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Abstract

Nitric oxide (NO) has been shown to reduce thrombogenicity by decreasing platelet and monocyte
activation by the surface glycoprotein, P-selectin and the integrin, CD11b, respectively. In order to
prevent platelet and monocyte activation with exposure to an extracorporeal circulation (ECC), a
nitric oxide releasing (NORel) polymeric coating composed of plasticized polyvinyl chloride (PVC)
blended with a lipophilic N-diazeniumdiolate was evaluated in a 4 hour rabbit thrombogenicity model
using flow cytometry. The NORel polymer significantly reduced ECC thrombus formation compared
to polymer control after 4 hours blood exposure (2.8 + 0.7 NORel vs 6.7 + 0.4 pixels/cm? control).
Platelet count (3.4 + 0.3 NORel vs 2.3 + 0.3 x 108/ml control) and function as measured by
aggregometry (71 + 3 NORel vs 17 + 6 % control) were preserved after 4 hours exposure in NORel
versus control ECC. Plasma fibrinogen levels significantly decreased in both NORel and control
groups. Platelet P-selectin mean fluorescence intensity (MFI) as measured by flow cytometry was
attenuated after 4 hours on ECC to ex vivo collagen stimulation (27 £ 1 NORel vs 40 £ 2 MFI control).
Monocyte CD11b expression was reduced after 4 hours on ECC with NORel polymer (87 £ 14 NORel
vs 162 + 30 MFI control). These results suggest that the NORel polymer coatings attenuate the
increase in both platelet P-selectin and monocytic CD11b integrin expression in blood exposure to
ECCs. These NO-mediated platelet and monocytic changes were shown to improve
thromboresistance of these NORel-polymer-coated ECCs for biomedical devices.
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1. Introduction

Hemocompatibility of various biomaterials is still elusive in spite of over 5 decades of
investigation[1-5]. The biocompatibility of polymeric tubing used in extracorporeal
circulation is highly dependent on the suppression of both the contact coagulation pathway
(i.e., fibrin formation) and the activation of circulating blood platelets. It has been recognized
that preventing fibrin formation and platelet as well as monocyte activation, while patients are
on chronic extracorporeal life support (ECLS), is needed for successful clinical outcomes and
provides the motivation to suppress thrombogenicity in ECLS circuits. In the normal blood
vessel the endothelial lining provides a thromboresistive surface by releasing molecules such
as the anticoagulants thrombomodulin and heparan sulfates as well as potent inhibitors of
platelet activation prostacyclin (PGls), surface ADP-destroying ectoenzyme (ADPase) and the
vasodilator, nitric oxide (NO) [6-8]. The possible role of nitric oxide released locally from
polymeric coatings in mediating the level of platelet membrane glycoprotein, P-selectin and
the influence on the monocyte integrin, CD11b, remains unexplored in thrombogenicity.

Nitric oxide, has been extensively studied for its inhibitory effects via the cGMP signaling
pathway on circulating platelet and monocyte activation which leads to aggregation and
ultimately thrombosis initiation [9-18]. The normal endothelial lining releases nitric oxide as
an endogenous inhibitor of platelet activation and prevent intravascular thrombosis. Recent in
vitro research has tried to mimic this ‘endothelial function’ through polymeric coatings of
artificial surfaces that can prevent platelet [19-25]and possibly monocyte activation through
the slow release of NO from polymer-embedded NO donor molecules. In an in vivo study with
the NORel polymer, Skrzypchak et al. reported that the level of NO release per polymer surface
area (i.e., NO flux) needed to be 14 x 10710 mol.cm~2-min~1 or greater to prevent platelet
activation and preserve platelet count in a rabbit thrombogenicity model [26]. This level of NO
flux was achieved using 25 wt% of the NO donor, diazeniumdiolated dibutylhexanediamine
(DBHD/N,05). However, this previous work did not investigate the other important aspect of
contact-induced thrombosis and that is the proinflammatory response elicited by activated
monocytes. Preserving platelet count and function as well as maintaining monocyte
inactivation is the role NO serves in normal blood vessels and proposed when exposed to a NO
releasing artificial surface. However, by what cellular mechanism does NO attenuate these
platelet and monocyte activated events needs further investigation. In extension of the results
presented by Skrzypchak et al. this report will determine if the NO flux is maintained over the
4 hour period and if the NO released from the DBHD/N,O, polymer coating preserves platelet
count and function by attenuating platelet and monocyte activation as measured by P-selectin
and CD11b upregulations, respectively.

To test the hypothesis that the level of ECC thrombogenicity is mediated through both platelet
(via surface molecule P-selectin) and monocyte (by the surface integrin CD11b) activation,
the present study was designed to evaluate if platelet P-selectin and monocyte CD11b
expressions, as measured by flow cytometry, are mediated by NO released from DBHD/
N,O, polymer-coated ECC. Additionally, we investigated the correlation of platelet P-selectin
and monocyte CD11b expressions with platelet quiescence and anti-thrombogencity in the
presence of the NORel ECC.

