant weight under vacuum at 40 °C.

Characterization

Static contact angle was measured by a sessile drop
method at 26 °C, using a contact angle analyzer (Kriss
DSA100). Surface energy data were calculated from the
contact angle values obtained by distilled water, form-
amide, and diiodomethane and the acid-base theory
for solids according to the van Oss—Chaudhury—Good
model [21]. Also, surface free energy and its compo-
nents were obtained using the water and diiodo-
methane contact angles according to the Owens—
—Wendt model [22]. Single drops of tested liquid with a
volume of 20 pL were deposited on the film surface
and the contact angels were measured after 30 s. Con-
tact angles for each polymer were calculated as the
average value of five measurements.

The surface free energy can be calculated by the
acid-base theory for solids according to the van Oss—
—Chaudhury-Good approach using the following equa-
tions [21]:

Vs (1+€058,) =2 Y Y +[75 i Vs Vi

Y2 (14056 = 2 2V s +\[7E Vs +\Fs Wi ()
7/LV3(1+COSG3)=2\/7§W7LL\% +\/7;7/L7V3 +\/7§7Q+v3

Vs =15 +¥5 =V 215 Vs

where @ is the experimentally found contact angle
between a liquid drop and a solid surface under
investigation; % is the total surface free energy of
copolymers and composed of the dispersive (7§W) and
the polar (72°) components; ¥ and y are the Lewis
acid parameter and the Lewis base parameter of the
surface free energy, respectively; %, represents the
surface tension of the corresponding testing liquids,
and it is also divided into the dispersive and the polar
components. In this way, if the values of ¥V, %, 7y
for three testing liquids are known, %" and 7:° can

be calculated according to Eq. (1) by measuring contact
angles 6, 6 and 6; of three testing liquids on the SPU-
-PDMS surface, which can further give the surface free
energy of solid film. Here the three testing liquids are
distilled water (%, = 72.8 mJ)/m?; ;/LL\'fV= 21.8 mJ/m%
), = 25.5 m)/m’; ¥, = 25.5 mJ/m°), formamide (3 =
58.0 mJ/m’ ¥V =39.0 mi/m’; ¥, =2.28 mi/m’; ¥,
= 39.6 mJ/mZ), and diiodomethane (%, = 50.8 mJ/mZ;
7h =50.8 mi/m’; 7, = 0mi/m’; ¥, =0ml/m’) [23].

The surface free energy can be calculated according
to the Owens-Wendt model using the following
equations [22]:

7Lv1(1+C°591):2\/7g7gv1 +\/7§7va1

Yivs(1+cosés) =2\/7g75v3 +\/7§7va3 (2)
Vs = Vg +78

where ;/g is the surface free energy connected with
dispersion interactions; y£ is the surface free energy
connected with polar interactions.

Atomic force microscopy (AFM) characterizations
were performed with an AutoProbe CP-Research SPM
(TM Microscopes, Veeco) instrument. Measurements
were performed under ambient conditions using the
non-contact mode AFM technique. Veeco Phosphorus
(n)-doped silicon contact metrology probes model
MPP-31123-10 with Al-reflective coating and sym-
metric tip were used.

Differential scanning calorimetry (DSC) was carried
out on a DSC Q1000V9.0 Build 275 thermal analyzer.
The DSC scans were recorded under a dynamic nitro-
gen atmosphere (the flow rate of nitrogen was 50
mL/min), in the temperature range from —90 to 230 °C,
at a heating and cooling rate of 10 and 5 °C/min, res-
pectively. The total degree of crystallinity (X.psc) was
calculated by following equation:

Xeosc = AHm/AHmO (3)

where AH,, is the enthalpy of melting of sample, and
AH,° is the theoretical value of the enthalpy of the
melting of perfectly crystalline MDI-BD homopolymer,
based on the group contribution method (AH,,° = 91.2

J/g) [24].

