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Surface and blood-contacting properties of alkylsiloxane
monolayers supported on silicone rubber
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Self-assembled monolayers of alkylsiloxanes supported on
polydimethyl siloxane {PDMS) rubber were used as model
systems to study the relation between blood compatibility
and surface chemistry. The inner lumen of PDMS tubes
was first treated with an oxygen plasma. The resultant
oxidized surfaces were postderivatized by reacting them
with alkyltrichlorosilanes to form the monolayer films. The
chemical properties of the monolayers were controlled by
varying the head-group chemical compuositions. Surface

derivatization was verified using variable-angle X-ray
photoelectron spectroscopy (XPS or ESCA). Blood compat-
ibility was evaluated using a canine ex vivo arteriovenous
series shunt model. Surfaces grafted with hydrophobic
head-groups as —-CH; and ~CF, had significantly lower
platelet and fibrinogen deposition than the surfaces
composed of hydrophilic groups such as -CQO,CH,,
~(CH,CH,0);COCH;, and —-(OCH,CH,);OH. © 1995 John
Wiley & Sons, Inc.

INTRODUCTION

One of the central ideas of biomaterials research is
that'the surface chemistry of an implanted device or
~thaterial directly affects its hemocompatibility. Thus
study is considered incomplete without an evaluation
of the surface properties of a given biomaterial. For
many of these materials, however, the surface chem-
istry is quite complex, and it is difficult to be sure of
the chemical composition at the blood-biomaterial in-
terface. Many commercially available materials, such
as Biomer®, may contain surface-active additives,
such as antioxidants or processing aids, which fur-
ther complicates interpretation of blood-material in-
teractions.” Multiphase materials such as polyure-
thanes may show surface reorientation between the
dry and hydrated states,” making it difficult to eval-
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uate the surface composition using methods in which
the polymer surface is analyzed in air or in vacuo.

Many investigators have attempted to modify sur-
faces of polymers via plasma-processing techniques,
to improve their hemocompatibility, without affect-
ing their bulk mechanical properties.>* However,
such methods are difficult to control, and while the
surface properties may be evaluated subsequent to
modification, they cannot be predicted a priori. Fur-
thermore, the surface structure of such films may be
quite complex, having numerous functional groups
and chemical crosslinks.® Time-dependent recon-
struction of these surfaces may also be observed; the
stability of such films is thus of concern.” ‘

Recently, much interest has arisen in self-
assembled monolayers (SAMs), with the goal of de-
veloping molecular-level control over surface proper-
ties, both for fundamental studies.of siirface phenom-
ena and for technological applications.® These films
are typically formed by the adsorption of terminally
functionalized alkanethiols [HS(CH,),X] onto gold
substrates,™'%!! or the adsorption of terminally func-
tionalized silanes onto silicon surfaces, glass, or fused
silica.*'**” Formation of SAMs on elastomeric mate-
rials such as polydimethyl siloxane (PDMS) has re-
cently been demonstrated as well.2*2°

The biological interactions of these types of sur-
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faces are now beginning to be investigated. A num-
ber of reports have appeared which suggest that the
adhesion of cells is profoundly influenced by the
cherhical properties of self-assembled monolayers.>*!
Others have used the control provided by SAMs fo
direct protein adsorption onto such surfaces.'-16-2%.22
However, the interactions between larger, more com-
plex proteins such as fibronectin with SAMs are still
difficult to control, which result in a number of dif-
ferent cellular responses.” Recently, the adsorption
of the tobacco mosaic virus to the domain edges (CH,
surface) of a Langmuir-Blodgett film composed of hy-
drocarbon islands in a continuous fluorocarbon sea
was reported.® To date, however, very little informa-
tion is available regarding the blood compatibility of
such surfaces.

