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Abstract

Self-assembled monolayers of alkylsiloxanes supported on poly(dimethylsiloxane) (PDMS) rubber were used as model systems to
study the relation between blood compatibility and surface composition. The inner lumen of PDMS tubes were first treated with an
oxygen plasma. The resultant oxidized surfaces were post-derivatized by reaction with alkyltrichlorosilanes to form the monolayer
films. The alkyl chain lengths used were slightly longer than in a previous study, and this may alter the phase-state of the monolayer
from liquid-like to crystalline. The chemical properties of the monolayer were controlled by varying the chemical composition of the
alkyltrichlorosilanes used. Terminal functionalities included -CHj,, -CF;, -COOH, -SO;H and -(CH,CH,0),OH. Surface derivati-
zation was verified with static contact angle measurements and X-ray photoelectron spectroscopy. Blood compatibility was evaluated
using a canine ex vivo arterio-venous series shunt model. Surfaces grafted with hydrophobic head groups such as -CH; and -CF,
were significantly less thrombogenic than the surfaces composed of ionic head groups such as -COOH and -SO;H. Surfaces enriched
in -(CH,CH,0),OH had an intermediate thrombogenicity. Silastic pump grade tubing and polyethylene tubing, used as controls,

were found to be the least thrombogenic of all the surfaces tested. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

One of the central ideas of biomaterials research is that
there is a relationship between chemistry of an implanted
device or material and its hemocompatibility. No study is
considered complete without an evaluation of the surface
properties of the biomaterial in question. For many of
these materials, however, the surface chemistry is quite
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complex, and it is difficult to be sure of the chemical
composition at the blood-biomaterial interface. Many
commercially available materials, such as Biomer®, may
contain surface-active additives, such as antioxidants or
processing aids, which further complicates interpretation
of blood-material interactions [ 1]. Multiphase materials
such as polyurethanes may show surface reorientation
between the dry and hydrated states [2], making it diffi-
cult to evaluate the surface composition using methods in
which the polymer surface is analyzed in air or in vacuo.

Recently, much interest has arisen in self-assembled
monolayers (SAMs), with the goal of developing molecu-
lar-level control over surface properties, both for funda-
mental studies of adhesion and wettability, as well as for
technological applications [3]. These films are typically
formed by the adsorption of terminally functionalized
alkanethiols (HS(CH,),X) onto gold substrates [4], or
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the adsorption of terminally functionalized silanes onto
silicon surfaces, glass, or fused silica [5]. Formation of
SAMs on elastomeric materials such as poly(dimethyl-
siloxane) (PDMS) has recently been demonstrated as well
[6-9]. The perfection of these monolayers was inferred
from contact angle measurements while infrared dichro-
ism was used to confirm ordering in the hydrocarbon
chains. The thickness of SAMs on PDMS was estimated
based on a comparison with monolayers formed on
polished silicon wafers [8].

The interactions of these surfaces with biological mol-
ecules have been under investigation. A number of re-
ports have appeared which suggest that cellular adhesion
on self-assembled monolayers can be controlled by the
chemistry of the underlying surface [ 5]. Others have used
the control provided by SAMs to direct protein adsorp-
tion onto such surfaces [10]. However, the interactions
between larger, more complex proteins such as fibronec-
tin with SAMs are still difficult to control, and result in
a number of different cellular responses [11, 12]. Little
information is available regarding the blood compatibil-
ity of such surfaces.

In order to carefully control the structure of our
blood-contacting surfaces, we have functionalized the
surface of poly(dimethylsiloxane) in a two-step process,
using specific chemistries to form surface monolayers
with known compositions. In the first step, the surface is
oxidized using an oxygen plasma, and in the second step,
a monolayer is formed by chemisorption of alkyltrich-
lorosilanes (Cl3Si(CH,),R) onto the surface of the poly-
mer [6]. Previous work [6-9, 13] has shown that these
methods create well-defined silane monolayers whose
surface chemistry is controlled by the head group func-
tionalities (R) of the silanes. The functionalities studied
were methyl (-CHj3), trifluoromethyl (-CF3), ethylene
oxide (<(OCH,CH,),OH), carboxylate (-COOH), and
sulfonate (-SO;H).