2. Materials and Methods

2.1. Materials

Tygon® poly(vinyl chloride) (PVC) tubing was purchased from Fisher Healthcare (Houston,
TX). Potassium tetrakis(4-chlorophenyl) borate (KTpCIPB) and dioctyl sebacate (DOS) were
obtained from Fluka (Ronkonkoma, NY). PVC (average MW = 106,000) was purchased from
Aldrich (Milwaukee, WI). Tetrahydrofuran (THF) was distilled over sodium and
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benzophenone prior to use. (Z)- 1 -[N-Butyl-N-[6[(N-butylammoniohexl)amino]]-diazen-1-
ium-1,2-diolate (diazeniumdiolated dibutylhexanediamine (DBHD/N,O,)) was synthesized
by treating N,N’-dibutyl-1,6-hexanediamine (Aldrich) with nitric oxide (NO) (80 psi) at room
temperature for 17-24 h as previously described [24]. All other reagents were of the highest
purity available. The mouse antibodies for sheep CD41/CD61 (GPIIb/Illa) FITC and human
P-selectin glycoprotein (CD62P) PE were obtained from AbD Serotec (Raleigh, NC) as well
as Mouse isotype controls for IgG, FITC and 1gG; PE. For monocyte surface receptor
determination of the integrin, CD11b, and the surface antigen CD14, the rat antibody for mouse
CD11b Alexa Flour 488 and mouse antibody for human CD 14 PE, respectively from AbD
Serotec were used. The antibody clones for P-selectin, I1b/I11areceptor, CD11b and CD14 have
been previously shown to have cross-reactivity to the rabbit [27-30]. Rat isotype control for
1gG, Alexa Fluor 488 and mouse isotype control for 1gG,, PE were purchased from AbD
Serotec. Human plasma fibrinogen containing > 90% clottable proteins was obtained from
Calbiochem (La Jolla, CA)and fluorescein-labeled goat IgG (polyclonal) to denatured human
fibrinogen was purchased from MP Biomedicals, LLC (Solon, OH) and the 96-well microtiter
plates (black, polypropylene) were obtained from Nalge Nunc International (Rochester, NY).
For intracellular labeling of human platelets used with the in vitro platelet adhesion assay, a
fluorescent stain, calcein AM (Sigma-Aldrich Chem. St. Louis, MO), was utilized.

2.2. Preparation of NORel polymeric coatings and ECC construction

A plasticized PVC coating containing 25 wt% DBHD/N,O,, a NO donor, was prepared using
a method previously reported [20]. Briefly, triple layers of polymeric coatings which included
a base layer, active layer and top layer were individually coated into the Tygon® tubing that

formed the ECC. The base layer was prepared by dissolving 7 g PVC in 120 ml THF (Soln A).
The top layer was synthesized using 543 mg PVC, 1057 mg DOS plasticizer and 30 ml THF
(Soln B). The active layer containing the NO donor was prepared by dissolving 702 mg PVC,
360 mg DOS and 458 mg KTpCIPB in 10 mlI THF. Two hundred sixty seven milligrams DBHD/
N>O, was then dispered within the polymer cocktail by sonication for 10 min to obtain aslightly
cloudy dispersion of the diazeniumdiolate in the solution (Soln C). The trilayer configuration
had a total thickness of approx. 100-150 pm.

The ECC construction used in this study was previously described but with some modifications
[26]. The ECC consisted with a 16-gauge and 14-gauge IV polyurethane angiocatheters
(Kendall Monoject Tyco Healthcare Mansfield, MA), two 16 cm in length of ¥4 inch inner
diameter (ID) Tygon® tubing and a 8 cm length of 3/8 inch ID Tygon® tubing which created
a thrombogenicity chamber where thrombus could form more easily due to more turbulent
blood flow. The ECC was pieced together, starting at the left carotid artery side, with the 16-
gauge angiocatheter, one 15 cm length ¥4 inch 1D tubing, the 8 cm length thrombogenicity
chamber, the second 15 cm length ¥4 inch 1D tubing and finally the 14-gauge angiocatheter.
The angiocatheters were interfaced with tubing using 2 luer-lock PVC connectors. The 3/8
inch 1D tubing and the ¥ inch tubing were welded together using THF.

The assembled ECC was coated first with a base coating of Soln A, followed by two coats of
the active layer of Soln C and the top coat (Soln B). The circuitry was filled with each solution
then removed. Each coat was allowed to dry for at least 1 h. The finshed ECCs were allowed
to cure under nitrogen conditions for 20 min then dried under vacuum for 2 days. (Figure 1).

2.3. NO release measurements

NO released from Norel coated ciruits was measured via a Sievers chemiluminescence NO
Analyzer® (NOA), model 280 (Boulder, CO) as described previously [24]. Briefly, a ~1/2
sample of the circuitry was placed in PBS buffer at 37C. NO was continuously swept from the
headspace of the sample vessel and purged from the bathing solution with a nitrogen sweep
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gas and bubbler into the chemiluminescence detection chamber. The flow rate was set to 200
ml/min with a chamber pressure of 5.4 Torr and an oxygen pressure of 6.0 psi. Using this
method, a uniform segment of NORel polymer was tested for NO release prior to and 4 hours
after blood exposure.

2.4. In vitro fluorescence assays

The in vitro fibrinogen adsorption immunofluorescence assay was performed in a 96-well
format. The NORel and control polymer solutions used in preparing the ECC was also used to
coat microwells of the 96-well microtiter plates. In addition, similar polymer drying conditions
were done between the ECC and 96-well preparations. Briefly, human fibrinogen was diluted
to 3 mg/ml with Dulbecco’s phosphate-buffered saline (dPBS) without CaCl, and MgCl,
(Gibco Invitrogen Grand Island, NY), equivalent to the human plasma concentration, and then
used for the adsorption experiments [31]. Of this diluted solution, 100 pl were added to each
well for 1.5 hours at 37°C, followed by eight washing steps using 100 ul of wash buffer which
consisted of a 10-fold dilution of AbD Serotec Block ACE buffer (Raleigh, NC) and 0.05%
Tween 20 (Calbiochem La Jolla, CA). To block nonspecific antibody binding, wells were
incubated with 100 pl blocking buffer (4-fold dilution of Serotec Block ACE buffer) for 30
min at 37°C. After rinsing 3 times with wash buffer (100 ul per well) a background fluorescence
measurement of the plates was performed at 485 nm (excitation) and 528 nm (emission) on a
Synergy 2 fluorescence microplate reader (Biotek Winooski, VT). To detect the adsorbed
fibrinogen, goat antihuman fibrinogen was diluted (1:10) in antibody diluents (10-fold dilution
of Serotec Block ACE buffer) and 100 ul was added to each well. The antibody was allowed
to bind to the surface-adsorbed fibrinogen for 1.5 hours at 37°C. Human fibrinogen adsorption
to noncoated polypropylene was used as an internal control to normalize the fluorescence
signals within different plates. Also, a standard curve for fibrinogen was obtained on each plate
from 0 to 3000 pug/ml. All measurements were done in triplicate and performed with the
Synergy 2 fluorescence reader.

