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Abstract: Silicone elastomers are well established in med-
ical engineering and particularly in blood-contacting ap-
plications such as catheters andmedical tubing. Still, their
intrinsic surface properties have potential for improve-
ment. For example, hydrophobicity reduction canbe away
to provide better hemocompatibility. In this study, several
bulk and surface modifications of silicone elastomers us-
ing polyethylene glycol (PEG) were investigated. All modi-
fications induced long-term (2 months), stable wettability
of the surface.Moreover, cytotoxicity testingdemonstrated
their suitability as implant material. Hemocompatibility
was investigated through a thrombin generation assay as
well as a platelet adhesion study combining an enzymatic
assay and a scanning electron microscope analysis. That
the hemocompatibility of silicone was considerably im-
proved thanks to the PEG modifications could be shown.
The study introduces easily processable, cost-efficient,
and long-term stable hydrophilic modifications of silicone
elastomer for improved hemocompatibility.

Keywords: cytotoxicity; hemocompatibility; long-term
stability; polyethylene glycol; Silicone elastomer; wetta-
bility.

1 Introduction
Silicone elastomers are of major interest for medical appli-
cationsdue to their high chemical- andphysical-resistance
properties combinedwith elasticity. Silicones inwhich the
organic substitutes are methyl groups are the most widely
used silicone elastomers [1]. These silicones are also
known as PDMS (polydimethylsiloxanes). High chemical
stability enables prolonged use with constant properties
despite diverse influences such as hygienic reprocessing
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and watery environment. PDMS is furthermore referred
to as nontoxic [1]. This is why it is for example used in
medical tubing, catheters, sealing, or grips on medical
devices.

Unmodified PDMS surfaces are hydrophobic and tend
to generate uncontrolled protein adsorption, which could
induce thrombogenic behavior under specific circum-
stances [2, 3]. Hydrophilic modifications of PDMS us-
ing passivating polyethylene glycols (PEGs) seem to be a
promising strategy to improve silicone’s biological surface
properties. PEG is well known for its excellent antifouling
and antithrombogenic properties [2–4]. However, the use
of PEGs is limited since they are prone to thermal and
oxidative degradation [5]. Moreover, PEG-modified sili-
cones often suffer from so-calledhydrophobic recovery [6].
Easily processable, stable, and cost-effectivemodifications
of PDMS for biomedical applications are still lacking.

The following study aims at using PEG to hydrophilize
silicone surfaces for long-term blood-contacting
applications.

2 Material and methods

2.1 Silicone modification

Wacker Chemie AG, Germany, has providedmedical-grade
high-temperature-vulcanizing (HTV) silicone elastomer
(Silpuran® UR9030/60). This PDMSwas used in this study
as unmodified reference material and as substrate for the
surface modifications. Reference samples are designated
below as “Sil”. Vulcanization was carried out in a heating
press at 200°C, 50 bars for 10 min.

As an example of bulk modification, a commer-
cially available compound containing a chemically con-
nected polyethylene-glycol-siloxane copolymer was used
(Elastosil® RT 629, Wacker Chemie AG, Germany). This
room-temperature-vulcanizing (RTV) silicone was vul-
canized at 120°C for 30 min and is designated below
as “RTV+PEG.” To demonstrate the effectiveness of this
PDMS-PEG copolymer, additional samples of the ref-
erence silicone Silpuran® UR 9030/60 containing the
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same copolymer as Elastosil® RT 629 have been provided
by Wacker Chemie AG, Germany (designated below as
“HTV+PEG”).

After preparation, the samples were post cured
(200°C, 4 h), thoroughly cleaned, and dried at room tem-
perature for 24 h. The samples not used for silanization
were sterilized with hot steam (121°C, 20 min, 2 bars).