Previously, we have reported on the blood compatibil-
ity of a related series of self-assembled monolayers sup-
ported on silicone rubber [ 14]. In the present study, head
groups with sulfonate and carboxylate functionalities are
included. One of the primary differences between the two
studies is the length of the alkyl tail in the subsurface
region of the monolayer. Longer alkyl chains, used in the
present study, have been shown, by infrared spectro-
scopy, to form a more extended, crystalline structure for
self-assembled monolayers on PDMS. In contrast, the
shorter alkyl chains, investigated in the previous study
were found to be in a more mobile, liquid-like phase [14].
It has long been postulated that crystalline, less mobile
surfaces do not enhance blood compatibility. By compar-
ing the thrombogenicity of these new longer monolayers
with results from the previous study we will try to test
this hypothesis.

Another hypothesis we would like to test is that fluor-
ination of a surface leads to a more biocompatible sur-

face. GoreTex® vascular grafts are made from expanded
poly(tetrafluoroethylene) (e-PTFE), and a great deal of
clinical experience has been obtained with this material.
Incorporation of fluorine groups by radiation grafting
has been previously attempted by Hoffman et al. [15],
who found that when woven Dacron vascular grafts were
modified with a tetrafluorocthylene plasma, the
hemocompatibility of these materials was significantly
improved [16]. Further, they found that although less
fibrinogen was adsorbed on TFE-Dacron, it was less
elutable by sodium dodecyl sulfate. However, after
plasma modification, the surface showed a variety of
functional groups, including CF;, CF,, CF-CF,, CF, and
C-CF,, as determined from the high resolution Cls peak
in the ESCA spectrum so that the surface properties
could be attributed to a specific functional group. In the
present study, a surface exposing only CF; functional
groups with expected high interfacial free energy [17] is
compared with more hydrophilic, lower interfacial free
energy surfaces.

The poly(ethylene oxide) (PEO) terminated monolayer
has been included to examine if incorporation of
PEO results in surfaces with improved biocompatibility.
Previous work has shown that surfaces incorporating
long PEO chains were blood compatible [18, 19]. On
the contrary, shorter PEO chains endlinked on
poly(glycidoxypropyl methyl-dimethyl siloxane) via their
terminal hydroxyl groups were found to enhance platelet
and fibrinogen deposition in an ex vivo shunt [19]. This
was attributed to an incomplete coverage of the surface by
the PEO chains. However, protein adsorption and cell
adhesion on thiol self-assembled monolayers containing
only three or six ethylene oxide groups was found to be
minimal in vitro [20, 21].

A number of investigators have shown that polymers
incorporating sulfonate or carboxylate groups have
rather remarkable  blood-contacting  properties.
These materials may act like heparin, a mucopolysac-
charide which is clinically used as an anticoagulant.
Sulfate, amino-sulfate, and carboxylate groups have been
shown to be essential to the anticoagulant activity of
heparin [22]. Jozefovicz and Jozefowicz [23] have modi-
fied polystyrenes and dextrans to incorporate these ionic
groups, and have shown that these materials possess
anticoagulant, heparin-like, activity. However, it was
found that sulfonate groups were essential for heparin-
like activity, but carboxylate groups, while greatly
enhancing such activity, were non-essential. Dextrans
which contained only carboxylate groups were deter-
mined to be inactive [24]. Ito et al. [25] have shown
that polyurethanes grafted with poly(vinyl sulfonate)
possessed heparin-like activity, which was reduced
upon incorporation of carboxylate groups, contrary
to the results of Jozefovicz and Jozefowicz. Okkema
et al. found that the incorporation of carboxylate
groups did not improve the hemocompatibility of
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polyurethanes, as evaluated in a canine ex vivo model
[26].