To ascertain the platelet adhesive characteristics of the NORel polymer, an in vitro platelet
adhesion fluorescence assay was used. This assay was modified from a previous in vitro
adhesion assay which used a measurement of released lactate dehydrogenase [32]. Briefly,
polymer-coated 96-well plates were prepared similarly as to the in vitro fibrinogen adsorption
assay. To prepare fluorescently labeled human platelets for the in vitro platelet adhesion assay,
washed human platelets were obtained from whole blood by centrifugation at 110 x g for 15
min. Platelet-rich plasma was transferred to new tube with 10 ml Hanks balanced salt solution
(HBSS) without Ca2* and Mg2* plus 10% citrate-dextrose solution (ACD) and then centrifuged
at 1200 x g for 10 min. The resulting platelet pellet was resuspended in HEPES-buffered
Tyrode’s solution (137 mM NaCl, 3 mM KCI, 0.42 mM NaH,PO4, 6 mM NaHCO3, 1 mM
MgCl,, 5 mM HEPES, 5.5 mM D-glucose and 0.35% bovine serum albumin (BSA), pH 7.4)
to a level of 10 x 108 platelets/ml. A final concentration of 5 uM calcein AM was added to
platelet suspension and then incubated for 30 min at 37°C in the dark. After incubation, 10 ml
of HBSS-ACD solution was added to labeled platelet suspension and then centrifuged at 1200
x g for 10 min. The resulting pellet was resuspended in HEPES-buffered Tyrode’s solution at
10 x 108 platelets/ml. After the 96-well plates were incubated with 3 mg/ml human fibrinogen
at 37°C for 1.5 hr and washed with 100 ul dPBS 8 times, 10 x 10° platelets/well was added.
The plate was then incubated for 60 min at 37°C. After incubation, nonadherent platelets were
carefully removed by washing with 100 ul dPBS 3 times and then 100 pl HEPES-buffered
Tyrode’s solution was added. In separate wells on each plate, a standard curve for platelet count
was obtained on each plate from 0 to 10 x 107 platelets/well. All measurements were done in
triplicate and performed with the Synergy 2 fluorescence reader with excitation filter of 485
nm and and emission filter of 535 nm.
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2.5. The rabbit thrombogenicity model

The animal handling and surgical procedures were approved by the University Committee on
the Use and Care of Animals in accordance with university and federal regulations. A total of
18 New Zealand white rabbits (Myrtle’s Rabbitry, Thompson’s Station, TN) were used in this
study. All rabbits (2.5-3.5 kg) were initially anesthetized with intramuscular injections of 5
mg/kg xylazine injectable (AnaSed® Lloyd Laboratories Shenandoah, lowa) and 30 mg/kg
ketamine hydrochloride (Hospira, Inc. Lake Forest, IL). Maintenance anesthesia was
administered via a diluted intravenous (V) infusion of ketamine (2 mg/ml) at a rate of 1.53
mg/kg/hr. In order to maintain blood pressure stability, IV fluids of Lactated Ringer’s were
given at a rate of 33 ml/kg/hr. The paralytic, pancuronium bromide (0.33 mg/kg, IV), was
administered to have animal totally dependent upon mechanical ventilation which was done
via a tracheotomy and using a Sechrist Infant Ventilator Model 1V-100 (Sechrist, Anaheim,
CA). For monitoring blood pressure and collecting blood samples, the rabbit right carotid artery
was cannulated using a 16-gauge 1V angiocatheter (Jelco®, Johnson & Johnson, Cincinnati,
OH). Blood pressure and derived heart rate were monitored with a Series 7000 Monitor
(Marquette Electronics Milwaukee, WI). Body temperature was monitored with a rectal probe
and maintained at 37°C using a water-jacketed heating blanket. Prior to placement of the
arteriovenous (AV) custom-built extracorporeal circuit (ECC), the rabbit left carotid artery and
right external jugular vein were isolated and baseline hemodynamics as well as arterial blood
pH, pCO,, pO,, total hemoglobin and methemoglobin using an ABL 725 blood gas analyzer
and OSM3 Hemoximeter (Radiometer Copenhagen Copenhagen, DK). In addition, baseline
blood samples were collected for platelet and total white blood cell (WBC) counts utilizing a
Coulter Counter Z1 (Coulter Electronics Hialeah, FL), plasma fibrinogen levels measured by
a BBL Fibrosystem fibrometer (Becton Dickinson Cockeysville, MD), activated clotting time
(ACT) using a Hemochron Blood Coagulation System Model 801 (International Technidyne
Corp. Edison, NJ), platelet function using a Chrono-Log optical aggregometer model 490
(Havertown, PA) and platelet P-selectin and monocyte CD11b expression utilizing fluorescent-
activated cell sorting (FACS) with a Becton Dickinson FACSCalibur flow cytometer (San Jose,
CA).

