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Abstract

Nitric oxide (NO) releasing (NORel) materials have been extensively investigated to create
localized increases in NO concentration by the proton driven diazeniumdiolate-containing
polymer coatings and demonstrated to improve extracorporeal circulation (ECC)
hemocompatibility. In this work, the NORel polymeric coating composed of a diazeniumdiolated
dibutylhexanediamine (DBHD-N,0,)-containing hydrophobic Elast-eon™ (E2As) polyurethane
was combined with a direct thrombin inhibitor, argatroban (AG), and evaluated in a 4 h rabbit
thrombogenicity model without systemic anticoagulation. In addition, the immobilizing of
argatroban to E2As polymer was achieved by either a polyethylene glycol-containing (PEGDI) or
hexane methylene (HMDI) diisocyanate linker. The combined polymer film was coated on the
inner walls of ECC circuits to yield significantly reduced ECC thrombus formation compared to
argatroban alone ECC control after 4 h blood exposure (0.6 £ 0.1 AG/HMDI/NORel vs 1.7 £ 0.2
cm? AG/HMDI control). Platelet count (2.8 + 0.3 AG/HMDI/NORel vs 1.9 + 0.1 x 108/ml AG/
HMDI control) and plasma fibrinogen levels were preserved after 4 h blood exposure with both
the NORel/argatroban combination and the AG/HMDI control group compared to baseline.
Platelet function as measured by aggregometry remained near normal in both the AG/HMDI/
NORel (63 + 5%) and AG/HMDI control (58 + 7%) groups after 3 h compared to baseline (77 =
1%). Platelet P-selectin mean fluorescence intensity (MFI) as measured by flow cytometry also
remained near baseline levels after 4 h on ECC to ex vivo collagen stimulation (16 £ 3 AG/HMDI/
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NORel vs 11 + 2 MFI baseline). These results suggest that the combined AG/HMDI/NORel
polymer coating preserves platelets in blood exposure to ECCs to a better degree than AG/PEGDI/
NORel, NORel alone or AG alone. These combined antithrombin, NO-mediated antiplatelet
effects were shown to improve thromboresistance of the AG/HMDI/NORel polymer-coated ECCs
and move potential nonthrombogenic polymers closer to mimicking vascular endothelium.

Keywords

argatroban; direct thrombin inhibition; nitric oxide releasing polymer; thrombogenicity; hexane
methylene diisocyanate (HMDI); polyethylene glycol (PEG)

1. Introduction

Extracorporeal devices (i.e., cardio-pulmonary bypass, hemodialysis, hemofiltration,
extracorporeal membrane oxygenation) require systemic anticoagulation. The major
complications are clotting in the device and bleeding from the patient. Systemic
anticoagulation blocks fibrin formation but does not prevent platelet adhesion and activation
[1, 2]. In an attempt to reduce the activation of platelets at the blood/material surface
interface, we and other investigators have developed surface coatings that mimic the
vascular endothelium and preserve platelet quiescence in the extracorporeal circuits (ECC).
Nitric oxide, an endogenous platelet inhibitor and vasodilator, has been incorporated into
polymeric tubings to mimic its endogenous effects on maintaining platelet quiescence.
Indeed, a number of NO releasing (NORel) polymer coatings have been studied using
polymer-embedded NO donor molecules, such as diazeniumdiolated dibutylhexanediamine
(DBHD/N,05) [3-9]. The NO released from the DBHD/N,O, polymer coating has proven
to effectively maintain circulating platelets in a resting state and reduce thrombus formation
in the ECCs even when no systemic anticoagulation is present. However, small fibrin
thrombi are present in animal models. An immobilized anticoagulant in combination with
the NORel polymer may provide the complete honthrombogenic scenario needed for ECLS
circuit longevity.

Commercial availability of heparin-coated components for ECLS circuits such as catheters
and oxygenators has brought immobilized anticoagulants to the forefront for over 20 years.
Unfortunately systemic anticoagulation is still required in all clinical ECLS procedures,
albeit at a reduced level [2, 10]. The use of heparin-coated ECLS components is dependent
upon the patient plasma levels of antithrombin 111 (ATIII) to which heparin needs to bind
before the heparin/ATIII complex directly inhibits any released thrombin. Varying ATIII
plasma concentrations could be an important explanation for varying nonthrombogenic
effects of the heparin-coated tubing and devices. Therefore, use of a direct thrombin
inhibitor such as argatroban would be an effective means to inhibit thrombin activity
regardless of the plasma ATIII concentrations.

Argatroban, a synthetic small molecule (Figure 1), was developed to provide better
nonthrombotic efficacy over heparin [11]. After 2 decades of research, direct thrombin
inhibition particularly with argatroban has proven to provide adequate anticoagulation
clinically [12]. Studying the effects of the combined argatroban and NORel polymer

Biomaterials. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Major et al.

Page 3

coatings in blocking both fibrin formation and platelet activation is a logical next step of
investigation (Figure 2).

The present study was designed to evaluate by the NORel and argatroban combination. This
combination of the direct thrombin inhibitor, argatroban, and NORel would provide
clinicians medical devices for patients who demonstrate the adverse immune-mediated
response to administered heparin namely heparin-induced thrombocytopenia (HITS) [13].

2. Materials and Methods

2.1. Materials

Tygon® poly(vinyl chloride) (PVC) tubing was purchased from Fisher Healthcare (Houston,
TX). The hydrophobic polyurethane, Elast-Eon (E2As), was a product of AorTech
Biomaterials, Inc. (Rogers, MN). Anhydrous tetrahydrofuran (THF), hexamethylene
diisocyanate (HMDI) and poly(propylene glycol), tolylene 2, 4-diisocyanate terminated
(PEG-DI) were obtained from Sigma-Aldrich Chemical Co. (St. Louis, MO). Argatroban
monohydrate (((2R,4R)-1-[(2S)-5-(diaminomethylideneamino)-2-[[(3R)-3-methyl-1,2,3,4-
tetrahydroquinolin-8-yl]sulfonylamino]pentanoyl]-4-methyl-piperidine-2-carboxylic acid)
was also obtained from Sigma-Aldrich (St. Louis, MO). Anhydrous hexanes were purchased
from Fisher Scientific Co. (Fair Lawn, NJ). (Z)- 1 -[N-Butyl-N-[6](N-
butylammoniohexl)amino]]-diazen-1-ium-1,2-diolate (diazeniumdiolated
dibutylhexanediamine (DBHD/N,0,)) was synthesized by treating N,N-dibutyl-1,6-
hexanediamine (Pflatz & Bauer, Waterbury, CT) with nitric oxide (NO) (80 psi) at room
temperature (RT) for 17-24 h as previously described [14]. The mouse antibodies for human
CD61 (GPIlla) FITC and human P-selectin glycoprotein (CD62P) PE were from AbD
Serotec (Raleigh, NC) as well as Mouse isotype controls for IgG1 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,
CD11b and CD14 have been previously shown to have cross-reactivity to the rabbit [15].
The rat isotype control for 19G,, Alexa Fluor 488 and the mouse isotype control for 1gGo,
PE were purchased from AbD Serotec.