In experiments with water soluble sulfonated poly-
urethanes, it was shown that these polymers prolong
clotting times, inhibit the process of fibrin assembly, and
inhibit thrombin activity [27]. Polyurethanes grafted
with propyl sulfonate groups and containing PTMO as
the macroglycol show strong antithrombotic behavior,
with low levels of platelet deposition or spreading [26].
Similar results were also obtained when Biomer®, a com-
mercial polyurethaneurea containing PTMO as the mac-
roglycol, was sulfonated [28]. Polyurethanes surface
grafted with poly(ethylene oxide) chains which are end-
terminated with sulfonate groups significantly prolong
occlusion times in a rabbit A-A shunt model [29]. San-
terre et al. [30] have shown that sulfonated poly-
urethanes interact strongly with fibrinogen, and that
fibrinogen is not displaced from these surfaces in Vro-
man-effect-type experiments. Thus, polymers containing
sulfate or sulfonate groups have very interesting behavior
in contact with blood.

The hemocompatibility of the silicone elastomer and
surface-derivatized silicone elastomers was evaluated us-
ing a canine ex vivo series shunt model [31]. PE tubing
was also used as a control surface. The monolayer forma-
tion and surface composition of these elastomers after
modification was examined using X-ray photoelectron
spectroscopy. Surface energetics were evaluated by con-
tact angle measurements. Throughout the paper, the
term ‘thromboresistant’ is used to refer to materials
which show low platelet or thrombus deposition on their
surfaces.

2. Materials and methods
2.1. Materials

Silicone rubber tubing (0.125” ID) (RX Pump Grade,
Lot No. HHO031678) and five surface-modified Silastic
tubings were received from Dow Corning, and stored in
distilled water until use. The surfaces were modified to
contain -CH3, -CF;, -(CH,CH,0),OH, -COOH, or
-SO;H functional groups. Polyethylene tubing (0.125”
ID) was purchased from Clay-Adams (Intramedic,
Parsippany, NJ, Lot #93485).

2.2. Surface modification of PDMS

Nine segments of PDMS (Silastic) tubing each about
5.5" long (0.118” ID; 0.25” OD), were oxidized in a Har-
rick plasma cleaner for 5 min in an oxygen atmosphere
(0.4 Torr). The oxidized segments were joined together
with short polyethylene tubes, and subsequently filled
with a silanizing solution. The silanizing solution was
prepared by dissolving alkyltrichlorosilanes in per-

fluorooctane at concentrations of 10-20 pg silaneg ™! of
solvent. After 1 h, the tubes were rinsed with fresh per-
fluorooctane, followed by ethanol and then dried under
a continuous stream of air. The silanes used for these
studies were: Cl3Si(CH,),sCH; (Petrach); ClI3Si(CH,),
CF(CF;)CF,CF(CF3), (Dow Corning, Courtesy of
Dr G. Gornowitz) and CI;Si(CH,),CH,=CH, (Dow
Corning). The fluorosilane contained about 15% of the
following isomer: Cl3Si(CH)CH;CF(CF;)CF,CF(CF3),.
The purity of the other two silanes was better than 99%.
The olefin-terminated PDMS were further reacted with
HS(CH,),SO3;Na and HS(CH,),(OCH,CH,),OH by
a free radical process in order to introduce the ethylene
oxide and sulfonate groups on its surface as shown:

Benzophenone + UV
-

PDMS®*-0,Si(CH,),CH=CH, + HS-R
PDMS**-0,Si(CH,),;SR

where R = -(CH,),SO;3;Na and <(CH,),(OCH,CH,),OH.
In separate experiments, carboxylic acid groups were
introduced on the surface of PDMS®*~O;Si(CH,),CH =
CH,, by oxidizing the olefin groups of the monolayers by
a mixture of potassium permanganate and potassium
periodate according to the procedure of Wasserman and
Whitesides [32].

