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1.1. Biomaterials

Biomaterials are defined as substances, other than food or drugs, contained

in therapeutic or diagnostic systems that are used in contact with tissue or

biological fluids.' Biomaterials can be classified in many different ways, e.g.,

with respect to their composition: polymers, metals, and ceramics (Table 1) ."

The applications for biomaterials (medical implants) can be found in many

disciplines of modern medicine such as orthopaedic surgery, ophthalmology,

cardiovascular surgery, facial surgery, dentistry etc.(Table 2). The development

of biomaterials used in medical devices has

Table 1. Classification of biomaterials.
Polymers Hydrogels

Polyethylene
Poly(ethylene terephtalate)

Poly(lactic acid)
Poly( methyl methacrylate)

Polyurethanes
Poly(tetrafluoro ethylene)

Poly(vinyl chloride)
Silicone rubber

Metals Stainless steel
Titanium alloys

Cobalt chromium alloys

Ceramics Alumina
Hydroxyapatite

Carbon

occurred in response to the growing number of patients afflicted with traumatic

and non-traumatic conditions. As the population grows older, there is an

increased need for medical devices to replace damaged or worn-out tissue. The

use of polymeric cardiovascular biomaterials will be outlined in more depth

since this thesis is focussed on polymeric biomaterials in the use of vascular

prostheses.

Approximately 850.000 vascular reconstructions are performed worldwide

each year.'* In most cases, the conduit of choice is an autologous vessel, such as

the saphenous vein or internal mammary artery. However, an increasing



number of patients have limited autologous vein available because of removal

for other reconstructive procedures or poor conditions due to preexisting

conditions like diabetes mellitus. post-thrombotic syndrome, or hypoplasia of

the superficial venous system. In these cases, the use of polymeric vascular

prostheses is mandated. The most commonly used polymeric biomateriuls in the

field of artificial blood vessels are: Dacron* (poly(ethylcne tcrephtulute)) and

ePTFE (poly(tetrafluoro ethylene)). Vascular prostheses can be classified in

large diameter (5 - 38 mm) prostheses and small diameter (< 5 mm) prostheses.

The distinction between these two is based on the degree of blood

compatibility.

Table 2. Examples of applications of hiomnterinls.
Cardiovascular surgery

Dentistry

Drug delivery devices

Extracorporeal devices

Ophthalmology

Orthopaedic surgery

Plastic and reconstructive surgery

Cardiac valves
Catheters

Pace makers
Shunts
Stents

Vascular gratis

Denture bases

Coatings for tablets or capsules
Osmotically controlled pumps

Transdcrmal patches

Blood pumps
Dialysers

Ox y generators

Contact lenses
Intraocular lenses

Bone cement
Fixation

Hip joints
Knee joints

Breast implants
Ear replacements
Nose prostheses

Tendon prostheses



Clinical studies have demonstrated that Dacron* leads to thrombosis and

neo-intimal thickening under low-flow conditions, meaning its use should be

limited to large diameter vessel replacement, such as replacement of the aorta,

carotid arteries andfemoral arteries.'"'"* ePTFE is currently the only alternative

to autologous materials in small diameter vessel replacements. Their

biocompatibility and long-term patency, however, is not optimal.'''' Clinical

studies have shown a long-term patency of approximately 75% for autologous

vein replacement at 2 years after implantation, while ePTFE small-diameter

prostheses show a long-term patency of approximately 30%.*"" These long-term

patency rates of currently available synthetic vascular prostheses are very

disappointing, and there is an urgent need for new polymeric small-diameter

vascular prostheses.

1.2. Polyurethanes

Polyurethane is a generic term that refers to polymers containing the -[NH-

COO-]- repeating linkage within the molecular chain. Polyurethane is

considered as one of the most bio-and bloodcompatible materials known today

due to their structure/property diversity.' Polyurethanes differ in nature, some

being linear thermoplastics and some cross-linked polymers.'"" Polyurethane

elastomers are block copolymers that consist of alternating blocks of "hard"

and "soft" segments (segmented polymers). The structural properties of

polyurethane elastomers can be characterised as follows:

• The hard and rigid urethane segments separate into glassy or semicristalline

domains.

• The soft and flexible polyether segments form an amorphous or

semicristalline matrix in which the hard domains are dispersed.

• The hard domains act as multifunctional cross linking sites and as

reinforcing fillers which result in stiff and flexible materials.

• The driving force for the segregation into domains is provided by the

chemical incompatibility of the hard and soft segments.



By varying the constituents of hard and soft segments in the polymer chain a

whole range of polyurethanes can be prepared forming hard and brittle to soft

and tough materials. The main constituents of any polyurethane elastomer are

diisocyanate, a long chain hydroxy-terminated macroglycol (e.g., ether or

ester), and a chain extender (e.g.. glycol or a diuminc). Polyurethanes like

Bionate*. Chronoflex*, Estane*. Pellethane*. Tecoflex*. etc. are widely used

for biomedical applications (see Table 3 for more information on their

composition).

Table 3. (Bio)mediol grade polyurethanes.
Material Composition Source

Bionate*
(formerly Corethane)

MDI/BDO or
EG/polycarbonatc

Polymer Technology group,
Inc.

Chronoflex* HMDI/'BDO/polycarbonate Cardiotech International, Inc

Estane* MDl/BDO/polyethers B.I-. Goodrich. Inc

Pellethane* 2363 series MDI/BDO/PTMO Dow Chemical. Inc

Tecoflex* HMDI/BDO/PTMO Thermcdics. Inc

BDO=1.4-butanediol; EG=«thylencglycol; HMDI-hydrogcnaicil mcihy ICIK- «IIIMKN.III.III.-.
MDl=mcthylcne diisocyanate; PTMO=polytctraincthylcnc oxide.

Nowadays, polyurethanes are used in cardiovascular applications, artificial

organs, tissue replacement and many other applications. The use of

polyurethanes in the cardiovascular surgery dominates the field and they gained

popularity as a potential synthetic vascular reconstructive material. A clear

advantage over Dacron* is that the physical properties of polyurethane can be

tuned accurately which provides a means to minimize the risk of complications

due to compliance mismatch, whereas Dacron* tends to be rather stiff. An

advantage of polyurethanes over ePTFE is that polyurethanes expose reactive

functional groups at their surface, whereas ePTFE is chemically inert.

Polyurethanes, however, have one important drawback; they have a moderate

blood compatibility, but the reactive functional groups exposed at the surface of

polyurethanes can be used in surface modification reactions, aimed at the

manufacture of a more blood compatible surface.

Two kinds of polyurethanes have been used in the course of the work

described in this thesis: (1) Pellethane* 2363-D55 (polyethcr-based



Polyurethane), transparent foil, to study the surface modification and the m

v/7ro experiments, and (2) Chronoflex* (polycarbonate polyurethane), porous

tubing, to perform the /« v/vo experiments. The ultimate goal of this study was

to optimize the bloodcompatibility of these polyurethanes.

1.3. Role of bloodplatelets in blood-material interactions

Bloodplatelets (thrombocytes) are disc shaped fragments of bone marrow

mcgakaryotes circulating in blood (250.000 ± 80.000 per (il). They have a life

span of approximately 8 to 10 days and play a key role in the recognition of

vascular injury, formation of hemostatic plugs, and wound healing.'^ The

platelet plasma membrane contains glycoproteins as well as transmembrane

proteins (intcgrins and nonintegrin domains). The glycoproteins serve as

receptors for agonist/surface-mediated stimuli initiating platelet activation. The

intcgrins participate in cell-cell and cell-matrix interactions, while the

nonintegrins interact with macromolecules such as von Willebrand factor and

collagen. When platelets are activated they can initiate severe clinical

complications associated with cardiovascular and cerebrovascular diseases.

There arc four stages of activation: (/) development of stickiness, (//) changes

in cell shape, (MI) contraction and release of granula contents, and (/v)

irreversible aggregation.

When platelets interact with the subendothelial matrix their shape will

change from their normal disc shape to a more round form, extend pseudopods,

and become adherent to the surface.'"'* Then, they may release their granula

contents into the surrounding media, which include ADP, ATP, calcium,

platelet factors, fibrinogen etc.'*

When a biomaterial surface comes in contact with blood, a variety of blood

components interact with the surface. The activation of platelets by contact

with an artificial surface is a key event in the thromboembolic complications of

prosthetic devices in contact with blood."" It is known that a plasma protein

layer will absorb on the biomaterial surface first, leading to interaction of the

surface with blood cells.'^ Proteins like fibrinogen globulins and albumin are

rapidly deposited and are partially replaced over by time by high-molecular

weight kininogen and Hageman factor.'" Fibronectin, hemoglobin and von

Willebrand factor are also deposited on artificial surfaces.'" Platelet adhesion to



the biomaterial surface, which is called surface-induced platelet activation,

occurs in the same way as to the subendothclial matrix. Difazio described

platelet-surface interactions as follows: first, platelet-surface adhesion occurs

between platelet surface receptors and the adsorbed matrix proteins."" The

matrix proteins dictate the degree of activation, for instance fibronectin

promotes spreading and collagen supports aggregation and secretion. Secondly,

the platelet-surface adhesion results in platelet activation, with subsequent

dcgranulation and the release of platelet activating factors. Finally, a thrombus

will be formed due to the deposition of blood elements and recruitment of

platelets.

The research on blood-compatible biomaterials must evolve from

fundamental studies on the interplay between: (/) the physicochemical

properties of the surface (surface chemistry, surface morphology and surface

energy); (//') adsorption of plasma components and their exchange with other

plasma proteins in the course of time (Vroman effect); and (;;/)

thrombogenicity of the surface, both in the initial phase after blood-material

contact, and after prolonged time.

1.4. Dipyridamole

In 1951, Fisher and Roch were the first who described the synthesis of

chemical structures containing two conjugated pyrimidine systems.'" These

structures were classified as pyrimido(-5,4-d)pyrimidines. The similarity of the

/ \
N 7 C 2 CH

L l J
HC * C >

H

Pyrimido(-5,4-d)pyrimidine

chemical structure of the pyrimido(-5,4-d)pyrimidine and the purincs,

synthesizing derivatives of these compounds became very challenging. In the

following years the research group of Dr. Karl Thomae GmbH synthesized a

large number of these pyrimido(-5,4-d)pyrimidine derivatives and tested those
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compounds on their pharmacological properties. Among all the synthesized

derivatives especially one was found to be of great interest, namely 2,6-Bis

(diethanolamino)-4,8-dipiperino-pyrimido(5,4-d)pyrimidine." This compound,

which was named dipyridamole (1) and marketed as Persantin \ is a yellow

HO N

crystalline powder with a molecular weight of 504,6 and a melting point of 163

°C. It is hardly soluble in water but easy soluble in aqueous acids, methanol and

alcohol. The dipyridamole solutions are yellow and show an extensive blue-

green fluorescence which is due to the conjugated system in the molecular core.

The pharmacological properties of dipyridamole were first described in

1959. It was found that dipyridamole had coronary vasodilating properties,

without marked influence on the blood-pressure, heart-beat frequency,

myocardial oxygen consumption and heart action.""" The acute toxicity of the

drug was studied in mice, and the chronic toxicity in dogs what resulted in a

remarkably low toxicity (LD5,, i.v. 0.15 g/kg; LDs,> s.c. 2.7 g/kg). Beisenherz et

al. studied the metabolism of dipyridamole and concluded that: (;') dipyridamole

is rapidly adsorbed by the stomach and the small intestine, (;») dipyridamole

was eliminated from the blood in the liver by transformation into glucuronide

(characterised as dipyridamole-monoglucuronide which also showed carotic

activity), which is secreted with the bile into the small intestine, (///) no

dipyridamole was administered in the urine and only 1-3% of the dipyridamole-

monoglucuronide, (/>) after intravenous and oral administration 50% of the

applied dose was found in the faeces after 72 hours, and (v) no evidence of

accumulation of dipyridamole in the body was found."''

Dipyridamole was primarily introduced as an antianginal medication and

originally marketed in 1959.""" In the following years it has been shown that

dipyridamole has more pharmacological properties. Some of the most

interesting studies will be discussed below.
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Emmons showed in 1965 that dipyridamole inhibited both platelet

aggregation in humans and thrombus formation in the injured artery of

rabbits."'""* Reduction of thromboembolism by dipyridamole in patients with

prosthetic vascular devices was demonstrated by Sullivan.'" and the reduction

of reocclusion and development of artherosclerosis after coronary artery bypass

grafting has been shown by Chesebro."

In a rabbit model of restenosis dipyridamole (high dose) was found to

prevent lumen narrowing after balloon injury," and to reduce mtimal

thickening in the baboon after arterial injury. " Dipyridamole did however not

reduce restenosis after coronary angioplasty in human clinical trials.""''* An

explanation for this could be that dipyridamole has shown to bind to serum

proteins; after intraveneous administration as much as W o of the dipyridamole

in serum remains bound to serum proteins." Niewiarowski hypothesized that a

direct application at the site of injury may inhibit restenosis. This was

demonstrated by Singh, he showed that locally delivered dipyridamole resulted

in a significant reduction in intiinal thickening in an animal model of vascular

smooth muscle cell proliferation.""

Antiplatelet agents like dipyridamole, and dipyridamole derivatives like

mopidamol. RA-233 etc, are capable of preventing tumor cell-platelet

interactions />i um> and />» rm>."''" Several studies have shown blood platelets

play an important role in tumor metastasis. Recently, it was demonstrated that

when dipyridamole is combined with the dipyridamole derivative RA-233,

synergistic actions are seen in the blockade of tumor cell-induced platelet

aggregation and liver metastasis. The synergistic action of dipyridamole and

RA-233 could be attributed to the biochemical effects on intracellular cAMP

levels. The increase of intracellular cAMP levels in tumor cells can inhibit cell

proliferation.'"'

More recently, many research groups investigated the effect of

dipyridamole and inhaled nitric oxide (iNO) on pulmonary

hypertension/vasodilation. iNO is a new therapy for persistent pulmonary

hypertension of the newborn (PPHN) that improves oxygenation and decreases

the need for extracorporeal membrane oxygenation (ECMO). iNO is believed to

diffuse into pulmonary vascular smooth muscle cells where it stimulates soluble

guanylate cyclase to produce the second messenger cGMP, which then

mediates vascular relaxation of the pulmonary circulation. Phosphodicsterase V

(PDE5) binds and hydrolyzes cGMP with high specificity relative to cAMP.



One strategy to enhance the pulmonary vascular effects of iNO could be to

inhibit cGMP inactivation by PDE5. Recent studies showed that dipyridamole,

which is believed to be an inhibitor of PDE5, inhibits PDE5 resulting in

inhibition of cGMP inactivation/'"^

The interaction of blood platelets with subendothelium plays a key role in

the early stages of arterial thrombosis. Damage of the vascular endothelial cell

layer will result in exposure of subendothelial structures to which circulating

platelets adhere. In vitro studies showed that when cultured human umbilical

vein endothelial cells were treated with dipyridamole, the extracellular matrix

which is produced by the endothelial cells, is less thrombogenic to circulating

platelets. This could be attributed to the production of vascular prostacyclin by

the endothelial cells in response to increased levels of cAMP/*

Ever since the introduction of dipyridamole as a drug, its exact mechanism

of action has been the subject of many controversy.'"' There are several

postulated mechanisms of action of dipyridamole:

• Dipyridamole could inhibit the phosphodiesterase enzyme in blood platelets

which will results in (/) an increase in intracellular cyclic AMP (cAMP),

and (//) the consequent potcntiation of the platelet-inhibiting actions of

prostacyclin.

• Dipyridamole could directly stimulate the release of eicosanoid (such as

prostacyclin) by the vascular endothelium.

• Dipyridamole could inhibit cellular uptake and metabolism of adenosine,

which eventually will lead to an increase of its concentration at the platelet-

vascular interface.

Nowadays dipyridamole is one of the most prescribed drugs in general

practice, and amongst cardiovascular physicians and surgeons."*™®

Dipyridamole is mostly prescribed in combination with aspirin after coronary

artery bypass grafting and as an adjunct to oral anticoagulation following

prosthetic heart valve replacement. Dipyridamole is also widely used for

myocardial imaging due to the coronary vasodilating property of dipyridamole,

which is particularly valuable in patients who are unable to perform an exercise

test.*""
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1.5. Surface modification

Work by Bamford and co-workers implied that dipyridamole could play a

role in the development of new blood compatible materials.*'"*'' Dipyridamole

was converted with methacrylic acid to a monomethacrylate ester of

dipyridamole (DIMA). which was copolymerized with water-soluble polymers.

These materials showed that the drug retained its platelet-inhibitory activity, in

some cases these materials were even significantly more active than the drug

itself. This work prompted us to couple dipyridamole covalently onto

polyurethane. which is a non-soluble polymer.

While the mechanical properties of a medical device are determined by the

bulk of the material, the haemocompatibility is determined by its surface.

Surface modifications of biomatcrials has become a very popular method of

developing new biomaterials. since it is often more efficient than the

development of a new biomedical material.*''"** Surface modification of surfaces

can be divided in physical modifications and chemical modifications:

• Physical modifications include: (i) adsorption of compounds like

albumin,*''" heparin,** or phospholipids*" to the surface, (ii) attachment of

polymers physically to the surface of other polymers,*" (iii) seeding of

endothclial cells onto the surface.'*"*'

• Chemical modifications include (i) plasma treatment of biomaterials for

example to incorporate chemical groups such as hydroxyl and/or amino

groups,'""'' (ii) covalently coupling of alkyl groups, PIX), heparin,

phospholipids, prostaglandins, dipyridamole etc.*"*"'"'

Here a new method for chemical modification of polyurethancs is

described. The approach we used rests upon the use of a new type of conjugate

molecules that can be schematically drawn as follows:

11
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biological active spacer chain photoreactive
compound moiety

The photoreactive moiety, p-azidophenyl group, is used for the covalent

coupling of the conjugate molecule onto the polyurethane surface. Irradiation

with ultraviolet (UV) light transfers the /?-azidophenyl group into a

photochcmically excited state from which reaction with nucleophiles occur

easily.

The photoreactivity of arylazides has been studied in great depth.™ The first

aryl azidc (more familiarly known as phenyl azide) to be described was

azidobenzene, which Peter Griess reported in 1864 after having obtained it

from the reaction of benzenediazonium tribromide with ammonia. Although

phenyl azides are colourless they absorb in the near ultraviolet (Xm, ~ 280, 277,

and 248 nm). Like halogens, the azido substituent has a moderate electron-

withdrawing effect on the benzene ring, and also interacts mesomerically with

the benzene ring in such a way as to counteract the inductive effect. Electron

release resulting from polarizability is still greater, such that the azido group

actually activates the ring toward electrophilic attack. The most general and

widely used method for the preparation of phenyl azides is diazotization of the

corresponding aniline followed by addition of sodium azide. The method for

generation of phenylnitrenes is thermolysis or photolysis. Thermolysis requires

temperatures in the range of 130-180 °C. Photolysis is effected by near-UV

radiation; even sun light can be used. Thermolysis and photolysis results in

v

losing two of the three nitrogens as N;. The reactivity of the nitrene is related to

the fact that the remaining nitrogen-atom, attached to the ring, is electron

deficient (octet rule is not obeyed). Nitrenes posses only six valence electrons

at the nitrogen. Two electronic configurations of reasonable low energies are

12



important for the chemical reaction of the nitrenes. Singlet nitrenes have their

valence electrons paired on nitrogen, two pairs occupy an orbital each and one

triplet stale

orbital is empty and ready to accept an »lectron pair to complete the nitmgen

octet. Triplet nitrenes have, in addition to four paired electrons, two of parallel

spin, one each in an orbital on nitrogen. Photolysis ol phenyl a/ides give rise to

surprisingly varied group of products, whose identity and number are

influenced by temperature, medium, substituents and nature of the initiating

impulse. The reactions are seldom clean and modest yield of identifiable

products are commonly accompanied by enigmatic, amorphous or polymeric

tars or resins. Extensive experimental work on photoreactions of phenyl a/ides,

in the presence of alcohols and primary/secondary amines, has shown that the

reaction from the singlet state is usually the predominant reaction pathway.^'^

The phenyl azide A will transform to the singlet nitrene B under influence of

UV (Scheme 1). An intramolecular rearrangement occurs, in which the singlet

B

Scheme 1. Photochemistry of phenyl azides.™

state transforms to the dehydroazepine structure C. In the dehydroazepinc

structure it can be verified that all atoms obey the octet rule, i.e. this aspect

provides the driving for the above rearrangement. Simultaneously, it is clear

that the presence of an ^-hybridized carbon in the seven-membcrcd ring is

quite unfavourable. The molecular system can escape from this situation upon

attack of a nucleophilic reagent, for example diethyl amine. Nucleophilic attack

will occur at the sp-hybridized carbon leading to the lH-azepinc structure D or

the more stable form E.