After baseline blood measurements, the AV custom-built ECC was placed into position by
cannulating the left carotid artery for ECC inflow and the right external jugular vein for ECC
outflow. The flow through the ECC was started by unclamping the arterial and venous sides
of ECC and blood flow in circuit was monitored with an ultrasonic flow probe and flow meter
(Transonic HT207 Ithaca, NY). Animals had no systemic anticoagulation throughout the
experiment.

After four hours on ECC, the circuits were clamped, removed from animal, rinsed with 60 ml
of saline and drained. Any residual thrombus in the larger tubing of ECC (i.e., thrombogenicity
chamber) was photographed and thrombus image was quantitated using Image J imaging
software from National Institutes of Health (Bethesda, MD). All animals prior to euthanasia
received a dose of 400 U/kg sodium heparin to prevent necrotic thrombosis. The animals were
euthanized using a dose of Fatal Plus (130 mg/kg sodium pentobarbital) (Vortech
Pharmaceuticals Dearborn, MI). All animals underwent gross necropsy after being euthanized
and included examination of the lungs, heart, liver and spleen for any signs of thromboembolic
events.

2.6. Blood sampling

Rabbit whole blood samples were collected in non-anticoagulated 1 cc syringes for ACT, 10%
anticoagulant containing sodium citrate, sodium phosphate and dextrose (ACD) (Hospira, Inc.
Lake Forest, IL) in 3 cc syringes for cell counts, aggregometry and FACS analysis and 1 cc

syringes containing 40 U/ml of sodium heparin (APP Pharmaceuticals, LLC Schaumburg, IL)
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for blood gas analysis. Every hour up to 4 hours, following the initiation of ECC blood flow,
blood samples were collected for in vitro measurements. Samples were used within 2 hours of
collection to avoid any artifactual activation of platelets and monocytes.

2.7. Platelet aggregometry

Rabbit platelet aggregation was assayed based on Born’s turbidimetric method using a Chrono-
Log optical aggregometer. Citrated blood (1:10 blood to ACD) was collected (6 mls) and
platelet-rich plasma (PRP) was obtained by centrifugation at 110 x g for 15 min. Platelet-poor
plasma (PPP) was obtained by another centrifugation of the PRP-removed blood sample at
2730 x g for 15 min and was used as the blank for aggregation. PRP was incubated for 10 min
at 37°C and then 40 pg/ml collagen (Chrono-PAR #385 Havertown, PA) was added. The
percentage of aggregation was determined 3 min after the addition of collagen using Chrono-
Log Aggrolink software.

2.8. Flow cytometry

To determine platelet P-selectin (CD62P) and I1b/Illa (fibrinogen receptor) expression, 100 ul
diluted blood aliquots (1:100 dilution of blood to Hank’s Balanced Salt Solution (HBSS)
without CaCl, and MgCl,) were directly prepared for cell surface staining of P-selectin and
[1b/Ila. In four 12 x 75 polypropylene tubes containing 100 pl of diluted blood, 40 pg/ml
collagen (4 ul 1000 pg/ml) is added to two tubes and 4 ul saline is added to the other two tubes.
At this point, saturating concentrations (10 ul) of monoclonal antisheep Ilb/1l1a FITC and
monoclonal antihuman CD62P PE antibodies were added to one collagen and one saline treated
tubes and incubated for 15 min at room temperature (RT) in the dark. In the other two tubes
containing collagen and saline, 10 ul each of antimouse 1gG4 FITC and PE were added as
nonbinding isotype controls and also incubated for 15 min at RT in the dark. After the antibody
incubation, each tube received 700 pl of freshly prepared 1% formaldehyde buffer (in dPBS)
and stored at 4°C until ready for flow cytometric analysis. To determine monocyte CD11b and
CD14 expression, 100 ul undiluted blood aliquots were directly prepared for cell surface
staining of CD11b and CD14. At this point, saturating concentrations (10 ul) of rat antimouse
CD11b Alexa Fluor 488 and monoclonal antihuman CD14 PE antibodies were added to one
tube and 10 pl each of antirat 1gGop, Alexa Fluor 488 and antimouse 19G,, PE were added as
nonbinding isotype controls. All tubes were incubated for 30 min at 4°C in the dark. After the
antibody incubation, lysing of red blood cells was accomplished by adding 2 ml of FACSLysing
Buffer (Becton Dickinson San Jose, CA), gentle vortexing and then incubating for 10 minutes
at room temperature in the dark. After red blood cell lysing, centrifugation at 250 x g for 5
minutes at 4°C pelleted the stained leukocytes. After aspirating supernatant, one wash step was
done with wash buffer containing dPBS, 0.1% sodium azide and 0.5% bovine serum albumin,
centrifuged again and then supernatant was aspirated. The cells were then resuspended in 250
ul of freshly prepared 1% formaldehyde buffer and stored at 4°C until ready for flow cytometric
analysis. A FACSCalibur flow cytometer (Becton Dickinson San Jose, CA) was used for the
acquisition of flow data and the CellQuest software used for data analysis. Cell populations
were identified for data collection by their forward scatter (FSC) and side scatter (SSC) light
profiles. For each sample, 30,000 total events were collected. Fluorescence intensity of
immunostaining was quantitated by histogram log plot analysis. Mean fluorescent intensity
(MFI) was expressed as the geometric mean channel fluorescence minus the appropriate
isotype control.