To carefully control the structure of our blood-
contacting surfaces, we have functionalized the sur-
face of polydimethyl siloxane (PDMS) 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;
in the second step, a self-assembled monolayer is
formed by chemisorption of alkyltrichlorosilanes
[CLSi(CH,),R] onto these surfaces.’®! The surface
chemistry is controlled by modification of the head
group functionalities (R) of these silanes. The result-
ing functional groups allow us to investigate the in-
teractions between these chemical groups and blood.
The functionalities studied are methyl (CHy), trifhuo-
romethyl (CF;), ethylene oxide [{(OCH,CH,);OH], es-
ter-terminated ethylene oxide [{CH,CH,0);COCH,4],
and ester-terminated alkyl chains [{CH,);,OCOCHj,).

The fluorinated groups were chosen for study of
the influence of the more highly electronegative flu-
orine groups, which should result in a polymer with
higher interfacial free energy at the water—polymer
interface.”** Goretex® vascular grafts are made from
expanded polytetrafluoroethylene, and a great deal
of clinical experience has been obtained with this ma-
terial, although they are not used for smaller diame-
ter grafts. Incorporation of fluorine groups by radia-
tion grafting has been performed by Kiaei et al.,*
Bohnert et al.,”” and Garfinkle et al.*® In this study,
woven Dacron vascular grafts were modified with a
~ tetrafluoroethylene plasma, and it was found that the
hemocompatibility of these materials was signifi-
cantly improved, compared to untreated materials. In
vitro, the embolization levels on these surfaces were
significantly lower than on controls. Although less
fibrinogen was adsorbed on TFE-Dacron, it was more
tightly bound to the surface, as determined by elution
with sodium dodecyl sulfate. However, this surface
shows a variety of functional groups, including CF,,
CE,, CF-CE,,, CF, and C—CF_, as determined from the
high-resolution C,, is peak in the ESCA spectrum.
Han et al.” evaluated the bleod compatibility of poly-
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urethanes surface-modified with perfluorodecanoic
acid and found that the occlusion times for this ma-
terial were significantly prolonged.

It has been suggested that surfaces grafted with
poly{ethylene oxide) (PEQ) are relatively blood com-
patible.” " This is attributed fo the high mobility and
low interfacial tension of PEO in an aqueous environ-
ment. It was hoped that materials with surface mono-
layers of ethylene oxide groups might resist throm-
bosis by inhibiting protein and platelet adhesion.**
Further, by altering the specific terminal group on the
ethylene oxide chain from a hydroxyl to an ester, the
biocompatibility might be altered.

The effect of head-group chemistry on biocompat-
ibility is investigated by the incorporation of ester-
terminal groups, instead of hydroxyl-terminated
chains. This change in surface chemistry should al-
low distinction between surface chemistry and sur-
face mobility.

In this article, the hemocompatibility of a silicone
elastomer and surface-derivatized silicone elastomers
was evaluated using a canine ex vivo series shunt
model. Surface characterization of these materials
was carried out using X-ray photoelectron spectros-
copy and contact angle determination.

EXPERIMENTAL

Materials

Polyethylene tubing (0.125 inch ID) was purchased
from Clay-Adams (Intramedic, Parsippany, NJ; Lot
93485). Silicone rubber tubes (0.125 inch ID) (Silastic
Pump Grade) and 5 surface-modified Silastic tubes
were received from Dow Corning. The inner Jumen
of the PDMS tubes were silanized according to a
modified version of the technique described previ-
OU.S].Y.lS_ZO

PDMS tubes about 5 ft long (V& inch ID, ¥: inch OD)
were evacuated from one end while oxygen was al-
lowed to flow from the other end. The pressure was
adjusted to 0.2 mm Hg. A hollow metal spacer was
used as an interconnect between the PDMS tube and
vacuum system. The oxygen was ionized by connect-
ing the metal spacer to an induction (Tesla) coil. The
treatment lasted for 45 seconds. The oxygen plasma
generated in this way oxidized the internal surfaces
of PDMS tube, as evidenced by its total wetting by
water. '