2.2. Synthesis of argatroban polymeric coatings

The E2As polymer, 2 g, was dissolved in 25 ml anhydrous THF in a 100 ml round-bottomed
flask and then 4 ml of either HMDI (about 23.8 mmoles) or PEG-DI (number average for
degree of polymerization = about 36 mer) was slowly added. The flask was stoppered and
the mixture was magnetically stirred for 2 h at room temperature (RT). The reaction product
was precipitated and washed several times with anhydrous hexane in a filter paper-covered
Buchner funnel (Whatman #5 filter paper, Buckinghamshire, UK) to remove free HMDI or
PEG-DI. The filtered intermediate product was air dried for 5 minutes and then dissolved
with 25 ml THF in a 100 ml round bottomed flask under stirring. A 10 pl aliquot of this
solution was then submitted to Fourier transform infrared spectrometer (Nicolet 6700,
Thermo Scientific, Madison, WI; FTIR) to determine incorporation of either HMDI or PEG-
DI linker into the E2As polymer backbone. The intermediate product solution was stirred
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and then drop wise treated with 30 umoles argatroban, which was dissolved in dimethyl
sulfoxide (DMSO) at 100 umoles/ml, for 24 h at RT. After the reaction, the product was
precipitated with deionized water and extensively washed with water in the filter paper-
covered Buchner funnel to remove excess argatroban. The product was air dried for 5
minutes under vacuum. The resultant argatroban/E2As linked polymer was dissolved in 25
ml THF and a 10 pl aliquot of this solution was then submitted to FTIR to determine
incorporation of argatroban to either HMDI or PEG-DI linker within the E2As polymer
backbone. The reactions are illustrated in Figure 3.

2.3. In vitro antithrombin assay

Films of the argatroban-bound E2As polymer was formed in 96-well plates by adding 100 pl
of the modified polymer solution to each well and allowing the THF solvent to evaporate
slowly at RT by partially covering plate with its lid. After 24 h, plates were stored at 4°C
until assay was run. In order to determine argatroban levels in the modified E2As polymer,
the antithrombin activity of the films were compared to the antithrombin activity of a free
argatroban standard curve. The assay utilizes a chromogenic substrate which mimics
fibrinogen, the natural substrate for the serine protease, thrombin [16]. Briefly, the
chromogenic substrate (i.e., N-p-tosyl-Gly-Pro-Arg-p-nitroanilide acetate) (Sigma-Aldrich,
St. Louis, MO) is cleaved by thrombin (BC thrombin, Siemens, Newark, DE) into a residual
peptide (i.e., Tosyl-Gly-Pro-Arg-OH) and free p-nitroanilide, which is measured at 405 nm
in a Biotek Cytation 3 microplate reader (Winooski, VT). The absorbance difference is used
for the determination of thrombin inhibition in the assay.

2.4. Preparation of argatroban/NORel polymeric coatings and ECC construction

A polymer coating solution containing 25 wt% DBHD/N,0, and poly(lactic-co-glycolic
acid) (PLGA, 1-2 months) in E2As polyurethane was prepared using a method previously
reported [17]. Briefly, double layers of polymeric coatings which included a base layer and
an active layer were individually coated on the inner wall of the Tygon® tubing that formed
the ECC. The base layer was formulated using 4 wt% of E2As in THF (Soln A). The active
layer was prepared by dissolving 4 wt% E2As in THF along with 25 wt% DBHD/N,0O5 and
10 wt% of PLGA (Soln B). The top layer was formulated using 4 wt% of the 30 umoles
argatroban/E2As polymer (as described above) in THF (Soln C).

The ECC used in the rabbit model consisted of a 16-gauge and 14-gauge 1V polyurethane
angiocatheters (Kendall Monoject Tyco Healthcare Mansfield, MA), two 16 cm lengths of ¥,
inch inner diameter (ID) Tygon® tubing and a 8 cm length of 3/8 inch 1D 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 ¥ inch ID tubing, the 8 cm length
thrombogenicity chamber, the second 15 cm length % 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.
Blood flow was continued until the ECC was occluded by clot, or 4 h. No systemic
anticoagulation was given.
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The assembled ECC was coated first with a base coat of Soln A, followed by two active
coats of Soln B and then one top coat of Soln C. The circuitry was filled with each solution
then removed. Each coat was allowed to dry for at least 1 h. The finished ECCs were
allowed to cure at RT for 2 d, and then stored at 4°C until used (Figure 4).

2.5. NO release measurements

NO released from the NORel polymer-coated circuits was measured via a Sievers
chemiluminescence NO Analyzer® (NOA), model 280 (Boulder, CO) and previously
described [3]. Briefly, after a 5 min measurement of baseline NO level, a centimeter square
sample of the DBHD/N,0,-containing circuitry was then placed in the reaction vessel
containing the substrate solution at 37° C. NO was continuously swept from the headspace
of the sample vessel and purged from the bathing solution with a nitrogen sweep 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 h after blood
exposure.

2.6. 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 32 New Zealand white rabbits (Covance, Battle Creek, MI) 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 at a rate of 15 mg/kg/h. In
order to maintain blood pressure stability, 1V fluids of Lactated Ringer’s were given at a rate
of 33 ml/kg/h. The paralytic, pancuronium bromide (0.2 mg/kg, 1V), was administered to
have animal totally dependent upon mechanical ventilation which was done via a
tracheotomy and using a Sechrist Infant Ventilator Model IV-100 (Anaheim, CA). For
monitoring blood pressure and collecting blood samples, the rabbits’ 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 were measured using an
ABL 725 blood-gas analyzer and an OSM3 Hemoximeter (Radiometer Copenhagen
Copenhagen, DK). In addition, baseline blood samples were collected for platelet and total
white blood cell (WBC) counts which were measured on a Coulter Counter Z1 (Coulter
Electronics Hialeah, FL). Plasma fibrinogen levels were determined using a Dade Behring
BCS Coagulation Analyzer (Siemans Deerfield, IL), activated clotting times (ACT) were
monitored using a Hemochron Blood Coagulation System Model 801 (International
Technidyne Corp. Edison, NJ), platelet function was assessed using a Chrono-Log optical
aggregometer model 490 (Havertown, PA) and platelet P-selectin and monocyte CD11b
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expression were determined 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 were not systemically anticoagulated
during the experiments.