Statistical Analysis—Data are expressed as mean + SEM. Comparison between the NORel
and polymer control groups were analyzed by the one-way ANOVA with the multiple
comparison of means using Student’s t-test. All statistical analyses were performed using the
statistical program SAS JMP (SAS Institute Cary, NC). Values of P<0.05 were considered
statistically significant.
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3. Results

3.1. NO releasing and protein adsorption characteristics of NORel polymer

The NORel coating used in these studies has some key features which makes it an ideal material
for investigating the interactions between NO and biological cells and proteins. First, the
material continuously releases NO under physiological conditions at levels above that which
is suggested to be needed to passivate platelets [26]. As shown in a representative NORel ECC
(Figure 2A), the NO release as measured via a NO analyzer showed a sustained NO flux of
approx. 12.5 x 10710 mol cm=2 min2. This NO flux generates a level of NO release that exceeds
the physiological NO release level from endothelial cells (0.5- 4 x 10710 mol cm™2 min™1)
[29]. The level of NO was intentionally designed to maintain a steady state NO flux during the
entire 4 hours of the experiment. As shown in Figure 2A, the ability of the coating to release
steady state levels of NO in physiological buffer was achieved for up to 5 hours. Most
importantly, it was confirmed that the NO release from the NORel ECC was not reduced by
exposure to flowing blood after 4 hours as shown in the circled region of Figure 2A. A piece
of tubing was removed from the circuit post-experiment and measured for NO release. The
post-4 hour blood-exposed sample was observed to superimpose onto the pre-blood exposed
NO release curve. Further, it is important that the NO release levels were essentially the same
after exposure to blood because this suggests that the blood environment (i.e., proteins, cells,
etc.) may not alter the kinetics of the NO release from the NOrel coating. Another adverse
characteristic, the issue of NO donor leaching, was avoided in the NORel coating by using a
more lipophilic NO donor such as DBHD/N,O» that would preferentially stay in the organic
polymer phase based on favorable partition coefficients. Our lab previously measured
formulations of high plasticizer with no top coat for 24 hours to try to obtain leaching of the
DBHD/NO and only detected 0.19% of the diamine leaching. Therefore, it is highly unlikely
that in only 4 hours with a 2:1 PVC/DOS active coat plus a top coat that any leaching would
occur.

To determine if plasma protein adsorption and in particular, human fibrinogen, occurs with
this polymer, an in vitro immunofluorescence assay was performed. The NORel coating had
significant human fibrinogen adsorption (2767 + 59% of the 3000 pg/ml fibrinogen control;
p<0.05, n=8) compared to the control polymer (120 + 3% of the 3000 ug/ml fibrinogen control,
n= 8). The adsorption of the human fibrinogen antibody without the presence of exogenous
human fibrinogen was 28 + 1% of the 3000 pg/ml fibrinogen control.

As a further characterization of the NORel polymer, platelet adhesion was determined in an in
vitro 96-well microplate assay utilizing fluorescently-labeled human platelets and preadsorbed
human fibrinogen. Platelet adhesion to preadsorbed fibrinogen (3 mg/ml) on the NORel and
control polymers were significantly decreased on the NORel polymer (178185 £ 3801 platelets/
well, p< 0.05) compared to the control (886239 + 22583 platelets/well). This represented a
80% decrease in adhering platelets in this non-flow assay.

3.2. NORel polymer effects on rabbit hemodynamics and thrombus formation

Hemodynamic effects of NORel- and control-coated ECC over 4 hours blood exposure in the
rabbit model of thrombogenicity are shown in Table 1. Mean arterial blood pressure (MAP)
within the first two hours on ECC significantly fell in both the NORel and control polymer
groups but returned to baseline levels after 4 hours. This returned in MAP to baseline is due
to the continuous IV fluid maintenance at 10 ml/kg/min. Heart rate for the NORel and control
ECC groups were unchanged over the 4 hours. The blood flow through the ECC was dependent
upon MAP and after 4 hours increased due to the added 1V fluids. More important is that the
number of control polymer ECCs that had maintained blood flow after 4 hours was 4 out of
10 experiments while 7 out of 7 rabbits in the NORel polymer ECCs were patent (Table 1).
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Not unexpected the activated clotting time (ACT) after 4 hours on the NORel or control
polymer ECCs, probably due to the increase in intravascular fluids, i.e., hemodilution effect.
The total white blood cell (WBC) count remained unchanged over the 4 hours on either ECC
group. The total WBC count is composed of lymphocytes, monocytes and granulocytes.

To ascertain the differential formation of thrombus in the thrombogenicity chamber (i.e., the
3/8 inch ID Tygon tubing 8 cm in length) of the NORel or control polymer-coated ECC, 2-
dimensional (2D) image analysis was performed after 4 hours of blood exposure. In Figures
3A and 3B, representative images of the control and NORel circuits, respectively, are shown.
The red colorized region was obtained by using the threshold feature in the Image J imaging
software and is representative of the 2D area of thrombus formation (pixels/cm?) in each tubing
chamber. These thrombi area measurements were quantitated and, as shown in Figure 3C, the
thrombus area of the NORel polymer ECC was significantly smaller as compared to the control
polymer ECC.