These plasma-oxidized PDMS tubes, referred to as
FPDMS®, were treated with alkyl trichlorosilanes ac-
cording to the following procedure. Alkyl trichlorosi-
lanes were dissolved in perfluorcoctane to final con-
centrations of 10-20 pg silane/1 g of solvent. The ox-
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idized PDMS5 tubes were filled with these solutions
and were allowed to equilibrate for ~2 h. The reason
for using perfluorooctane is because this solvent
does not swell PDMS. After 2 h of adsorption, the
PDMS tubes were washed with fresh perfluorooc-
tane, ethanol, and distilled water. The silanes react
with PDMS®™ to form the monolayer films. For con-
venience, we will refer to the silane treated PDMS%*
as PDMS“-0;5i(CH,),R. The wettability of the
silane-treated tubes altered remarkably as a func-
tion of the chemical compositions of the silanes.
The surfaces treated with Cl;5i(CH,);CH=CH,,
CI35i(CH,)oCH;, and Cl3Si(CH,),(CF,),CF; were
all hydrophobic (contact angle 8;;5 > 90°), as evi-
denced by the capillary depression of water, whereas
the surfaces treated with CL,5i(CH,),,CO,CH; and
Cl38i(CH,)3(OCH,CH,;),;O0COCH; became hy-
drophilic. The olefin-terminated PDMS surface
(PDMS™-0,5i(CH,)sCH=CH,) was further reacted
with HS(CH,);(OCH,CH,);OH by a free radical pro-
cess to introduce the ethylene oxide functionality to
the surface as shown:

PDMS™-0;5i(CH,),CH=CH,

+ HS5(CH,)3(OCH,CH,),OH-—

Benzephenone and UV light —
PDMS™-0;51(CH,)1;5(CH,)3(OCH,CH,);OH

PDMS5”-0,;5i(CH,)sCH = CH, tubes were filled with
an ethanolic solution of HS(CH,);{OCH,CH,),;OH (2
wt%) and benzophenone (0.15 wt%) and then ex-
posed to mercury UV light for 5 min. Benzophenone
abstracts the proton from the thiol to generate free
radicals, which are readily inserted into the olefin
groups.

Surface property characterization

X-ray photoelectron (XPS or ESCA) spectra were
obtained using a Perkin-Elmer Physical Electronics
PHI 5400 spectrometer. Samples of each tube were
cut in half lengthwise, and flattened to hold them
onto the sample stage. A magnesium anode operat-
ing at 300 W and 15 kV and photoelectron emission
angles of 30, 45, and 60° were used. High-resolution
spectra of the O, peak, Ny, peak, Cy; peak, Siy, peak,
and F,, peak were collected at a pass energy of 17.9
eV using a 1000-pm diameter X-ray spot size. The
relative atomic percentage of each element at the sur-
face was estimated from the peak areas using atomic
sensitivity factors specified for the PHI 5400. The
high-resolution C,, spectra were curve-fit to analyze
the chemical bonding states of the carbon atoms. A
variable combination of Gaussian and Lorentzian
peak shapes were used to fit the peaks. Data analysis
and C,, peak fitting was performed using software
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provided by Perkin-Elmer. Inversion of the angle-
dependent ESCA data was done using a computer
program supplied by Dr. B. J. Tyler (University of
Washington).*® Inversion of the angle-dependent
ESCA data requires that the photoelectron inelastic
mean free paths for each element be known, These
were determined using the equation of Seah and
Dench.>

Water-in-air static contact angles were measured
on the concave inner lumen of these surfaces using
the method of Lelah et al.®*® 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 ana-
lyzed 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.

Blood-contacting properties

The blood-contacting properties of these materials
were evaluated using a canine ex vivo series shunt
experiment,*® with modifications described by Grasel
and Cooper” (Fig. 1). The polymer tubings were cut
into 1.5-inch lengths and assembled into shunts.
Each polymer was present in triplicate in each shunt.