13



1.6. Outline of this thesis

The aim of this study was to synthesize dipyridamole derivatives which

could be effectively coupled covalently onto polyurethane surfaces in order to

improve the blood compatibility of these surfaces. No attempt was made in this

work to elucidate the mode of action of dipyridamole.

Chapter 2 describes the chemical synthesis of two new conjugate

molecules (2 and 3), carrying the dipyridamole moiety at one end and a

photoreactive moiety on the other end. Irradiation with UV light resulted in a

covalcnt coupling of the two derivatives onto the polyurethane surface. The

surface density of the derivatives could be calculated using UV spectroscopy.

Preliminary //? v/7ra bloodcompatibility tests, using the thrombin generation

essay and platelet adhesion experiments, are described.

tBDMS-O

O-tBDMS

tUDMS-O

tBDMS-O

O-tBDMS

Chapter 3 describes a comparison between the dipyridamole-containing

derivatives 2 and 3. Qualitative and quantitative biochemical experiments are

performed in order to characterise the m v/fro bloodcompatibility of a set of

polyurethane surfaces onto which the two derivatives are immobilised.

Chapter 4 describes the synthesis of a new dipyridamole-containing

derivative, 4. Polyurethanes immobilised with this derivative are (/) physico-

14



tBDMS-O

O-lBDMS

chemical characterised by UV spectroscopy. contact angle measurements, and

XPS (X-ray photoelectron spectroscopy) experiments, and (//') biochemical

characterised by thrombin generation essay and platelet adhesion studies.

Chapter 5 describes a platelet adhesion study on dipyridumole coated

polyurethane surfaces. The surfaces were characterised by platelet adhesion

studies and by F1MS experiments.

Chapter 6 describes the immobilisation of the dipyridamole-containing

derivative 4 onto the lumen of a polyurethane vascular graft (C'hronoflex*).

These vascular grafts have been investigated i« n7/v> as well as ;>; uw>.
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2.1. Abstract

This chapter deals with a new methodology to improve bloodcompatibility

of polyurethane (medical grade Pellethane D-55) surfaces. The approach is

essentially based on a photochemical immobilisation reaction. Two new

conjugate molecules, compounds 2 and 3, were prepared. They consist of (/)

dipyridamole, a well-known inhibitor of platelet activation, and a vasodilating

drug with clinical application, for instance before and during Percutaneous

Transluminar Coronary Angioplasty (PTCA; also called dottering); (//) an aryl

a/idc, a moiety that exhibits marked photo-reactivity. In 2, the dipyridamole

unit is directly linked to the aryl azide (via an ester bond), while a short spacer

chain separates both units in 3. Upon irradiation of 2 or 3, adsorbed onto the

polyurethane foil, the aryl azide is converted into a highly reactive species

which reacts with a nucleophilic group on the polymer surface. In this way, the

dipyridamole is covalcntly linked to the polymer. The underlying principle is

also used in photo-affinity labeling, a well-known technique in biochemical

studies on enzyme structure and function.

From UV extinction experiments it could be deduced that the surface-

density of immobilised 2 is 4.9 nmol/cm^. The surface density for 3 was 14.6

nmol/cm*. The surfaces were subjected to an //? v/7ra thrombin generation

assay. This assay gives a valuable impression about the bloodcompatibility of

artificial surfaces. These experiments revealed that the clotting times were

substantially prolonged as a result of the photo-immobilisation of dipyridamole.

This was especially the case for immobilised 3.

In addition, the photo-modified surfaces were incubated with platelet-rich

blood plasma (37 °C, 30 min.), and subsequently examined by scanning

electron microscopy. The morphology of the blood platelets, adhered to the

surface also showed that bloodcompatibility increases in the order untreated

polyurethane < polyurethane with immobilised 2 < polyurethane with

immobilised 3.
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2.2. Introduction

A substantial part of current research on biomaterials is focused on design

and preparation of polymers with perfect or near-perfect hloodcompatibility.'

The ultimate goal of that work is to find materials featuring complete absence

of surface-induced thrombus formation, a phenomenon that poses serious

problems in the functioning of implants and other medical devices. This holds

true in particular for replacements in the cardiovascular system (heart valves,

vascular protheses), and also for extracorporeal circulation devices (heart-lung

machines or haemodialysis).*

Design of new bloodcompatible materials expands on existing knowledge

about blood-coagulation and blood-material interactions. It is well known that
contact of blood with an artificial surface first leads to adsorption of plasma

components. Probably more than 200 different proteinaceous plasma molecules

are prone to adsorption.' It is important to realize that a least par! of these

molecules have the specific function to recognize foreign surfaces, complex to

them, change structure and function (i.e. "become activated"), and call for

reinforcement (e.g. v/'a activation of blood platelets). This means that research

on blood-compatible materials must evolve from fundamental studies on the

interplay between: (/) the physico-chemical properties of the surface (surface

chemistry, surface morphology, surface energy); (/'/') adsorption of plasma

components and their exchange with other plasma proteins in the course of time

(Vroman effect); (///) thrombogenicity of the surface, both in the initial phase

after blood-inaterial contact, and after prolonged time'

Several different strategies have been followed in attempts to prepare

bloodcompatible artificial surfaces. One promising approach is based on so-

called amphiphilic block copolymers, composed of alternating hydrophilic and

hydrophobic segments along the chain. In short, the principle is that hydrophilic

and hydrophobic micro-domains are exposed at the surface (thermodynamic

phase separation). A unique mode of protein adsorption results from this

morphology, and surfaces with excellent bloodcompatibility are obtained/ A

second approach is based on attachment of heparin to polymeric surfaces.

Heparin is a very powerful anticoagulant molecule as it potentiates the action of

antithrombin-III, the enzyme that is responsible for inactivation and breakdown

of thrombin. Recent reports on covalent end-point attachment of heparin to

polymers describe surfaces with long-lasting passivity.""
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A new strategy which is based on surface immobilisation of dipyridamole

(1) is described. This compound finds extensive use in the clinic as a

vasodilating drug (commercial name: Persantin*).* Compound 1 is one of the

most powerful inhibitors of platelet activation-aggregation known to date.

Remarkably, the mechanism of action has not been clarified unambiguously.

On one hand, it has been proposed that 1 has an intracellular mode of action v/'a

inhibition of phosphodiesterase activity (competitive inhibition). On the other

hand, it has been shown by several groups that 1 blocks the uptake of adenosine

1

by platelets, probably by interaction with receptor sites on the surface of

platelet membranes. Recent work by Bamford et al. has underlined the

importance of extracellular mechanisms. It was found that dipyridamole,

attached covalently to a water-soluble polymer such as poly-N-

vinylpyrrolidone, still shows a marked platelet-inhibitory activity. Evidently, it

is highly unlikely that such a macromolecular conjugate is transported across a

cellular membrane. Remarkably, it was found in several cases that conjugates

dipyridamole-soluble polymer are even more potent than dipyridamole itself.

The literature data on 1 prompted us to prepare two new conjugate derivatives,

i.e. compounds 2 and 3.

Note that 2 and 3 contain the p-azidophenyl group, which is a well-known

photoreactive moiety. Irradiation of 2 and 3 with ultraviolet (UV) light transfers

the />azidophenyl group into a photochemically excited state from which

reaction with nucleophiles occurs easily. Thus, if the irradiation is performed at

the surface of a polymeric object, the electromagnetic energy of a UV quant

(Av) can be used to generate a new covalent bond linking the (protected)

dipyridamole to the surface.
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Here, the chemical synthesis of 2 and 3 as well as the first results of photo-

immobilisation experiments with these molecules are reported. In our

experiments, 2 or 3 was adsorbed onto a foil of medical grade Pellcthnne D-55.

After deprotection (cleavage of the tBDMS protective groups) the surfaces

were subjected to two m v/7ru bloodcompatibility tests. The results of these

experiments are presented and discussed.

2.3. Materials and Methods

2.3. /.
All solvents and starting materials were of the highest available purity or

they were purified as specified. Diethylether, pyridine, N,N-dimethylformamide

(DMF) and dichloromethane were distilled from UAIH4 or CaH2 and stored

over Linde 3Ä molecular sieves. Triethylamine (TEA) was distilled from CaH;;

and stored over KOH pellets. Thin-layer chromatography was performed on

precoated silicagel on glass plates (3 x 10 cm) with UV-indicator. Silicagel

0.006-0.200 mm (pore diameter ca. 4 nm) was used for column

chromatography. IR spectroscopy was performed on a Mattson Polaris FT-IR

spectrometer. Ultraviolet spectra were run on a Beckmann DU 7500

spectrophotometer. Mass spectra were run on a Kratos MS SO RF instrument.

'H NMR and "C NMR were recorded at 400 and 100 MHz, respectively on a

Bruker AM 400 instrument. Solutions in CDCI, or acetone-d* were used.

Tetramethylsilane was used as the internal standard (8 = 0.00 ppm).
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2.J.2. y

jV-^ewzy/̂ -^-Ayc/rojcy 6wtartam/tfe f?): This compound was prepared

according to reflö. The synthesis was started with 4.00 g (104 mmol) of

LiAIH„, 55.64 g (520 mmol) of benzylamine, and 8.95 g (104 mmol) of y-

butyrolactone. The crude product was purified by flash column chromatography

cluting with 2-butanone to give 9 as a white solid. Yield: 20.0 g (99.6%). Mp =

71.6 "C; IR(KBr), cm': 3300, 1630, 1540; 'H NMR (CDCI3), 5: 7.20-7.35 (5H,

m, aromate), 6.20 (1H, broad s, NH), 4.40 (2H, d, CHjN), 3.70 (2H, t, OCH2),

2.40 (2H, t, CH2QO)), 1.90 (2H, m, CHj); "C NMR (CDCI3), 8: 139.10,

128.73, 127.79, 127.56, 62.28, 43.73, 33.87, 28.09. HRMS: calcd for

C11H11NO2 (M+): 193.246. Found: 193.110.

/V-('5c'/iz>'/y-4-C/np//f«>'/mer/;ojr>'>/>Mto/7am/c/e (70). To a solution of 9 (5.50

g, 28.96 mmol) in anhydrous pyridine was added triphenylchloromethane (8.24

g, 29.54 mmol). The solution was magnetically stirred for 24 h under exclusion

of moisture. Then, all volatiles were removed under reduced pressure (last

traces of pyridine were removed by cocvaporation with toluene). The residue

was taken up in toluene and washed with saturated aqueous NaHCO, and water.

The organic layer was dried over MgSC>4 and evaporated to dryness under

reduced pressure to give 10 as a white solid. Yield: 12.47 g (99.0%). 'H NMR

showed that the purity was > 98 %. 1R (KBr) cm': 1630, 1520; 'H NMR

(CDCI,), 5: 7.20-7.40 (20H, m, aromate), 5.85 (1H, broad s, NH), 4.35 (2H, d,

CH,N), 3.14 (2H, t, OCH,), 2.35 (2H, t, C(O)), 1.95 (2H, m, CH,).

Di-/(v7-butyldicarbonatc (1.00 g, 4.60 mmol), 4-(dimethylamino)-pyridine

(DMAP) (0.28 g, 2.30 mmol), and TEA (0.23 g, 2.30 mmol) were added to a

0.50 M solution of 10 (1.0 g, 2.30 mmol) in anhydrous CH2CI:. This solution

was magnetically stirred overnight. All volatile matters were removed under

reduced pressure. The crude product was recrystallized from 1:1

pctroleumether/ether to give 11 as a white solid. Yield: 1.00 g (81.4%). Mp

= 127.5 °C; IR (KBr), cm': 1720, 1600; 'H NMR (CDCI3), 6: 7.50-7.19 (20H,

m. aromate). 4.89 (2H, s, CH2N), 3.15 (2H, t, OCH,), 3.05 (2H, t, CH.QO)),

2.01 (2H, m, CH:), 1.42 (9H, s, /er/-butyl); "C NMR (CDCI,), 6: 175.80,

153.05, 144.32, 138.32, 128.66, 128.25, 127.68, 127.52. 127.02, 126.80, 86.35,

83.11, 62.87, 42.31. 35.27, 27.88, 25.67; FABMS m/r CjjH^NC^ 436 (M +
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4-7Wp/j?m7me/Aarv-/>Mftr/c aciJ (72): To a 0.20 M solution of 11 (1.0 g,

1.87 mmol) in THF was added 5.61 mL of a 1.0 N solution of LiOH. The

solution was magnetically stirred for 3 h at 60 °C. After removal of THF in

vacuo, the basic aqueous residue was neutralized via careful addition of a 10%

solution of acetic acid, and extracted with diethylether. The organic layer was

dried on MgSO* and evaporated to dryness under reduced pressure. The crude

product was recrystallized from 1:1 petroleumether ether to give 12 as a white

solid. Yield: 0.58 g (89.6%). Mp= 148.1 °C; IR (KBr), cm "': 3300-2400. 1700;

'H NMR (CDCIj), 6: 7.40-7.20 (15H, m. aromate). 2.92 (2H. t. OCH,), 1.97

(2H, t. CH:C(O)), 1.77 (2H. m, CH,); "C NMR (CIXI,). 6: 144.12. 128.61.

127.74, 126.91, 86.51, 62.35, 31.20. 25.10. HRMS: calcd. for (..„H^O, (M+):

346.426. Found: 346.156.

A/ono-ace/y/ t//pyr/(/awo/e f6): Acetic acid anhydride (1.01 g. 9.91 mmol)

was added dropwise to a solution of dipyridamole (10.(K) g. 19.82 mmol) in 150

mL of anhydrous pyridine. The yellow-green fluorescent solution was

magnetically stirred at 20 °C for 12 h. The pyridine was evaporated under

reduced pressure (last traces of pyridine were removed by coevaporation with

toluene). The crude product was purified by flash column chromatography

eluting with ethylacetate to give 6 as a yellow oil. Yield: 3.56 g (65.7%). 'H

NMR (CDC1,) 8: 4.62-4.42 (br s, 3H, OH). 4.30 (t, 2H, CHj-OAc), 4.03-3.75

(br s, 22H, CH.-O and CHj-N), 2.05 (s. 3H, Ac). 1.82-1.53 (br s, 12H, CHj of

piperidine rings). FABMS m/z C ^ ^ N x O , 547 (M + H)+.

7r;'-(Ye/7-6wn'/, J/mt̂ M'/.v/VvOoceA'/ dz/nr/Y/amrt/e f7): To a solution of 6

(3.56 g, 6.51 mmol) in 20 mL of anhydrous DMF were added t-

butyldimethylsilylchloride (8.83 g, 58.57 mmol). anhydrous TKA (5.93 g. 58.57

mmol) and DMAP (7.16 g, 58.57 mmol). The solution was magnetically stirred

for 2 h. Then 20 mL of brine was added and the mixture was extracted with

ether (3 x 20 mL). The combined ether extracts were washed with saturated

NH4CI (3 x 10 mL), dried over MgSÜ4 and evaporated to dryness under

reduced pressure to give 7 as a yellow oil. Yield: 5.79 g (100%). 'll NMR

(CDC1,) 5: 4.25 (t, 2H, CHj-OAc), 4.13-3.91 (br s, 6H, CHj-O-Si), 3.80-3.73

(br, 16H, CH.-N), 2.02 (s, 3H, Ac), 1.73-1.60 (br s, I2H, CH, of piperidine

rings), 0.90 (s, 9H, f-Bu), 0.88 (s, 18H, /-Bu), 0.09 (s, 6H, Mc-Si), 0.00 (s, 12H,

Me-Si); FABMS m/z CwH^NgSijOj 889 (M + H)+.
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d/pyr/e/a/wo/e 8̂>; To a solution of 7 (5.79 g,

6.51 mmol) in 200 mL of anhydrous ethanol was added potassium carbonate

(3.15 g, 22.78 mmol). The solution was magnetically stirred for 5 h. After

filtration the reaction mixture was evaporated to dryness under reduced

pressure. The crude product was purified by flash column chromatography

eluting with petroleumether gradually increasing to 1:1 petroleumether/ether to

give 8 as a yellow oil. Yield: 4.88 g (88.5%). 'H NMR (CDCh) 5: 4.28 (t, 2H,

CH2-OH), 4.10-3.95 (br s, 6H, CH2-O-Si), 3.89-3.65 (br, 16 H, CH.-N), 1.74-

1.61 (br s, 12H, CH2 of piperidine rings), 0.90 (s, 27H, /-Bu), 0.022 (s, 6H, Me-

Si), 0.017 (s, 12H, Me-Si); FABMS ro/z € 4 2 ^ 2 ^ 3 0 4 847 (M + H)+.

7W-(7er/-6w/y/, J/me//n7.v/7yO 4'-Ay</rojry-6w/yry/ f/ipvnf/a/wo/e (7 </,).• 4-

Triphenyl methoxy-butyric acid (0.41 g, 1.19 mmol), BOP-C1 (0.30 g, 1.19

mmol) and anhydrous TEA (0.24 g, 2.37 mmol) were added to a solution of 8

(0.67 g, 0.79 mmol) in 10 mL of anhydrous CH^Ck The solution was

magnetically stirred for 14 h. Then 10 mL water (made slightly basic with

potassiumhydrogen carbonate) was added and the organic layer was separated

and dried over MgSO4. After evaporation to dryness the material (crude 13)

was taken up in CH2CI2, and anhydrous ZnBr2 (1.78 g, 7.90 mmol) was added.

The solution was magnetically stirred for 2 h at 20 °C and isolated quantitavely

by extraction into ethyl acetate and washing with phosphate buffer (pH = 7.5),

followed by water. The organic layer was evaporated to dryness under reduced

pressure. The crude product was purified by flash column chromatography

cluting with petroleumether gradually increasing to ethylacetate to give 14 as a

yellow oil. Yield: 0.40 g (51.6%). 'H NMR (CDC1,) 5: 4.40-4.20 (br, 8H, CH2 -

O of dipyridamole), 3.91-3.70 (br, 16H, CH.-N), 3.64 (t, 2H, CH.-OH), 2.43 (t,

2H, CH2-C(O)), 1.90-1.81 (m, 2H, middle CH, of spacer), 1.79-1.58 (br, 12H,

CM, of piperidine rings), 0.86 (s, 27H, r-Bu), 0.01 (s, 18H, Me-Si); FABMS m/z

C^HsxNaSiA, 933 (M + H)+.

/>-Azidobenzoic acid (0.084 g, 0.51 mmol), BOP-C1 (0.13 g, 0.51 mmol) and

anhydrous TEA (0.10 g, 1.03 mmol) were added to a solution of 14 (0.32 g,

0.34 mmol) in 10 mL of anhydrous CH2CI2. The solution was magnetically

stirred for 26 h in darkness. Then 10 mL water (made slightly basic with

potassiumhydrogen carbonate) was added and the organic layer was separated,

dried over MgSCh and evaporated to dryness under reduced pressure. The crude

product was purified by flash column chromatography eluting with
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petroleumether gradually increasing to ethylacetate to give 3 as a yellow-brown

oil. Yield: 0.05 g (13.6%). 'H NMR (CDC1.0 6: 8.02 (d. 2H, aromatic H). 7.05

(d, 2H. aromatic H). 4.34 (t. 2H. CH;-O spacer). 4.28 (t. 2H. CH;-O-C (O) of

dipyridamole). 4.10-3.95 (br s. 6H. CH-O-Si). 3.85-3.65 (m. I6M. CH.>-N).

2.48 (t, 2H. CH>-C(O) spacer). 2.13-2.07 (m. 2H. middle CM; of spacer). 1.71-

1.61 (br s, 12H, CH, ofpiperidine rings). 0.88 (s. 27H. /-Bu). 0.02 (s. 1811. Mc-

Si); FABMS m/r C,jH,,N,,Si,O7 1078 (M + HK

Azidobenzoic acid (0.18 g. 1.07 mmol), DCC (0.24 g. 1.18 mmol) and DMAP

(0.013 g, 0.11 mmol) were added to a solution of 8 (1.0 g. 1.18 mmol) in 10 mL

of anhydrous CHjCli. The solution was magnetically stirred for 12 h in

darkness. Then 5 mL water was added, the dicyclohexylureum (DCU) wus

filtered and the filtrate washed with water (3 x 20 mL). 5"o acetic acid solution

(3 x 20 mL) and again with water (3 x 20 mL). dried over MgS(>4 and

evaporated to dryness under reduced pressure. This afforded a brown oil which

was taken up in ice-cold acetone (3 times), during which the resting IX'U

precipitates and filtered off. The crude product was purified by column

chromatography eluting with 95:5 petroleumether/ether to give 2 as a yellow-

brown oil. Yield: 0.60 g (56.5%). 'H NMR (Acetone-d,,) 8: 8.00 (d. 2H,

aromatic H), 7.14 (d, 2H, aromatic H), 4.58 (t, 2H, CHj-QO)), 4.25-3.65 (m.

22H, CH2-O and CH.-N), 1.77-1.60 (br s. 12H, CM: ofpiperidine rings). 0.90

(s, 18H, r-Bu), 0.87 (s, 9H, /-Bu), 0.05 (s, 1211, Me-Si). 0.02 (s. 611, Me-Si);

FABMS m/r C49Hs5N,,Si3C>5 992 (M + H)+.