3.3. Effects of NORel polymer on rabbit platelet function and surface receptor expressions

Platelet function during exposure to NORel and control polymer-coated ECC was assessed by
observing platelet count (Figure 4A), percent of aggregation, as determined by ex vivo collagen
(40 pg/ml) stimulation of PRP (Figure 4B), and the level of plasma fibrinogen, to which
activated platelets bind (Figure 4C). Both platelet count and plasma fibrinogen levels were
corrected for any hemodilution due to added IV fluids into the rabbits. The NORel polymer
ECC showed a greater preservation of platelet count and collagen-stimulated platelet
aggregation over the course of the 4 hour blood exposure while the control polymer ECC
showed a time-dependent loss in platelet count and ability to aggregate upon stimulation. The
NORel ECC was able to maintain platelet counts 80% or greater even at 3 and 4 hours of blood
exposure when compared to the control polymer ECC (Figure 4A). The ability to aggregate
upon exogenous collagen stimulation was essentially maintained in the NORel polymer ECC
whereas platelets from the control ECC were nearly unresponsive to collagen, especially at 3
and 4 hours (Figure 4B). In Figure 4C, plasma fibrinogen levels are shown to significantly
decrease in both the NORel and control ECCs time-dependently. Interestingly, there was no
difference between the NORel and control polymers in their ability to bind fibrinogen at any
time point. Thus, the preservation of platelet count in the NORel ECC can not be explained by
the plasma fibrinogen levels because both NORel and the control ECCs lost nearly 50% of the
soluble fibrinogen after 4 hours of blood exposure.

To ascertain the differential expression of the platelet adhesion glycoprotein, P-selectin
(CD62P), between the NORel and control polymer ECC, fluorescence-activated cell sorting
(FACS) analysis was performed on rabbit circulating platelets. As shown in Figure 5A, a
representative forward scatter (FSC) versus side scatter (SSC) dot plot is shown for diluted
rabbit whole blood. The gated region is the representative of the circulating platelet population
and this gate was used in all subsequent FACS analysis for CD62P expression (Figures 5B and
5C). When platelets become activated, the surface expression of P-selectin increases [34]. The
histogram plot (Figure 5B) demonstrates that 40 ug/ml collagen stimulation of rabbit blood
platelets does indeed increase the expression of surface P-selectin (blue filled area) as compared
to the unstimulated condition as denoted by the red filled area. The green line shows nonspecific
binding of the mouse isotype control antibody used for P-selectin. The histogram data is then
quantified in mean fluorescence intensity (MFI) for platelet P-selectin surface expression
(Figure 5C). P-selectin expression was unchanged after 4 hours on either the control or NORel
ECC as compared to the unstimulated (i.e., no exogenous collagen) baseline (no ECC present).
However, 40 pg/ml collagen significantly stimulated an increase in P-selectin expression at
baseline and after 4 hours on control or NORel ECCs. In addition, the collagen-stimulated P-
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selectin expression for the 4 hour control and NORel ECCs were significantly increased and
decreased, respectively, from the collagen-stimulated baseline levels.

In order to understand if the NORel polymer can induce changes in the I1b/Illa (fibrinogen)
receptor, a specific antibody to Ilb/I1la (CD41/CD61) was used to evaluate platelet surface
expression of I1b/llla via flow cytometry. As shown in Figure 6 the platelet I1b/Illa surface
expression after 4 hours on either control or NORel ECC was not changed compared to the no
ECC baseline. The IIb/ll1a expression, however, significantly increased with 40 ug/ml
exogenous collagen at baseline and after 4 hours on control or NORel ECC. Interestingly, the
NORel polymer-coated ECC significantly decreased the collagen-induced I1b/Illa expression
from both the collagen-induced l1b/Il1a levels in the baseline and control ECC groups.

3.4. Effects of NORel polymer on rabbit surface receptor expressions of integrin, CD11b, and
monocyte-specific receptor, CD14

To determine if the NORel polymer in ECC can increase the surface integrin, CD11b,
expression on circulating monocytes translates into activated monocytes, FACS analysis of
rabbit whole blood at baseline (no ECC) and after 4 hours of circuit blood exposure was
performed. A representative FSC versus SSC dot plot is shown in Figure 7A for rabbit whole
blood. The gated region, R5, is representative of the circulating monocyte subpopulation of
the blood white blood cells and this gate was used in all subsequent FACS analysis for CD11b
expression (Figures 7B and 7C). The CD11b expression on rabbit monocytes was observed to
significantly increase 3-fold after 4 hour blood exposure to control polymer ECCs but the
NORel polymer ECC reduced the CD11b expression back toward baseline (Figure 7B). The
CD11b expression observed with the NORel polymer 4 hours after blood exposure was also
significantly reduced from that observed after 4 hours on control polymer ECC. If the
circulating monocytes are becoming activated as indicated by the increase in CD11b
expression, then, as shown in Figure 7C, the monocyte-specific surface receptor, CD14, should
be decreased. After 4 hours of blood exposure the control ECC did show a least a 50% decrease
in CD14 expression indicating a loss of circulating monocytes compared to baseline levels.
The NORel ECC after 4 hours blood exposure was still significantly reduced from baseline
but there was a trend for a greater number of circulating monocytes.

4. Discussion

We demonstrated that extracorporeal circuits containing a NO releasing polymer can release
NO, preserve platelet count and function as well as maintain monocyte inactivation after at
least 4 hours of blood exposure in a rabbit model of thrombogenicity. These platelet and
monocyte physiological events have been shown for the first time to strongly correlate with
molecular changes in the platelet surface glycoprotein, P-selectin, and the monocyte surface
integrin, CD11b, expressions which can be utilized to determine the level of platelet and
monocyte activation, respectively. Based on these platelet and monocyte membrane protein
changes, platelet P-selectin and monocyte CD11b could serve as non-invasive clinical markers
for hemocompatibility of extracorporeal life support (ECLS) systems.