Beside the previous bulk modifications, a coating
using an organofunctional silane with PEG function (2-
[methoxy (polyethylenoxy)6-9 propyl] trimethylsiloxane,
ChemPur, Germany) was prepared. The silicone surface
was first oxidized with atmospheric pressure plasma (PT-
60, Plasmatreat GmbH, Germany). The silane was dis-
solved in ethanol and acetic acid at a volume ratio
of 1:2:50 (acetic acid:silane:ethanol) and incubated on
the oxidized silicone for 5 min at room temperature
then heated for 1 h at 110°C. This procedure enables
covalent binding of the PEG function on the silicone
surface. This sample was designated as “Sil-PEG.” In ad-
dition, a coating using amino-functional silane (APTES,
Genosil® GF93, Wacker Chemie AG, Germany) was used
as positive control for cell adhesion studies [7] and a
coating with succinic acid functional silane (Genosil®

GF20, Wacker Chemie AG, Germany) was used as pos-
itive control for the thrombin generation study [8].
The designations of those samples are “Sil-GF93” and
“Sil-GF20.”

After coating, the samples were washed for 20 min in
an ultrasonic deionized-water bath, dried, and sterilized
with hot steam (121°C, 20 min, 2 bars).

2.2 Suitability as implant material

2.2.1 Long-term stable wettability

Contact angle (CA) measurement gives information about
the influence of modifications on the silicone samples’
wetting behavior, which was determined with drops of
2 µl of distilled water at a dosing rate of 2 µl/s. The
CA was recorded after drop spreading stabilized on the
surface (Contact Angle System OCA and SCA20 software,
Dataphysics GmbH, Germany).

According to ISO 10993-1, long-term implants remain
in the patient’s body for more than 30 days [9]. In this
study, the stability of themodificationswas tested through
storage in simulated body fluid (SBF, produced according
to [10]) at 37°C for 2 months. Finally, the wetting behav-
ior of the stored samples was investigated (contact angle
measurement) and compared with samples of the same
materials that did not undergo SBF storage.

2.2.2 Cytotoxicity

Verifying that the modified silicones do not induce cy-
totoxic effects is necessary to investigate their suitability
as implant material. Cytotoxicity was evaluated according
to ISO 10993-5 [9] using human fibroblasts Hs27 (CRL-
1643™, ATCC®, UK). Material samples were extracted in
cell culture medium (DMEM, 5% FBS, 1% Pen/Strep, 1%
Amphotericin B, Merk KGaA, Germany) for 72 h at 37°C
at a surface-volume ratio of 1.5 cm2/ml. Subconfluent fi-
broblasts (5000 cells/cm2 in a 96-well microplate) were
then incubated with 200 µl material extracts for 48 h at
37°C. Potential cytotoxic substances can reduce the num-
ber and vitality of cells during incubation. For the quanti-
tative evaluation of cell vitality, the colometric assay CCK8
(Dojindo EU GmbH, Germany) was used and photometric
absorption was recorded at 450 nm with an ELISA reader
(Multiskan FC, Thermo Scientific, USA). Two additional
samples (blank and copper) were used as negative and
positive controls.

2.3 Hemocompatibility

2.3.1 Platelet adhesion

The adhesion of platelets onmaterial surfaces is a key phe-
nomenon in the formation of thrombi and a fundamental
aspect of hemocompatibility. Platelets were isolated from
freshly withdrawn blood through two-step centrifugation
(6 min at 1750 g and 9 min at 2250 g). Citrate was used
as the anticoagulant. The platelet suspension’s concen-
tration was adjusted to approximately 500 × 103/µl and
incubated for an hour with the material samples in a
flow chamber. Incubation under physiological flow condi-
tions is essential for the investigation of platelets, because
their adhesion is triggered by generated shear rates [11].
After incubation, the quantification of adhered platelets
on the sample surface was carried out with the acid phos-
phatase (ACP) assay, as described by Bellavite et al. [12].
The colorimetric substrate (p-nitrophenyl phosphate) was
purchased from Sigma Aldrich Chemie GmbH, Germany,
and the photometric measurement was conductedwith an
ELISA reader (Multiskan FC, Thermo Scientific, USA).