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 the degree of thrombus image was
quantitated using Image J imaging software from National Institutes of Health (Bethesda,
MD). Prior to euthanasia, all animals 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, including examination of the lungs, heart, liver and
spleen for any signs of thromboembolic events.

2.7. Blood sampling

Rabbit whole blood samples were collected in non-anticoagulated 1 cc syringes for ACT,
10% anticoagulant containing 3.2% sodium citrate in 3 cc Vacutainer® tubes (Becton
Dickinson, Franklin Lakes, NJ) for cell counts, aggregometry and FACS analysis, and 1 cc
syringes containing 40 U/ml of sodium heparin (APP Pharmaceuticals, LLC Schaumburg,
IL) for blood-gas analysis. Following the initiation of ECC blood flow, blood samples were
collected every hour for 4 h for in vitro measurements. Samples were used within 2 h of
collection to avoid any activation of platelets, monocytes or plasma fibrinogen.

2.8. Platelet aggregometry

Rabbit platelet aggregation was assayed based on the Born’s turbidimetric method using a
Chrono-Log optical aggregometer as previously described [1]. Briefly, citrated blood (1:10
blood to ACD) was collected (6 ml) 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.

2.9. Flow cytometry

To determine platelet P-selectin (CD62P) and CD61 (GPllla, beta subunit of fibrinogen
receptor) expression, 100 ul of 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 GPIlla. In four 12 x 75 polypropylene tubes containing
100 pl of diluted blood, 40 pug/ml collagen (4 ul 1000 pg/ml) was added to two tubes and 4
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ul saline was added to the other two tubes. At this point, saturating concentrations (10 pl) of
monoclonal antihuman Illa FITC and monoclonal antihuman CD62P PE antibodies were
added to one of the collagen and one of the 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 IgG4 FITC and PE were added as nonbinding isotype controls and also
incubated for 15 min at RT in the dark. After the antibody incubation step, each tube
received 700 pl of freshly prepared 1% formaldehyde buffer (in dPBS) and was stored at
4°C until ready for flow cytometric analysis. To determine monocyte CD11b and CD14
expression, 100 pl of the undiluted blood aliquots were directly prepared for cell surface
staining of CD11b and CD14. At this point, saturating concentrations (10 pl) of rat anti-
mouse CD11b Alexa Fluor 488 and monoclonal anti-human CD14 PE antibodies were
added to one tube and 10 pl each of anti-rat 19G,, Alexa Fluor 488 and anti-mouse 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 min at room temperature in the dark. After red blood cell lysing,
centrifugation at 250 x g for 5 min 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, and then the the sample was centrifuged again and the
resulting 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 was employed 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 a histogram log plot analysis. Mean
fluorescent intensity (MFI) was expressed as the geometric mean channel fluorescence
minus the appropriate isotype control.

Statistical Analysis

3. Results

Data are expressed as mean + SEM (standard error of the mean). Comparison between the
argatroban/NORel, argatroban and NORel controls and E2As control polymer groups were
analyzed by the one-way ANOVA with a multiple comparison of means using a
nonparametric Wilcoxon/Kruskall Wallis rank sum test. All statistical analyses were
performed using the statistical program SAS JMP (SAS Institute Cary, NC). Nonparametric
analysis was used due to the lack of normal distribution of sample variances.

3.1. Combined argatroban/NORel polymer characteristics

It is well described that the synthesis and use of the NO donor, DBHD/N,O5, in ECLS
circuits leads to improved hemocompatibility by the ultimate preservation of circulating
platelets and maintenance of their normal function via the released NO (NORel) [3, 5, 17].
However, this NORel coating alone does not prevent the activation of the intrinsic
coagulation pathway and the formation of fibrin clots which are present in the NORel
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circuits of the rabbit extracorporeal circulation (ECC) model. Immobilizing anticoagulants
such as heparin or the direct thrombin inhibitor, argatroban, to polymer coatings and then
combined with the NORel coating could potentially eliminate any clot formation in
extracorporeal devices.

The synthetic procedure to link argatroban to the E2As polymer, was mediated through
disocyanate compounds that reacted with the secondary amine of E2As and the primary
amine of argatroban (Figure 4). Isocyanates elicit polyadditive reactions with secondary
amines in polyurethanes (unpublished findings) which make urethanes readily dynamic by
replacing the secondary amine with a larger amine that has potential to bind biologics such
as polyethylene glycol (PEG) or a direct thrombin inhibitor like argatroban. In this study,
two disocyanate linking agents were used to tether argatroban to the E2As backbone,
namely, HMDI or PEG-DI. Both linkers were similarly reacted with E2As for 2 h at RT and
the resultant intermediate product was found to be completely soluble in THF. These
intermediate products which had a single isocyanate functional group remaining was then
reacted with 30 umoles argatroban for 24 h at RT and the final product was also found to be
soluble in THF. In order to determine if the linker and then argatroban were actually part of
the intermediate and then final products FTIR was performed after each synthetic step. The
infrared spectra of HMDI or PEG-DI/E2As intermediates and argatroban-linked E2As
polymers are shown in Figures 5A and 5B, respectively. For both HMDI-linked (Figure 5A)
and PEG-DI-linked E2As (Figure 5B), peaks at 2250 cm™ are due to the free NCO group of
each linker while the addition of argatroban to either linked E2As polymer have broad peaks
around 3300 cm~1 which indicates the primary and secondary amines in argatroban as well
as hydroxyl groups in the PEG-DI-linked argatroban polymer. There appears to be less free
NCO peak in the argatroban/PEG-DI/E2As spectrum than in the argatroban/HMDI/E2As
spectrum.