Platelet and monocyte physiological changes are of immense importance in defining the
hemocompatibility of biomaterials used in ECLS and have been extensively investigated [3-
5,13,35-55]. However, even though the activation status of platelets and monocytes in their
macro response, i.e., counts and function, is relatively understood, the early stimulatory effects
of exposure to an extracorporeal circulation (ECC) have not been clearly elucidated. The
present paper shows, for the first time, that the regulation of platelet surface P-selectin and
monocyte membrane integrin CD11b by blood contact with artificial surfaces is, in part,
dependent on the polymer release of the platelet and monocyte inactivator, NO. By utilizing
NO as the agent being released from the diazeniumdiolated polymer in this study, the degree
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of thrombosis and ECC-induced expression of platelet P-selectin and monocyte CD11b were
attenuated. Much of ECLS research has previously shown a decrease in the levels of thrombosis
and an underlying threshold level of locally-released NO from either polyvinyl chloride (PVC)
or polyurethane (PU)-based polymers [25,26,56-58]. Skrzypchak et al, in particular, had
shown that the NO donor, DBHD/N,O5, released an amount of NO from the PVC polymer that
preserved platelet number and maintained their ability to aggregate upon stimulation with
exogenous collagen [26]. Using this level of NO donor, our results confirm their data and, in
addition, showed that this amount of NO flux, i.e., approx. 15 x 10719 mol cm~2 min1, was
maintained over the 4 hour test period and that the surface proteins platelet P-selectin and
monocyte CD11b, protein markers of cellular activation, were maintained quiescent.
Interestingly, NO alone was able to maintain a thromboresistive state in the NORel ECC even
in the face of significant adsorption of fibrinogen. The level of plasma fibrinogen was reduced
in rabbits with either the NORel or control ECCs. The in vitro human fibrinogen immunoassay
showed that fibrinogen adsorbed significantly to the NORel polymer surface and confirmed
that the loss of rabbit plasma fibrinogen was more in likely being adsorbed to the ECC. Even
though significant levels of fibrinogen bound to the NORel polymer, static platelet adhesion
in an in vitro 96-well assay showed that 50% or less of the labeled platelets bound to the
fibrinogen-adsorbed polymer surface. The effectiveness of NO released from polymers to
promote platelet quiescence has confirmed previous in vitro platelet adhesion results, which
had also shown that NO released from polymers could attenuate platelet binding to adsorbed
plasma fibrinogen and ultimately prevent their activation [59]. Platelet P-selectin plays a key
role in mediating the adhesion of platelets to the ECC-adsorbed fibrinogen but the mechanism
of the inhibitory effects of NO on the platelet upregulation of P-selectin and its binding to
fibrinogen still needs investigation.

The major cause of the strong in vitro fibrinogen binding is probably due to both the
hydrophobicity of the DBHD/N,O,/PVC polymer and the small positive charge that develops
with the DBHD compound after it releases NO. Zhou et al [20] had shown that the contact
angle for PVC was 99.4° and the lipophilic DBHD/N>O5 would only increase this angle. In
addition, our polymer coating had a top coat of PVC/DOS which would maintain
hydrophobicity and keep the contact angle near 100°. Based on the high hydrophobicity and
possible positive charge of the NORel polymer, this would represent poor hemocompatibility
of the ECC. However, one must not forget that as long as the polymer is continuously releasing
NO at a level that can keep circulating platelets quiescent even in the face of high fibrinogen
adsorption, the anti-platelet effects of NO will be present as observed in the in vitro platelet
adhesion assay.

However, even though the high hydrophabicity and positive surface charge of the NORel-
coated ECC are also present in vivo, other considerations have to be taken into account, in
particular, the response of platelets in flowing blood and their interaction with not only ECC-
bound fibrinogen but also bound von Willebrand’s factor. In a shear flow system of platelet
rich plasma, Zhang et al [60] showed that platelets adhere to biomaterials through a mechanism
mediated by both fibrinogen and von Willebrand’s factor. The presence of plasma proteins like
von Willebrand’s factor augment the ability of activated platelets to adhere to artificial surfaces.
The ability of released NO from the NORel-coated ECC confirms the important role NO plays
in the attenuating platelet activation in the blood flowing system when several activators of
platelets are present and not in the in vitro systems.

Not only does ECLS increase thrombus formation and upregulate platelet P-selectin expression
upon collagen stimulation but our results in this paper also shows a strong enhancement of the
monocyte surface integrin, CD11b. The NORel polymer-coated ECC, however, has been
shown to attenuate the activation of both platelets and monocytes after exposure to the artificial
surfaces. The activated platelet due to exposure to an artificial surface trigger autocrine and
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paracrine activation processes that lead to leukocyte (i.e., monocytes) recruitment and
activation at areas of platelet adhesion [61]. The activated platelets and the upregulation of the
surface ligand, P-selectin, can attach and interact with monocytes through a P-selectin
glycoprotein (PSGL-1) [16]. The attraction of monocytes to activated platelets is hypothesized
to be through the secretion of the monocyte chemoattractant protein-1 (MCP-1) which has been
recently shown to be markedly induced by activated platelets [62]. The monocyte-platelet
interaction activates the monocyte into a proinflammatory state and upregulation of the surface
integrin, CD11b mediates the firm adhesion to platelets [12,63]. Our results show a significant
increase in monocyte CD11b upon exposure to ECC and NO released from the polymer-coated
ECC reduced this enhanced CD11b expression. Our results plus the known effects of activated
monocytes initiate monocyte secretion of chemokines, cytokines and procoagulatory tissue
factor ultimately leading to thrombus formation. By NO attenuating the expression of the
proinflammatory surface marker on monocytes, CD11b, the monocytic effect on thrombus
formation is greatly reduced. However, the exact contribution of NO and its effects on platelet
P-selectin and monocyte CD11b expressions as well as the platelet/monocyte molecular
interaction still remain to be elucidated.