2.3. Surface property characterization

X-ray photoelectron spectroscopy (XPS) spectra were
obtained using a Perkin-Elmer Physical Electronics,
PHI 5400 spectrometer. Samples of each tube were cut in
half lengthwise, and flattened in order to hold them onto
the sample stage. A magnesium anode operating at
300 W and 15 kV and photoelectron take-off angle of 45°
was used. The take-off angle is defined as the angle
between the detector and the normal of the substrate.
Survey spectra (0-1000 eV) were taken at a pass energy of
90 eV using a 1000 um diameter X-ray spot size. The
relative atomic percentage of each element at the surface
was estimated from the peak areas using atomic sensitiv-
ity factors specified for the PHI 5400. High-resolution
spectra of the Ols peak, the N1s peak, the Cls, peak, the
Si2p peak, and the F1s peak at a pass energy of 17.9 eV
were also taken.

Water-in-air static contact angles were measured on
the concave inner lumen of these surfaces using the pro-
cedure of Lelah et al. [33]. Briefly, short tubes of PDMS
were cut into hemicylindrical form. Small drops (ca.
1 mm) of water were placed on the inner lumen of these
tubes, and were either photographed or analyzed by
a video microscopy system. Tangent lines were drawn at
the intersection of the drop and the PDMS surface by
geometric construction directly on the photograph or on
a replica of the video image to estimate the contact
angles.
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2.4. Blood-contacting properties

The blood-contacting properties of these materials
were evaluated using a canine ex vivo series shunt experi-
ment with modifications [31]. The polymer tubings were
cut into 1.5” length and assembled into shunts. Each
polymer was present in triplicate in each shunt.

Adult mongrel dogs which were selected after hema-
tological screening were injected with autologous
"'11n-]labeled platelets and '*°I-labeled fibrinogen. No
anticoagulant was used in this procedure. The shunts were
filled with sterile, degassed, divalent cation-free Tyrodes
solution (0.2gl™! KCI, 8.0gl™! NaCI, 0.05gl™ !
NaH,PO,-H,0, 1.0 g1~ ! dextrose, 1.0 g1~ NaHCOs,
pH = 7.35), and hydrated overnight at 4°C. The femoral
artery and vein were cannulated with the shunt. A branch
artery proximal to the shunt cannulation site was con-
nected to a flushing system. The blood flow rate was
continuously monitored during blood exposure using an
electromagnetic flow probe. The initial flow rate was
controlled at 280 + 20 mlmin~!. Blood samples were
collected over time to determine bulk radioactivity,
platelet and fibrinogen concentrations, hematocrit, blood
gas and hematological function.

Three separate surgeries were performed. Shunts were
run for 1, 2, 5, 10, 15, 20, 25, 30, 45, and 60 min of blood
contact. At the end of each blood-contact interval, the
femoral artery was clamped, and the bulk blood was
flushed out of the shunt at a flow rate of approximately
60 mlmin ', which gives a much lower shear rate than
that during blood contact. Immediately following flush-
ing, the test sections were removed, and the tubing con-
tents were fixed with 2% glutaraldehyde. Then, test sec-
tions were subdivided into sections for gamma scintilla-
tion counting and for evaluation by scanning electron
microscopy (SEM). Samples were prepared for scanning
electron microscopy using the procedure previously de-
scribed [34]. These samples were examined using
a JEOL JSM-35C SEM at 15 kV accelerating voltage.

Platelet and fibrinogen deposition profiles were deter-
mined by counting the segments in a gamma counter
(Gamma 5500, Beckman) and converting the number of
counts into the number of platelets or mass of fibrinogen.

Table 1
XPS surface analysis*

The average and standard deviations of the nine data
points (three data points for each of three surgeries) were
obtained. Outlier data points among the nine points were
rejected at the 99% confidence level, using Nalimov’s test
[35]. Negative values (primarily fibrinogen data at short
times) were set to zero.