To determine if the immobilized argatroban in either HMDI- or PEG-DI-linked E2As
polymers maintained its antithrombin activity, an in vitro chromogenic assay was done using
a substrate that mimicked fibrinogen, the natural substrate for thrombin. A standard curve to
free argatroban (0-3000 nM) was used to determine if the argatroban was first able to inhibit
thrombin and then calculate the mole level for this inhibition. Figure 6A shows that
immobilized argatroban to HMDI-linked E2As inhibited the activity of 0.03 U/ml human
thrombin to a level that was equal to about 30 nmoles of free argatroban (Day 0). The level
of thrombin inhibition for the immobilized argatroban/PEG-DI/E2As polymer was near 70
nmoles of free argatroban (Day 0).

3.2. Effects of the combined argatroban/NORel-coated ECC on rabbit hemodynamics,
thrombus formation and thrombin clotting time

Without systemic heparin, previous work has shown that the control ECC with no active
agents clots within four hours, is associated with a 50-70% decrease in platelet count and a
20% decrease in plasma fibrinogen [3]. Hemodynamic effects of the combined immobilized
argatroban/HMDI/NORel polymer over 4 h of blood exposure in the rabbit model of
thrombogenicity are shown in Table 1. Similar hemodynamic effects were observed with the
combined immobilized argatroban/PEG-DI/NORel polymer over 4 h in the same rabbit

Biomaterials. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Major et al.

Page 9

model (data not shown). Hemodynamic effects remained near normal for both HMDI- or
PEG-DI-linked argatroban controls and combined argatroban/NORel polymer coated ECCs.
Mean arterial blood pressure (MAP) within two hours on ECC significantly fell when using
the combined argatroban/HMDI/NORel group but maintained these lower levels for 4 h.
This maintained MAP is due to the continuous IV fluid maintenance at 10 ml/kg/hr. Heart
rate for the combined argatroban/HMDI/NORel and control ECC groups were unchanged
over the 4 h. The blood flow through the ECC was dependent upon MAP and after 4 h
remained unchanged from baseline due to the added IV fluids. Not unexpected, the activated
clotting time (ACT) after 4 h on the combined argatroban/HMDI/NORel or control polymer
ECCs increases, probably due to the increase in intravascular fluids, i.e., hemodilution
effect. The total white blood cell (WBC) count fell over the 4 h for all ECC group of
animals. The total WBC count is composed of lymphocytes, monocytes and granulocytes.
As mentioned before, the combined argatroban/PEG-DI/NORel and its control had similar
effects on hemodynamics as the combined argatroban/HMDI/NORel coated ECC.

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 combined argatroban/HMDI or PEG-DI/
NORel polymer-coated and their respective control ECCs, 2-dimensional (2D) image
analysis was performed after 4 h of blood exposure. The thrombus area was analyzed by
using the Image J imaging software and represents the 2D area of thrombus formation (cm?)
in each tubing chamber [3]. These thrombi area measurements were quantitated as shown in
Figure 7. The thrombus area of the combined argatroban/HMDI/NORel was significantly
smaller when compared to the combined argatroban/PEG-DI/NORel and the control
polymer ECCs. Interestingly, the combined argatroban/HMDI/NORel ECC had a significant
reduction in the thrombus formation over the NORel control that virtually no thrombi were
observed in the thrombogenicity chamber, i.e., 90% thrombi reduction over 4 h control.
However, the combined argatroban/PEG-DI/NORel coated ECC, which had a significant
86% reduction in thrombi versus the 4 h control ECC, formed as much thrombus as the
NORel control (16% thrombi reduction over NORel control). Thus, only when HMDI is
used to link argatroban to polymer and combined with NORel in ECC can a significant
reduction in thrombus formation be observed over the combined argatroban/PEG-DI/NORel
coated ECC. This suggests that the length of the linker on ECC surface could mediate the
ultimate level of thrombus formation.

From a safety aspect, determining the leaching of the immobilized argatroban from the
polymer surface is quite important. The coagulation assay for direct thrombin clotting time
(s) was run on the rabbit plasma after the 4 h blood exposure of all ECCs. As shown in
Figure 8, none of the argatroban-containing ECCs had any increases in the thrombin clotting
time. All the times were actually reduced compared to baseline. This indicates that
argatroban was covalently bound to the E2AS/linker complex with minimum or no leaching.

3.3. Effects of combined argatroban/HMDI or PEG-DI/NORel on rabbit platelet function and
surface receptor expressions

Platelet function during exposure to the combined argatroban/HMDI or PEG-DI/NORel and
control polymer-coated ECC was assessed by observing platelet count (Figure 9A), the level
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of platelet aggregation, which determines the level platelets can respond to stimuli such as
collagen or ADP (Figure 9B) and the level of plasma fibrinogen, which binds platelets
during aggregation (Figure 9C). Platelet count, platelet aggregation and plasma fibrinogen
levels were corrected for hemodilution due to the added IV fluids. The combined
argatroban/HMDI or PEG-DI/NORel showed the greatest preservation of platelet count over
the course of the 4 h blood exposure while the non-combined ECCs showed a time-
dependent loss in platelet count. The combined argatroban/HMDI or PEG-DI/NORel
polymer ECCs were able to maintain platelet counts to near 90% or greater even at 4 h of
blood exposure when compared to the non-combined ECCs (Figure 9A). In Figure 9C,
plasma fibrinogen levels are shown to be essentially unchanged in the combined argatroban/
HMDI/NORel ECCs compared to non-combined ECCs. Interestingly, there was significant
reduction between the combined argatroban/PEG-DI control coated ECCs and the 4 h
combined argatroban/PEG-DI/NORel polymer ECC in their ability to preserve plasma
fibrinogen at any time point.

The percent of platelet functional aggregation, as determined by ex vivo collagen (40 ug/ml)
stimulation of PRP, was measured by optical turbidity (Figure 8B). The ability of platelets to
aggregate in response to exogenous collagen was significantly inhibited with the argatroban/
HMDI control ECCs where only 1 out of 6 circuits was able to measure aggregation.
However, the combining of NORel polymer with the argatroban/HMDI polymer ECC
maintained their ability to aggregate upon collagen stimulation, especially at the 4 h time
points, demonstrating that the effects are localized.