5. Conclusions

This study has shown that the coating of plasticized PVC containing DBHD/N,O, in PVC
tubing can continuously release NO at least 4 hours in a rabbit model of extracorporeal
circulation. This release of NO from the polymer coating has been shown to attenuate the
activation of both platelets, as measured by a decrease in P-selectin expression, and monocytes
by the adhesion molecule, CD11b, downregulation. These results indicate the potential of
locally released NO to increase hemocompatibility of extracorporeal circuits and devices by
reducing their thrombogenicity and relieve the use of systemic anticoagulation and all its
inherent risks. Studies combining the anti-platelet activity of NO with the well-known
anticoagulant activity of immobilized heparin are under investigation and could provide the
ultimate endothelial-like preservation of circulating platelets and monocytes when exposed to
biomaterials.
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Figure 1.

Schematic of plasticized poly(vinyl chloride) (PVC) layer doped with a lipophilic N-
diazeniumdiolate (diazeniumdiolated dibutylhexanediamine (DBHD/N202)) nitric oxide
(NO) donor. A top coat of plasticized PVC over the active layer limited the NO release and
provided a consistent NO level over the 4 hour in vivo evaluation.
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Figure 2.

NO releasing character and human platelet adhesion properties of NO releasing polymer-coated
extracorporeal circuits (NORel polymer ECC). (A) Representative NO surface flux profiles
from NORel polymer ECC containing DBHD/N202 at 37°C and pH 7.4 obtained via
chemiluminescence detection and a NO analyzer. A comparison of NO release prior to and
after blood exposure. (B) In vitro fluorescent assay with calcein-labeled human platelets
utilizing preadsorbed human fibrinogen (3 mg/ml) to NORel (white bars) and control (black
bars) polymers. Platelet adhesion quantitated using a platelet number vs fluoresecence standard
curve with a linear relationship between platelet number and fluorescence.
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Figure 3.

Two-dimensional representation of thrombus formation NORel and control polymer ECCs
after 4 hours blood exposure in rabbit thrombogenicity model. (A) Colorized image of
thrombus in 3/8 inch I.D. tubing (red region) in the control ECC. (B) Colorized image of
thrombus in 3/8 inch 1.D. tubing (red region) in the NORel polymer ECC. (C) Quantitation of
thrombus area as calculated using ImageJ software from NIH. The data are means + SEM. *
= p<0.05, control ECC vs 25 NORel ECC after 4 hours.
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Figure 4.

Time-dependent effects of NORel polymer ECC on rabbit platelet count (i.e., consumption)
(A), platelet function as measured via aggregometry (B) and plasma fibrinogen levels (C) after
4 hours of blood exposure in rabbit thrombogenicity model. Data is the mean + SEM. * =
p<0.05, baseline vs control and NORel ECC. # = p<0.05, control ECC vs NORel ECC.
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Figure 5.

Fluorescent-activated cell sorting (FACS) analysis for circulating platelets after 4 hour blood
exposure with NORel or control polymer-coated ECC. (A), Representative FACS analysis
graph for unstained circulating platelets. FSC= forward scatter and SSC= side scatter (B)
Histogram of P-selectin (CD62P) platelet expression using mouse anti-human CD62P PE
antibody conjugate (baseline, no ECC, red filled area). Blue filled area is P-selectin mean
fluorescence intensity (MFI) after 40 ug/ml collagen stimulation while the green line denotes
the isotype control for P-selectin. (C). Platelet P-selectin mean fluorescence intensity (MFI)
after 4 hours on ECC with or without 40 ug/ml collagen stimulation in NORel and control
polymers. The data are means + SEM. * = p<0.05, unstimulated vs collagen-stimulated for
baseline, control ECC and NORel ECC. # = p<0.05, collagen-stimulated for baseline vs
collagen-stimulated for control ECC and collagen-stimulated for NORel ECC. The specific
MFI data is after the isotype control value was subtracted from each P-selectin MFI value. All
FACS analyses used the gated FSC/SSC plot for platelets and 100 pl of diluted whole rabbit
blood (1:100) was used for each determination.
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Figure 6.

Platelet I1b/Illa (fibrinogen receptor) mean fluorescence intensity (MFI) after 4 hours on ECC
with or without 40 ug/ml collagen stimulation in NORel and control polymers as measured via
flow cytometry. The data are means £ SEM. * = p<0.05, unstimulated vs collagen stimulated
for baseline, control ECC and NORel ECC. The specific MFI data is after the isotype control
value was subtracted from each Ilb/I1la MFI value.

All FACS analyses used the gated FSC/SSC plot for platelets and 100 pul of diluted whole rabbit
blood (1:100) was used for each determination.
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Figure 7.

Fluorescent-activated cell sorting (FACS) analysis for circulating monocytes after 4 hour blood
exposure with NORel or control polymer-coated ECC. (A), Representative FACS analysis
graph for unstained circulating monocytes. FSC= forward scatter and SSC= side scatter. (B)
Monocyte CD11b mean fluorescence intensity (MFI) after 4 hours on ECC in NORel and
control polymers. (C) Monocyte CD14 (monocyte specific marker) mean fluorescence
intensity (MFI) after 4 hours on ECC in NORel and control polymers. The data are means +
SEM. * = p<0.05, baseline vs control ECC or NORel ECC. The specific MFI data is after the
isotype control value was subtracted from each CD11b or CD14 MFI value. All FACS analyses
used the gated FSC/SSC plot for monocytes and 100 pl of whole rabbit blood was used for
each determination.
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