Assessment of cytocompatibility

EA.hy926 cells were a kind gift from Dr. Cora Jean
Edgell, University of North Carolina, USA. The cells
were cultured in Dulbecco’s Modified Eagle Media sup-
plemented with 10% fetal bovine serum, 2 mM L-glu-
tamine, 100 pg/cm3 streptomycin, 100 U/cm® penicillin,
and HAT media supplement and maintained in a humi-
dified atmosphere containing 5% CO, at 37 °C. Prior to
cell seeding, SPU-PDMS copolymers films were steri-
lized by ultraviolet irradiation for 30 min and placed
into 96 well polystyrene microplates (Sarstedt, Ger-
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many). The cells were seeded at a density of 30000
cells per well for all experiments. All tests were per-
formed in triplicates.

The influence of SPU-PDMS copolymers on cell via-
bility was evaluated using (MTT) assay, which was per-
formed 96 hours post-seeding [16]. Absorbance was
measured spectrophotometrically at 570 nm. The cell
viability was expressed relative to control sample (cells
grown without sample film), taken as 100%.

Cell adhesion onto the SPU-PDMS copolymers films
was examined and photographed by a light microscopy
using a computer based Carl Zeiss Axiovision micro-
scope, 96 h after seeding. Cells were fixated with 3%
glutaraldehyde solution. The samples were rinsed with
PBS in order to remove detached cells. SPU-PDMS
copolymers films were placed on microscope slides,
stained with 0.4% nigrosin solution and photographed.

To assess the possible influence of surface precon-
ditioning with the most abundant plasma proteins on
cell adhesion, the samples were pre-incubated for 2 h
at 37 °C in the mixture of bovine serum albumin (BSA,
40 mg/cm3), bovine yglobulins (BGG, 10 mg/cma) and
bovine fibrinogen (FBG, 3 mg/cm3) prior to cell seeding.
Protein concentrations are chosen as to reflect the
actual physiological concentration. After incubation,
the SPU-PDMS films were rinsed two times with PBS.
The cells were seeded in specified density of 30000
cells per well and SPU-PDMS copolymers films were
photographed 96 hours after as indicated above.

Assessment of hemocompatibility

SPU-PDMS copolymer films were incubated (2 h, 37
°C) with a three-component mixture comprised of BSA
(40 mg/cm’®), BGG (10 mg/cm’) and FBG (3 mg/cm’).
Adsorbed proteins were resolved on 7.5% SDS—
—poly(acrylamide) gels under non-reducing conditions
and quantified as previously reported [16]. The protein
concentrations were calculated from the standard
curves and expressed as pg of protein per cm’ of the
film.

Statistical analysis

Biocompatibility data were evaluated statistically by
one way ANOVA, followed by post comparison
Bonferroni's test: * indicates p < 0.05; ** p < 0.01; ***
p < 0.001. For surface free energy data, descriptive
statistical analyses for calculating the means and the
standard error of the mean were performed using
Microsoft Excel software (Microsoft Office 2007). All
obtained results were expressed as the mean *
standard deviation (SD). The significant differences
between specific samples are calculated according to
post-hoc Tukey’s HSD test at p < 0.05 significance level,
95% confidence limit, using StatSoft Statistica 10 soft-
ware.

RESULTS AND DISCUSSION

Two series of SPU-PDMS copolymers containing
different soft segment structures were synthesized by
two-step polymerization in solution. These SPU-PDMS
copolymers were used to study the effect of surface
properties on hemo- and cytocompatibility. The chem-
ical structure of two kinds of PDMS prepolymer used
for preparation of SPU-PDMS copolymers are pre-
sented in Figure 1. The molar ratio of PDMS, MDI and
BD in both series was 1:2:1, 1:4:3 and 1:6:5, which
resulted in following of predetermined content of the
hard MDI-BD segments: 20, 45 and 55 wt.%. The com-
positions and some DSC data of the examined copo-
lymers are given in Table 1.

CHz\ CHy
HO{CHZ}{ ao Sl—fCHZ}—OH
CHy

a,w-dihydroxypropyl poly(dimethylsiloxane)

cH3 CHs
HO-CH,-CH,~ O{CH 0- SI—fCHQJ—O CH,~CH,~OH

CH3
a,w-dihydroxyethoxypropyl poly dimethylsiloxane)

Figure 1. Chemical structures of poly(dimethylsiloxane)
prepolymers.