Adult mongrel dogs, which were selected after he-
matologic screening, were injected with autologous
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"n-labeled platelets and **I-labeled fibrinogen. No
anticoagulants were used in this procedure. The
shunts were filled with sterile, degassed, divalent cat-
ion-free Tyrodes solution (0.2 g/l KCl, 8.0 g/l NaCl,
0.05 g/l NaH,PO,-H,0, 1.0 g/l dextrose, 1.0 g/l
NaHCO;, 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 cannu-
lation site was connected 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 ml/
min, Blood samples were collected hourly to deter-
mine bulk radioactivity, platelet and fibrinogen con-
centrations, hematocrit, blood gas analysis, and he-
matologic 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 ml/min, which gives a much
lower shear rate than that during blood contact. Im-
mediately following flushing, the test sections were
removed, and the tube contents were fixed with 2%
glutaraldehyde. Then, test sections were subdivided
into sections for y-scintillation counting and for eval-
uation by scanning electron microscopy (SEM). Sam-
ples were prepared for scanning electron microscopy
using the procedure previously described.® These
samples were examined using a JEOL JSM-35C SEM
at 15 kV accelerating voltage.
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Platelet and fibrinogen deposition profiles were de-
termined by counting the segments in a y-counter
(Gamma 5500; Beckman) and converting the number
of counts into the number of platelets or mass of fi-
brinogen. The average and standard deviation of the
nine data points (three data points for each of three
surgeries) was obtained. Outlier data points among
the nine points were rejected at the 95% confidence
level, using Nalimov’s test.*” Negative values (pri-
marily fibrinogen data at short times) were set to
ZETO.

RESULTS AND DISCUSSION

Surface characterization

Concentration—-depth profiles obtained for materi-
als studied are shown in Figures 2-7. Similar concen-
tration-depth profiles were noticed for PDMS®*-
0,5i(CH,)3(0OCH,CH,;);OCOCH; and PDMS®*-
035i{CH,),15(CH,),(OCH,CH,),OH surfaces as
those for PDMS®-0,5i1(CH,};CO,CH;. The surface-
derivatized materials each show depth profiles for sil-
icon which are comparable with the Silastic pump
grade tubing. This result indicates that the surface-
treatment process does not penetrate significantly
into the bulk. No measurement of the surface thick-
ness on these PDMS elastomers has been made. It is
also not known how homogeneous these surfaces
are, nor was information obtained about the size or
nature of any defects. All of the materials show a
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Figure 3. ESCA concentration-depth profile for PDMS5*-0,5i{CH,),CHa,.

decrease in C,, and Oy signals going from the surface
to the bulk. The derivatized materials show about
5-10% more Oy, than Silastic pump grade tubing, but
about 5-15% less C,, than this material. The in-

creased oxygen contetit and decreased carbon Con-
tent may be due to loss of the monolayer, as the tubes
were flattened for ESCA analysis and may have ex-
posed some of the underlying PDMS material.

Incorporation of these new functional groups onto
the surface is supported by the ESCA data. For
PDMS“035i(CH,),(CF,),CF;, fluorine incorporation
provides a marker for the surface derivatization.

PDMS™=0351(CH,),(CF,);CF; shows multiple C;

peaks, and hence multiple bonding states for the car-
bon atom. For the other surfaces except for Silastic or
PDMS“—0,51(CH,)4CH;, changes in the C,, bonding
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Figure 5. ESCA concentration-depth profile for PDMS*0,S8i(CH,),,CO,CHs,.

state are observed, as shown in Table I, indicating
that the new functional groups have been incorpo-
rated onto the surfaces. Surfaces derivatized with ei-
ther PDMS*-0;Si(CH,),,CO,CH; or PDMS"*-
O35i(CH,)5(OCH,CH,);OCOCH, show the presence
of hydrocarbon, ether carbon, and carbonyl carbon
groups. PDMS”-0;5i(CH,),4S(CH, },(OCH,CH,),OH
shows the presence of hydrocarbon and ether carbon

peaks, but not carbonyl peaks, as expected. No
change in C,; bonding state between the Silastic
pump grade tubing and the PDMS**-0,;8i(CH,)qCHj,-
derivatized surface was observed, although derivati-
zation may be inferred since there was a decrease in
the C,, content and an increase in the O,, content of

the latter material as compared to the unoxidized
PDMS.
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Static contact angle data obtained on these surfaces
are shown in Table II. Both PDMS®-0,Si(CH,),CH,
and PDMS**-0,8i(CH,),(CF,),CF, were rendered

“hydrophobic by the surface treatment. The remain-

ing surfaces are found to be much less hydropho-
bic, the order of hydrophilicity being PDMS**~
0351(CH,)3(OCH,CH,);0OCOCH,; > PDMS%*_
O351(CH,;);,5(CH,)3(OCH,CH,),OH > PDMS°*
0351(CH,);,CO,CHj;. However, the differences in hy-
drophilicity in the latter group are much less than the
one between this group and surfaces containing the
methyl- and perfluoromethyl terminal units.