3. Results and discussion
3.1. Surface characterization

The presence of each surface functionality was verified
using X-ray photoelectron spectroscopy (Table 1). For
PDMS**-0;8Si(CH,),CF(CF3)CF,CF(CF3), a fluorine
peak on the survey spectra provides a marker for the
surface derivatization. Similarly, for the PDMS"-
03Si(CH,»);{S(CH,),SO3H, the surface concentration in
sulfur is enhanced. Incorporation of the functional
groups can also be accounted by the increased oxygen
content for the oxygen containing functionalities. For all
surfaces but the Silastic and PDMS**-0;Si(CH,); sCH3,
the high resolution Cls spectra showed more than one
peak to account for the presence of C-F, C-O and C=0
bonds on the surface (data not shown). The majority of
the materials show less Cls and more Ols than the
Silastic pump grade tubing at a take-off angle of 45°. This
increased oxygen content and decreased carbon content
may be due to some loss of the monolayer as the tubes
were flattened for XPS analysis and may have exposed
some of the underlying PDMS material. No measure-
ment of the surface thickness on these PDMS elastomers
has been made. It is also not known how homogeneous
these surfaces are, nor was information obtained about
the size and nature of any defects. Circular dichroism and
detailed XPS results obtained by Chaudhury and co-
workers [7, 13] verified the model structure of mono-
layer surfaces on PDMS. However, such studies were not
performed on our samples.

Static contact angle data obtained on these surfaces
are shown in Table 2. Both PDMS**-0O;Si(CH,);sCHj;
and PDMS*-0;Si(CH,),CF(CF;)CF,CF(CF3), show-
ed contact angles higher than 100° with the perfluoro-

Material Cls Ols Si2p S2p Fl1s
PDMS**-0;Si(CH,);COOH 46.7 29.8 23.1 04 —
PDMS**-0O;Si(CH,),;S(CH,),SO;H 38.0 48.7 11.4 1.1 —
PDMS**-0;Si(CH,);,S(CH,),(OCH,CH,),OH 42.6 42.6 14.2 0.7 —
PDMS**-0;Si(CH,),CF(CF;)CF,CF(CF3), 382 449 12.1 1.0 3.8
PDMS**-0;Si(CH,);5CH3; 40.9 42.5 15.4 0.7 —
Silastic pump grade tubing 443 36.2 18.9 0.7 —

*The standard error is on the order of 10% or less according to information provided for the PHI spectrometer by the manufacturers.
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methyl functionalized PDMS exhibiting the higher con-
tact angle as expected. The remaining surfaces are found
to be much less hydrophobic, the order of hydrophilicity
being PDMS**-0;Si(CH,);;S(CH,),SO;H < PDMS>O,
Si(CH,);;S(CH,),(OCH,CH,),OH < PDMS*-0,Si
(CH,);oCOOH. However, the differences in hydrophili-
city in the latter group are much less than that between
this group and surfaces containing the methyl and per-
fluoromethyl terminal units. Based on the contact angle
results as well as XPS data, we can say that the adsorbed
films of alkylsiloxanes expose their terminal functional-
ities in such a way as to affect the chemistry and wettabil-
ity of the surface. We acknowledge the fact that the
surface density and close packing of the monolayers was
not verified in this study. However, since a considerable
amount of characterization has been done by Chaudhury
and co-workers [6, 7] and the technique has been estab-
lished as a successful one, we feel comfortable that the

Table 2
Water-in-air contact angles on PDMS**~-O;Si(CH,),X

Material Contact angle
(0.0
PDMS**-0;Si(CH,),COOH 59 +4
PDMS**-0O;Si(CH,),;S(CH,),SOsH 50 +2
PDMS**-0;Si(CH,);,S(CH,),(OCH,CH,),OH 54+3
PDMS*-0;Si(CH,),CF(CF;)CF,CF(CF3), 109 +4
PDMS**-0;Si(CH,);5CH3; 104 + 1
Silastic pump grade tubing 108 +1

surfaces are adequately modified so that their biocom-
patibility is strongly influenced by the terminal function-
alities of the silane monolayers.