Table 1. Composition, degree of crystallinity and contact angles of the SPU-PDMS copolymers

Content of hard segment, wt.% ° ° °
Sample Molar ratio® (in feed)gb Xeosc | % (wga:\lt/er)cI (forrfi){nide)d (diiodo%n(ethane)d
SPU-PDMSy,-20 1:2:1 21.9 0.9 96.2¢1.2° 84.32.6° 71.4+1.2°
SPU-PDMSy-45 1:4:3 45.7 189 88.5:0.9° 78.4%1.2° 66.0£0.7°
SPU-PDMSyp-55 1:6:5 58.4 27.2  83.3+1.0° 70.5+0.4° 56.8+0.4°
SPU-PDMSgo-20 1:2:1 21.4 43  92.7+0.4°  77.8+1.2° 62.4+1.2°
SPU-PDMSgo-45 1:4:3 44.9 19.6  87.0+0.4°  71.6%1.5° 59.9+0.4°
SPU-PDMS4-55 1:6:5 57.6 28.5 80.8+0.6°  63.5:1.9° 43.5+1.4°

 PDMS prepolymer:MDI:BD in the reaction mixture; at a 1.05 mole ratio of NCO/OH groups; b predetermined by the composition of the reaction
mixtures;  determined by DSC results from the second heating run. The degree of crystallinity of SPU-PDMSyp-20 sample is 2.6% in the first heating
run; d a,b,c,d,e — values with the same letter are not statistically different at the p < 0.05 level (according to post-hoc Tukey’s HSD test)
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Since the synthesized SPU-PDMS copolymers pre-
pared from the soft PDMS and hard MDI-BD segments
were designed to obtain materials for biomedical
applications, their surface energy and hydrophob-
icity/hydrophilicity play a key role. In the present study,
the surface free energy of SPU-PDMS copolymers was
calculated according to the van Oss—Chaudhury—Good
[21] and Owens—Wendt methods [22]. In order to find
and to validate the values of surface free energy those
two methods were applied. Post-hoc Tukey’s HSD test
at 95% confidence limit was calculated to show any
significant differences between samples. Moreover, in
van Oss—Chaudhury—Good or Owens—Wendt methods,
three (distilled water, formamide and diiodomethane)
or two (distilled water and diiodomethane) liquids for
the SPU-PDMS surface investigation were used.

The measurement of the contact angle represents
well-known and very useful technique for character-
ization of solid surface. Tables 1 and 2 show the contact
angles of the SPU-PDMS copolymers by using the three
liquids as well as surface free energy and its com-
ponents, respectively. The contact angles of SPU-
-PDMS,;» and SPU-PDMSg, samples with water (6))
increased from 83.3 to 96.2° and from 80.8 to 92.7°,
respectively, with increasing content of PDMS in the
samples. In both series, the copolymers with higher
PDMS content were more hydrophobic. These results
may be explained by the migration tendency of PDMS
on the surface of the copolymers, caused by very low
surface energy of PDMS [4]. The hydrophobicity for
SPU-PDMS copolymers based on HP-PDMS prepolymer
is higher in comparison with copolymers based on EO-
-PDMS prepolymer with terminal hydrophilic ethylene
oxide units. Furthermore, the values of the formamide
(6,) and diiodomethane () contact angle are higher
for the samples of SPU-PDMS,» series in comparison
with the samples of SPU-PDMS;, series. As shown in
Table 2, the surface free energy of copolymers based
on HP-PDMS is lower than that of copolymers based on
EO-PDMS. Surface free energy of SPU-PDMSy, copoly-
mers decreased due to the higher surface activity of
HP-PDMS prepolymer incorporated into the soft seg-
ment in comparison with EO-PDMS prepolymer con-

taining terminal hydrophilic ethylene oxide units. It was
found that the decrease in the surface energy for SPU-
-PDMS,;» samples in comparison with SPU-PDMSgo
samples could be mainly attributed to decreasing
values of the dispersive component 2% or yZ . There
was a very small change in the polar component }/qu or
yf with changing type of PDMS prepolymer. The
surface energy values of the synthesized SPU-PDMS
samples were higher than values obtained for the other
poly(urethane-siloxane)s (around 20 mJ/mZ) [25,26]
and silicone control sample (18 mJ/mZ) [26] presented
in the literature. The results of the current study
showed that the synthesized copolymers possess
slightly amphiphilic character, implying the existence of
both, hydrophobic PDMS and hydrophilic urethane
groups at the surface.