We do not have any direct evidence of either the
thickness or the structural order of these adsorbed
films, but based on the following arguments, we feel
that the adsorbed films of alkylsiloxanes expose their
terminal functionalities (~-CH,, —CF;, etc.) in such a
way as to affect the chemistry and wettabilities of the
surfaces significantly.

To develop the needed argument, let us take the
case of PDMS®“0;Si(CH,)oCH,. A well-ordered film
of methyl-terminated silane exposes primarily the

=CHj; groups. The contact angles of water and hexa-..

decane on such a decyl alkyl siloxane film are gener-
ally about 110-112 and 38-40°, respectively. If the
monolayer is more disordered, it exposes the ~CH,-
groups, making it ultimately wettable by hexadecane.
The contact angles of water and hexadecane in the
present case are found to be 109 + 2° and 33 + 3°,
respectively. These angles are somewhat lower than
those seen on a well-ordered monolayer film. How-
ever, if the monolayer were totally disordered, as
would be the case for fractional monolayer or multi-
layers, the monolayer films would expose ~CH.—
groups, making them wettable by hexadecane. These
observed contact angles indicate that the monolayers
are reasonably oriented exposing the —-CH; groups,
but less ordered than the corresponding films found

TABLE 1
Cls Peak Fits from ESCA Data
% C-C, C-Si % C-O % C=0 % —(CFyp)— % —{CFs)

Material (285 eV} (287 V) (289 eV) {295 eV) (297 V)
Silastic pumyp grade tubing 100.0
PDMS*-0,Si(CH,),CH, 100.G
PDMS*-0,5i(CH,).(CF,),CF; 14.9 57.1% 797 15.0 51
PDMS**-0,35i(CH,),; CO,CH; 93.1 5.3 1.6
PDMS™-045i(CH,)5(OCH,CH,),0 COCH, 94.4 4.1 1.5
PDMS™-0,5i(CH,)  S(CH,);(OCH,CH,),OH 92.0 8.0

quivalent to CH, in CF,CH,.
"Equivalent to CF, in CF,CHS,.
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TABLE It
Water-in-Air Contact Angles on PDMS™-0,Si(CH,) R
Material Contact Angle
Silastic pump grade tubing 108.5 £ 1.3
PDMS™-035i(CH,).(CF,),CF, 113.6 = 3.0
PDMS*-0,Si(CH,,),CH, 109.2 £ 2.3
PDMS™-0,5i(CH,},,CO,CH, 66.2 £ 2.8
PDMS™*—0,5i{CH,,};,5(CH,);(OCH,CH,);OH 59.6 = 2.3
PDMS™-0,51{CH,),(OCH,CH,);,O0COCH, 54.2 = 3.0

n=2>5.

on silicon wafer. It should be noted that the contact
angles of the other monolayers varied in an expected
way in response to the chemical composition of the
terminal groups. For example, the water contact an-
gle of a -CF; surface was about 114°, which is close to
the value observed for other similar films.” Similarly,
the water contact angle (66°) of a -CO,CH, surface®
is close to the value (73%) reported for a well-ordered
film of analogous silane. Other evidence for the ori-
entation of these monolayers comes from the reactiv-
ity of the olefin-terminated silane. Although hydro-
phobic, this monolayer reacts readily with ethylene
oxide functional thiols. The resultant surface is hy-
drophilic (8,6, ~ 60°). In the literature,” contact an-
gles of ethylene oxidize functional monolayers have
been reported to be ~40°. The higher contact angle
(60°) observed here may indicate that the free radical
reaction does not proceed in a clean or quantitative
way. However, we found that the surfaces with
longer ethylene oxide chain [{(OCH,CH),~OH] is a
bit more hydrophilic (85 ~ 50°) (unpublished re-
sults) than the present surface. It may be possible to
make the surface more hydrophilic by using longer
ethylene oxide chain, but such an attempt has not
been made here.