To ascertain if the observed reduction in platelet aggregation with the combined argatroban/
HMDI or PEG-DI/NORel polymer ECCs after 4 h blood exposure was due to direct effects
on platelet activation, expression of the platelet membrane adhesion glycoprotein, P-selectin
(CD62P), was measured by fluorescence-activated cell sorting (FACS) analysis. When
platelets become activated, the surface expression of P-selectin increases [18]. As shown in
Figure 10A, 40 ug/ml collagen significantly stimulated an increase in P-selectin expression
at baseline and after 4 h for all argatroban control and combined argatroban/NORel coated
ECC groups. The collagen-stimulated P-selectin expression for the 4 h time point for the no
argatroban or NORel in E2As (i.e., raw control) had a marked attenuation in P-selectin of
4.9 + 2.2 mean fluorescence intensity (MFI) from the collagen-stimulated baseline (no ECC)
levels of 10.7 £ 1.5 MFI.

In order to understand if the combined argatroban/HMDI or PEG-DI/NORel polymer can
induce changes in the I1b/l11a (fibrinogen) receptor, a specific antibody to Illa (CD61) was
used to evaluate platelet surface expression of I1b/111a via flow cytometry. As shown in
Figure 10B, the platelet I11a surface expression after 4 h for all combined argatroban/PEG-
DI/NORel polymer, argatroban or NORel groups followed a similar pattern as the P-selectin
expression in that they were unchanged compared to the no ECC baseline levels with 40
pg/ml exogenous collagen. The Illa expression, however, significantly increased with 40
ug/ml exogenous collagen at combined argatroban/HMDI/NORel ECC group while the no
additive (raw) control ECC group was significantly decreased in collagen-stimulated I1la
expression (Figure 10B).
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3.4. Effects of combined argatroban/HMDI or PEG-DI/NORel polymer on rabbit surface
receptor expressions of monocytic integrin, CD11b, and the constitutive monocyte-
specific receptor, CD14

To determine if the combined argatroban/HMDI or PEG-DI/NORel polymer in the ECC can
increase the surface integrin, CD11b, expression on circulating monocytes that translates
into activated monocytes, FACS analysis of rabbit whole blood at baseline (ho ECC) and
after 4 h of circuit blood exposure was performed. An increase in CD11b expression on
circulating monocytes indicates a response to an early inflammatory event [3, 19, 20]. The
CD11b expression on rabbit monocytes was observed to significantly increase 1.6-fold after
4 h blood exposure to the NORel alone polymer ECC compared to no ECC baseline, but all
combined argatroban/HMDI or PEG-DI/NORel or non-combined polymer ECCs exhibited
no change or significant decreases in the CD11b expression from the no ECC baseline
situation (Figure 11A). If the circulating monocytes are becoming activated, as indicated by
the increase in CD11b expression, then the number of circulating monocytes as marked by
the constitutive surface receptor, CD14, should be decreased. After 4 h of blood exposure
the raw control ECC, NORel control and argatroban/PEG-DI control all showed a
significant decrease in CD14 expression indicating a loss of circulating monocytes
compared to the no ECC baseline levels (Figure 11B). The combined argatroban/HMDI or
PEG-DI/NORel ECCs showed no change from baseline in the number of circulating
monocytes after 4 h of blood exposure.

4. Discussion

In vivo testing of the combined argatroban and NORel-containing polymer coatings in an
extracorporeal circuit demonstrated that these combined polymers can generate NO,
preserve platelet count, significantly attenuate ECC thrombus formation, maintain normal
platelet function (i.e., aggregation and P-selectin expression) in response to exogenous
collagen and maintain monocyte inactivation after at least 4 h of blood exposure in a rabbit
model of thrombogenicity. These combined argatroban/NORel polymer coatings for ECLS
circuits have the strong advantage over the current heparin-coated ECCs in that they can be
used in patients who have the rare, but devastating allergy to heparin or HITS. Additionally,
even though both HMDI- or PEG-DI-linked argatroban polymer combined with the NORel
coating had minimal ECC thrombus formation, the HMDI-linked argatroban polymer
combined with NORel significantly prevented ECC thrombus formation compared to all
other coatings after the 4 h of blood exposure. The NORel control in this study had shown a
75% reduction in ECC thrombus formation but combining NORel with the immobilized
direct thrombin inhibitor, argatroban, further reduced clots by an additional 15% (90%
reduction in total) in the extracorporeal circuit.

Previous work from our laboratory and other investigators have established that NO
releasing polymers (NORel) can prevent loss of circulating platelets and monocytes, prevent
up to 75% of ECC thrombus formation and maintain preservation of platelet function to
normal exogenous stimuli by inhibiting ECC-induced activation [1,5,26-32]. Together,
these pieces of evidence provide a strong importance for NO in defining, in part, the
hemocompatibility of biomaterials used in ECLS and confirms why normal vascular
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endothelium provides such a beneficial nonthrombogenic surface. However, even though the
NORel polymer provides great nonthrombogenic properties in ECCs through its antiplatelet
effects, NORel alone still cannot inhibit the fibrin formation due to thrombin (i.e., the
coagulation contribution to hemostasis (Figure 2)) during blood exposure in ECLS circuits.

Argatroban is a synthetic, small molecule, inhibitor of thrombin that has become more
important in playing a significant role in systemic anticoagulation due to limitations of the
most frequently used anticoagulant, heparin, in ECLS circuits [11]. Heparin’s limitations
such as chemical heterogeneity and widespread binding to proteins and endothelial cells, in
addition to several adverse events as the heparin-induced thrombocytopenia (HIT),
prompted an alternative design of a low molecular weight, selective direct inhibitor of
thrombin. Argatroban is a small molecule (MW 509) that possesses unique properties that
are superior to heparin because of selectivity for the catalytic site of thrombin, ability to bind
and inhibit clot-bound thrombin, short half-life and reversible nature of binding as well as a
predictable dose-response relationship [21]. In the past two decades heparin has been
immobilized onto plastic surfaces of catheters and small lengths of medical tubing with hope
to reduce many of the systemic anticoagulation limitations [22—-25]. However, many clinical
procedures utilizing heparin-coated tubing have also found equivocal results quite possibly
due to the indirect thrombin inhibition through patient-variable antithrombin 111 (ATIII)
levels [26]. Immobilizing an anticoagulant that directly inhibits thrombin, both circulating
and clot-bound, would provide ECLS therapy with a superior alternative.