AFM Analysis was carried out in order to under-
stand the influence of the type of PDMS soft segments
on the surface topography and heterogeneity relief of
SPU-PDMS copolymers. The height and phase AFM
images for SPU-PDMS copolymers are shown in Figure
2. Based on prior studies, it is known that the bright
regions represent the hard phase, while the darker
regions represent the soft PDMS phase. Height images
show different surface topography for the synthesized
copolymers. The topographies of SPU-PDMS;;,-20, SPU-
-PDMSg0-20 and SPU-PDMSg,-45 samples display sphe-
rullite particulate formations of tens of nm in size, SPU-
-PDMSyp-45, SPU-PDMSyp-55, SPU-PDMSgs-55 show
agglomerates of um in size. Phase images (i.e., maps of
tip-sample interactions) enable qualitative insight into
the homogeneity relief of samples. The synthesized
copolymers based on EO-PDMS are characterized by
two-phase morphology consisting of a hard segment-
rich phase and a soft segment-rich phase. Therefore,
the EO-PDMS based copolymers are distinguished by
heterogeneous character, apparently connected with
the good microphase separation. On the contrary, the
copolymers based on HP-PDMS do not have sharp
interfaces between the two phases, ie., they have
mostly homogeneous character, apparently connected
with the weak microphase separation.

Table 2. Results of surface free energy (mJ/mZ), its components and parameters for the SPU-PDMS copolymers calculated according
to van Oss-Chaudhury-Good and Owens-Wendt methods; values with the same letter are not statistically different at the p < 0.05

level (according to post-hoc Tukey’s HSD test)

Sample van Oss-Chaudhury-Good method Owens-Wendt method (water—diiodomethane liquids)
ye Y Ys 748 % Y ¥ %
SPU-PDMS,p-20  22.1#0.7° 1.5:0.3° 1.9+0.4° 3.3+0.6° 25.4+1.1° 24.3+0.1° 1.2¢0.0° 25.5%0.2°
SPU-PDMSyp-45 25.1+0.5° 1.6£0.2*° 2.8+0.1°® 4.3+0.2°° 29.4+0.7%° 29.8+0.1° 1.3+0.0° 31.0+0.2°
SPU-PDMS,p-55  30.4+0.2° 1.8+0.1* 3.0+0.4° 4.620.3" 35.0+0.3° 27.2¢0.2° 2.0£0.0° 29.10.3°
SPU-PDMSgp-20  27.330.8° 1.9:0.3* 1.8+0.2° 3.7¢0.4™ 31.131.0®  30.5:0.3° 1.70.0° 32.240.1°
SPU-PDMSgo-45  28.6+0.3° 1.6+0.1° 2.4+0.0°° 3.9+0.2°°° 32.5:0.4°  33.0:0.3° 1.740.0° 34.7+0.3°
SPU-PDMSgo-55  37.4%#0.7° 2.2+0.1° 2.6:0.3°° 4.8+0.4° 42.240.3° 40.8+0.2' 1.6+0.0° 42.3:0.2'
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Figure 2. 3D AFM height and 2D AFM phase images of the surface of SPU-PDMS,;» (a) and SPU-PDMSg, (b) copolymers (scan area 20

umx20 um).