In summary, the wettabilities and reactivity of
these monolayers indicate that the molecules adsorb
in a way 50 as to expose the relevant functionalities
accessible for the studies of blood-contacting proper-
ties reported here. We understand the need to de-
velop appropriate experimental tools to measure di-
rectly thickness, as well as other physical properties
of these films.

Blood-contacting properties

A material is considered to be thrombogenic if rel-
atively large numbers of platelets and fibrinogen/
fibrin molecules adhere to the surface during blood
contact. A surface coverage of approximately 70-100
platelets/1000 pm?® represents a monolayer of plate-
lets on the surface, although the degree of platelet
spreaging and activation can cause this number to

vary.
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Figure 8 shows the transient platelet deposition
profiles for the materials tested during the initial
hour of blood exposure. The platelet deposition pro-
files show a peak between 10 and 30 min of blood
contact. The same trend was previously reported for
different polymeric materials in the same canine ex
vive series shunt experiment. This peak reflects
thrombus growth in competition with embolization.
The Silastic pump grade tubing, PE, PDMS5%*-
O55i(CH,)x(CF,),CF;, and PDMS*-0,5i(CH,);CH,
all had very low levels of platelet deposition, as seen
in Figure 8a. Figure 8b shows that PDMS®*
0,35i(CH,)5(OCH,CH,),OCOCH; had a higher level
of platelet deposition, with a maximum of about 700
platelets/1000 pm® at 30 min. Samples derivatized
with PDMS**-0;5i(CH,),,CO,CH; and PDMS®*-
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Figure 8. Platelet deposition profiles during the initial
hour of blood contact for: () PDMS™-0,5i(CH,),(CF,},CF,
{open circle); PDMS**-0,5i(CH,),CH; (solid circle);
PE {open inverted triangle); PDMS (solid inverted
triangle); and (b) PDMS5 (solid inverted triangle);
PDMSE**~035i(CH,),,CO,CH, (open square); PDMS*-
O351{CH,);(0OCH,CH,);OCOCH, (solid square); PDMS™-
045i(CH,);,S(CH,,)5{ OCH,CH,),0H (open triangle).
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035i(CH,;)1,5(CH,)3(OCH,CH,);OH both had the
highest levels of platelet deposition, with peak values
of about 3500 and 2000 platelets/1000 p.m?, respec-
tively, after 20 min of blood exposure.

The fibrinogen/fibrin deposition profiles for these
materials are shown in Figure 9a and b. Silastic pump
grade tubing (PDMS), PE, PDMS™-0,Si(CH, ),(CF,),CF,,
and PDMS®*-0;5i(CH,;)sCH, had the lowest
levels of deposition, as seen in Figure 9a, while
PDMS®*-0,5i(CH,),;CO,CH; and PDMS5*-
0,51(CH,);(OCH,CH,);OCOCH; both had the high-
est levels of fibrinogen deposition, followed by
PDMS®*-0,5i(CH,),,S(CH,),(OCH,CH,),OH, as
seen in Figure 9b. The fibrinogen/fibrin profiles
closely parallel the platelet deposition profiles for all
of the materials tested. The similarity in the trends of
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Figure 9. Fibrinogen/fibrin deposition profiles during the
initial hour of blood contact for: (a) PDMS™-0,5i(CH,),
{CF,),CF; (open circle); PDMS“*~Q,45i(CH,),CH, (solid
circle); PE (open inverted triangle); PDMS (solid inverted
triangle); and (b} PDMS (solid inverted triangle);
PDMS™-0,5i(CH,),;CO,CH, (open square); PDMS>—
0;SH{CH,)5(OCH,CH,);OCOCH, (solid square); PDMS®*-
0351 CH,)4, 5(CH,)5(OCH,CH,),OH (open triangle).
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the platelet and fibrinogen/fibrin deposition profiles
indicates fibrinogen incorporation into the thrombi,
possibly by blinding to specific platelet membrane re-
ceptor sites, or by incorporation into the thrombi as
fibrin strands linking the platelets together.**