A SEManalysis (JSM-6390, JEOLGmbH,Germany)was
carried out after incubation of the platelet suspension
under the same conditions as those for the ACP assay. The
samples were fixed 24 h in 3% glutaraldehyde solution
and water was removed with an ascending alcohol series
(50% 15 min, 70% 15 min, 80% 15 min, 99% 12 h). The
samples were then coated with a 7 nm gold layer.
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2.3.2 Thrombin generation

Activation of the coagulation cascade after contact with a
biomaterial is another important aspect of hemocompat-
ibility. The thrombin generation assay (TGA) was carried
out in this study. Unlike the platelet adhesion test, this
experiment should be conducted under static flow con-
ditions. It has indeed been shown that the coagulation
cascade can only be initiated under static or low flow
conditions [13] so that thrombin production is greatest
in stagnant plasma [14]. Freshly withdrawn blood with
citrate as anticoagulant was processed into platelet-poor
plasma through two centrifugation steps (6 min at 1750 g
and 9 min at 2250 g). The TGA test was carried out as
described by van Oeveren et al. [15]. The colorimetric
substrate (S2238™) was purchased from Haemochrom Di-
agnostica GmbH, Germany, and the photometric measure-
ment was conducted with an ELISA reader (Multiskan FC,
Thermo Scientific, USA).

3 Results

3.1 Suitability as implant material

3.1.1 Long-term stable wettability

Investigation of the wetting behavior showed that all the
PEG-based modifications resulted in a strong diminution
of the contact angle (under 90°; unmodified silicone 119°).
Moreover, hydrophilic behavior was stable during the 2-
month storage period in SBF (see Figure 1), showing
that the modifications suffer neither from the so-called
hydrophobic recovery nor were they degraded during
storage.
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Figure 1: Contact angle with distilled water before and after storage
of the sample in SBF (n= 10).
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Figure 2: Cytotoxicity of the samples (n = 10).

3.1.2 Cytotoxicity

According to ISO 10993-5, a reduction of cell vitality under
70% of the value of the blank sample means that the ma-
terials exhibit a cytotoxic effect. Consequently, all tested
samples could be considered noncytotoxic (see Figure 2).

3.2 Hemocompatibility

3.2.1 Platelet adhesion

Regarding this aspect of hemocompatibility, it could be
shown that all PEG-based modifications caused a signifi-
cant reduction of platelet adhesion onto the surface. The
number of adhered platelets was reduced by more than
70% compared to the unmodified silicone samples (see
Figure 3).

The SEM analysis confirmed those findings. Numer-
ous adhered platelets in an advanced stage of adhesion
(spreading of pseudopodia)were found on the unmodified
silicone sample. Conversely, very few platelets were found
on the PEG-modified surfaces (see Figure 4).
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Figure 3: Platelet adhesion normalized to reference sample, ACP
assay (n =8). *p<0.5, **p<0.1, ***p<0.05, ****p<0.001
(Kruskal-Wallis ANOVA).
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Figure 4: SEM images (×1500) of the pure silicone surface “Sil”
(left) and the modified silicone surface “HTV+PEG” (right) after
incubation with platelets. The white shapes on the surface are
adhered platelets. The white bar corresponds to 10 µm.
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Figure 5: Thrombin generation normalized to reference sample,
ACP assay (n = 7). *p<0.5, **p<0.1, ***p<0.05, ****p<0.001
(Kruskal-Wallis ANOVA).

3.2.2 Thrombin generation

Investigation of thrombin generation showed that the un-
modified silicone reference did not exhibit pronounced
activation of blood plasma (see Figure 5). As a conse-
quence, it was necessary to verify that the modifications
did not induce an additional activation. Only the positive
control (surface coating with acid function) provoked very
strong thrombin generation (12 times greater than that of
the reference).

4 Conclusion
In this study, simple PEG-based modifications of sili-
cone elastomer that exhibit long-term stable hydrophilic
properties were introduced. Two modified silicones (one
with an additive compound and the other with a surface
coating) are well suited for use in the blood stream, be-
cause they do not induce cytotoxic effects and improve
hemocompatibility. Moreover, those materials can be in-
dustrially processed as their properties were stable after
post curing and sterilization. The additive compound is

particularly interesting, because it does not require an
additional processing step for the HTV silicone. For ex-
ample, this new material could be easily extruded to
form a catheter or tubing for dialysis and extracorporeal
circulation.
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