Investigation of biocompatibility using endothelial
cells and protein adsorption assays is paramount for
further development of non-toxic, thromboresistant
surfaces, given that almost all currently available bio-
materials (e.g., commercial PDMS/polyether based
SPUs Elast-Eon") have biocompatibility that is limited
by inflammatory responses contributing to thrombosis
formation, as well as low level of cell attachment
[1,12]. In our study, the biocompatibility of copolymers
was evaluated using endothelial EA.hy926 cell line by
direct contact assay, before and after pre-treatment of
copolymers with multicomponent protein mixture, as
well as by a competitive blood-protein adsorption
assay. Namely, in our research, we used EA.hy926
endothelial cell line to investigate cytocompatibility of
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the synthesized copolymers. Endothelial cells are the
major cell type of the microvasculature, and they play a
role in regulation of vascular tone and permeability,
coagulation, inflammation and angiogenesis [1]. The
response of these cells to a material is of great impor-
tance, and the endothelial cells are often used in in
vitro evaluation of cytocompatibility of materials that
might be used as medical devices, in particular, for the
devices designed for cardiovascular applications aimed
to have long-term close contacts with blood vessels.
The results of MTT assay showed that SPU-PDMSp
samples significantly inhibited attachment and growth
of EA.hy926 cells, while SPU-PDMSg, samples sup-
ported the attachment and subsequent growth of
endothelial cells on their surface without restriction



M.V. PERGAL et al.: SEGMENTED POLY(DIMETHYLSILOXANE)-BASED POLYURETHANES

Hem. ind. 68 (6) 731-741 (2014)

(Figure 3). The obtained results showed that the sur-
faces of SPU-PDMSg, samples might be favorable for
the cell growth in comparison with the surface of SPU-
-PDMS,;» copolymers, probably due to the better micro-
phase separation and greater hydrophilic properties of
surfaces of EO-PDMS-based copolymers.

Cell attachment to the SPU-PDMS copolymers was
investigated by light microscopy 96 h post seeding. The
representative photographs of EA.hy926 cells on the
surface of copolymers are shown in Figure 4. In this
study, the cell attachment appeared to depend on the
type of PDMS soft segments, microphase separation, as
well as surface hydrophilicity. Namely, the surface of
SPU-PDMS¢, samples favoured cell attachment, while a
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reduced cell attachment was observed in SPU-PDMS,»
samples. Consequently, cell morphology was preserved
on the surface of SPU-PDMS;, samples, while cells
seeded onto SPU-PDMS, samples could not spread to
adopt the characteristic shape. As a result, cell attach-
ment on the SPU-PDMSg, surface was much higher
than on the SPU-PDMSy;, surface due to higher hydro-
philicity of SPU-PDMSg, copolymers. Again the amount
of cells attached to the SPU-PDMS;, surface after a
protein-preconditioning of their surface was much
higher than on SPU-PDMS,;» surface (Figure 5). Similar
situation was observed after preconditioning of SPU-
PDMS,;» and SPU-PDMS;, copolymers surface with the
three-component protein mixture (Figure 5), implying
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Figure 3. Ea.hy926 cell viability 96 h post seeding onto SPU-PDMS copolymers.

e

SPU-PDMSkr-20 SPU-PDMSke-45 SPU-PDMSe-55 SPU-PDMSc0-20 SPU-PDMSeo-45
Figure 5. Photographs of SPU-PDMS copolymers pre-adsorbed with proteins mixture and adhered with EA.hy926 cells.
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that pretreatment with blood proteins did not inf-
luence further cell attachment on the SPU-PDMS copo-
lymers in both series. These results could be explained
by limited FBG (i.e., cell adhesion-promoting protein)
binding to all copolymers in both series. Namely, in this
study the FBG/BSA adsorption ratio (Figure 6) did not
affect cell attachment on the surface of proteins of
pretreated copolymers. The obtained results suggested
that endothelial cell attachment on the SPU-PDMSgq
copolymer surface (81.4+6.0% for SPU-PDMSg-20,
81.049.4 for SPU-PDMSgy-45, and 86.4+9.9% for SPU-
-PDMS;o-55) was higher than on the Elast-Eon"
(31.4+3.8%) [12], suggesting good biocompatibility of
copolymers, which were derived only from EO-PDMS as
soft segment.