2.4. Results and Discussion

This work started out with defining which molecule would provide the best

or easiest test system with respect to the efficacy of surface-immobilised

dipyridamole. Initially, we reasoned that structure 5 would probably be the

easiest conjugate system composed of 1 and a /?-azidophenyl moiety. Evidently,
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5 can be prepared directly from 1 and p-azidobenzoic acid v/a a standard

esterification reaction. It was found, however, that use of 5 is associated with

two major problems. The first one is that a complex mixture is obtained during

synthesis; the mixture consists of unreacted 1, 5, disubstituted 1 (two isomers),

and tri- and tetrasubstituted 1. Isolation of 5 proved to be a cumbersome low-

yield operation. The second problem with 5 is that its irradiation will lead to

unwanted products as reaction of the excited photosystem with a hydroxyl of 5

can occur. Note that this unwanted reaction can follow both an intramolecular

and an intermolecular course. For these reasons compound 2 has been selected

rather than compound 5. Note that structure 2 contains three /tr/-

butyldimethylsilyl (tBDMS) groups to protect the hydroxyls during irradiation.

The tBDMS group is orthogonal with respect to the ester function, i.e. the

tBDMS group can be cleaved after irradiation without disrupting the covalent

attachment of 1. Compound 2 was prepared according to Scheme I. In the first

step, 1 was reacted with 1 equiv. of acetic anhydride in pyridine which afforded

a mixture of 1, 5, di-acetylated 1 (two isomers), and tri- and tetra-acetylated 1.

It was possible to isolate pure 6 from this mixture using routine column

chromatography on silica gel. Then, 6 was converted into 7 through reaction

with tBDMS-chloride.'"'- Treatment of 7 with 5% KjCO-, in EtOH afforded

structure 8. In the last step, 8 was reacted with /?- azidobenzoic acid in the

presence of N,N'-dicyclohexyl carbodiimide (DCC)." '*The target compound 2

was obtained in pure form after column chromatography. The structural

features were verified by means of 'H NMR at 400 MHz, infrared (1R)

spectroscopy, and fast atom bombardment (FAB) mass spectrometry (see:

Experimental Section for details). Purity of 2 was further established with

analytical high performance liquid chromatography (HPLC).
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The ideas about the mode of action of surface-immobilised 1 are essentially

based on complexation of dipyndamole with a putative receptor site on the

platelet membrane. Evidently, this requires a favorable orientation of the

dipyndamole heterocycle with respect to the receptor. We reasoned that such

an orientation could be realized easier upon introduction of a spacer chain

which allows greater physical separation of the dipyndamole moiety and the

surface.

HO

tBDMS-O

Scheme I. Preparation of compound 2.

For this reason, structure 3 was also prepared, which features -C(0)-CH2-

CH2-CH2-O- as the spacer chain. Scheme II outlines our synthesis of the spacer

molecule. This reaction sequence starts out with y-butyrolactone which is

reacted with the complex LiAl[HN-Ph]4 in the first step."" After work-up

compound 9 was obtained in pure form. The second step is a reaction of 9 with
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tritylchloride which affords the trityl ether 10. This compound was reacted with

di-te/7-butyldicarbonate affording 11, which was subsequently hydrolyzed with

LiOH to afford the spacer chain 12.'^ Note that structure 12 has a free carboxyl

group on one end, and a protected primary alcohol function on the other end.

The trityl protective group is orthogonal with respect to tBDMS and ester

functions (vide infra).

LiALH, + 4 Ph-CHj-NHj »- LiAl(NH-CHj-Ph),

LiAI(NH-CH;-Ph), ^

Ph,.CI

H

10

Ph,C-O

9 O

O

12

Scheme II. Preparation of compound 11.

Synthesis of 3 was accomplished according to Scheme III. The reaction

sequence starts with coupling of 8 to 12, in the presence of DCC. This afforded

structure 13. Detritylation with ZnBr2 in dichloromethane proceeded with

complete preservation of the tBDMS protective groups and the ester function."*

This afforded structure 14 which was isolated in pure form after column

chromatography. Finally, 14 was coupled to p-azidobenzoic acid in the

presence of BOP-C1.'" Compound 3 was obtained in pure form after column

chromatography. Identity and purity of the product were established with 400

MHz 'H NMR spectroscopy, HPLC, IR spectroscopy and FAB mass

spectrometry.
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Figure 1. UV absorption spectra of compounds 2 and 3.
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tBDMS-O

tBDMS-O
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O-lBDMS

0 *
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p-uidobcnzoic »ad,
BOP-CI. TEA

tBDMS-O

tBDMS-O

O-tBDMS

o
Scheme III. Preparation of compound 3.

33



The UV extinction spectra of compounds 2 and 3 were shown in Figure 1. Both

compounds exhibit a relative maximum in the extinction curves around 280 nm.

Furthermore, a clear extinction is noted in the range 370-450 nm.

/p-az/V/opAe/iy/ compounds
Photoreactivity of aryl azides has been studied in great depth."" UV

irradiation first leads to elimination of molecular nitrogen and formation of a

highly reactive nitrene with singlet spin multiplicity. The fate of this

intermediate depends critically on the nature of the substituents on the aromatic

ring, as well as on the reaction temperature. In the case of phenylazide 15, it is

known that UV irradiation at ambient temperature leads to singlet

phenylnitrene 16, and subsequently to the cyclic heterocumulene 17 (Scheme

IV). Intermediate 17 can react with a nucleophile (e.g. diethylamine) to form 18

or the more stable isomer 19. However, lowering the temperature to e.g. 77 K

almost completely changes the reaction mechanism, as the intersystem crossing

pathway 16 —*• 20 then becomes predominant."'

17 HNEl,

18
NEt,

Scheme IV. Photochemistry of phenylazide (after ref. 21).
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Formation of a heterocumulene intermediate, analogous to 17, has also been

invoked to explain photoreactivity of other aryl azides, such as used in many

applications (e.g. photoaffinity labeling in enzymatic studies, synthesis of

heterocyclic compounds, dying of textiles and papers). On the same basis, we

tentatively propose the reaction mechanism shown in Scheme V to explain

photo-immobilisation of 2 and 3 on polyurethane. The most plausible

mechanism is that the heterocumulene ring is attacked by a nitrogen in the

polyurethane backbone, which is exposed at the surface. This reaction then

leads to covalent attachment of R to the polyurethane surface. It must be

stressed, however, that we have no experimental verification for the proposed

mechanism thus far.

Scheme V. Tentative mechanism for the covalent photo-immobilisation
of 2 and 3 to the polyurethane surface.

2.4.5. Proc^/iir* o//7Ao/o-//wiwoAi7i.va//o» o / 2

Photo-immobilisation of 2 and 3 was carried out with a commercial foil

(Pellethane D-55 medical grade, thickness 0.40 mm). The experiments were

performed with a simple device, consisting of a horizontal bottom glass plate

(80 x 30 x 3 mm) and a horizontal top glass plate (80 x 30 x 8 mm), and two

clamps. The top glass plate contains a circular hole with diameter 20 mm. A
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piece of the polyurethane foil (80 x 30 mm) was thoroughly cleaned with

isopropanol, pressed between the glass plates and secured in position by means

of the clamps. A solution of 2 or 3 in isopropanol (250 (iL, 3.35mM) was

transferred into the hole of the top glass plate, and the solvent was thoroughly

evaporated in vacuo at slightly elevated temperature. The device was then

irradiated for 15 minutes with a Philips HPA 1000 high power UV lamp

(Philips Lighting, PO Box 90059, 5600 PB Eindhoven The Netherlands). The

foil was liberated, thoroughly washed with isopropanol and immersed for 24 h

in a stirred solution of B114NF in nitromethane. This reagent is known to

effectively cleave the t-BDMS groups. The foil was then thoroughly washed,

first with isopropanol and then with water, and stored in dry form.

o/f/w/woA/V/.v«/ 2 am/ 5

The UV extinction of compound 2 and 3 provided a convenient means to obtain

an estimate of the surface concentration after photo-immobilisation. We have

focused on the spectral region between 370 and 480 nm, since absorption in

this region can be ascribed safely to the dipyridamole moiety exclusively. First,

the molar extinction coefficients of 2 and 3 were determined at X=408 nm (A. =

8938 l.mor'.cnV' for 2 and 7656 l.mol'.cm' for 3). These X values were

measured in solution of 2 and 3 (both 3.72 x 10"' M) in isopropanol. Secondly,

a blank solution was prepared, containing 42.14 mm" of the polyurethane

(untreated) in 5.62 mL of THF. The bianco UV spectrum was stored in the

digital memory of the UV spectrometer. Thirdly, 56.82 mm" of the

polyurethane with immobilised 2 was dissolved in 7.58 mL of THF. Figure 2

shows the UV absorption spectra of this solution after substraetion of the blank.

Fourthly, 37.04 mm" of the polyurethane with immobilised 3 was dissolved in

4.94 mL of THF. The resulting UV spectrum is also shown in Figure 2. Note

that the spectral patterns between X = 360 nm and X = 480 nm of immobilised 2

and 3 are highly comparable. A close resemblance with the same spectral

region in the UV spectra of 2 and 3 (Figure 1) is also noted, although its clear

that the spectra in Figure 2 correspond with a much higher concentration. It

could be calculated from the UV absorption at X = 408 nm that the surface

concentration of immobilised 2 is equal to 4.9 nmol/cm". and 14.6 nmol/cm" for

3. Taking into account the amount of 2 and 3 that was introduced in the hole of

our irradiation device (vide supra; this amount is 266 nmol/cm"), it must be
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concluded that the yield of the photo-immobilisation is only in the range of 2-
5%. Future work will be directed to improvement of this yield.

0.002 -

Compound 3

Compound 2

35« 400 4M

Wavelength (nm)

500

Figure 2. UV absorption spectra of immobilised 2 and 3 (sec text).

2.-/. 5. fcVa/ua/io/i w/in W/ro
77jrom/>/w gi'Mfra//«« e.v/>cnmt>n/.v. The modified surfaces were subjected to

the ;>7 v//ro thrombin generation assay as developed by Hemker et. al."

Formation of thrombin is a key event in surface-induced blood coagulation. For

this reason the thrombin generation assay provides a valuable first impression

whether or not immobilisation of 2 or 3 leads to improved bloodeompatibility.

Since the thrombin generation assay was previously described in great detail,

we merely summarize essential features: (/) Fresh blood from a healthy donor is

used. The donor has not taken aspirin or any other anti-coagulant for at least I

week prior to blood donation. Platelet-rich plasma (PRP) is mixed with a

sodium citrate solution; formation of a complex between Ca"' in the plasma and

citrate anions prevents coagulation prior to the experiment. (//) The surface is

incubated with the "decalcified" PRP and left to stand for 15 min. Then, the

PRP is "recalcified" which marks the actual start of the experiment. (;//)

Subsamples (10 |iL) are withdrawn at regular time-intervals (ca I min), and

mixed with a solution of EDTA and chromogenic substrate S 2238 (M.D.

phenylalanyl-pipecolyl-arginine /?-nitroanilide). In the presence of thrombin,

this substrate is cleaved into the constituent tripeptide, and /;-nitroanilide. The

latter compound generates a yellow color which can be conveniently monitored

in time by virtue of its extinction (E) at X = 405 nm. The parameter dH/dt
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(mOd/min) provides a measure of the thrombin concentration at the moment of

subsampling, i.e. each subsample leads to one data point in the thrombin

generation curve, (/v) No thrombin generation is measured immediately after

recalcification. After a lag phase (typical duration 2-5 min), an explosive

increase of the thrombin concentration is noted. At the end of the experiment,

the concentration of free thrombin drops to 0. Particularly in the end phase of

the experiment, however, the experimental data also reflect the residual

amidolytical activity of a stable long-lived complex between the protein 0C2-

macroglobulin ((X2-m) and thrombin. It is possible to perform an algorithmic

correction for this effect, i.e. to estimate the concentration of free thrombin at

each moment during the experiment." (v) The most important parameter

abstracted from the thrombin generation curve is the duration of the lag phase,

i.e. the time elapsing between the moment of recalcification, and the onset of

the explosive increase of [thrombin]. Another parameter is the [thrombin]™*,

i.e. the maximum of the concentration of free thrombin reached during the

experiment. (\7) The thrombin generation test is essentially comparitive, i.e. lag

times are always measured for the surface(s) to be investigated and for a set of

reference materials simultaneously using the same PRP under identical

experimental conditions. In our work, we used polyethylene (PE), a highly

thrombogenic material, and polyvinyl chloride (PVC-T), a relative passive

material, as controls. PE and PVC-T were obtained as standard reference

materials from the organization EUROBIOMAT.

Table 1 compiles the results of the thrombin generation tests on our

polyurethanc surfaces with immobilised 2 and 3, and or a set of reference

surfaces.

Table 1. Results from the thrombin generation test experiments on
polyurethanc with immobilised 2 or 3, and four reference surfaces.

Material

PE'
PVC-T'
PU, untreated'"'
PU, irradiated without 2
PU with immobilised 2*,
PU with immobilised 3 \

or 3'-'
3

,3

Clotting time

395
778

538 ±29
565 ± 26
1148 ±40
1459 ±90

Max. concentration of free
thrombin (nM)

216
51

94 ± 15
57± 15
39 ± 4
73 ± 4

' Reference Material. * Kxpcrimcnts performed in triplicate. ' PU = medical grade Pellethane D-
55, which was used as a transparent foil (thickness Ü.40 mm), see text.
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Note that four references were chosen: PE, PVC-T. untreated polyurethane foil,

and polyurethane foil that was subjected to the entire procedure of washing,

solvent evaporation, UV-irradiation. treatment with Bu»NF". washings and

drying, except that no photoreactive compound (2 or 3) was used. Experiments

with PE and PVC-T were done once since the lag phases and [thrombin],,,»

values were as usual. All other experiments were done in triplicate. Several

conclusions can be drawn from the data in Table I: (/) The lag phases are

substantially prolonged upon photo-immobilisation of 2 and 3. Longest lag

phases (ca. 1400 sec.) are found for polyurethane with immobilised 3. (//) The

observed prolongation of the clotting time can not be ascribed to UV irradiation

and/or treatment with B114NF and associated washing steps. This is apparent

from comparison of untreated and irradiated polyurethane references: these do

not show significantly different lag times. (///) The surfaces obtained after

immobilisation of 2 and 3 are markedly passive; their lag phases have

approximately double duration in comparison with PVC-T, which is already

known as a relatively passive material.

Several other remarks must be added to the data of Table I. It is seen for the

polyurethane control materials that the values for [thrombin]„», do change upon

UV irradiation and/or treatment with Bu»NF and subsequent washing steps. The

max. thrombin concentrations are in the range 79-109 nM for the untreated

polyurethane, and in the range 43-54 nM for the irradiated counterpart. We do

not have an explanation for these observations. Furthermore, it is seen that

while the surface with immobilised 3 has a slightly longer lag phase than the

surface with immobilised 2, the [thrombin],™,, of the former surface is

approximately 3-fold higher. In view of our data concerning adherence of

platelets to both surfaces (vide infra) it must be expected that the surface with

immobilised 3 has the best bloodcompatibility.

/4d/re?fon 0/ A/ooi/ /?/ate/e/s: Three different surfaces were incubated with

PRP for 30 min at 37 °C. These surfaces are: (/) polyurethane (untreated); (//)

polyurethane with immobilised 2; (///') polyurethane with immobilised 3.

Subsequently, the surfaces were dried, stained (gold sputtering), and subjected

to scanning electron microscopy (SEM). See Experimental Section for details.

Figure 3 shows SEM micrographs of the surfaces: polyurethane with

immobilised 2 (Figure 3A), and polyurethane with immobilised 3 (Figure 3B).
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Figure 3. SEM micrographs of human blood platelets adhered to the polyurethane
foil with immobilised 2 (A) and immobilised 3 (B). Length of bar = 10 urn.

It is clear that the former surface is covered to a much larger extent than the

latter. The SEM micrograph in Figure 3A shows coverage of most of the

surface; we recognize spreaded platelets, and clusters consisting of platelets
which extend small pseudopods, or platelets of unchanged morphology. In

Figure 3B, it is seen that most of the surface is uncovered; some of the adhered

platelets show extensive spreading while others merely show formation of

small pseudopods. It is of interest to add that the surface of untreated

polyurethane showed almost complete coverage with platelets of different

morphology (spreaded, pseudopods; micrograph not shown).

The SEM study of the three different surfaces led to the conclusion that the

blood compatibility increases in the order: untreated polyurethane <

polyurethane with immobilised 2 < polyurethane with immobilised 3.

2.5. Concluding Remarks

The present results indicate that photo-immobilisation of conjugates 2 or 3

on polyurethane leads to improved bloodcompatibility /« v/Vro. This conclusion

is based on two /« i•///•<> assays, i.e. a thrombin generation test, and evaluation

of surface blood platelet interactions. Photo-immobilisation of 3 leads to better
results than photo-immobilisation of 2. Possibly, this difference can be
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attributed to the fact that 3 has a built-in spacer chain between the dipvridamole

unit and the photo reactive center (vide supra). Eventually, this spacer chain

allows for greater physical separation of dipvridamole and the surface. In the

case of photo-immobilised 2. the dipvridamole is linked almost directly to the

surface. It must be stressed, however, that we do not have conclusive evidence

for this assumed effect of the spacer. The experiments on determining the

surface-concentration of immobilised dipyridamole indicated a density of 4.9

nmol/cm" for immobilised 2. and 14.6 nmol/cm" for immobilised 3. Future

work will be concentrated on improving the efficacy of the immobilisation, and

on precise evaluation of the role of the spacer. Incorporation of longer spacers

will also be studied.
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3.1. Abstract

Dipyridamole is a well-known vasodilator and a powerful inhibitor of

activation and aggregation of blood platelets. Moreover, dipyridamole is

essentially non-toxic. The drug is used extensively in clinical anticoagulation

regimens, for example pre and post coronary angioplasty procedures. Recently,

we have found that photochemical, covalent coupling of dipyridamole to

polyurethane surfaces leads to improved thromboresistance /« v/7ro. This

phenomenon was now studied in more detail.

Both qualitative and more quantitative biochemical experiments were

performed in order to characterise the i/i v/7ro blood compatibility of a set of

polyurethane surfaces onto which dipyridamole was immobilised. First,

scanning electron microscopy was used to examine morphology of

bloodplatclcts, which adhered during incubation with platelet rich plasma

(PRP). These experiments showed that immobilisation of dipyridamole leads to

a clearly decreased number of adherent platelets, and to a largely diminished

propensity of the surface to activate adherent platelets. Secondly, an />i v/7ro

thrombogenicity assay was run. These experiments showed that the

thromboresistance increases with increasing surface density of immobilised

dipyridamole. A short spacer chain, separating dipyridamole from the polymer

surface, was found to improve the thromboresistance further. Such a spacer

chain apparently increases the efficacy of the immobilised drug.

Collectively, the present results further substantiate the idea that

dipyridamole retains its inhibitory activity with respect to activation and

aggregation of bloodplatelets, when the compound is covalently attached to a

polymer surface.

3.2. Introduction

The makeup of the natural blood vessel wall is intriguingly sophisticated and

complex.' Its structure consists of three layers:

I. The blood-contacting intima, a monolayer of endotheiial cells on a

basement membrane.
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2. The media, which are composed of smooth muscle cells embedded in an

extracellular matrix of collagen, elastin. and mucopolysacchandes.

3. The adventitia. consisting of fibroblast cells which are surrounded by an

extracellular matrix of mainly collagen.

In fact, this description of the arterial wall also explains why development of

a functional artificial prostheses for blood vessels meets with so many

difficulties. Despite numerous attempts to address this problem, the need for a

satisfactory small-bore vascular graft (i.d. < 6 mm) remains essentially

unfulfilled. Most of the complications with vascular grafts are related to the

thrombogenicity of the luminal surface of the graft. Differences in compliance

between the graft and the host artery are another source of problems. Such

differences cause perturbations of the blood How. which may result in

thrombotic phenomena such as anastomotic intimal hyperplasia.

It is widely believed that most of the current complications with vascular grafts

are due to thrombus formation as a result of blood - polymer contact.

Improvement of the bloodcompatibility of artificial polymer surfaces is

therefore a major issue in biomaterials science.* Grossly speaking, two main

strategies are being followed:

1. To create surfaces that prevents or suppress unwanted or uncontrolled

reactions of the blood (e.g., activation of the blood coagulation cascade,

or activation and aggregation of adherent blood platelets).

2. To prepare polymers that are inert or passive with respect to blood

reactions.