A ranking of the thrombogenicity of the materials
was caleulated for each material at each time point for
both the platelet and fibrinogen deposition. 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 av-
eraged for each material. Table Il summarizes the
platelet and fibrinogen ranks for the materials tested.
Table 1II also shows the same trends as Figures 8
and 9, namely, that PDMS®-0,5i(CH,),,CO,CH,,
PDMS*-0;5i(CH,),;5(CH,)3(OCH,CH,),0H, and
PDMS*-0,5i(CH,),(OCH,CH,);OCOCH; are the
most thrombogenic, and that Silastic pump grade
tubing, PE, PDMS®*~0,5i(CH,),(CF,),CF;, and
PDMS**-0,;5i(CH,)sCH; had the lowest levels of
platelet and fibrinogen deposition. This unweighted
rank test does not differentiate between materials
which are extremely thrombogenic at the throm-
boembolytic peak and those which show only slightly
greater platelet deposition at early time points. While
the former is significant, the latter is a less important
indicator of the thrombogenic potential of the mate-
rial.

Using scanning electron microscopy to observe
platelet and thrombus deposition on the surfaces it
appeared that the ester-terminated groups seemed
to be the most thrombogenic (Fig. 10). This tech-
nique provides greater insight into the mechanisms
of surface-induced thrombosis, but is qualitative
in nature, as opposed to the more quantitative
radiotracer methods. The results for PDMS®*-
O351(CH,)3(OCH,CH,);OCOCH; were comparable
to PDMS®-0;8i(CHy),, CO,CH;. The alkyl-ester ter-
minated surface PDMS®*-0;Si(CH,),;CO,CH;
showed a base layer of pseudopodial platelets, along
with regions of extensive complex mural thrombi for-
mation, after only 5 min of blood exposure (Fig. 10a).
At 15 min, this material again showed regions of
spreading platelets, and mural thrombi, with visible
platelets, fibrin, leukocytes, and entrapped erythro-
cytes (Fig. 10b). At 30 min of blood exposure, a base
layer of fully spread platelets was observed, along
with some small (20 wm) white thrombi (Fig. 10c),
and more large clots, again with visible platelets, fi-
brin, leukocytes, and entrapped erythrocytes. At 60
min of blood contacting time, most of the thrombi
had embolized, so only smaller (50 wm) white
thrombi were observed on a monolayer of pseudopo-
dial platelets (Fig. 10d).

PDMS-0535i(CH,);,S(CH,)5(OCH,CH,),OH ap-
peared to be somewhat less thrombogenic than the
ester-terminated materials. Again, this result is more
qualitative than that shown in Figures 8 and 9, and is
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TABE III
Platelet and Fibrinogen Deposition Statistics Relative Rank

Material Flatelet Rank Fibrinogen Rank
PDMS**-0,351{CH,),(CF,),CFE, 29=x11 28=15
PDMS™-0,51{CH,);; CO,CH, 6.2 =09 56=x19
PDMS™-0,51{CH, ), CH; 23=x11 23+13
PDMS™-0,5i(CH,)5(OCH,CH,);OCOCH, 62* 08 5.7 18
PDMS™—0,5i(CH,)4,5{CH,)5( OCH,CH,),OH 5.6 £0.7 48 1.7
PE 21x1.% 40+ 1.6
Silastic pumyp grade tubing 27+ 1.3 28+13

dependent on the time points and surface regions
analyzed. At 5 min of blood exposure, the platelet
lawn varied from a submonolayer of pseudopodial
platelets to a monolayer of more activated, fully
spread platelets, with a second layer of pseudopodial
platelets on top (Fig. 11a). After 15 min, a monolayer
of pseudopodial platelets with small (20 um) white
thrombi and numerous adherent leukocytes (Fig.
11b) was observed. At 30 min, the thrombi had em-
bolized, leaving behind a lawn of pseudopodial plate-
lets (Fig. 11c). After an hour, the platelet lawn was

)

Figure 10.  Scanning electron micrographs of PDMS*-0,5i(CH,),;CO,CHj after (a) 5 min; (b) 15 min; () 30 min; and {d)
60 min of blood exposure. (Scale bar = 10 pm).