3.2. Blood-contacting properties

A material is considered to be thrombogenic if relative-
ly large numbers of platelets and fibrinogen/fibrin
molecules adhere to it during blood contact. A surface
coverage of approximately 70-100 platelets per 1000 pm?
represents a monolayer of platelets on the surface, al-
though the degree of platelet spreading and activation
can cause this number to vary [36].

Fig. 1 shows the transient platelet deposition profiles
for the materials tested during the first hour of blood
exposure. The platelet deposition profiles show a peak
between 20 and 30 min of blood contact. The same trend
has been previously reported for different polymeric ma-
terials in similar canine series shunt experiments. This
peak reflects thrombus growth in competition with
thrombus detachment (embolization). The RX Pump
Grade tubing and PE had the lowest levels of platelet
deposition. The -(CH,CH,O),H, —-CF3, and -CH; sur-
faces all had intermediate levels of platelet deposition,
with the first one having the highest levels of platelet
deposition at early time points (<15 min). Samples de-
rivatized with —-COOH and -SO;H both had the highest
levels of platelet deposition, with peak values of over 6000
platelets per 1000 um? after 20 min of blood exposure.

The fibrinogen/fibrin deposition profiles for these ma-
terials are shown in Fig. 2. Silastic segments derivatized
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Fig. 1. Platelet deposition profiles during the initial hour of blood contact.
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Fig. 2. Fibrinogen/fibrin deposition profiles during the initial hour of blood contact.
Table 3

Platelet and fibrinogen deposition statistics relative rank

Material Platelet rank Fibrinogen rank
PDMS**-0;Si(CH,);,COOH 6.0+ 1.2 49 +1.6
PDMS*-0;Si(CH,);;S(CH,),SO;H 5.8+09 59+ 1.7
PDMS**-0;Si(CH,);;S(CH,),(OCH,CH,),OH 56+13 50+ 1.7
PDMS**-0;Si(CH,),CF(CF;)CF,CF(CF3), 34+12 3.8+ 1.6
PDMS**-0;Si(CH,);sCH; 34+ 14 3.8+ 1.7
Silastic pump grade tubing 23+ 15 24+ 14
Polyethylene 1.7+ 0.8 22+ 14

with —-COOH and -SO;H both had the highest levels of
fibrinogen deposition, followed by the -(CH,CH,0),H,
-CF3, and -CHj; surfaces while RX Pump Grade tubing
and PE had the lowest levels of deposition. The fibrino-
gen/fibrin profiles closely parallel the platelet de-
position profiles for all of the materials tested. The sim-
ilarity in the trends of the platelet and fibrinogen/fibrin
deposition profiles indicates fibrinogen incorporation
into the thrombi, possibly by binding to specific receptor
sites on activated platelets, or by incorporation into the
thrombi as fibrin strands linking the platelets together
[37].

Statistical evaluation of the thrombogenicity of the
materials was performed by ranking each material at
each time point from the highest to the lowest level of
platelet deposition. This was repeated for the fibrino-
gen/fibrin deposition data. A relative rank was assigned