Strategy 1 is increasingly popular. The underlying theory is that the

bloodcompatibility of a material is determined primarily by its surface, rather

than by its bulk properties. Through surface modification, biocompatibility can

be improved while the physical-mechanical properties of the material remain

essentially unchanged. Particularly heparin coatings are frequently used.' It has

been shown that heparin retains (most of) its anticoagulant activity after surface

immobilisation, which can be through ionic or covalent bonding/ Recent

studies by Lindahl et al.,' who showed that the blood vessel wall contains

substances that are structurally and functionally related to heparin, have led to

further acceptance of the concept of immobilisation of the heparin

anticoagulant activity.
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The work on surface modification of polyurethanes is aimed specifically at

the development of an artificial blood vessel prosthesis which should exhibit

minimal thrombogenicity at its luminal surface. The followed approach also fits

into strategy 1. First, different agents are selected which find clinical use

because of their strong systemic inhibitory effect on activation and aggregation

Dipyridamole Theophyllinc

of platelets, for example: thcophylline, or dipyridamole (Persantin*). These

compounds are chemically derivatized such that they are linked to a

/>/K//r>m/c7/vi' moiety, the /^-azidobenzoyl group. These compounds are

adsorbed onto polyurcthane sheets, and are subsequently exposed to ultraviolet

(UV) light. The resulting photoreaction involves the/>azidobenzoyl group, or

rather a didehydro-azepine structure generated after photochemical excitation

of the p-azidobenzoyl group, and a nucleophilic site at the polymer's surface.

The consequence of this procedure is that the platelet inhibiting drug becomes

exposed at and covalently linked to the polymer's surface. In our previous

experiments with theophylline and dipyridamole, /« v/7ra thromboresistance

was found to increase substantially as a result of this photochemical surface

modification.'''

Here, the results are described which extend on previous work with surface-

immobilised dipyridamole.^ Particularly, the impact of a spacerchain, which

separates dipyridamole from the photoreactive moiety is investigated. Such a

spacer can be beneficial with regard to the efficacy of the immobilised drug: the

longer the spacer, the more the drug can behave as if it were free in solution. A

detailed comparative study involving structures 2 (no spacer) and 3, in which a

short spacer chain (-C(O)-CH;-CH2-CH2-O-) is described here.
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3.3. Materials and Methods

5.J. /. PAo/o-/iMmoA///.vart'o/i
Photo-immobilisation of 2 and 3, which were prepared as described

previously, was carried out with a commercial polyurethane foil (Pellethane D-

55, medical grade, 0.4 mm thickness).*' A piece of this foil (30 x 30 mm) was

thoroughly washed with 2-propanol (30 min, ultrasonic), and sprayed with a 1

mM solution of 2 or 3 in 2-propanol. During spraying, the solvent was

evaporated continuously by means of a hot-air fan. Spraying was repeated

several times. Depending on the number of sprays, polyurethane foils with

different surface loadings were obtained. The foils were then irradiated with a

Philips HPA 1000 high-power UV light source (Philips Lighting, Hindhoven,

The Netherlands). Irradiation lasted 15 min, and the lamp was held 30 cm.

above the foil. Subsequently, the foils were thoroughly washed with 2-propanol

(30 min, ultrasonic), to remove unreacted 2 or 3 and possible side-products.

The foils were then immersed in a stirred solution of (n-Bu^NFJF^O (127

mmol) in 20 mL of nitromethane. The fluoride reagent is known to effectively

cleave the /trf-butyldimethylsilyl protective groups." The foils were then

washed successively with 2-propanol (30 min, ultrasonic), and repeatedly with
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water. The surface-treated foils were stored in dry form. Interestingly, the

presence of immobilised dipyridamole at the foil's surfaces could be verified

easily by means of a low-power UV lamp. The surface-treated foils showed

clear fluorescence under the low-power UV lamp, which emits at 274 run.

5.5.2. PAy.vic0-cA
£/K-ex//Hc7/Yw? ex/?e7-;/we«/A7 The UV extinction of dipyridamole provides a

convenient means to obtain an estimate of the surface-concentration. Firstly, it

was established that the polyurethane dissolves in tetrahydrofuran (THF). A

UV extinction spectrum of such a solution shows no absorption at wavelengths

> 350 nm. A blank solution was prepared, which contained 99.13 mm" of the

untreated polyurethane in 3.37 mL of THF. This spectrum was stored in the

digital memory of the spectrometer. Secondly, the UV absorption spectrum of

dipyridamole was measured. This spectrum showed a local maximum at 408

nm. The molar extinction coefficient at this wave-length was 4397 L.mol'.cm''.

Thirdly, a known surface-area of a treated foil was dissolved in THF, in such a

way that the same polyurethane concentration as in the blank was obtained.

Measurement of the extinction at 408 nm then allowed us to calculate the

density of immobilised dipyridamole at the specimen's surface.

Co/?/at7 a/i#/i' <'.v/w/mi'/;/.v. Contact angle measurements were performed

according to the captive bubble method as described in ref 9. Accuracy of

reported values is ± 2 deg.

5.5.5. /w vi/n;
/Ic/Aev/Vw 6>/'/>/fwdJp/«/t7ef.v.- Scanning electron microscopy (SEM) was used

to study morphology of blood platelets that adhered to the modified surfaces.

Unmodified polyurethane sheets were used as references. The foils were

incubated for 30 min. with citrated platelet rich plasma (PRP). Subsequently,

the surfaces were rinsed with phosphate buffered saline (PBS), and treated

overnight with glutaraldehyde in PBS. The foils were then rinsed with PBS,

dehydrated in ethanol, dried by the critical point drying method, and subjected

to SEM analysis. A Philips 505 SEM system (Philips, Eindhoven, The

Netherlands) was used.

77»ow/)/>» jjt'rtfrrt/«)« ex/w/m^nte: The »w v/7ro thrombogenicity tests were

performed as described previously.'" Briefly, the polymer surfaces were

incubated for 15 min. with citrated PRP. Then, blood coagulation was started

by the addition of CaCl;. Samples were withdrawn at regular time intervals (ca.
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1 min.), and assayed for thrombin using the chromogenic substrate S 2238 (H-

D-phenylalanyl-picolyl-arginine /Miitroanilide)." Changes in optical density

were recorded at 405 nm (sample wavelength) and 505 nm (reference

wavelength). Reference curve was constructed from known amounts of

thrombin.

3.4. Results and Discussion

t/r-e.tf//;t7/o/i f.\/K77/Mt77/.v: The surface densities of immobilised

dipyridamole, as measured via UV-cxtinction experiments for the different

specimens, are compiled in Table 1. Repeated spraying and drying of the

polymer surface, prior to UV-irradiation, leads to increased densities of

immobilised dipyridamole at the surface. Note that surface densities as high as

45 nmol/cm" are obtained. In this respect, we observed no differences between

conjugates 2 and 3, i.e. the spacer chain does not appear to have an effect on

the efficacy of the photo-immobilisation.

C««/rt(7 ang/c /wm.vMrt7wt7i/.v: Water contact-angle measurements" showed

that the modified surfaces are slightly more hydrophilic than the control

(untreated Pellethane D-55 foils). The control exhibited a contact angle of 49.5

deg. The modified surfaces to which dipyridamole was linked directly (no

spacer chain, prepared with conjugate 2) showed contact angles of 50.5, 45.9,

and 38.2 deg. for the surface loadings 10.48, 20.43, and 38.84 nmol/cm*,

respectively. The modified surfaces to which dipyridamole is linked via the

short spacer chain (prepared with conjugate 3) showed contact angles of 48.1,

46.8, and 40.9 deg., respectively for the comparable surface loadings 11.10,

21.05, and 45.49 nmol/cm*. The hydrophilicity of the modified surfaces is not a

particularly strong feature. This is not surprising since dipyridamole is not a

very water-soluble compound by itself. Furthermore, it is seen that the spacer

chain has no appreciable impact on the surface hydrophilicity.
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Table 1. Results from the UV spectroscopy experiments and the /« vi/ro
thrombogenicity test.
Surface Immobilised dipyridamole Lag time (s) [Thrombin]^^

(nmol/cm ) (nM)

Pellethanc D-55

Pellcthanc D-55
treated with 2

0

11.10
13.32
17.49
21.05
23.66
27.05
30.88
33.66
36.04
45.49

569 118

878
784
921
945
831
980
813
930
974
1015

862
877
953
986
1087
1193
1092
1265
1279
1250

93
88
95
83
79
85
95
112
96
71

99
69
64
79
70
80
68
49
54
50

Pellcthanc D-55
treated with 3

10.48
13.20
16.10
17.62
20.43
25.35
29.85
30.35
38.84
41.92

A/Ae.v/ow «/ ft/rWp/tf/eVe/.s: The modified surfaces were first studied with

respect to their propensity to adhere and activate bloodplatelets. Activated

platelets were found on the control surface (unmodified polyurethane). The

adhered platelets (appr. 4000/mm") showed extensive formation of

pseudopodia. Far less platelets (appr. 900/mm") appeared to adhere to modified

surfaces prepared with conjugate 2; most of them were spread. The

polyurethane surfaces that were treated with conjugate 3 showed almost no

adherence of platelets; the few platelets present merely showed extension of

small pseudopodia.
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Figure 1. Scanning electron micrographs of the control and two modified surfaces
after incubation with PRP. A: unmodified polyurethane. B: polyurethane modified
with 2 (13.32 nmol/cm" immobilised dipyridamole). C: polyurethane modified with
3 (10.48 nmol/cm" immobilised dipyridamole). Length of bar = 10 um.

7"Arom/>/>7 gewera//on ex/OT/me/i/.v.- All surfaces were subjected to the //?

v//ro thrombin generation assay.'" The most important parameter that can be

abstracted from a thrombin generation curve is the lag time, i.e. the time

elapsing between "recalcification" of the PRP, and the onset of thrombin

generation. Another parameter is [thrombin],™*. the maximum concentration of

free thrombin reached during the experiment. Table 1 compiles the complete set

of results from the thrombin generation assay.
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Surface immobilisation of compound 2 leads, after removal of the /erf-

butyldimethylsilyl groups, to reduced /w v/7ro thrombogenicity. The lag times

are clearly prolonged: 784-1015 s after surface modification, vs. 569 s for the

control surface (untreated Pellethane D-55). Moreover, the values for

[thrombin]™,, appear to decrease upon surface modification: 71-112 nM, vs.

118 nM for the control surface. The results obtained after surface modification

with 3 and subsequent deprotection show the same trend. Lag times lie in the

range 862-1279 s and [thrombinjmax varies from 49 to 99 nM. Figure 2 shows

125-1

10 IS 20

Time (min)

25 30

Figure 2. Thrombin generation curves measured for modified surfaces to which
dipyridamolc is linked via the short spacer chain. The four curves refer to different
surface loadings: open squares: blanc. no dipyridamolc present; closed circles: 10.48
nmol/cm* immobilised dipyridamolc; open triangles: 20.43 nmol/cm" immobilised
dipyridamolc; closed diamonds: 38.84 nmol/cm immobilised dipyridamolc Note
that |throinbin]„„„ decreases, as the lag time for thrombin formation increases with
increasing surface density of immobilised dipyridamolc

four thrombin curves which were measured for the modified surfaces to which

dipyridamole was linked via the short spacer chain (i.e. conjugate 3 was used in

the photo-immobilisation). Surface densities are: 0, 10.48, 20.43, and 38.84

nmol/cm". Figure 3 plots the lag-time data as a function of the surface-

concentration of immobilised dipyridamolc Closed circles correspond with

photo-immobilisation of 2 (no spacer), and the open squares relate to photo-

immobilisation of 3 (short spacer chain). As might be expected, a plateau is
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found in both cases, for high surface concentrations of immobilised

dipyridamole (> 30 nmol/cm*). Figure 3 clearly demonstrates that /A«* /»mrftrr

0 / /A? .vpacw //itr^a.v« /A* qQffrar v 0 / fA* /mm<»/>/7/.sr</ <///>vr/</amo/r. For

comparable surface densities, it is consistently seen that the presence of the

spacer results in a longer lag time for thrombin generation. Accordingly, the

open squares (short spacer chain) show a higher plateau level than the filled

circles (no spacer).

15M
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Surface density of Immobilised dipyridamole (nmol/cm')

50

Figure 3. The thrombin generation lag time as function of the surface concentration
of immobilised dipyridamole. The closed circles refer to dipyridamole linked
directly to the polyurethane surface (no spacer chain, conjugate 2). Open squares
relate to dipyridamole linked via the short spacer chain to the polyurethane surface
(conjugate 3).

3.5. Concluding Remarks

Conjugate molecules 2 and 3 can both be used for photo-immobilisation of

dipyridamole on polyurethane surfaces (Pellethane D-55). The resulting

modified surfaces show a decreased propensity to activate adherent blood

platelets, and also show a decreased thrombogenicity /« vi/r«. The lag time for

thrombin formation, appears to depend on two factors: (/) the surface density of

immobilised dipyridamole, and (//) the absence or presence of a spacer chain,

separating the dipyridamole from the polymer surface. The presence of the
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spacer increases the efficacy of the immobilised drug. The latter observation is

of considerable interest, since this suggests that the observed reduction of

thrombogenicity is not merely a result of changes in the physico-chemical

properties of the surface (hydrophilicity, surface energy, etc.). The present

results support the idea -previously expressed by Bamford et al.'""'\ and by

ourselves''^- that dipyridamole which is covalently linked to a polymer

macromolccule, retains its platelet inhibiting activity. The underlying

mechanism is most probably that dipyridamole is recognized by a putative

receptor site on the platelet's exterior membrane. Evidently, such a recognition

process would benefit from the presence of a spacer, which allows the

dipyridamole, at least to some extent, to move independently of the underlying

surface.
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4.1. Abstract

Photo-immobilisation of dipyridamole (Persantin®) was accomplished

through the use of a new synthetic conjugate molecule, 4. Persantin* is a

powerful inhibitor of platelet activation and aggregation, and widely used as a

vasodilator. Conjugate 4 consists of triply protected dipyridamole (three of the

four hydroxyl groups carry a /err. butyl dimethylsilyl protective group), and the

photoreactive /?-azidobenzoyl group. A short hydrophilic spacer chain, derived

from triethylene glycol, separates the protected dipyridamole system and the

photoreactive group. Compound 4 was immobilised on polyurethane sheets

(Pellcthane D-55) through irradiation with ultraviolet (UV) light, and the

protective groups were removed afterwards. The resulting modified

polyurethane surfaces were characterised by different physico-chemical

techniques: UV extinction, contact angle measurements (captive bubble

technique), and Electron spectroscopy for chemical analysis (ESCA). The UV

extinction measurements showed the presence of 13 ± 1 nmol of immobilised

dipyridamole per cm'. The contact angle measurements revealed that the

modified surface was markedly more hydrophilic than the control (i.e.

unmodified polyurethane). ESCA measurements clearly established the

presence of immobilised dipyridamole in the outermost layers of the modified

surface. This was especially clear from the ESCA spectra recorded at a low

take-off angle (~ 6°). Furthermore, the ESCA spectra showed that the tBDMS

protective groups had been quantitatively removed during the

deprotection/washing treatment. The in vi/ro bloodcompatibility of the

modified surface was studied with the thrombin generation assay as developed

in our group, as well as with scanning electron microscopy. The thrombin

generation test produced a lag-time of 1275 sec for the modified surface, as

opposed to 569 sec for the control. Scanning electron microscopy showed that

far less platelets adhere to the modified surface (appr. 7 x 10'/mnV) as

compared to the control (appr. 6 x lO'/mm"). Taken together, the experimental

data reveal that the modified surface has excellent blood compatibility j/i vi/ro.

It is discussed that the use of conjugate 4 leads to simultaneous exposure of

dipyridamole at the modified surface am/ to a marked increase of the surface

hydrophilicity, which is likely to hamper adsorption of plasma proteins.
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The combination of these effects is uniquely related to the molecular build-up

of 4. Conjugate 4 will be used in future work, which is aimed at preparing

small-caliber polyurethane vascular gratis with a blood compatible lumcnul

surface.

4.2. Introduction

Dipyridamole is a non-toxic drug, which acts as an inhibitor of the

activation and aggregation of blood platelets.'* The drug is also a powerful

vasodilator, i.e. a substance which induces widening of the blood vessels after

its systemic injection.'* Dipyridamole, which is marketed as Pcrsantin', is

commonly administered to patients before and after percutaneous transluminal

coronary angioplasty ("Dottering"). mostly in combination with aspirin. We

became interested in dipyridamole in the course of our work, which is aimed at

the manufacture of new materials with improved bloodcomputibility. We

concentrate both on the preparation and on the testing (m v/7ro and in v/V«) of

such materials.' Blood clotting as a result of the contact between blood and an

artificial surface remains perhaps the most important problem in the

development of improved cardiovascular devices.

HO

We know, particularly from the pioneering work of Vroman et al,*''* that

contact between blood and an artificial surface immediately leads to adsorption

of plasma proteins. Adsorbed proteins may be displaced by others, and these

processes probably occur within several minutes. Proteins in the adsorbed state

adopt a different molecular conformation as compared to the circulating state,

and platelets and leukocytes may adhere via receptor sites that match structural

patterns of an adsorbate. It has become clear that immunoglobulins, fibronectin
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and fibrinogen have specific significance as adsorbates." When a platelet is

activated through this mechanism, it may in turn trigger other platelets and

induce generation of thrombin leading to deposition of fibrin. These events will

result in the formation of a thrombus. Recent work by Bamford et al. implied

that dipyridamole could play a role in the development of new blood-

compatible materials.'*''"' Bamford et al. chemically coupled dipyridamole to a

series of water-soluble macromolecules, and subsequently showed that the drug

retained its platelet-inhibitory activity. In some cases, the drug was even

slightly potentiated. As the macromolecular vehicles containing dipyridamole

can not cross the platelet's membrane, these experiments revealed -although in

an indirect manner- that dipyridamole can exert its function via a putative

receptor site on the exterior of the platelet.

Later, it was shown that coupling of dipyridamole onto water /«soluble

polymers (e.g., the polyurethane Pellethane-D55) markedly contributes to the

blood-compatibility of the surface, at least /« v/7ro/ Evidence in support of an

inhibitory action of immobilised dipyridamole on contacting platelets has

accumulated. The data, taken together, suggest that the platelet inhibition by

immobilised dipyridamole counteracts or overrules platelet activation by

adsorbed plasma proteins (e.g., fibronectin or fibrinogen).

Immobilisation of dipyridamole onto the surface of water-insoluble

polymers was accomplished through a novel photo-immobilisation technique.'"

*''"* To this end, a scries of novel molecules were synthesised, which consist of a

triply tBDMS-protected'* dipyridamole connected to a p-azidobenzoyl group. It

could be demonstrated that such conjugate molecules can be covalently coupled

to a polyurethane surface via irradiation with ultraviolet (UV) light.''' The /?-

azidobenzoyl group loses molecular nitrogen (N;) upon UV-irradiation, and this

photoreaction generates a highly reactive (electrophilic) didehydroazepine

structure."'"* Then, reaction with a nucleophilic site at the polymer surface (e.g.

a urethane NH group) generates a new covalent bond between the conjugate

and the polymer surface.

This chapter describes a comprehensive study on a new conjugate molecule,

4, which has the characteristic feature that the (protected) dipyridamole unit is

linked to /»-azidobenzoyl via a .s7w/7 M*//-o/)/i/7/c spacer chain. It was decided to

prepare and test such a system since we anticipated that a hydrophilic spacer
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tBDMS-O

chain could facilitate exposure of the deprotected dipyridamole in the aqueous

boundary layer at the polymer's surface.

This chapter describes consecutively: (i). synthesis of 4; (/'/). photo-

immobilisation of 4 on polyurcthane sheets; (///), deprotection and purification;

(iv) physico-chemical characterisation of the modified surfaces (contact angle,

ESCA); and (v), m v/fra tests of the bloodcompatibility of modified and

unmodified surfaces.

4.3. Materials and Methods

4.J./. Genera/reef/on
All solvents and starting materials were of the highest available purity or

were purified as specified. Pyridine and dichloromethane were distilled from

calcium hydride and stored over Linde 3Ä molecular sieves. Triethylamine was

distilled from calcium hydride and stored over potassium hydroxide pellets.

Tetrahydrofuran was passed through an alumina column, distilled from calcium

hydride, and stored over Linde 3Ä molecular sieves. Methanol was predried

with iodine and magnesium turnings, distilled, and stored over Linde 3A

molecular sieves. Thin layer chromatography was performed on glass plates (3

x 10 cm) with a fluorescent indicator. Silica gel 60 (particle size 0.063-0.200

mm) was used for column chromatography. Mass spectra were run on a Kratos

MS 80 RF instrument. 'H NMR and "C NMR were recorded at 399.9 and

100.6 MHz respectively on a Varian Unity-Plus spectrometer, using dcuterated

chloroform or deuterated methylsulfoxide as the solvent. Tetramethyl silane

was used as the internal reference (6=0.00 ppm).
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4.5.2.