still present, with monolayer regions of spread and
unspread leukocytes. Further, macroscopic mural
thrombi were also present at this time (Fig. 11d).
PDMS™-0551(CH,)oCH,; and PDMS™-0,51(CH,),~
(CE,),CF; had low levels of platelet activation and
thrombus formation, and were largely equivalent.
For PDMS5%*-0;Si(CH,)4CH,, a lawn of pseudopodial
platelets was all that was observed after 5 and 15 min
of blood exposure (Fig. 12a and b). Small (20 pm)
white thrombi were seen at 30 min of blood-
contacting time (Fig. 12¢). At 60 min, a monolayer of

(d
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(d)

Figure 11. Scanning electron micrographs of PDMS®*-0,5i(CH,),,5(CH,;),(OCH,CH,);OH after {a) 5 min; (b) 15 min; (c)
30 min; and (d) 60 min of blood exposure. (Scale bar = 10 pm.)

pseudopodial platelets was seen, along with mono-

layer regions of spread and unspread leukocytes (Fig.
12d).

CONCLUSIONS

Evaluation of the hemocompatibility of the surface-
modified silastic tubing using a canine ex vivo series
shunt experiment showed that PDMS®*-O,5i(CH,),,-
CO,CH; and PDMS*-0,5i(CH,)11S{CH,),-
{OCH,CH,);0H are the most thrombogenic. Since
these groups were chosen in part to probe the role of
surface hydrophilicity, it does not appear that the hy-
drophilicity of the chains plays a significant role in
artificial-surface-induced thrombosis in this case.
However, the ethylene oxide chain lengths used
in the current study were much shorter than those
used by other investigators, and may also be too
densely packed to have the high mobility which is
hypothesized to reduce protein adsorption and cell-
ular adhesion.?®*** It is possible that such short
chain ethylene oxide groups may lack the high mo-

bility seen by other investigators. Since large differ-
ences in thrombogenicity are seen when comparing
PDMS5%*-0;5i(CH,),; CO,CH; with PDMS®*-
0,351(CH,),(OCH,CH,);OCOCH,, this suggests that
the terminal esters are not the sole determinant of
biocompatibility, but that subsurface groups also play
a role in this case. The hypothesis that PDMS5*-
0;51(€CH,)5(OCH,CH,);OCOCH; and PDMS®*-
035i(CH;),,5(CH,)5(OCH,CH,);0H might reduce
platelet and protein adhesion was not supported. The
best materials studied were surfaces grafted with
methyl and perfluoromethyl functional groups. This
result suggests that the most hydrophobic surfaces
are the most hemocompatible. These materials were
comparable to silicone rubber and polyethylene con-
trols, both of which show low levels of platelet and
fibrinogen deposition in the canine ex vivo model.
To further improve the blood compatibility of these
S5AMSs, many ideas suggest themselves. First, if the
surface density of ethylene oxide groups is de-
creased, their mobility may be increased. This could
be done by forming mixed monolayers of methyl and
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Figure 12. Scanning electron micrographs of PDMS™-0,;5i(CH,),CHj after (2) 5 min; (b) 15 min; (¢) 30 min; and (d) 60 min
of blood exposure. {Scale bar = 10 pm.)

ethylene oxide groups. It may also be possible to alter
the length of ethylene oxide groups in the self-
assembled monolayer. Further, variation of the
chemical composition of the head group may prove
valuable. Self-assembled monolayers of sulfonate
groups may have antithrombotic behavior similar to
that seen for sulfonated polyurethanes.>** SAMs of
phosphonate groups may mimic cell membranes and
therefore be thromboresistant.*>*® Using this ap-
proach, it is possible carefully, and in a controlled
way, to alter the surface chemistry of a material, thus
influencing its blood-contacting properties.

Technical assistance was provided by Steve Smith (ani-
mal surgery and scanning electron spectroscopy), Arlene P.
Hart (hematology). This work was supported in part by the
National Institutes of Health, through Grants HL-24046 and
HL-47179, and the Dow Corning Corp., Midland, Michi-
gan.
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