Our in vitro measurements of plasma protein ads-
orption suggested good blood compatibility of all
synthesized copolymers. All copolymers exhibited good
resistance to fibrinogen adsorption and all favoured
albumin adsorption (Table 3). Albumin adsorption is
shown to passivate and protect the biomaterial surface
from thrombosis, whereas fibrinogen promotes platelet
adhesion on the polymer surface [1]. The adsorption
ratio of FBG/BSA for the SPU-PDMS,;; and SPU-PDMS;,
copolymers from competitive experiments was in the
range from 0.0320 to 0.0501 and from 0.0092 to
0.0208, respectively (Figure 6). The obtained results
indicate that all copolymers preferentially adsorbed
BSA, which is an indicator of good hemocompatibility
[27]. It was suggested that polymers which show
improved blood compatibility and less platelet adhe-
sion have a smaller ratio of FBG/BSA [28], which was
observed in our study. Nevertheless, in addition to
blood—protein adsorption, other hemocompatibility
investigations such as hemolysis and platelet adsorp-
tion, as well as in vivo testing are needed to confirm
our preliminary results.

In this study, SPU-PDMSg, with a greater degree of
microphase separation demonstrated a lower FBG/BSA
adsorption ratio in competitive experiment and there-
fore better hemocompatibility in comparison with SPU-

0.0500
0.0400
0.0300

0.0200

FBG/BSA ratio

0.0100

SPU-PDMSp-20
SPU-PDMSyp-45

o

SPU-PDMSHp-55

-PDMS,» copolymers. This is in agreement with pre-
vious studies on SPUs based on polyether and PDMS
soft segments and SPUs based on PCL-PDMS-PCL soft
segments, where higher microphase separation of
samples showed lower FBG adsorption levels [16,29].
Our results also suggest that the higher surface energy
may be responsible for lower FBG adsorption of SPU-
PDMS¢, copolymers as compared to SPU-PDMSy;, copo-
lymers. Therefore, in this study we show that the
hemocompatibility of the SPU-PDMS copolymers dep-
ends on the degree of microphase separation and sur-
face free energy. Furthermore, the FBG interactions
with SPU-PDMS¢, are similar to those with commercial
polyether/PDMS based SPUs, i.e., Elast-Eon™ (ads-
orbed amount of FBG is 0.19 ug/cm2 in competitive
adsorption experiment) [30], suggesting good biocom-
patibility of SPU-PDMS¢, copolymers and great promise
for use in long-term blood-contacting biomaterials.

Table 3. Results of competitive adsorption of proteins on SPU-
PDMS copolymers (ug/cm?)

Sample

BSA

BGG

FBG

SPU-PDMSp-20
SPU-PDMS,p-45
SPU-PDMS,p-55
SPU-PDMSgp-20

20.150+0.631
25.052+0.096
39.622+2.343
17.050+0.953

13.222+1.589
13.798+0.944
16.460+1.336
9.835+2.071

10.688+0.734

0.645+0.023
0.711+0.011
1.466+0.033
0.157+0.009
0.313+0.053

32.26%0.702
42.45%+1.815

SPU-PDMS;q-45

SPU-PDMSgo-55 10.727+0.829 0.884+0.281

Our results indicate that SPU-PDMS copolymers
have good surface properties, depending on the type of
soft PDMS segments, which can be tailored for bio-
medical application requirements such as biomedical
devices for short- and long-term uses. Copolymers
based on EO-PDMS are less hydrophobic and have
higher crystallinity (Table 1), as well as good micro-
phase separation, which promoted better cell attach-
ment and growth on polymer surface. EO-PDMS-based
copolymers due to an excellent resistance to fibrinogen
and stimulated endothelial cell adhesion properties
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N
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Figure 6. Fibrinogen/albumin ratio for SPU-PDMS copolymers from competitive adsorption experiments.
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might be found suitable for long-term biomedical appli-
cation such as in cardiovascular devices that particul-
arly require good blood compatibility and stimulated
attachment of endothelial cells. However, the obtained
results showed that HP-PDMS-based copolymers have
good hemocompatibility due to the excellent resistance
to fibrinogen adsorption, but show low endothelial cell
adhesion. These results are consistent with previous
studies [31] reporting that PDMS imparted a hydro-
phobic character to the surface of PDMS polyether
polyurethanes that may have resulted in lower cell
density and cell coverage, but enhanced biostability as
compared to polyether polyurethanes. Our results on
endothelial cell line prompt us to propose that HP-
PDMS-based copolymers might be found suitable for
transient devices such as blood contacting portion of
blood pumps and catheters. However, a further inves-
tigation (using different cell lines as well as blood-based
tastings) is needed to clarify their potential for use in
short-term biomedical devices.