>: To a stirred solution of triethyleneglycol (75.09 g, 500.00 mmol) and 4-

dimethyl aminopyridine (0.38 g, 3.13 mmol) in 125 mL of anhydrous pyridine

was added triphenylmethyl chloride (17.42 g, 63.50 mmol) in 10 portions

during 3 h. The solution was stirred for 16 h under exclusion of moisture. Then,

pyridine was removed (last traces were removed by coevaporation with

toluene). The residue was taken up in dichloromethane and washed with

saturated aqueous bicarbonate (3 x) and water (3 x). The organic layer was

dried on magnesium sulfate, filtered, and concentrated to dryness under

reduced pressure. The crude product was applied to a silica gel column. Elution

with 1:1 petroleum ether/ethyl acetate afforded pure 21 as a viscous oil. Rf

(petroleum ether/ethyl acetate 1:1) = 0.38. Yield: 20.56 g (84%). 'H NMR

(CDCI,), 8: 7.50-7.15 (15H, m, CPhj), 3.66 (8H, m, OCH2CH2O), 3.59 (2H, t,

CH2OH), 3.24 (2H, t, CH2OCPhj), 2.95 (1H, broad s, OH); "C NMR (CDCI3),

8: 144.09, 128.70, 127.80, 126.98, 86.59, 72.60, 70.68, 63.29, 61.69.

/-^2'-0-/n/;/;t'm7wf//;v/f///ojc)^-2-('2'-Aro/Moe'//7oxv>e'//jawe' <^2 /̂ A solution

of bromine (12.27 g, 76.81 mmol) in anhydrous dichloromethane (60 mL) was

added dropwise to a solution of triphenylphosphine (18.60 g, 70.90 mmol) in

anhydrous dichloromethane (125 mL). The addition was stopped as the yellow-

brown colour of free bromine persisted. Subsequently, anhydrous triethylamine

(10.76 g, 106.35 mmol) and a solution of 21 (20.19 g, 59.08 mmol) in 75 mL of

anhydrous dichloromethane were added dropwise. The resulting mixture was

stirred for 1 h under exclusion of moisture. Then, all volatiles were removed

under reduced pressure. The residue was taken up in diethyl ether and washed

with water. The organic layer was dried on magnesiumsulfate, filtered, and

concentrated to dryness under reduced pressure. The crude product was applied

to a silica gel column. Elution with dichloromethane afforded 22 as a white

solid. R, (dichloromethane) = 0.43. Yield: 23.85 g (89%). 'H NMR (CDCI3), 8:

7.50-7.18 (15H, m, CPh,), 3.85 (2H, t, CH.Br), 3.70 (6H, m, OCH.CH.O), 3.44

(2H, t, CH.O), 3.21 (2H, t, CH.CPh,); "C NMR (CDCI,), 8: 144.08, 128.69,

127.74, 126.91, 86.6, 71.28, 70.79, 70.75, 70.66, 63.31, 30.34; Mp 57.8 °C.

Com/wH/jJ 24/ Sodium hydride (60%, 0.906 g, 22.65 mmol) was added to a

solution of 7 (3.84 g, 4.53 mmol)" in 50 mL of anhydrous tetrahydrofuran. The
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mixture was sonicated under argon for 15 min. Then, compound 22 (2.27 g,

4.98 mmol) was added and the reaction mixture was magnetically stirred for 16

h. The reaction mixture was poured into saturated aqueous ammonium chloride

(150 mL), which was extracted with ethyl acetate. The combined organic layers

were dried on magnesiumsulfate. filtered, and concentrated to dryness under

reduced pressure. The residue (crude 23) was taken up in 10 mL of anhydrous

dichloromethane and treated with 2 mL of anhydrous mcthanol and anhydrous

zincbromide (10.00 g. 45.00 mmol). This reaction mixture was magnetically

stirred for 2 h. The solvents were evaporated under reduced pressure and the

residue was taken up in ethyl acetate and washed consecutively with a 0.1 M

citric acid, saturated bicarbonate, and brine. The organic layer was dried on

magnesiumsulfate. filtered, and concentrated to dryness under reduced

pressure. Crude 24 was applied to a silica gel column. Klution with 1:1

petroleum ether/ ethyl acetate afforded pure 24 as a yellow viscous oil. Yield:

1.10 g (25%). 'H NMR (CDC1,), 8: 4.70-3.80 (34H. m. CH;-N and CHj-O),

1.68-1.62 (12H, broad s, CH; of piperidine rings), 0.84 (27H. s. /tr/.-Bu), 0.02

(18H,s,CH,-Si).

p-^nV/ofttvizov/ cA/or/de: A solution of/j-azidobenzoic acid (7.50 g. 45.98

mmol)'' and thionyl chloride (16.29 g, 138.04 mmol) in 250 mL of anhydrous

tetrahydrofuran was refluxcd for 30 min. All volatiles were removed under

reduced pressure (in the hood, stench). The solid residue was recrystallized

from hexane to give pure p-azidobenzoyl chloride as a yellowish solid. Yield:

6.76 g (81%). 'H NMR (CDCh), 6: 8.05 (2H, d, aromatic H), 7.05 (2H, d,

aromatic H); "C NMR (DMSO-d*): 166.39, 143.87, 131.15, 127.20, 119.34,

119.05.

Cbmpowm/ 4: Compound 24 (1.35 g, 1.39 mmol) and /j-azidobenzoyl

chloride (0.28 g, 1.52 mmol) were dissolved in 50 mL of anhydrous pyridine,

and the solution was magnetically stirred for 3 h. Then, pyridine was

evaporated (last traces were removed by coevaporation with toluene). The

residue was taken up in ethyl acetate, and washed with 0.1 M citric acid,

saturated bicarbonate, and brine. The organic layer was dried on

magnesiumsulfate, filtered, and concentrated to dryness under reduced

pressure. The crude product was applied to a silica gel column. Elution with 4:1

petroleum ether/ ethyl acetate afforded pure 4 as a yellow-brown oil.

63



Rr (petroleum ether/ ethyl acetate 1:1) = 0.68. Yield: 1.12 g (72%). 'H NMR

(CDCI3), 5: 8.02 (2H, d, aromatic H), 7.02 (2H, d, aromatic H), 4.43 (2H, t,

CHjQO)), 4.05-3.48 (32H, m, CHj-N and CH.-O), 1.65 (12H, broad s, CH, of

piperidine rings), 0.95 (27H, s, tert.-Bu), 0.02 (18H, s, CH,-Si); "C NMR

(CDCIj), 6: 160.34, 160.28, 153.69, 132.54, 131.51, 118,76, 70.36, 70.49,

69.76, 69.21, 64.18, 61.48, 51.50, 51.28, 48.82, 48.63, 26.24, 25.94, 25.12,

18.29, -5.32; FABMS: calcd for C s s ^ N i A S i j m/z = 1224, obsd m/z = 1225

(M + H)+.

Throughout the experiments, a medical grade polyurethane foil (Pellethane

D-55) was used. The foil had a smooth surface (as could be verified with

scanning electron microscopy) and was transparent; its thickness was 0.4 mm.

Compound 4 was dissolved in 2-propanol (concentration 1 mM), and this

solution was sprayed onto several specimens of the polyurethane foil

(dimensions 50 x 50 mm). A compressed-air sprayer was used (tube-type,

Aldrich Z 12,629-2). During spraying, the polymer surface was placed

horizontally and consecutively wetted, dried (air fo'hn), and turned by 90 deg.

The procedure of wetting, drying, and turning was repeated 20 times. Then,

each foil was irradiated for 15 min. with a Philips HPA 1000 high-power

ultraviolet lamp (Philips Lightning, Eindhoven, The Netherlands). The distance

between the lamp and the foil surface was 30 cm. Technical details on the

lamp: nominal power: 930 W, radiation output (mW/cm", measured at 1.00 m

distance): UV-A: 2500; UV-B: 900; UV-C: 230. After irradiation, each foil was

thoroughly washed with 2-propanol, and immersed for 24 h in a stirred solution

of tetrabutylammonium fluoride in nitromethane." This reagent is known to

effectively cleave the /i'/7-butyl dimethylsilyl groups. Each foil was then

thoroughly washed with isopropanol and water, and stored in dry form.

tivpivmie7;/A7 The UV extinction of dipyridamole provided a

convenient means to obtain an estimate of the surface concentration. The UV

absorption spectrum of dipyridamole shows a maximum at X.=408 nm. The

molar extinction coefficient at this wavelength is 4397 L.mor'.cm'. A piece of

the //»modified polyurethane (138.79 mm") was dissolved in tetrahydrofuran

(4.50 mL). The UV extinction spectrum was measured and stored in the digital
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memory of the spectrometer. Then, a similar piece of the modified polyiircthane

(139.67 mm") was dissolved in 4.53 mL tetrahydrofuran (same concentration as

the blank). The UV extinction was measured at 408 nm and the density of

immobilised dipyridamole coupled to the polyurethane was calculated.'

Cortfacf tf/?£/e t'.\/?tTi/wt'M/.v.- Contact angle measurements were performed

according to the captive bubble method."' The contact angle apparatus consists

of a travelling microscope with a 40 X eyepiece with fine right angle crosshairs

and a long distance objective, a variable intensity light source, and a

micrometer-adjustable X-Y stage vertically mounted on an optical bench. The
stage contains a Plexiglass box. The polyurethane sheets were held on the

underside of a polycarbonate plate with the modified surface exposed. The box

was then filled with doubly distilled water and the plate containing the

polyurethane sheet was lowered in the box until the polyurethane sheet was

completely immersed. A bubble of air with a volume of - 0.1 mL was

positioned underneath the surface and the contact angle was measured.

£7ec7row Specfrasco/n' /or CAem/'ta/ /4/itf/v.m f£SO0." For the HSCA

experiments, polyurethane sheets were mounted on a standard sample holder

and inserted via a separately pumped load lock into a Leybold MAX200 XPS

instrument. Sample areas of 4 x 7 mnY* were analysed. Mg Ka (1253.6 eV)

radiation of a Mg/AI double anode X-ray tube (13 kV, 20 mA) was used. The

spectrometer was calibrated using Ag, Cu and Au."'* At the used pass-energy of

48 eV, the full width at half maximum for Ag 3d5/2 was 0.95 eV. The base

pressure in the analysis chamber was well below 1 x 10* mbar. The instrument

was controlled by a HP A400 computer and a Leybold DS100 data system was

used for data aquisition and analysis. For the quantitative analysis the spectra

were corrected for the analyzer transmission function, and a linear background

was substracted."* Sensitivity factors were calculated, using the approach of

Nöller et al."*" and the Scofield cross-sections."' For energy referencing a C Is

binding energy of 285.0 eV for aliphatic carbon was used."* The samples were

measured with different take-off angles. Besides the usual angle (90°), the

sample holder was rotated in such a way that a take-off angle of ~ 6" was

obtained. Derivatization of the hydroxyls of the dipyridamole by trifluoroacctic

anhydride was achieved by exposing the polyurethane surface to trifluoroacetic

anhydride vapour for 5 min in a sealed vessel." The polyurethane surface was

then removed and dried.
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4.5.5.
ex/?e?/-i/we/i/.s." The unmodified and modified surfaces

were subjected to the iw v/7ro thrombin generation assay developed by Lindhout

et al./" and described extensively in previous work.'"™' Two reference

materials were included in the assay: Polyethylene (PE) which has a high

surface thrombogenicity, and polyvinyl chloride (PVC), which is a relatively

passive material. Note that the blood was taken from a healthy donor; the blood

plasma was anticoagulated with citrate prior to the assay; the addition of

calciumchloridc marks the actual start of the experiment.

i4J/K?.v/ort «//j/ooc/p/tv/e/e/i-. Following incubation with platelet rich plasma,

the unmodified and modified surfaces were subjected to scanning electron

microscopy (SEM) to study the morphology of adhered platelets. The platelets

attached to the polyurethane surfaces were fixed with glutaraldehyde. The

specimens were then dehydrated with ethanol, subjected to critical-point

drying, and sputtcrcd-coated with gold.

4.4. Results and Discussion

4.4./. IVc/Mira/fon 0/co/t/if#a/i mofecwfe 4
The synthesis route to 4 is outlined in Scheme I. The preparation started out

with triethylene glycol, which was converted into compound 21 in the presence

of triphenylmethyl chloride. Compound 21 was then converted into compound

22 in the presence of bromine and triphenylphosphine. Tri-[/er/.-butyl

dimethylsilyl| dipyridamole (7) was prepared from dipyridamole as described

earlier.'"' Compound 7 was reacted with 22 in the presence of sodiumhydride."

This reaction afforded compound 23, which was subsequently treated with zinc

bromide in order to cleave the trityl group."" The resulting alcohol, 24, was

esterified through reaction with ^-azidobenzoyl chloride. This reaction afforded

the desired conjugate structure 4, in 18% overall yield based on 7.Purity and

identity of conjugate 4 and all synthetic intermediates were established

unequivocally. The chemical synthesis of conjugate compound 4 proceeded

smoothly. Figure 1 shows the 400 MHz proton NMR spectrum of 4, dissolved

in deuterated chloroform. The spectrum clearly reveals the identity and purity

of the product. Fast atom bombardment mass spectrometry provided further

evidence for the identity of 4 (vide supra).

66



5)7i/Ar?stf o /a fifw /»Ao/orracmr «VriYaf/iv o/dfy

tBDMS

tBDMS-O

OR

tBDMS-O

2 3 : R = O-CPh
Z.nHr,

2 4 : R = OH

Scheme I. Preparation of compound 4.

4.-/. 2. y
(/F-ex//«c//o/j ejrper/me/ite: Measurements of the surface-density of

immobilised dipyridamole were performed through UV spectrophotometry. The

modified surfaces (dimensions approximately 50 x 50 mm) showed uniform

density of immobilised dipyridamole. This was concluded after comparison of

different pieces (dimensions 1 0 x 1 5 mm), cut out of the foil. All physico-

chemical and biochemical experiments reported here correspond with a surface

density of 13 ± 1 nmol/cm^ of immobilised dipyridamole.
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Figure 1. 400 MHz 'H NMR spectrum of 4, dissolved in CDC1.,. Spectral
parameters: Spectral width: 6000 H/; number of transients: 8; time domain: 32k;
size: 64k; Fourier transformation without application of a spectral window.
Assignments: a: aromatic protons from the azidobcnzoyl group; b: CH;C(O); c:
Cll:-N and C'H;-O; d: C'H> of pipcridinc rings; e: tcrt.-butyl; f: CH,-Si; * solvent
signal (CHC1,).

Con/ac7 </n#/c ei/w/me/f/.v: Table 1 compiles the results of the water contact

angle measurements on both the unmodified and modified surfaces. The contact

angles were measured with the captive-bubble method. Under each surface, five

air bubbles (~ 0.1 mL) were placed, and height (h) and diameter (d) of the

bubbles were measured. The contact angle 9 was then calculated from the

formula:*'

9 = cos-l [ -1 +2h/d]

The data in Table I clearly show that the modified surface is more hydrophilic

than the unmodified surface.
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Furthermore, both surfaces were studied with ESCA. As

expected, oxygen, nitrogen and carbon were detected. No contaminations were

found on either surfaces. The observed binding energies for the oxygen,

nitrogen, and carbon species are in good agreement with those of Beamson and

Briggs.""

Table 1. Contact Angles Measured with the Captive Bubble
Method for the Unmodified and Modified Surface,

Unmodified surface

49.5
50.6
47.3
51.2
49.8

Modified

19
25.

surface

,1
.3

20.8
22,
21,

3
,5

The spectra were analysed by applying curve deconvolution, using a Gaussian

line shape. The N Is narrow-scan subspectrum was used to get more detailed

information on the nature of the surface. The increase of the N Is signal was

not significant, and this inspired us to measure the modified surface also under

another take-off angle.

f -

4C« 406

Figure 2. N Is narrow-scan ESCA spectrum of the modified surface measured at
a take-off angle of 90°. The experimental spectrum can be simulated by adding
the simulated spectra (i) and (ii). Note that (iii), which equals (i) + (ii) fits the
experimental spectrum; (i) corresponds with the aromatic N of the dipyridamolc
ring system, and (ii) corresponds with the N atoms of the polymer urcthane
groups, and the non-aromatic Ns of dipyridamolc
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Figure 3. N Is narrow-scan ESCA spectrum of the modified surface measured at
a take-off angle of - 6°. Spectral simulation was accomplished as described in
the legend to Figure 2.

This enables one to look more at the outermost layer of the modified surface.

The sample holder was rotated in such a way that a take-off angle of ~ 6° was

obtained. This experiment clearly showed a change in surface chemistry, which

could be derived from changes in the peak-shape of the narrow-scan spectra.

Figure 2 shows the expansion of the N Is narrow-scan spectrum measured at a

take-off angle of 90°. Figure 3 shows the expansion of the N Is narrow-scan

spectrum measured at a take-off angle of- 6°. The N Is line is less intense, but

broadened, consistent with the presence of another nitrogen functionality in the

outermost surface layer (aromatic nitrogen from the dipyridamole). Table 2

gives the atomic % C, N, and O, and the elemental ratios C/O and C/N for the

unmodified and the modified surface.

Table 2. Flcmental Atomic Percentages and Elemental Ratios Measured by
KSC'A tor the Unmodified and the Modified Surface.

Atom

%C
%N
% O
C/O
C/N

Unmodified surface
take-off angle 90°

80
3.1
17
4.7
25.8

Modified
take-off angle 90°

79
4.3
17

4.6
18.4

surface
take-ofT angle - 6°

82
2.8
15
5.5

29.3
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Another important conclusion that can be drawn from the ESCA spectra of the

modified surface is that the Si protective groups were completely removed in

the deprotection washing steps following the irradiation with ultraviolet light.

The ESCA spectra do not show the very characteristic Si-signals at

approximately 102 (Si 2p) and 153 (Si 2s) eV. For this reason, we expected the

presence of free hydroxyl groups (three OH-groups for each immobilised

dipyridamole) for the modified surface. This expectation could be verified by

a , -

Figure 4. Overall ESCA spectrum of the modified surface measured at a
take-ofTangle of- 6°.

exposure of the modified surface to a vapour of tetrafluoroacetic anhydride in a

sealed vessel. The anhydride then reacts with free hydroxyl groups to form the

trifluoroacetic ester. This vapour-phase labelling of hydroxyl groups has shown

to be very succesful."'' The CFj tag is easily detected since two extra peaks

appear in the ESCA spectrum: (/) the F Is line at approximately 690 eV, and

(//) the F Auger line at approximately 600 eV (Mg Ka radiation; see ref. 2<V p

236, and ref. 29). Figure 4 shows the overall ESCA scan of the modified

surface (take-off angle of- 6°). Figure 5 shows the ESCA scan of the modified

surface after its exposure to tetrafluoroacetic anhydride vapour (take-off angle

of- 6°). This labelling clearly revealed the presence of free hydroxyl groups on

the modified surface, which is consistent with the presence of immobilised and

fully deprotected dipyridamole.
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Figure 5. Overall F.SC'A spectrum of the modified surface exposed to
triflouroacetic anhydride vapor measured at a take-off angle of- 6°.

4.4. J. ß/oc/rem/ca/ cÄarac/m.va//o/i
77?/WH/>/// gtv/m///«/» c.v/;cr//wt'//Av: The unmodified and modified surfaces

were subjected to the /« v/Vra thrombogenicity test developed by Lindhout et

al.'° Polyethylene (PE), a highly thrombogenic material, polyvinyl chloride

(PVC), a relatively passive material, and unmodified polyurethane were used as

reference materials. The assay produces a thrombin generation curve for each

surface tested. The experiments on the modified surface were performed in

cluplo. Figure 6 shows the thrombin generation curves for both the unmodified

and the modified surfaces, exposed to human platelet-rich blood plasma. Each

thrombin generation curve yields two parameters, which are directly related to

the thrombogenicity of the material. The first parameter is the lag time, i.e. the

time elapsing between the moment of recalcification and the moment on which

the free-thrombin concentration starts to increase. The second parameter is the

maximal concentration of free-thrombin reached during the experiment. The

results of these experiments with all surfaces are compiled in Table 3. It should

be noted that the maximum thrombin concentrations were obtained after

correction of the experimental thrombin generation curves for the residual

amidolytic activity of the thrombin-a;-macroglobulin complex according to the

method of Hemker et al.'~ The thrombogenicity of the different surfaces

decreases in the following order: PE > polyurethane > PVC > modified PU.
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Figure 6. Thrombin generation curves measured for four different surfaces. The
thrombin generation curves were corrected for the umidolytical activity of the
c^m-thrombin complex.'' Assignments: open circles: PK; open squares:
Polyurethane; closed diamonds: PVC; cross: Modified polyurethane.

The surface immobilisation of compound 4 leads to a decrease of the

thrombogenicity of the polyurethane; the lag time increases from 569 seconds

for the unmodified polyurethane to 1267 and 1282 sec (dupio) for the modified

surface. The maximum free-thrombin concentration decreases from 85 nM for

the unmodified polyurethane to 68 and 75 nM (dupio) for the modified surface.