Chemically, argatroban is the dipeptide between arginine and 4-methyl-2-piperidine
carboxylic acid; one of the NH, group of arginine is bonded to a methyltetrahydroquinoline
sulfonyl group. The second NH, group of arginine was the site used in this paper to
immobilize argatroban to the plastic surface of the arterio-venous (AV) shunt (Figure 1,
circled in red). Using linking compounds that have diisocyanate groups, the free primary
amine of argatroban and the secondary amine in the polyurethane E2As are covalently
bonded through nucleophilic addition reactions forming amide bonds [27]. These reactions
use the highly reactive isocyanate groups of the bifunctional reagents, HMDI and the PEG
(36 mer)-containing disocyanate, that were used in this paper to link argatroban onto the
E2As polymer. One disadvantage with bifunctional reagents is any prolonged reaction can
yield an insoluble product in the E2As solvent, THF, indicating cross-linking. A modified
reaction procedure of Balakrishnan et al. was used in this work [28]. As shown in Figure 3
the reaction of either diisocyanate linker was done for 2 h and the resultant product was still
soluble in THF after precipitation and washing with hexanes. FTIR spectra of the product
from the first reaction confirmed that an isocyanate group was grafted onto the E2As
polymer by the peak at 2250 cm? which was not present in the base E2As polymer (Figure
4). The second reaction which linked argatroban via its free primary amine to the remaining
isocyanate of the grafted HMDI or PEG-DI to the E2As polymer was carried out for 24 h at
RT. It was noticed that a slight opaque property occurred with the reaction after 24 h.
Concern developed that this resultant product would not be soluble in THF after
precipitation and copious washing with deionized water. However, the argatroban-linked
E2As product was soluble in the THF solvent and FTIR analysis showed that a broad peak
around 3300 cm? which was seen in IR spectrum with argatroban alone (data not shown)
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indicated that this product contained argatroban linked to E2As. The amount of argatroban
used in the second reaction was 30 pmoles which was calculated to bind to either grafted
linker in excess. Of importance with this bulk solution modification of E2As or similar
polymers with linking argatroban or any anticoagulant instead of post-fabrication
modification is the cost effectiveness and easier manufacture of blood/tissue compatible
medical devices especially the more disposable types.

To best determine if argatroban bound to the E2As polymer and to what antithrombin
activity level was present in the polymer, the in vitro antithrombin chromogenic assay was
done. The level of antithrombin activity was estimated through a standard curve of free
argatroban with a concentration range of 0-3000 nmoles. Argatroban bound to the two
modified E2As polymers at an amount of 30 nmoles with the HMDI-linked E2As and 70
nmoles bound to the PEG-DI-linked E2As. These levels of antithrombin activity of the two
argatroban-immaobilized polymers proved that argatroban had bound to the polymers but
some might have been in an unbound free state within polymers. Future studies will be done
to determine if all the reacted argatroban was bound or some remained unbound. However,
even if some of the argatroban was unbound in the polymers and had leached out over the 4
h blood exposure in the rabbit thrombogenicity model, the thrombin clotting time was
normal indicating no thrombin inhibition even if some argatroban had leached out of the
polymers. Previous work has shown that immobilizing argatroban at the free primary amine
to polymers or as a dimer of argatroban does not affect or affects minimally the antithrombin
property of argatroban [29-31]. In determining if the free primary amine of arginine in
argatroban was necessary for the antithrombin activity, we found that linking two molecules
of argatroban using the diisocynate, HMDI, did not significantly reduce the inhibitory effect
of argatroban on human thrombin activity (unpublished findings). This result left the 4-
methyl-2-piperidine carboxylic acid and methyltetrahydroquinoline sulfonyl groups
available for specific and reversible binding into the active site of thrombin as shown by X-
ray crystallography. Two pockets in the active site of thrombin, the ‘P’ and ‘D’ pockets,
have been shown to bind the 4-methyl-2-piperidine carboxylic acid group and the
methyltetrahydroquinoline sulfonyl group, respectively [32]. These results confirmed that
the antithrombin activity observed in this argatroban-immaobilized polymer was due to the
binding of these two structural groups binding to the active site of thrombin.

With the argatroban-immobilized E2As polymer confirmed to inhibit thrombin activity, this
polymer coating was combined with the NORel polymer coating in the A-V shunt of the 4 h
rabbit thrombogenicity model. The NORel/E2As polymer was shown to have a maximum
NO release level of approx. 6 x 10710 mol cm=2 min~1 which was comparable to NO flux
reported previously from our laboratory [33]. Interestingly, the NO flux was not adversely
affected by the top coating of the argatroban-immobilized polymer (6 x 10710 before top
coat and 6.5 x 10719 mol cm~2 min1 after top coat). Additionally, 4 h after blood exposure,
the NO release flux still remained near pre-blood exposure levels (5.7 x 10710 mol cm=2
min~1). With the combined antithrombin and antiplatelet polymer coatings confirmed to be
functioning, the effects of this combined coating on thrombus formation, platelet count and
function and early inflammatory responses through monocyte CD11b upregulation was
determined.
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The effects of the combined argatroban/NORel coated ECC on hemodynamic and ECC flow
parameters in the rabbit thrombogenicity model remained unremarkable compared to
baseline readings prior to ECC exposure. Mean arterial pressure fall slightly after ECC
exposure up to 4 h but this was counteracted with giving IV maintenance fluids at a rate of
10 ml/kg/h. The argatroban polymer alone had similar unremarkable effects compared to
baseline as the combined argatroban/NORel polymer.

The effects on thrombus formation in the 4 h rabbit thrombogenicity model by the combined
argatroban/NORel polymer coating as well as the control polymers were determined without
systemic anticoagulation. For the first time the results for the combined argatroban/NORel
polymer, specifically, the argatroban/HMDI/NORel polymer, had a significant reduction in
the thrombus area that was present in the thrombogenicity ECC chamber after 4 h of blood
exposure compared to any of the other polymer coatings even the combined argatroban/
PEG-DI/NORel coating. The results confirm our previous data that NORel alone
significantly attenuates the clot area in the ECC [3, 33] but the added antithrombin inhibition
by argatroban essentially prevents any further clotting by reducing fibrin formation which
none of the NO releasing polymers had any effect on thrombin activity as indicated by no
change in plasma thrombin clotting time (Figure 8). In addition, the argatroban/PEG-DI/
NORel combined polymer showed no better thrombus area reduction than NORel polymer
alone. Previous work using PEG as part of the coated surface of ECCs has demonstrated that
there is a reduced amount of platelet adhesion due to reduce protein adsorption [28, 34-38].
It was hypothesized that including PEG in the linked argatroban would possibly also reduce
the adsorbed plasma proteins to the ECC surface as well as be antithrombin and antiplatelet.
The length of the PEG moiety could influence the effectiveness of the immobilized
argatroban to inhibit thrombin and reduce clot formation. These mechanisms will be part of
future studies.