CONCLUSION

The results of the current study show that the type
of soft PDMS segments in the copolymers plays an
important role in protein adsorption and endothelial
cell adhesion onto the copolymer surfaces. The
obtained results confirm good blood compatibility of
synthesized copolymers since all copolymers exhibit
good resistance to fibrinogen adsorption and all favor
albumin adsorption. However, the higher surface
energy and good microphase separation may partially
account for a better hemocompatibility of copolymers
based on EO-PDMS compared to HP-PDMS based
copolymers. Our results imply that the surface of EO-
-PDMS based copolymers is more favourable for the
cell attachment and growth than the surface of HP-
PDMS based copolymers, probably due to the greater
hydrophilic properties of surfaces of these materials.
Copolymers based on HP-PDMS significantly inhibit
attachment and growth of EA.hy926 cells, as demon-
strated through the decrease in viability of cells grown
in the presence of these copolymer films, which could
be a consequence of the restricted ability of cells to
attach on their surface. Therefore, the synthesized
SPUs based on HP-PDMS due to good hemocompat-
ibilty and cells non-adherent properties should be
further investigated as potential materials that might
be used in biomedical devices for short-term use.
Furthermore, our results show that SPUs based on the
EO-PDMS soft segment favor the adhesion of endo-
thelial cells on their surface as compared to HP-PDMS
based SPUs, due to the presence of hydrophilic ethyl-
ene oxide terminal units in the soft segment, implying
that these copolymers might be used in long-term bio-
medical application.
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(Naucni rad)

Segmentirani poliuretani na bazi poli(dimetilsiloksana), koji se trenutno kori- Klju¢ne reci: Poliuretani e Siloksani e
ste u biomedicini, imaju biokompatibilnost ispod optimalne sto smanjuje njihovu Povrsinska energija ® Vezivanje celija o
efikasnost. PoboljSavajuci vezivanje endotelnih celija i svojstva kopolimera na bazi Adsorpcija proteina

PDMS u dodiru sa krvlju znacajno bi se poboljsala i prosirila njihova klinicka
primena. U ovom radu su proucavana povrsinska svojstva i in vitro biokompati-
bilnost dve serije segmentiranih poli(uretan-dimetilsiloksana) (SPU-PDMS) na bazi
hidroksipropil- i hidroksietoksipropil- PDMS pretpolimera sa potencijalnim prime-
nama u medicinskim uredjajima u kontaktu sa krvlju. SPU-PDMS kopolimeri su
karakterisani merenjem kontaktnih uglova, odredivanjem povrsinske energije
(izracunate prema van Oss-Chaudhury-Good i Owens-Wendt metodama), i mikro-
skopijom atomskih sila. Biokompatibilnost kopolimera je ispitivana primenom
endotelnih EA.hy926 ¢elija u direktnom kontaktu, pre i nakon pretretiranja kopoli-
mera sa visekomponentnom smeSom proteina, kao i pomocéu kompetitivne ad-
sorpcije proteina. Dobijeni rezultati su potvrdili da sintetisani kopolimeri imaju
dobru kompatibilnost prema krvi. Svi sintetisani kopolimeri pokazivali su dobru
otpornost prema adsorpciji fibrinogena i svi kopolimeri su favorizovali adsorpciju
albumina. Kopolimeri na bazi hidroksietoksipropil-PDMS imali su manju hidrofob-
nost, vecu povrsinsku energiju, i bolju mikrofaznu separaciju u poredenju sa kopo-
limerima na bazi hidroksipropil-PDMS, sto je dovelo do boljeg vezivanja i rasta
endotelnih ¢elija na povrsini ovih polimera u poredenju sa kopolimerima na bazi
hidroksipropil-PDMS. Rezultati su pokazali da SPU-PDMS kopolimeri prikazuju
dobra povrsinska svojstva, zavisno od vrste mekih PDMS segmenata, koja se mogu
prilagodavati zahtevima u biomedicini, kao Sto su biomedicinski uredaji za kratko-
ro¢nu i dugoro¢nu upotrebu.
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