Table 3. Results of the Thrombin Generation Test.
Material Lag time (s) [Thrombin]™, (nM)

PE
PVC
Polyurethane
Modified polyurethane

395
859
569

1267; 1282

169
79
85

68; 75

o/ A/ooüjp/ci/e/e/.v.- The unmodified and modified surfaces were

further studied with SEM to look at the adherence and activation of platelets on

the surfaces. The unmodified surface was covered to a large extent by spreaded

platelets, as is shown in Figure 7. From the scanning electron micrographs, a

surface density of appr. 7 x 10' platelets per mm* could be estimated. The

73



modified surface showed far less adhered platelets (Figure 8); the scanning

electron micrograph indicated a surface density of appr. 6 x 10̂  platelets per

mm\ This implies that the surface modification results in a decrease of platelet

adhesion by, roughly, one order of magnitude. This finding is in good

agreement with our previous work/ ' It should be noted, however, that spreaded

platelets could also be found on the modified surface.

Figure 7. Overview scanning electron micrograph of the unmodified
surface after incubation with platelet rich plasma. Length of bar = 10 urn.

Figure 8. Overview scanning electron micrograph of the modified surface
after incubation with platelet rich plasma. Length of bar = 10 urn.
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4.5. Concluding Remarks

The present results clearly demonstrate that dipyridamole can be

immobilised onto polyurethane surfaces through use of conjugate 4. A

combination of different physical analytical techniques reveals the presence of

fully deprotected dipyridamole in the outermost layer of the modified surface.

Furthermore, the modified surface features a markedly increased hydrophilicity,

as compared to the control (i.e. unmodified polyurcthane). This can be

attributed to the short polyethylene glycol spacer chain, which bridges

dipyridamole to the polymer surface.

To the best of our know ledge, the present results show for the first time that

it is possible to couple a pharmacologically active drug to a polymer surface U<J

a chain of covalent bonds, and to simultaneously achieve a substantial increase

of the surface hydrophilicity. This combination of effects holds promise with

respect to passivation of artificial surfaces. From the classic work of Vroman

and others (v/Je" sj/pra), it is known that contact between blood and an artificial

surface first leads to adsorption of plasma proteins, and then to activation of

platelets or leukocytes, which recognize one or more specific structural patterns

of the proteinaceous adsorbates. A modified surface as studied in our present

work interferes with this mechanism at two different stages: (/), the hydrophilic

nature of the surface leads to substantial hydration and hence to a diminished

affinity for proteins; (//), the exposure of a platelet inhibitory agent

(dipyridamole in our case) suppresses activation of contacting blood platelets.

A quantitative comparison of the modified surfaces based on 4, and those to

which dipyridamole was coupled either directly or via a short hydrophobic

spacer chain was not performed. Nevertheless, the thrombin generation assay

suggests that photo-immobilisation of 4 leads to the best results.'^ This idea is

reinforced by a comparison of the scanning electron micrographs. Figure X (this

work) shows that the modified polyurcthane surface, prepared with conjugate 4,

adsorbs far less platelets after exposure to human platelet rich plasma (appr. 6 x

10' per mm") as compared to the control (appr. 7 x 10' per mm"). Upon use of a

short hydrophobic spacer chain (-CfOJ-CHj-CF^-CHi-O-), we previously found

that platelet adhesion was also markedly suppressed (in comparison with the

control)/ However, the platelets present on the latter surface showed

substantial spreading and formation of pseudopodia.
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5.1. Abstract

Surface modification of polyurethanes (PUs) by covalent attachment of

dipyridamole (Persantin*) is known to reduce adherence of blood platelets upon

exposure to human platelet rich plasma (PRP). This effect was investigated in

further detail. First platelet adhesion under static conditions was studied with

four different biomaterial surfaces: untreated PU, PU immobilised with

conjugate molecule 2, PU immobilised with conjugate molecule 4, and PU

immobilised with conjugate molecule 26. In PU immobilised with 2

dipyridamole is directly linked to the surface, in PU immobilised with 4 there is

a short hydrophilic spacer chain in between the surface and the dipyridamole,

while conjugate molecule 26 is merely the spacer chain. Scanning electron

microscopy (SEM) was used to characterise platelet adhesion from human PRP

under static conditions, and fluorescence imaging microscopy was used to study

platelet adhesion from whole blood under flow. SEM experiments encompassed

both density measurements and analysis of the morphology of adherent

platelets. In the static experiments the surface immobilised with 4 showed the

lowest platelet adherence. No difference between the three modified surfaces

emerged from the flow experiments. The surfaces were also incubated with

washed blood platelets and labeled with Oregon-Green Annexin V. No capture

of Oregon-Green Annexin V was seen, implying that the adhered platelets did

not expose any phosphatidyl serine at their exteriour surface.

5.2. Introduction

Polyurethanes find widespread use as construction biomaterials for catheters,

blood pumps,' and other medical devices, which are temporarily in contact with

the circulation. The physical/mechanical properties of polyurethanes, including

their high flexural strength and excellent resistance to flex fatigue, are

particularly suitable for these applications.'' Polyurethanes have, however, one

major drawback: they have only moderate bloodcompatibility. Surface-induced

thrombus formation poses a significant problem in the development of

improved cardiovascular devices, which are based on polyurethanes.
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Previously, it was shown that the drug dipyridamole can be immobilised

onto polyurethane surfaces, via a photochemical procedure.*"* Dipyridamole is a

well-known non-toxic vasodilator and a powerful inhibitor of platelet

activation/ aggregation: its generic name is PersantinV" Two conclusions

emerged from the previous work: (/). surface-bound dipyridamole renders the

surface significantly less thrombogenic. and (//'). adherence of bloodplatelets is

markedly reduced through this surface modification.

This chapter describes the results of an extended study on dipyridamole-

modified polyurethane medical grade foils. Three sets of these foils were treated

with either. 2. 4,or 26; a fourth set was used as untreated controls. Note that

compounds 2. 4. and 26 are conjugate molecules. Molecules 2 and 4 consist of a

protected dipyridamole unit, which is linked to a photorcactivc /;-azidobenzoyl

ester"", either directly. 2. or via a short hydrophilic spacer chain. 4.

Compound 26 served to study the effect of the hydrophilic spacer chain /nv .sv.

tBDMS-O

tBDMS-O

O-tBDMS

tBDMS-O

tBDMS-O

O-tBDMS

tBDMS-O

26
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Preparation and physical properties of 2 and 4 were described previously.

The preparation of compound 26, and the immobilisation of the conjugate

molecules onto the polyurethane surfaces are described in this chapter. Each of

the four surfaces was incubated with platelet-rich human blood plasma (PRP),

for 15, 30 or 60 minutes. The density of the adhered bloodplatelets was studied

as a function of time. The morphological changes of the adhered bloodplatelets

were studied in the static model using PRP. Using whole blood, platelet

adhesion was also studied with fluorescent microscopic techniques.''"'' In

addition, the surfaces were incubated with washed platelets, labeled with

Oregon-Green Annexin V, in an attempt to answer the question whether or not

the adhered platelets expose phosphatidyl serine at the exteriour plasma

membrane.'*''*

5.3. Materials and Methods

5..?./.
All solvents and starting materials were of the highest available purity or

were purified as specified. MN-dimethylformamide, pyridine and

tetrahydrofuran were distilled from calcium hydride and stored over Linde 3Ä

molecular sieves. Triethylamine was distilled from calcium hydride and stored

over potassium hydroxide pellets. Thin layer chromatography was performed on

glass plates (3x10 cm) with a fluorescent indicator. Silica gel 60 (particle size

0.063-0.200 mm) was used for column chromatography. 'H NMR and "C NMR

were recorded at 399.9 and 100.6 MHz, respectively, on a Varian Unity-Plus

spectrometer, using deuterated chloroform or deuterated methyl sulfoxide as the

solvent. Tetramethylsilane was used at the internal reference (5 = 0.00 ppm).

Conjugates 2 and 4 were prepared as described previously.*^

V cA/orü/e: A solution of p-azidobenzoic acid (7.50 g, 45.98

mmol)'" and thionyl chloride (16.29 g, 138.04 mmol) in 250 mL of anhydrous

tetrahydrofuran was refluxed for 30 min. All volatiles were removed under

reduced pressure (in the hood, stench). The solid residue was recrystallized

from hexane to give pure /»-azidobenzoyl chloride as a yellowish solid. Yield:

6.67 g (81%). 'H NMR (CDC1,), 8: 8.05 (2H, d, aromatic H), 7.05 (2H, d,
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aromatic H); " C NMR (DMSO-cU 6: 166.39, 143.87, 131.15, 127.20, 119.34,

119.05.
Com/TOMnJ25: To a magnetically stirred solution of triethylene glycol (33.08

g, 220.28 mmol) and dimethylamino pyridine (0.17 g, 1.38 mmol) in 100 mL of

anhydrous pyridine was added />-azidobenzoyl chloride in 10 portions during a

time period of 3 hours. The solution was stirred overnight under exclusion of

moisture. Then, all volatiles were removed under reduced pressure (last traces

of pyridine were coevaporated with toluene). The residue was taken up in

dichloromethane and washed with saturated aqueous sodium bicarbonate (three

times) and water (three times). The organic layer was dried on magnesium

sulfate, filtered, and concentrated to dryness under reduced pressure. The crude
product was purified by column chromatography eluting with ethyl acetate to

give compound 25 as a viscous oil. Yield: 4.22 g (52%); R, (ethyl acetate): 0.34;

'H NMR (CDCI,). 8: 8.05 (2H, d. aromatic H). 7.05 (2H, d. aromatic II), 4.42

(2H, t, CH2-CKCO)). 3.79 (2H, t, CH:-CH;-O(CO)), 3.64 (611. m. C'llj-O). 3.56

(2H, t, CH2-O), 2.78 (1H, t, OH); "C NMR (CDCI,), 8; 165.21, 144.32, 131.01,

126.05, 118.31, 72.06, 70.17, 69.85, 68.69, 63.53, 61.20.

Co/npo«/u/ 26. To a solution of compound 25 (3.74 g, 12.67 mmol) in 75

mL anhydrous dimethyl formamide was added dimethylamino pyridine (3.09 g,

25.33 mmol), anhydrous triethyl amine (2.56 g, 25.33 mmol) and tert-

butyldimethylsilyl chloride (3.82 g, 25.33 mmol). The reaction mixture was

magnetically stirred for 1 hour under exclusion of moisture. Then, brine was

added and the mixture was extracted with diethyl ether (three times). The

diethyl ether layer was washed with saturated aqueous ammonium chloride

(three times). The organic layer was dried on magnesium sulfate, filtered and

concentrated to dryness under reduced pressure. The crude product was purified

by column chromatography eluting with ethyl acetate to give 26 as a viscous oil.

Yield: 5.12 g (99%); Rf (ethyl acetate): 0.69; 'H NMR (CDCI,), 8: 7.98 (211, d,

aromatic H), 6.98 (2H, d, aromatic H), 4.40 (2H, t, CHj-CKCO)), 3.77 (211, t,

CH:-CH2-O(CO)), 3.69 (2H, t, CH.-OtBDMS), 3.62 (4M, m, CHj-O), 3.49 (2H,

t, CH2-O), 0.84 (9H, d, /-Bu-Si), 0.00 (6H, d, Me-Si); "C NMR (CDClj),

8: 165.41, 144.52, 131.29, 126.43, 118.53, 72.49, 70.54, 70.50, 68.97, 63.99,

62.51,25.69,25.48,-3.76,-5.50.
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Throughout the experiments a medical grade polyurethane foil (Pellethane

D-55) was used. The foil is transparent and has a smooth surface, the thickness

of the foils is 0.4 mm. Pieces of 5 x 5 cm were used. Stock solutions of the

conjugate molecules were prepared in isopropanol (concentration 1 mM). The

solution was sprayed (a compressed-air sprayer was used) onto the polyurethane

foils 20 times. After each spray the surfaces were dried with a hot-air föhn (to

evaporate the isopropanol). Then, the surfaces were irradiated for 15 min, at a

distance of 30 cm, with a medium metal halide lamp (Philips HPA 1000 high-

power UV lamp), emitting radiation mainly between 300 and 400 nm (radiation

output measured at 1.00 m distance in uW/cnr: UV-A: 1000; UV-B: 320; UV-

C: 50)." After irradiation the foils were thoroughly washed with isopropanol (3

x 15 min, ultrasonic) to remove all the unrcacted compounds, and immersed

into a solution of tetrabutylammonium fluoride (8.0 g) in nitromethane (400

mL) to remove the /trZ-butyldimethylsilyl protecting groups. The surfaces were

then washed extensively with isopropanol (2 x 30 min) and water (2 x 30 min),

dried, and stored in dry form before use.

5. J.4.

/IJ/U'.V/OAI «/7>/<wc//;/c//i7c7.v //; </ .vfr/f/r moc/t7; Fresh blood was taken from a

healthy donor who has not been taken aspirin or any other anticoagulant one

week prior to blood donation. The whole blood was anticoagulated with citrate

(0.13 mM) prior to the experiments. The blood was centrifuged at 250 g for 15

min at room temperature, and the PRP was decanted. The surfaces were

incubated with 0.5 mL PRP at 37 °C for 15, 30 and 60 minutes. Then, the PRP

was removed and the surfaces were washed with PBS-buffer (three times) to

remove the non-adhered blood platelets. The adhered blood platelets were fixed

with glutaraldehyde. The surfaces were dehydrated with ethanol series, dried on

air. and sputter-coated with gold. The surfaces were subjected to scanning

electron microscopy (SEM) to study the morphology of the adhered platelets.

/V«/t7i7 aw/I/: For each surface, five rectangular spots were chosen

randomly; the dimensions of the spots were 116 x 91 urn. Adhered platelets

were counted, and the average densities of the adhered platelets per square mm

were calculated from these data.
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#*/a/r/r/ m/Arv/on S/IM/W* 0/1 </fptri</a<H<>/r roa/f</ /w/vM/rfAimr .(

wiwpAo/ogy: The adhered platelets on each of the rectangular spots,

described above, were examined and classified according to the scheme of Ko

etal.»

<u/Aes/on W/H/CT-_/7OMV Fresh blood from a healthy donor was used,

the blood was heparinized (5U/mL). calcein (2.5 uM) was added during 45 min.

at 37 °C. The surfaces were immersed in HFPFS buffer for 30 min. The (whole)

blood was run over the surfaces at a shear rate of 100 Is (flowrate 200 ul min)

for 10 min. The expenment was followed by a video system and at several time

intervals video-images were stored.

/V*i/?/e/ ac/iYa/zon: A suspension of washed platelets was prepared as

described previously. " The four different surfaces were incubated with a

suspension of 5 x10^ platelets/mL. Oregon-Green Annexin V was used to detect

possible exposure of phosphatidyl serine on the outer surface of activated

platelets, according to Briede et al."

F/iwre.vcrrt«' /mqgr/ig A/i'crayc«/w Svw/tw: A parallel-plate chamber as

described by Sakariasscn ct al was used as the pcrfusion chamber throughout

these experiments."' Positive phase-contrast transmission images were obtained

with an inverted microscope using a 100 X quart/ oil-immersion objective

containing a phase plate. The phase-contrast transmission images were recorded

with an infrared camera. For fluorescence imaging, light from a xenon lamp

passed a computer controlled excitation and neutral density wheel, and reached

the objective of the inverted microscope through an UV-transparent liquid light

guide and a dichroic long-pass filter. The emission light passed a computer-

controlled emission wheel, and finally reached a low-light level intensified,

charge-coupled device camera working at standard video rate. The fluorescence

images were digitized and averaged; background images were substracted and

stored.
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5.4. Results and Discussion

5.4./. Pf£/>tfra/#0fl o/co/f/uga/? /wo/tfcw/e 26
The chemical synthesis of conjugate molecule 26 proceeded smoothly. The

synthesis route is outlined in scheme 1. First /?-azidobenzoic acid was converted

O 23

Scheme I. Preparation of compound 26.

in />-azidobenzoyl chloride with thionyl chloride. Then, triethylene glycol was

reacted with /;-azidobenzoyl chloride in pyridine. Pure compound 25 was

obtained after routine column chromatography on silica gel. In the last step 25

was reacted with tBDMS-Cl. The target compound 26 was obtained in pure

Ibrm after column chromatography. The identity and purity of this compound, a

colorless viscous oil, was established by 'H NMR and '*C NMR.

The photo-immobilisation of all three of the conjugate molecules was

succesfull. For the surfaces immobilised with 2 and 4, the surface density was

measured using UV-cxtinction, as described previously.*^ Surface densities of

approximately 20 nmol/cm" were found for both surfaces. For the surface

immobilised with 26, it was found that the water contact angle decreased as a

result of the surface modification. This implies that the surface immobilisation

also proceeded with conjugate molecule 26.

5.</..
Table 1 compiles the average densities of adhered platelets as a function of

time. Figure 1 shows a graphical representation of these data. Figure 2 shows

typical scanning electron micrographs of the four different surfaces at 30

minutes incubation. For the polyurethane and the surface immobilised with 2 it

is clear that the longer the incubation time the more platelets adhere. For

conjugate molecule 4 and 26, however, the density of adhered platelets seems to

decrease after an incubation time of 30 min. The amount of adhered blood
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C/rapfer 5

platelets after 15 minutes increase in the following order: conjugate 4 <

conjugate 2 < unmodified PU < conjugate 26. After 30 minutes the amount of

adhered blood platelets increases as follows: conjugate 4 < conjugate 2 <

conjugate 26 < unmodified PU, and after 60 minutes: conjugate 4 < conjugate

26 < conjugate 2 < unmodified PU. These data reveal that unmodified PU

attracts most platelets. The surface immobilised with 4 shows lowest platelet

adhesion, which is in agreement with previous data/ Moreover it is seen that

the platelet density for PU modified with 4 does not increase with time.

D

Figure 2. Typical scanning electron micrographs of A: unmodified PU: B: PU
modified with 2; C: PU modified with 4; D: PU modified with 26, after an
incubation time of 30 minutes. Length of bar = 10 urn.
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The studies on platelet adhesion from heparinized full blood, under flow,

revealed essentially the same trends. Because the platelets are labelled with the

fluorescence dye calcein fluoresceine adherence of platelets onto the

biomaterial leads to immobilised flourescent acitvity. It is possible to monitor

the fluorescent area in the field of view as a function of time. After 10 minutes,

the fluorescent area on the untreated PU was 35 ± 10%. Figure 3 shows the

fluorescence image of the unmodified PU. For the three other surfaces, hardly

any platelet adhesion was found after 10 minutes. This means that all the three

surfaces modifications performed equally well in this test. Overall, the data

from the fluorescence experiments under flow, are in line with the results from

the SEM experiments.

Figure 3. Fluorescence images after a flow time of 10 minutes of" unmodified PU.

The SEM micrographs could also be used to study the morphology of the

adhered platelets, and also the changes in morphology as a function of

incubation time. In order to characterise the morphology of the adhered

platelets, we used the same classification in platelet shape as described by Ko

et. al.*" Five stages of shape changes were distinguished: (I) round or discoid

(R), no pseudopodia present, (2) dendritic (D), early pseudopodial, no flattening

(3) spread dendritic (SD), one or more pseudopodia flattenend, no hyaloplasm

between pseudopodia; (4) spread (S), late pseudopodial, hyaloplasm spreading;

and (5) fully spread (FS), hyaloplasm fully spread, no distinct pseudopodia. The
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Figure 4. Distribution of the different stadia of the adhered bloodplatelets at an
incubation time of A: 15 minutes; B: 30 minutes; C: 60 minutes. Platelet shapes:
R = round; D = dendritic; SD = spread dendritic; S = spread; FS = fully spread.

results of this analysis are compiled in Table I and represented graphically in

Figures 4A-C. The data show that platelets in the "round" state are most

abundant after 15 minutes incubation: their relative contribution decreases

gradually with time. Furthermore, it appears that the surfaces that expose

dipyridamole at their surface have relatively high numbers of spread and fully

spread platelets, already after 15 minutes incubation (65% for immobilized 2.
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and 40% for immobilised 4). The latter conclusion made us wonder what was

actually happening: (/) do the platelets spread because they are activated by the

dipyridamole surface, or (/'/) do the platelets spread because of a favourable

interaction with the surface? In an attempt to discriminate between these two

alternatives, a suspension of washed human platelets was mixed with Oregon-

Green Annexin V. This mixture was used in a FIMS experiment as described

above, using the surfaces that were treated with conjugate molecules 2 or 4.