(highest =7 and lowest = 1) to each material at each
blood-contacting time, and the relative ranks at all blood
contacting times were averaged for each material.
Table 3 summarizes the platelet and fibrinogen ranks for
the materials tested. Table 3 shows similar trends as
Figs. 1 and 2, namely that the -COOH, -SO;H and
-(CH,CH,O),H surfaces were the most thrombogenic.
The -CF; and -CHj3 surfaces showed intermediate be-
havior and RX Pump grade tubing and PE had the
lowest levels of platelet and fibrinogen deposition. The
reason that the -(CH,CH,O),H surface appears
more thrombogenic in Table 3 is due to its high throm-
bogenicity at early time points. Of greater importance,
however, is the maximum in platelet deposition observed
between 20 and 30 min, so that the -(CH,CH,O),H
surface can be considered to have intermediate thrombo-
genicity.
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Analysis of these surfaces using scanning electron
microscopy at 5 min of blood exposure (data not shown)
showed all surfaces to be covered with a submonolayer of
pseudopodial platelets, although the -(CH,CH,O),H
and -SO;H surfaces showed very small (5 um) platelet
aggregates. The control RX Pump grade tubing surfaces
remained largely the same after 15 min (Fig. 3). At this
time point, PE, -(CH,CH,0),H, and -CH; showed
a few small (10 um) platelet aggregates, and —-CF; showed
slightly larger (30 um) platelet aggregates. Among the
more thrombogenic materials, -COOH showed 50 um
platelet aggregates and adherent leukocytes. The -SO;H
surface showed fibrin and entrapped erythrocytes at
15 min of blood contact.

At 30 min of blood-contacting time (Fig. 4), at or just
subsequent to the thromboembolytic peak, PE showed
platelet aggregates up to 50 um in size, with occasional
adherent leukocytes and fibrin. RX Pump grade tubing

15KV %2000 1111

ot S
10.8U XUWMS

poa 1278

and the -CH;, and —CF; surfaces showed similar-sized
thrombi, with occasional leukocytes, erythrocytes, and
fibrin. The -(CH,CH,0)4H surfaces showed similar be-
havior to PE and RX Pump grade tubing, with 50 um
platelet thrombi, and areas of adherent, spread
leukocytes, as well as areas of fibrin meshwork. The
-COOH and -SO;H surfaces showed very large
(> 100 pm) complex mural thrombi, consisting of plate-
lets, leukocytes, fibrin, and entrapped erythrocytes.
After 1 h of exposure to blood, PE showed similar
behavior as at 30 min, with 50 um platelet thrombi, but
larger numbers of adherent, spread leukocytes. RX Pump
grade tubing showed only platelets and adherent
leukocytes, but no thrombi. The -CH 3 and -CF; surfaces
were quite similar to PE control, with 50 um platelet
thrombi, and adherent, spread leukocytes. The
-(CH,CH,O),H surface showed monolayers of adher-
ent, spread leukocytes. The -COOH and -SO;H surfaces

U K2008 137 3 18.08U XUWMS

Fig. 3. Scanning electron micrographs for test surfaces after 15 min of blood exposure. (a) RX; (b) PE; (c) CH3; (d) CF3; (e) (EO),; (f) CO,H and

(g) SO3H. (Scale bar equals 10 pm.)



1540 J.H. Silver et al. | Biomaterials 20 (1999) 1533-1543

A
(e) 1
15KV X20688 1141 18.8U0 XUWMS

(g)

15KV X2068 1

¥
S

18.8U XUWMS

1116

Ry

- QF;{' "4

Fig. 3. (continued).

remained the most thrombogenic at 60 min, as at 30 min,
and showed complex mural thrombi (> 100 um), consisting
of platelets, leukocytes, fibrin, and entrapped erythrocytes.

The -(CH,CH,0O),H monolayer showed comparable
behavior to a monolayer studied earlier which contained
a shorter ethylene oxide end group, -(CH,CH,0);H
[14]. It appears that a difference in one ethylene oxide
group does not affect the thrombogenicity of the mate-
rial. Both these surfaces had an intermediate throm-
bogenicity. No comparisons can be done with work
performed on thiol self-assembled monolayers since this
work was performed in vitro [20, 21].

Platelet and fibrinogen adhesion seem to increase
on the PDMS**~0;Si(CH,), sCH; surface with respect
to the shorter alkyl chain PDMS®*-O;Si(CH,)oCHj;
studied earlier. This can be an indication that surface
mobility (higher in the case of the shorter alkyl chain) can
lead to better biocompatibility. Indeed, the biocompat-
ible properties of ethylene oxide containing polymers
have been attributed by some researchers to the high
mobility of the chains [38].