To understand the role of the platelet and monocyte in the combined argatroban/HMDI and
PEG-DI/NORel polymer effects in reducing the thrombus formation, platelet count,
aggregation, P-selectin expression and monocyte CD11b proinflammatory expression were
determined. Platelet count and plasma fibrinogen levels remained unchanged from baseline
for both the combined argatroban/HMDI or PEG-DI/NORel polymers and the level of
functionality as measured via aggregometry of the platelets remained above 60%. These
results confirm our previous data using NORel polymer-coated ECCs [3, 4, 23, 39-42] and
indicate that, with minimal fibrin clot formation, platelet consumption was significantly
minimized due to the presence of argatroban in the two combined argatroban/HMDI or
PEG-DI/NORel polymer coated ECCs and less clot for platelets to get bound into its matrix.
To determine the mechanism that may drive the preservation of circulating platelets and
monocytes after 4 h blood exposure in the combined argatroban/NORel ECCs, platelet
membrane expression of the glycoprotein P-selectin, or CD62P, and monocyte membrane
expression of the integrin, CD11b, were measured via flow cytometry.

Platelet P-selectin expression, representing an early biomarker for platelet activation, was
measured when ex vivo stimulated by 40 pug/ml collagen. When the collagen-induced P-
selectin expression was reduced compared to baseline then platelets were considered already
activated while collagen-induced P-selectin expression being similar to baseline after 4 h
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blood exposure would indicate a preservation of normal function of circulating platelets. The
P-selectin expression in this study showed that with no argatroban or NORel coatings the
collagen-induced P-selectin expression was near a significant reduction compared to
baseline but in the presence of argatroban and NORel coatings the circulating platelet
function as measured via collagen-induced P-selectin was preserved indicating that locally
in the ECC argatroban and NORel were able to maintain in a resting state and able to
respond to an external stimulus such as collagen. Interestingly, the constitutive membrane
marker for platelets, CD61, which is the 3 subunit of the fibrinogen receptor (i.e., 111a), also
showed reduced collagen-induced expression without argatroban and NORel present and
with argatroban/NORel polymers the CD61 expression was unchanged or increased
(argatroban/HMDI/NORel) compared to baseline. These results indicate that the platelet
number was preserved with argatroban and NORel. Previous work also has shown that the
direct thrombin inhibitor, argatroban, has attenuated P-selectin expression in platelets and
preserved their number when exposed to activating stimuli or extracorporeal circulations
[43-48]. It is hypothesized that circulating platelets are locally ‘anesthetized’ by the polymer
released NO and any platelet-released thrombin would be inhibited by the immobilized
argatroban. The slightly reduced collagen-induced P-selectin and CD61 expressions
observed with the combined argatroban/PEG-DI/NORel polymer compared to the combined
argatroban/HMDI/NORel might be that the PEG chain (36 mer) places the argatroban
further from ECC surface and locally released thrombin is not inhibited as much as when
argatroban is linked to polymer with HMDI. This is under further investigation.

Finally, the combined argatroban/HMDI or PEG-DI/NORel polymer coated ECCs reduced
the monocyte CD11b expression after 4 h blood exposure in the rabbit thrombogenicity
model compared to no ECC baseline. Argatroban alone polymer coated ECC also had
reduced CD11b expression while the NORel alone polymer appeared to increase CD11b
compared to baseline. These results indicate that argatroban play a role in inhibiting CD11b
expression on monocytes. The integrin CD11b is an early biomarker for inflammatory
initiation and is upregulated, in part, on leukocytes by thrombin [49, 50]. Therefore,
argatroban, which inhibits thrombin activity, can indirectly reduce the level of monocyte
CD11b expression and the initiation of inflammation. Previous work has shown that
argatroban does reduce CD11b expression on monocytes and other leukocytes [51] of which
our results in this paper confirm. Additionally, it was found that the constitutive
lipopolysaccharide receptor, CD14 expression was also normalized in the combined
argatroban/HMDI or PEG-DI/NORel polymer coated ECCs near baseline levels. CD14
expression is only expressed on monocytes and the expression wanes when monocytes
differentiate into macrophages upon activation. The level of CD14 expression therefore
confirms that WBC counts are essentially unchanged from baseline in the combined
polymer ECCs. These data indicate that argatroban plays a significant role in eliminating
any thrombin released from circulating platelets that NO alone cannot attenuate.

5. Conclusions

This study has demonstrated that coating a solution of E2As polyurethane containing
immobilized argatroban and NORel on PVC tubing can release NO and prevent up to 90%
of thrombus formation for at least 4 h in a rabbit model of extracorporeal circulation. The
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innovative part of this combined coating is that the immobilization of argatroban was
modified in bulk solution and not immobilized post-ECC fabrication. These results suggest
that the combined argatroban/HMDI/NORel polymer coating preserves platelets in blood
exposure to ECCs to a better degree than the argatroban/PEGDI/NORel coating, NORel
alone or argatroban alone. These combined antithrombin, NO-mediated antiplatelet effects
were shown to improve thromboresistance of the combined argatroban and NORel polymer-
coated ECCs and have brought ECLS circuit coatings closer to mimicking intact vascular
endothelium in preventing thrombogenicity.
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Figure 1.
Structure of argatroban ((2R,4R)-1-[(2S)-5-(diaminomethylideneamino)-2-[[(3R)-3-

methyl-1,2,3,4-tetrahydroquinolin-8-yl]sulfonylamino]pentanoyl]-4-methyl-piperidine-2-
carboxylic acid). Chemically, argatroban (MW= 509) is the dipeptide between arginine and
4-methyl-2-piperidine carboxylic acid with the NH, closest to the carbonyl group of
arginine bonded to a methyltetrahydroquinoline sulfonyl group. The immobilization of
argatroban was accomplished by linking the free primary amine of the arginine ‘tail’ to an
isocyanate group of either HMDI or PEG-DI (red circle).
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Figure 2.