Annexin V is known to form a complex with phosphatidyl serine, which is

exposed on the exteriour plasma membrane of activated platelets. So if the

adhered platelets retain the Oregon-Green Annexin V, this implies that the
platelets expose phosphatidylserine. After 10 minutes, hardly any Oregon Green

label could be detected on both surfaces, which implies that the adherent

platelets do not expose phosphatidylserine."'•"

S.S Concluding Remarks

The static model, using human PRP, clearly showed that I'D immobilised

with conjugate molecule 4 (dipyridamole immobilised via a short hydrophilic

spacer chain) was optimal with respect to suppression of platelet adhesion at all

three data points. Platelet adhesion increased with time for PU and PL) modified

with 2 while this was not seen for PU modified with 4 and PU modified with

26. The flow experiments, using heparinized full blood, revealed essentially the

same trend. After 10 minutes, the fluorescent area on the untreated PU was 35 ±

10%, while there was hardly any fluorescence seen on the three modified

surfaces meaning all three surfaces performed equally well in this test.

The morphological changes of the adhered bloodplatelets (using the static

model, human PRP) showed no clear trends. Surprisingly, the PU modified with

2 and 4 showed a high numbers of spread and fully spread platelets. This

observation leaded to an additional experiment where the surfaces were

incubated with a suspension of human washed platelets mixed with Oregon-

Green Annexin V. Annexin V is known to form a complex with phosphatidyl

serine, which will be exposed at the exteriour plasma membrane of an activated

blood platelet. After 10 minutes incubation hardly any Oregon Green label

could be detected on the dipyridamole coated surfaces, implying that the
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adhered platelets do not expose phosphatidyl serine. We assume, therefore, that

the adherent platelets are «or activated. We envisage two possible explanations

for this phenomenon: (/) either the immobilised dipyridamole molecules are

recognized by anchoring molecules on the platelet's surface, (//) or the

immobilised dipyridamole molecules change the physical surface properties of

the surface (e.g., wettability, zeta potential, etc.) in such a way that the surface

readily accomodates platelets without activating them.
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6.1. Abstract

A porous polyurethane vascular prosthesis with an internal diameter of 5 mm

was studied. The graft carries a coating of immobilised dipyridamole

(Persantin*) on the surface of its lumen. Dipyridamole is a potent non-toxic

inhibitor of platelet activation/ aggregation, and also a strong inhibitor of

vascular smooth muscle cell proliferation. The polyurethane material is also

known as Chronoflex*, and already finds use as a vascular access graft. The

coated vascular graft was studied in v/7ro (hemocompatibility, interaction with

blood platelets and cultured endothelial cells), as well as in two established ;'w

v;vo models. In the first i« v/Vo study, coated grafts were implanted in goats, as

a bypass of the carotid artery (four animals, eight grafts, length of the graft is

approximately 12 cm). Four uncoated grafts were used as controls in otherwise

identical experiments. In the second //? v/vo experiment, eight sheep were used.

Kach animal received one coated and one uncoated prosthesis as an

interposition graft in the carotid artery (length of the graft is 4 cm). The I/I v/7ro

experiments revealed that the dipyridamole coating has three beneficial effects:

(/) reduced thrombogenicity, (//) reduced adherence of blood platelets, and (///)

accommodation of a confluent monolayer of endothelial cells. The goat

experiments showed patency of the coated grafts in three out of the eight cases.

The sheep experiments were not useful for the evaluation of the dipyridamole

coating, since deterioration of the polyurethane material was observed. The /«

vm> results indicate that the dipyridamole coating may positively influence the

patency rate, probably because the coating promotes the growth of an

ciuiothclial cell lining. The sheep data show, however, that the limited stability

of the Chronoflex* material precludes its issue for the construction of

permanent small-bore vascular grafts.

6.2. Introduction

Clinical application of synthetic small-bore arterial prostheses (internal

diameter (i.d.) <• 6 mm) continues to meet with substantial difficulties.' The

primary failure modes are thrombus formation in the short term, and intimal

hypcrplasia (particularly at the anastomoses) in the longer term. Synthetic

vascular prostheses are used primarily to substitute rather large peripheral blood
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vessels. In more critical situations, such as in aortocoronary bypass surgery,

autologous grafts (particularly the internal mammary artery and the snphenous

vein) are clearly superior to their synthetic counterparts.

We are, however, faced with a growing number of patients who lack

satisfactory autologous conduit, because of prior removal, disease, or

inadequate size. It is for this reason that the search for a truly functional small-

bore vascular prosthesis is an active area of research and development. This has

led to several interesting approaches: (/), seeding of the lumen of an clastic and

compliant polymeric tube with autologous endothelial cells''; (//), application

of a haemocompatible coating on the lumen, e.g. through immobilisation of

heparin^; (///) coating of the lumen with a biocompatiblc and biodegradable

substance, such as collagen, albumin.'' or poly(ethylcncglycol) poly(lactic acid)

block copolymer (PELA). * Such a coating provides a haemocompatible

surface directly after the implantation. Ideally, the coating degrades gradually,

to be replaced with a lining of endothelial cells; (iv), utilization of novel tissue

engineering techniques, in which cells arc inoculated onto synthetic

biodegradable polymers and cultured m viVro for a period of time." The cells

excrete extracellular matrix proteins which form a three-dimensional structure.

The polymer then acts as a scaffold.

Clinically, expanded poly(tetrafluoro ethylene) (ePTFE) is still the most

common construction material for small-bore vascular grafts. The material is

stable, non-adherent, and chemically inert. For instance, the well-known

Permaflow* vascular graft, manufactured by Possis (Minneapolis, MN, USA) is

made out of ePTFE.'" Perhaps the most important disadvantage of ePTFE is it

chemical inertness, which makes surface modification (aiming at improving the

biocompatibility) very difficult. It is for this reason that we decided to test a

polyurethane vascular graft, which was constructed from the "biodurable"

poly(carbonate) polyurethane Chronoflex*. The Chronoflex* vascular graft is

an elastic, microporous tube with self-healing properties." Its intended use is

for vascular access, for peripheral vascular bypass, and potentially also for

aortocoronary bypass surgery.

It has been shown previously, that the drug dipyridamole can be coupled

covalently to Pellethane D-55 polyurethane surfaces. The surface modification

was found to lead to lower thrombogenicity and less adherence of blood

platelets, /« v/7ro.'*'''* Here, similar results for the immobilisation of

dipyridamole to Chronoflex* are described; the surface treatment on the
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lumenal side of the 5-mm internal diameter vascular graft was successful. The

dipyridamole treated graft, as well as the untreated controls were tested in vivo,

using two different experimental animal models: (i) in goats (six animals):

grafts were implanted (8 coated and 4 uncoated controls) via two end-to-side

anastomoses in the arteria carotis (left and right), length of grafts 12 cm; (ii) in

sheep (8 animals): grafts were implanted (8 coated and 8 uncoated controls) as

interposition grafts in the arteria carotis (left and right), length of grafts 4 cm.

The goat study was based on previous studies from Maastricht University, in

which the carotid artery bypass was used for the study of vascular grafts.'^ The

sheep study was performed in analogy with previous work from the University

of New South Wales, Sydney.'

Investigating the general utility of the dipyridamole coating procedure was

the goal; for this reason two different animal models and two different

anastomosis techniques were included in this study.

6.3. Materials and Methods

6.J./. //MwitfAi/i.va/iVm « / t/ipiT'V/amo/? <wi/o fA? /«mtv» »//A? CArono/Jex*
va.ww/ar /»mv/Aevf ,v

This study was conducted with 12 cm long sections of the Chronoflex*

vascular prosthesis (i.d. 5.0 mm, wall thickness 1.0 mm). First, each prosthesis

was inverted (turned inside-out). Then, a 1 mM solution of conjugate molecule

4'"* in pure isopropanol was sprayed uniformly on the surface. Evaporation of

the solvent was accelerated by the use of a hot-air föhn. The prosthesis was then

dried in vacuum, and subjected to irradiation (30 min, at a distance of 15 cm)

with ultraviolet light (Philips MPA 1000 high-power UV lamp). The resulting

photochemical reaction leads to covalent coupling of the dipyridamole

molecules to the polyurethane surface."" The prosthesis was treated with

hydrogen chloride (1% solution in ethanol-%, 24 h), and washed consecutively

with isopropanol and water, followed by re-inversion, repeated washing with

isopropanol and water, and drying i/i VYJCMO. Subsequently, each prosthesis was

packaged, sterilized by ethylene oxide gas, and allowed to degas for at least 7

days prior to use. The presence of dipyridamole on the lumenal surface was

obvious from the intense green/blue fluorescence at the prosthesis surface.

Dissolution of a I-cm long piece of the prosthesis in N.N-dimethylformamide,
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and subsequent determination of the UV extinction of the resulting solution (at

408 nm),revealed that the density of immobilised dipyridamole was

approximately 20 nmol/cm*. Scanning Hlectron Microscopy (SliM)

demonstrated that the surface modification procedure did not affect the

morphology (porosity) of the lumen.

6.i.2. /« vfrr» /«ft
.4<//II'.V/V»J <>/ />/rww//>/«/t7f f.v: The adhesion of human blood platelets to the

lumen of the vascular prostheses was investigated, using SI!M. Prior to the SliM

measurements, the surfaces were incubated with human PRP for 30 min at 37

°C, washed, treated with glutaraldehyde (fixation), dehydrated in ethanol series,

air-dried, and sputter coated with gold.

7y»ro/wA/rt gewmtf/o/? experi/new/.v: The grafts were subjected to the /« v/7w

surface-thrombogenicity assay as developed by Hemker et al" and Lindhout et

al.'" The assay produces a thrombin generation curve for each surface tested.

Each thrombin generation curve yields two parameters, which are related to the

thrombogenicity of the material. The test was run with both human and goat

platelet rich plasma (PRP). This assay is essentially based on the chromogenic

substrate H-D-Phenylalanyl-L-pipecolyl-L-arginine-p-nitroanilidc dihydro

chloride (S-2238, Chromogenix, Sweden), which is cleaved, exclusively by

thrombin, in the constituent tripeptide, and p-nitroanilide, which can be

monitored spectrophotometrically.''' For human blood plasma, the rate of

formation of p-nitroanilide can be correlated with the concentration of free

thrombin.
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Ce// Seedmg: Ovine endothelial cells (ECs) were harvested and

identified according to the procedure described by Poole-Warren et al.^ The

grafts were cut in such a way that they fitted in a 96 well tissue culture plate.

The media used throughout the experiment was McCoy's 5A (M5A; 20% Fetal

Bovine Serum). The samples were incubated with 100 mL ovine fibronectin (40

mg/mL) at 37 °C for I hour. Following removal of the fibronectin the samples

were washed with Dulbecco's phosphate-buffered saline (DPBS). A cell

inoculum of 3.3 x 10* cells/mL was applied and the microplates were incubated

for 1, 3, and 6 days at 37 °C. After the incubation time the medium was

discarded and 100 mL of a XTT labeling (tetrazolium salt (sodium3'-[-l-

(phcnyl-amino-carbonyl)-3,4-tetrazolium]-bis (4-methoxy-6-nitro) benzene

sulfonic acid hydrate)) mixture was added to the samples. The microplates were

incubated for 2 hours. UV absorbance was measured using a microtiter plate

reader (ELISA; absorbance wavelength is 490 nm, reference wavelength is 690

nm).

Furthermore, approximately 4 cm lengths of the modified and untreated

grafts were seeded with ovine ECs. The grafts were coated with 30-40 mg/mL

ovine fibronectin in DPBS for 1 hour at 37 °C. Following removal of the

fibronectin solution, grafts were prepared for seeding by insertion of modified

injection ports at each end. A cell inoculum of approximately 1.8 x 10* cells/mL

was applied to the lumen of prepared grafts. Following inoculation tubes were

rotated for 1 hour at 15 rph at 37 °C. Non-adherent cells were removed by

aspirating the medium and the seeded prostheses transferred to complete M5A

media in a sterile 10 mL polypropylene tube. The grafts were incubated for 5 to

6 days and afterwards prepared for SEM experiments.

6..?..?. In vivo

Go«/ .v/Mc/ies: Six female goats (mean weight 72 kg) were used exclusively

for these experiments, according to the protocols approved by the

"Experimental Animal Committee of the University of Maastricht". The animals

were cared for according to the "Guide for the Care and Use of Laboratory

Animals", as published by the National Institutes of Health (N1H publication

no. 85-23, revised 1985). The six animals were divided in two groups. Four

animals ( # 1 - 4 ) each received 2 coated prostheses. Sacrifice and harvesting of

the vascular grafts was performed after 10 weeks. Two other goats (# 5 and 6)

each received 2 untreated prostheses; these animals were sacrificed after 5
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weeks. All the prostheses used in these experiment had a length of

approximately 12 cm, and an internal diameter of 5 mm. The goats were

premedicated with atropine (0.05 mg/kg body weight), anaesthetized with

thiopental sodium (15 mg/kg body weight), intubatcd and mechanically

ventilated (O; : N;O = 1 : 2 and halothane 1%). Anipicillinc was given just

before surgery (1 gram i.V.). A median ventral incision of the neck was made,

and both carotids were prepared. After systemic heparinization (50 III kg body

weight) a proximal end-to-side, prosthesis-to-carotid, anastomosis was

performed, using 6-0 prolene. Flow through the carotid artery was blocked

between the two anastomoses. The procedure was repeated on the other side.

Radiopaque markers were left behind at the anastomoses, for identification of

the prostheses during catheterization later on. In each case, the flowing blood

pulses through the vascular graft could easily be detected, both visually and by

palpation. Another bolus of heparin (50 IE/kg body weight), finadync (I ing/kg

body weight, im) and ampicilline (1 gram i.v.) were given at the time of wound

closure. Buprenorfine (0.3 mg i.m.) was given postoperatively, to case the pain.

If necessary, this was repeated next day. Once every week, finadyne (1 mg/kg

body weight, i.m.) was given.

Ten weeks after implantation of the coated vascular prostheses in goats # 1 -

4, angiography under total anesthesia was performed. This allowed us to judge

the patency of the prostheses. Subsequently, the animals were sacrificed after an

euthesate 20 mg iv. bolus injection. The prostheses and the adjacent parts of the

carotid arteries were harvested, and fixed in 4% neutral buffered formalin,

followed by dehydration and paraffin embedding. Six-micron thick sections

were cut and stained with hematoxylin-eosin (HE) for light microscopic

analysis of tissue response, and fluorescent microscopy for examination of the

presence of dipyridamole. Material was obtained from the proximal and distal

anastomotic ends, and also from the midsection of the explantcd vascular

prostheses. Essentially the same procedure was followed for the goats #5 and

#6, which had the untreated (control) vascular prostheses implanted. The only

difference with the procedure as described above is, that sacrifice and cxplant

harvesting was performed 5 weeks post implantation (vide supra).
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s/wc/Zes; This study comprised eight mature crossbred sheep of mean

weight 60 kg (animals # 7 - 14). Sheep were cared for according to the National

Health and Medical Research Council "Code of Practice for the Care and Use of

Animals for Experimental Purposes" (Australian Government Publication

Service, 1990). This animal experimentation was approved by the University of

New South Wales, Animal Care and Ethics Committee. The animals were

acclimatized, operated and treated as described previously.' Each of the eight

sheep received one treated and one untreated prostheses, which were implanted

as interposition grafts (one in the left and on in the right carotid artery). The

prostheses used in these experiments had a length of approximately 4 cm and an

internal diameter of 5 mm. All animals were sacrificed 10 weeks post

implantation.

6.4. Results and Discussion

6.4./. In vitro fc.v/.v

,4<//jt'.s7o« r>/ MW/j/a/i'/ef.sv Adhesion of human platelets to both the

untreated and the modified prosthesis surface was studied with SEM, as was

described previously.'"* Many platelets adhere to the untreated surface (appr.

4500 per mm'), and the adhered platelets show spreading and formation of

pseudopodia. The dipyridamole-coated prosthesis surface appears to attract

significantly less platelets (appr. 1000 per mm"), which, in addition, appear to

retain their discoid shape. These SF.M observations are in line with our previous

work on dipyridamole-coated polyurethane (Pellethane D-55) sheets.'""'*

77»WM/>//? £«wmi/i7jrt expe/7/wtTi/.s: Figure 1 shows two representative

thrombin generation curves, both for the untreated and dipyridamole-

immobiliscd graft materials, exposed to human PRP. Note that multiple

analyses for thrombin were performed on aliquots of the PRP, at regular time

intervals. The two essential parameters which can be abstracted from a thrombin

generation curve are: (/) the time elapsing between the start of the experiment

(which is the addition of Ca*' to the citrated PRP at t=0) and the moment at

which [thrombin] starts to increase. (/;) the maximum concentration of free

thrombin. reached during the experiment.'""* Note that free thrombin is first

produced via triggering of the coagulation cascade by the foreign surface.

Afterwards thrombin is consumed via two different pathways: it complexes with
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a:m-macroglobulin, and it is neutralized by antithrombin-Ill. The experimental

data are compiled in Table I. These data show that coagulation of human PRP

is somewhat slower than coagulation of goat PRP. Most probably, the goat

carotis therefore provides a sensitive model with respect to testing of vascular

grafts. It was not possible to assess [thrombin],«,, for the tests with goat PRP, as

the kinetic activity of goat thrombin on the cleavage reaction of the

chromogenic substrate S2238 is unknown.

10 20

Time (min)

30

Figure 1. Thrombin generation curves measured for the untreated surface,
squares, and the dipyridamole coated surface, triangles.

The data in Table 1 show that the dipyridamole surface modification also

leads to decreased thrombogenicity of the prosthesis lumenal surface. These

results are in line with our previous work.'^'* The average lag times increase

from 497± 13 s to 718 ± 23 s (human PRP), or from 290 i 18 s to 418 ± 23 s

(goat PRP). For human PRP in contact with both surfaces, it is found that

[thrombinjmax drops from approximately 120 ± 4 nM to approximately 50 ± 2

nM due to the surface modification.

103



CAqpter 6

CW/ SeeJ/'/jg: Figure 2 shows the proliferation curves measured

after seeding of ECs on the non-coated and dipyridamole coated Chronoflex®

material. The ECs proliferated well on the dipyridamole-coated material; after 6

Table 1. Results of/n w'/ro thrombogenicity tests on the untreated and modified
vascular prosthesis.

Prosthesis

Untreated

Modified

PRP

Human
Goat

Human
Goat

Lag time (s)

497±13
290±18

718±23
418±23

[Thrombin]ma, (nM)

120±4

51±2

days the cell numbers tripled. Proliferation of the ECs was significantly slower

on the control material.

The experiments of endothelial seeding onto the 4-cm prosthesis show that

the cell coverage of untreated prostheses was poor after 5 days' incubation.

Isolated cells were scattered over the seeded surface (assessed by fluorescent

microscopy and SHM). Endothelial cells on the dipyridamole-modified surfaces

formed monolayers almost completely covering the seeded surface after 5 days.

Davs

Figure 2. Ovine endothelial cell proliferation curve (cell inoculum 3.3 x
cells/mL): triangles: uncoatcd surface, circles: coated surface.
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Figure 3 shows a comparison of representative SEM micrographs of the

dipyridamole-treated and untreated graft surfaces after seeding with ECs. after 5

days incubation.

Figure 3. Dipyridamole coated polyurethane vascular graft seeded with
endothelial cells showing a confluent layer of cells (A). Uncoatcd seeded
polyurethane vascular graft (B). Both images were taken 5 days after
incubation.
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G'oa/ .v/wJ/e.v: Immediately prior to sacrifice, all goats were subjected to

angiography in order to evaluate the patency of the grafts. Table 2 compiles the

results of these measurements. Three out of the eight modified vascular

prostheses were patent, with no observable narrowing of the lumen. Of the

Table 2. Angiographic observations of untreated and modified vascular
prostheses.
Goat#

1
2
3
4
5
6

Prostheses
modified

yes
yes
yes
yes
no
no

Weeks
implanted

10
10
10
10
5
5

Left

occluded
patent
occluded
occluded
half-patent
occluded

Right

patent
patent
occluded
occluded
half-patent
occluded

untreated prostheses, half (2/4) were patent with significant narrowing of the

lumen. It should be noted that all animals behaved perfectly normal during the

entire test period. In those cases where occlusion of the vascular prosthesis had

occurred, angiography clearly showed that newly formed collateral blood

vessels did take care of the blood supply to the brain. This may indicate that the

process of occlusion of the vascular prostheses is rather slow, such that there is

enough time for collateral angiogenesis and adaptation. Microscopic sections

were taken at six sites of the explants, as indicated in Figure 4. The sections at

Figure 4. Schematic picture of the bypass of the arteria carotis in our model,
showing the six sites where microscopic sections were taken.
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sites 2 and 5 were either longitudinal or transversal (i.e. perpendicular or

parallel to the plane of drawing in Figure 4).

a

Figure 5. Longitudinal cross-section of the distal anastomosis of one of the
dipyridamole coated, patent grafts. Pseudo-inlimal structures are practically
absent inside the graft lumen, a: vascular prosthesis; b: neointima; c: lumen
of the graft; d: native artery.