Evaluation of the hemocompatibility of these materials
using a canine ex vivo series shunt model showed that the
sulfonated and carboxylated monolayers are extremely
thrombogenic, in contrast to previous work with sul-
fonated polyurethanes. This result is consistent with the
observation that under certain conditions, heparin can
cause platelet activation [39]. Further, Lai et al. [40]
studied the response of column-washed platelets to sul-
fonated polyurethanes in vitro under static conditions,
and found that platelet membranes become disrupted,
although protein—surface interactions may modulate this
response in vivo. Takahara et al. synthesized a series of
polyurethaneureas which contained long, hydrophilic
side chains in the soft segment [41]. Sulfonate groups
were incorporated at the end of the side chains. At the
lowest levels of sulfonate incorporation, there was
a slight improvement in blood compatibility, but at high-
er levels of sulfonation, the materials were actually more
thrombogenic than controls. Further, chromic acid-oxi-
dized polyethylene, which contains numerous car-
boxylate groups on the surface, has been observed to be



J.H. Silver et al. | Biomaterials 20 (1999) 1533-1543 1541

extremely thrombogenic [31]. It may be that the surface
density of the sulfonate groups is too high in the present
case, so that it may be possible to reduce the level of
platelet deposition by reducing the density of sulfonate
groups. Further, since the sulfonated polyurethanes are
a phase-separated material, it may be that the spatial
distribution of sulfonate groups is important. This issue
could be addressed using microfabrication techniques to
control the spatial resolution of the self-assembled mono-
layer [42].

4. Conclusions

Evaluation of the hemocompatibility of the surface
modified silastic tubing using a canine ex vivo series

15KU X2008 1223 18.8U %UWMS
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shunt experiment showed that PDMS**~O;Si(CH,), -
S(CH,),SO3H, and PDMS**~-0O;Si(CH,);,COOH are the
most thrombogenic surfaces. In contrast, polyethylene
and PDMS silastic tubing which were used as controls
were found to have the lowest fibrinogen and platelet
deposition at all times. PDMS**-O;Si(CH,);sCHs,
PDMS**-0;Si(CH,),CF(CF;)CF,CF(CF3), and
PDMS**-0;Si(CH,);;S(CH,),(OCH,CH,),OH  were
found to exhibit an intermediate thrombogenicity.

The presence of the ethylene oxide functionality did
not result in a significantly more thromboresistant sur-
face. However, the ethylene oxide chain lengths used in
the current study were much shorter than those used by
other investigators and may also have been too densely
packed to have the high mobility which is hypothesized
to reduce protein adsorption [16,43]. Increasing the
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Fig. 4. Scanning electron micrographs for test surfaces after 30 min of blood exposure. (a) RX; (b) PE; (c) CHj; (d) CF3; (e) (EO)y; (f)CO,H and

(g) SO3H. (Scale bar equals 10 pm.)
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ethylene oxide chain length by a single group did not
affect the blood compatibility of these surfaces.

The -CHj; surface evaluated in this study, with an
alkyl chain length of 15 methylene units, was consider-
ably more thrombogenic than a similar material with
a shorter alkyl tail (9 methylene units) evaluated pre-
viously [ 14]. While the present material showed a throm-
boembolytic peak of approximately 2000 platelets per
1000 pm?, the latter showed a maximum platelet depos-
ition of only 300 platelets per 1000 pum?. Assuming that
a greater degree of crystallinity has been introduced in
the present series, this would suggest that the more mo-
bile, liquid-like surface created by the smaller alkyltrich-
lorosilane, is more thromboresistant. The fluorinated
surfaces showed the best behavior among the surface
modified elastomers. The control surfaces, PE and sili-
cone rubber, were less thrombogenic than in the previous
work, so that animal-to-animal variation cannot account
for some of the differences between the crystalline and
liquid-like monolayers.
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