Overview of hemostasis. Hemostasis for maintaining a thrombotic environment when blood
comes into contact with foreign surfaces such as extracorporeal life support (ECLS) circuits
consists of two contributions. One is the intrinsic coagulation pathway (right) that initiates
with factor XII activation and ending with the formation of a fibrin clot. The second
contribution is the activation of blood cell components particularly the circulating platelets
(left). Both contribution pathways converge at a point of thrombin formation which forms
the beginning of the common thrombotic pathway and ultimate hemostatic plug which
consists of the fibrin clot and aggregated platelets. As the hemostatic plug matures other
blood cell components such as red blood cells (RBC) and activated white blood cells (WBC)
also bind in the plug. Fibrinolysis of the plug in the ECLS circuit may not be as important of
a process as it is in vessel wounds and healing (i.e., extrinsic coagulation pathway; not
shown). The “a’ following the various coagulation factors (right) means activated form of
factor. On the left side of hemostasis, VWF is von Willibrand factor, epi= epinephrine,
ADP= adenosine diphosphate, TXA,=thromboxane Ay, PGl,= prostacyclin and ADPases=
adenosine diphosphatases. Two inhibitors of thrombosis are shown on schematic with
heparin used to block fibrin formation and endothelial-derived nitric oxide (NO) which
inhibits platelet activation.
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Figure 3.
Chemical synthesis of immobilized argatroban using either HMDI or PEG-DI linkers.

Schematic of two-step reaction to produce either HMDI or PEG-DI-linked E2As
intermediate polymer and then grafting argatroban onto this intermediate. NCO= isocyanate
group and RT= room temperature.
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Figure 4.
Fourier transformed infrared spectroscopy (FTIR) spectrum of unmodified E2As polymer

(top red), HMDI- (second red) or PEG-DI-linked E2As intermediate (green) and argatroban/
HMDI (blue) or PEG-DI/E2As (purple). Broad peak between 3000-3600 cm~1 incorporates
most of the secondary and tertiary amines of argatroban while the peak near 2250 cm™!
shows the reduction of peak following grafting of argatroban to HMDI- or PEG-DI-linked
intermediates.
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In vitro antithrombin assay using a tripeptide chromogenic substrate. Antithrombin effects
of argatroban/HMDI/E2As polymer (A) or argatroban/PEG-DI/E2As polymer (B) on 0.03
U/ml human thrombin activity. Both HMDI- and PEG-DI-linked argatroban activity was
compared to a standard curve of free argatroban in a 96-well format using ultraviolet
absorption via microplate reader. The total moles of argatroban bound was determined from

the free argatroban standard curve.

Biomaterials. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Major et al.

NO

(~ 6 x 10"°mol/cm?/min)

/ Tygon ™tubing (PVC) f

Base layer—100% PU

Active layer |
. PU ~ g
o 25% DBHD/N,Oy e
o 10 wt% PLGA (1-2 months)

Top coat— Argatroban-immobilized PU

o
~
" Jz 0 ‘ ‘V\O/
" ;0O o
’ ;V/[LIQIJ\}'NJ(_/XX\/J
=5 8 g ¥

PU * o-$

o
W

\

Argatroban

Figure 6.
NO releasing (NORel) fabrication and top coat of argatroban-immobilized E2As

polyurethane. Schematic of polymer containing a lipophilic diazeniumdiolated

dibutylhexanediamine (DBHD/N,0O5) and incorporated at 25 wt % into E2As polymer was
coated as active layer on inner surface of PVC tubing. This was coated as an active layer on
PVC tubing. The NORel coating was then top coated with the argatroban-immobilized E2As
bulk polymer as a single layer (structure of argatroban/HMDI/E2As shown below arrow).
The argatroban/PEG-DI/E2As bulk polymer is similar in structure as the shown HMDI-
linked polymer except the Cg portion of linker is replaced by a diisocyanate linker that

contains a 36 mer repeat unit of PEG.
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Figure 7.

Thrombus formation of combined argatroban/HMDI or PEG-DI/NOREel, argatroban and
NORI alone and no argatroban and no NORel control ECCs after 4 hours blood exposure in
the rabbit thrombogenicity model. Quantitation of the thrombus area (cm?2) as calculated
using ImageJ software from NIH. The data are means = SEM. * = p<0.05, all versus
baseline; #= p<0.05, combined argatroban/HMDI/NORel polymer coated ECC versus all
other ECCs after 4 h.
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Figure 8.
Effects of combined argatroban/HMDI or PEG-DI/NORel polymers on thrombin clotting

time (TCT) after 4 h blood exposure in rabbit thrombogenicity model. TCT was measured
on a Siemens BCS coagulation analyzer and expressed in seconds (s). The data are means +
SEM. *p < 0.05, baseline vs all polymer pertubations.
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Figure 9.
Time-dependent effects of NOGen polymer ECC on rabbit platelet count (A), platelet

aggregometry as measured by optical turbidity (B) and plasma fibrinogen levels (C) after 4 h
of blood exposure in rabbit thrombogenicity model. Platelet rich plasma was prepared and
the aggregation initiated by 10 ug/ml collagen. Data is the mean £ SEM. * = p<0.05,
baseline vs all coated ECCs.
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Figure 10.

Fluorescent-activated cell sorting (FACS) analysis for circulating platelet P-selectin
(CD62P) after 4 h blood exposure with combined argatroban/HMDI or PEG-DI/NORel or
all control polymer-coated ECCs. (A) Platelet P-selectin mean fluorescence intensity (MFI)
after 4 h on ECC with or without 40 pg/ml collagen stimulation in NOGen and control
polymers. (B) Platelet Illa (CD61), subunit of the platelet fibrinogen receptor, mean
fluorescence intensity (MFI) after 4 h on ECC with or without 40 ug/ml collagen stimulation
in combined argatroban/HMDI or PEG-DI/NORel or all control polymer-coated ECCs. The
data are means = SEM. * = p<0.05, collagen-stimulated for baseline vs collagen-stimulated
for control ECC and collagen-stimulated for combined argatroban/HMDI or PEG-DI/NORel
or all control polymer-coated ECCs. 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 11.

Fluorescent-activated cell sorting (FACS) analysis for circulating monocytes after 4 h blood
exposure with combined argatroban/HMDI or PEG-DI/NORel or all control polymer-coated
ECCs. (A), Monocyte CD11b mean fluorescence intensity (MFI) after 4 h on ECC in
NOGen and control polymers. (B) Monocyte CD14 (monocyte specific marker) mean
fluorescence intensity (MFI) after 4 h on ECC in combined argatroban/HMDI or PEG-DI/
NORel or all control polymers. The data are means + SEM. * = p<0.05, baseline vs
combined argatroban/HMDI or PEG-DI/NORel or all control polymer-coated ECCs. 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
ul of whole rabbit blood was used for each determination.
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