For the eight dipyridamole-coated explants (goats # 1 - 4 , left and right), it

was observed that extensive formation of neointima had occurred at the

anastomotic sites, both at the proximal and distal ends. Relatively thick, well-

organized neointima structures were found at the anastomoses. Our results

reconfirm that neointima formation at the anastomoses is of critical importance:

if this process proceeds too far, such that the flow is imparted to a too large

extent, then occlusion inside the graft is inevitable. An additional problem is

that the flow rate is substantially smaller inside the vascular prosthesis than in

the adjacent artery, as the lumen of the graft is much wider (i.d. 5 mm) than that

of the arteria carotis (local i.d. appr. 3 mm). Figure 5 shows a longitudinal

section of the distal anastomosis of a graft, which showed complete patency

(goat # 2, right). The neointima show a specific architecture of cell and acellular

substances, being hypercellular near the lumen, and more fibrocollageneous

near the graft. Two remarkable observations were made with the dipyridamole-

coated grafts, which were found to be patent,: (/), the thickness of the neointima

decreases, going from the anastomoses onward inside the graft, as is clearly

visible in Figure 5; (//) the lumen was found to be covered by a monolayer
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lining of endothelial-like cells. Most of the endothelial-like cells lied directly on

the graft surface (Figure 6). Note that this finding correlates with the m v;7ro

experimental data (vide supra), which pointed out that sheep endothelial cells

display a tendency to form a monolayer lining on the dipyridamole-coated graft.

•»r
»

* V

' • v . .... .. _

: /• • A

• • v

• ' » .

. )

B

Figure 6. Photomicrograph, taken in the midsection of one of the
dipyridumolc coated, patent grafts. The confluent layer of endothelial-like
cells is detached from the graft surface, due to a cutting artifact in the
preparation of the section (A). Enlargement of the site where detachment of
the cndothehal-likc cell layer has occurred (B).
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Figure 7 shows a microscopic section of the midsection of a dipyridamole-

coated graft, which was found to be occluded (goat #4. right). The material

inside the graft is largely acellular and distinct from the neointima at the

anastomotic sites.

Figure 7. Photomicrograph, taken in the midsection of one of the
dipyridamole coated occluded grafts.

Figure 8. Longitudinal cross-section of the proximal anastomosis of one of
the uncoated, half-patent grafts. Note that the pseudo-intimal layer extends
into the graft.
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This material is organized thrombus, which -presumably- had formed because

the flow through the graft had become very low as a consequence of abundant

formation of neointima at the anastomoses (vide supra).

Figure 9. Cross-section, taken in the middle part of one of the untreated, half-
putent gratis.

* * A

^ V
• \

Figure 10. Detail of figure •). showing the presence of an endothelial-like cell
layer on top of the neointima.
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For the four uncoated explants (goats #5 and 6) different ncointima structures

were found (Table 2). Figure 8 shows a longitudinal section of the proximal

anastomosis of a semi-patent explant (goat #5, left). Now. it is seen that the

neointimal layer extends into the graft, leading to a reduction of its lumen by

appr. 50 %. The entire lumenal surface of the uncoated grafts appeared to be

covered by this neointimal layer, which had a uniform thickness of 800 - HHH)

mm, and which was covered by a confluent layer of endothelial-like cells.

Figure 9 shows a section of the midsection of the half patent explant (goat #5,

right). A detailed micrograph of the neointimal structure, showing that a thin

layer of endothelial-like cells constitutes the blood-contacting interface, is

shown in Figure 10. The neointimal tissue closely resembles that found at the

anastomoses of the dipyridamole-coated grafts (vide supra). Again, it is found

that the structure is cellular near the lumen, and fibrocollageneous near the graft

surface. The pores in the graft material are filled with acellular. collagen-like

material, similar to that observed in dipyridamole-coated grafts.

Figure 11. Cross-section, taken in the middle part of an untreated, occluded
graft. Neointima, as well as relatively young thrombus are recognized.

Figure 11 shows a section of the midsection of an occluded untreated explant

(goat #6, right). This picture also shows a relatively thick layer of ncointima;

the residual lumen is closed by relatively fresh thrombus.
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Figure 12. Fluorescence photomicrographs of one of the dipyridamole coated,
patent graft explains, showing fluorescent immobilised dipyridamole at the
interface of the graft material and the neointima. formed at the anastomosis
(A), and fluorescent dipyridamole on top of the graft material in the
midscction of the graft (B). Apparently, the immobilised dipyridamole
promotes the formation of the endothelial cell monolayer directly on top of the
modified graft surface.
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An important question is whether the layer of immobilised dipyridamole is

stable, or, put in other words: is the dipyridamole still present on the graft lumen

after 10 weeks implantation? Figure 12 shows two fluorescence

photomicrographs (transversal sections) of an explanted vascular graft (gout#2,

right (patent)). Figure 12A shows an enlargement of the distal anastomosis;

intense blue/green fluorescence of immobilised dipyridamole is clearly seen

underneath the neointimal layer. Figure 12B shows an enlargement of a section

taken at the midsection of this graft. Here, the exposure of immobilised

dipyridamole at the lumenal surface is clearly visualized.

S/ieep s/ucfte?.' The sheep were sacrificed after 10 weeks implantation: no

angiographic measurements were performed. Pieces of the carotid arteries were

excised such that approximately 1 cm of the native artery was preserved on the

distal and proximal ends. Vessels were flushed with phosphate buffer (PHH)

and opened longitudinally for macroscopic assessment and photography of the

graft lumen. Figure 13 shows the longitudinal section of the graft explanted

from sheep #11. During all observations, grafts were hydratcd with cold PBH.

Table 3. Patency of the Implanted Vascular Prosthcscs in Sheep Model.
Sheep # Modified Control

7
8
9
10
11
12
13
14

Left / occluded
Right / occluded

Left / patent
Left / patent

Right / patent
Right / occluded

Left / patent
Left / occluded

Right / occluded
Left / occluded
Right / patent
Right / patent
Left / patent

Left / occluded
Right / occluded
Right / occluded

Table 3 compiles the results regarding the patency of the retrieved grafts. Four

out of the eight modified grafts were found to be patent. For the control group it

was found that three out of the eight grafts were patent. Again, all animals

behaved completely normal during the entire test period. We did, however, not

verify the possible formation of collateral blood vessels around occluded grafts

in the sheep models.
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The Chronoflex* material of the grafts which were explanted from the sheep

looked very unusual. The grafts showed a tendency to fold (see Figure 13) and

were expanded significantly in radial direction. In some cases the internal

diameter increased from 5 to approximately 10 mm in the center of the graft.

Furthermore, clear black spots were noted in the material, which points at

chemical deterioration. These observations were made for all sheep explants

(coated and control).

Figure 13. Detailed photograph of the graft, which was, explanted from sheep
#11. The graft was opened longitudinally. The anastomotic stitches are clearly
visible. Ingrowth of endothelium towards the inside of the graft occurred, both
from the proximal and distal sides. Furthermore it is clear that the graft material
lost its cylindrical shape. The material is curved, radially expanded, and shows
signs of chemical break-down.

6.5. Concluding Remarks

Photo-immobilisation of dipyridamole onto Chronoflex* is technically

feasible. The treatment could be carried out on the lumen of the Chronoflex*

tube (i.d. 5 mm), provided that its length did not exceed 1 2 - 1 5 cm. Taking

advantage of the material's elasticity and flexibility, the tube was first inverted

by rolling it over a metal rod. The photoreactive dipyridamole-derivative was

sprayed onto the surface, and all subsequent steps of the surface treatment could

be performed readily. Re-inversion of the tube proceeded smoothly in all cases.
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Biochemical experiments in W/ro showed reduced thrombogcnicity and less

adhesion of blood platelets, after the dipyridamole treatment of Chronoflex*.

This was analogous to data measured by us previously, for the surface treatment

of Pellethane D55 sheets.'- '"*

The results obtained with the goat model do not provide evidence for a

benificial effect of the dipyridamole coating in vivo. The patency rate for the

coated grafts is 3/8, whereas the untreated controls are partially (2/4) or

completely (2/4) occluded. It is remarkable, however, that the three patent,
dipyridamole coated, grafts showed a virtually undisturbed lumen, on which a

confluent layer of endothelial-like cells was observed. There was some

neointimal hyperplasia at the anastomoses, but the thickness of the neointima

decreased rapidly going into the graft; this was observed both at the proximal

and at the distal ends.

The results obtained with the sheep model were especially disappointing,

since they reveal that the Chronoflex* material lacks structural stability. This

implies that Chronoflex* is not a suitable material for this application. Some of

the explanted grafts were radially expanded such that the inner diameter was > I

cm. There were clear signs of structural breakdown of the polyurethunc in most

cases. The observations which were made with the sheep model were

reminiscent of a recent paper by Guidoin ?/ a/., who studied the ;'/; v/'v«

performance of the Vascugraft* microporous polyurcthane vascular graft in

dogs (thoraco abdominal bypass)."" This material also lacked sufficient stability.

We believe that, the observations which were made with the three patent

dipyridamole-coated grafts in the goat model are significant. They show that the

dipyridamole coating can accommodate a confluent layer of endothclial-like

cells in v/vo. This cell growth effect is probably responsible for the observed

patency. Future work will be dedicated to the photochemical immobilisation of

dipyridamole to a more stable biomaterial, and to reexamine the performance of

such small-bore vascular grafts ;n v/7ro and in v/vo.
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Summary and Concluding Remarks

Artificial vascular grafts are of great importance in cardiovascular surgery.

Nowadays synthetic vascular grafts are used primarily to substitute rather large

peripheral blood vessels. Substitution of small-bore blood vessels (id. *- 5 mm)

is usually much more difficult. In the most critical situation, coronary bypass

surgery, autologous grafts are clearly superior to their synthetic counterparts.

There are, however, a growing number of patients who lack satisfactory

autologous conduit, because of prior removal, disease, inadequate size in

diameter, or inadequate length. The primary failure mode in using synthetic

vascular grafts is thrombus formation in the short term and intimal hyperplasin

(particularly at the anastomoses) in the long term. The search for functional

synthetic small-bore arterial grafts is an active area of research and

development. Several interesting approaches have been followed: (/) seeding of

an elastic and compliant polymeric tube with endothelial cells; (;';)

immobilisation of hemocompatible coatings onto the lumen of a polymeric tube,

e.g. immobilisation of heparin; (;'/7) coating the lumen of a polymeric tube with

a biocompatible and biodegradable substance, like collagen, albumin or

poly(ethyleneglycol)/poly( lactic acid) block copolymer (PRLA); (/V) novel

tissue engineering techniques, such as seeding cells onto polymeric

biodegradable materials and cultured /« v/7ra for a period of time.

The most common used polymeric biomaterials in the field of artificial blood

vessels are: Dacron" and ePTFE. Dacron* leads to thrombosis and neo-intimal

thickening under low-flow conditions meaning that it is not suitable for small-

bore arterial grafts. ePTFE is currently the only alternative in small diameter

vessel replacement although their biocompatibility and long-term patency is not

optimal. Nowadays, polyurethanes (PUs) gain popularity as a potential synthetic

vascular reconstructive material. A clear advantage over Dacron is that the

physical properties of PU can be tuned accurately by varying the constituents of

hard and soft segments in the polymer chain. An advantage over ePTFE; is that

PUs expose functional groups at their surface whereas ePTFK is chemically

inert. An important drawback for PUs is that they have a moderate

bloodcompatibility, but the functional groups at their surface can be used in

surface modifications aimed at the improvement of the bloodcompatibility.

119



This thesis describes a methodology to improve the bloodcompatibility of

PUs. The approach is based on a photochemical immobilisation of dipyridamole

(Persantin^), a well-known and safe inhibitor of platelet activation and a

vasodilating drug.

Chapter 2 describes the synthesis of two new conjugate molecules

consisting of dipyridamole on one hand and an aryl azide (photoreactive group)

on the other hand. In compound 2 the dipyridamole unit is directly linked to the

aryl azide, while a short hydrophobic spacer chain separates the dipyridamole

and the aryl azide in compound 3. UV irradiation turns the aryl azide into a very

reactive species, which reacts immediately with a nucleophilic group on the

polyurethanc surface. In this way the dipyridamole is covalently linked to the

polyurethane surface. UV extinction experiments showed that a surface density

of 4.9 nmol.cm* for compound 2 and 14.6 nmol.cm" for compound 3 was

achieved. The immobilised surfaces and control surfaces were subjected to (/')

an /'« V/7/Y> thrombin generation assay and (//) incubated with human platelet rich

plasma (PRP)- Both experiments revealed that the immobilisation of the

conjugate molecules 2 and 3 leaded to improved bloodcompatibility in v/7ro.

Immobilisation of 3 led to better results. There is no conclusive evidence at this

stage that it can be ascribed to the fact that there is a spacer chain between the

dipyridamole and the aryl azide or to the difference in surface densities of the

immobilised dipyridamole.

The impact of the built-in spacer chain is investigated in Chapter 3. The

spacer chain can be beneficial with regard to the efficacy of the immobilised

dipyridamole; the longer the spacer chain the more the dipyridamole can behave

as if it were free in solution. PU surfaces with different loadings of compounds

2 and 3 were prepared. The surface densities, which were measured with UV

extinction experiments revealed surface densities up to 45 nmol.cm*. No

differences in surface densities between compound 2 and 3 were observed, i.e.

the spacer chain has no effect on the efficacy of the photo-immobilisation. The

immobilised surfaces and control surfaces were first incubated with human PRP

to study the adherence and morphology of blood platelets. The modified

surfaces both showed reduced numbers of adhered blood platelets. An //; u7ro

thrombin generation assay was performed on the modified and control surfaces

showing a decreased thrombogenicity m v/7ro for the modified surfaces. The

reduced thrombogenicity appeared to depend on two factors: (i) the surface
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density of the immobilised dipyndamole. and (//) the absence or presence of the
built-in spacer chain. The presence of the spacer chain (compound 3) appeared

to increase the efficacy of the immobilised dipyridamole.

Chapter 4 describes the synthesis of a new dipyridamole conjugate

molecule (compound 4). This molecule consists of the dipyndamole unit and

the photochemical unit, separated by a hydrophilic spacer chain. PU surfaces

were immobilised with compound 4 and characterized by different physico-

chemical techniques and biochemical techniques. UV extinction measurements

showed a surface density of approximately 13 nmol.cm". Contact angle

measurements revealed that the surfaces immobilised with 4 were more
hydrophilic than the control surfaces, which can be related to the incorporation

of the hydrophilic spacer chain. ESCA measurements con finned the presence of

dipyridamole in the outermost layer of the polyurethane surface especially at a

take-off angle of- 6°. Furthermore, the ESC A experiments established that the

tBDMS protective groups had been removed during the deprotection treatment.

The /« vi/ro thrombin generation assay showed a decreased thrombogcnicity for

the PU immobilised with conjugate molecule 4; the lag time increased from 569

sec for the unmodified PU to 1274 sec for the modified PU. The maximum frec-

thrombin concentration decreased from 85 nM for the unmodified PU to 71 nM

for the modified surface. The surfaces were studied with scanning electron

microscopy (SEM) to look at the adherence and morphology of blood platelets.

The immobilised surface showed a decreased number of adhered blood platelets

by approximately one order of magnitude.

Chapter 5 is a more detailed study of platelet adhesion to four different

surfaces: unmodified PU (control surface), PU modified with 2 (dipyridamole

linked directly to the PU surface), PU modified with 4 (dipyridamole

immobilised via a short hydrophilic spacer chain), and PU modified with 26

(hydrophilic spacer chain only). First, all four surfaces were incubated with

human PRP under static conditions. SEM was used to monitor platelet adhesion

as a function of time. Secondly, adhesion of blood platelets under flow, using

heparinized human full blood, was studied with fluorescence imaging

microscopy. The SEM data, measured after 60 minutes of incubation, showed

that the density of adhered blood platelets was the largest for PU (control, 7640

±2912 mm') and the smallest for PU modified with 4 (1340 ± 607 mm"*). The

data points at 15 and 30 minutes do not allow for clear conclusions; platelet
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adhesion increased with time for PU and PU modified with 2 while this was not

seen for PU modified with 4 and PU modified with 26. It was clear, however,

that the surface PU modified with 4 was optimal with respect to suppression of

platelet adhesion. The flow experiments (heparinized full blood, 10 minutes

incubation) revealed essentially the same trend. The control surface (PU)

attracted platelets abundantly, while there was almost no residual fluorescence

for the three modified surfaces. This technique could not discriminate the three

modified surfaces with respect to platelet adhesion. The SEM data were also

used to study the morphological changes of the adhered blood platelets. No

clear trends were observed, except that the PU modified with 2 and PU

modified with 4 showed high numbers of spread and fully spread platelets. This

observation led to an additional experiment where the surfaces were incubated

with a suspension of human washed platelets mixed with Oregon-Green annexin

V. Annexin V is known to form a complex with phosphatidyl serine, which will

be exposed at the exteriour plasma membrane of an activated blood platelet.

Hardly any Oregon Green label could be detected, after 10 minutes incubation

and extensive washing, on the dipyridamole coated surfaces, implying that the

adhered (fully) spread platelets do not expose phosphatidyl serine.

The surface modification of dipyridamole conjugate molecules was found to

lead to lower thrombogenicity and less adhesion of blood platelets in vifro.

C'huptcr 6 describes the modification of a PU small diameter vascular graft

(C'hronoflex") with conjugate molecule 4. The immobilisation onto the vascular

graft was successful and the results of the //? v/7ro experiments (thrombin

generation assay and adhesion of blood platelets) were analogous to previous

results. Immobilised and untreated grafts were also seeded with ovine

cndothelial cells (HCs) and incubated for 6 days. The ECs proliferated well on

the immobilised grafts, after 6 days the cell numbers had tripled, while on the

uncouted grafts the proliferation was significantly slower. The dipyridamole

coated grafts, as well as the uncoated grafts, were studied in two established //?

vm> models. In the first I'/I vivo model the grafts were implanted in goats, as a

bypass of the carotid artery (8 coated and 4 controls, length of the graft was

approximately 12 cm). In the second /;; uYo model the grafts were implanted in

sheep, as an interposition graft in the carotid artery (4 coated and 4 controls,

length of the graft was 4 cm). The patency rate for the immobilised graft in the

goat model is 3/8. whereas the controls were partially (2/4) or completely (2/4)
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occluded. The three patent immobilised grafts showed an undisturbed lumen, on

which an endothelial-like cell layer was observed. Neointimal hyperplasia was

present at the anastomoses but the thickness decreased going into the graft; this

was observed both at the proximal and the distal end. The control graft also

showed neointimal hyperplasia at the anastomoses but the layer seemed to

extend into the graft leading to a reduction of the lumen by approximately 50" o.

The results of the implantation of the grafts in the sheep model revealed that the

Chronoflex" material lacks structural stability. The grafts showed a tendency to

fold, expanded significantly in radial direction, and black spots were noted in

the material indicating chemical deterioration of the material. The in vivo

results indicate that the dipyridamole coating can accommodate a confluent

layer of endothelial-like cells, which may be responsible for the patency of the

graft. The Chronoflex" material is however not suitable for the construction of

permanent small-diameter vascular grafts.
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Samenvatting en Conclusie

In de cardiovasculaire Chirurgie zijn synthetische bloedvaten van belang.

Tegenwoordig worden synthetische bloedvaten voornamelijk gebruikt om de

grote perifere bloedvaten te vervangen. Vervanging van bloedvaten met een

kleine diameter (kleiner dan 5 mm) is een stuk ingewikkelder. In de meest

kritische situatie (kransslagader bypass operatie) zijn de lichaamseigen

bloedvaten superieur ten opzichte van de synthetische bloedvaten. Er is een

groeiend aantal patiönten die over geen geschikte bloedvaten beschikken

vanwege bv. het eerder verwijderen van bloedvaten of bloedvaten met een

ongeschiktc diameter of lengte. Bloedstolling op korte termijn en hyperplasie

van de intima op lange termijn (vooral bij de aanhechtingsplaatsen) zijn de twee

voornaamste problemen die optreden bij het gebruik van synthetische

bloedvaten. Het ondcr/.oek naar functionele synthetische bloedvaten met een

kleine diameter is daarom een actief onderzoeksgebiedgebied. Een paar

interessante benadcringen zijn onderzocht: (/) het zaaien van endotheel cellen

(ECs) op een elastische polymere buis; (//) het immobiliseren van

hucmocompatiblc coatings aan de binnenkant van een kunststof buis (bv

heparine); (HI) het aanbrcngen van een biocompatibele en afbreekbare

subslantie op het lumen van een polymere buis zoals collageen, albumine of

poly(ethyleenglycol)/poly(lactic acid) blok co-polymeer (PELA); (iV) nieuwe

tissue engineering technicken zoals bv het zaaien van cellen op een polymere

biodegradeerbare materialen die iw vi'/ro gekweekt worden gedurende een

bepaalde periodc.

De meest gebruiktc polymere biomaterialen voor de construetie van

synthetische bloedvaten zijn: Dacron* en ePTFE. Dacron* is niet geschikt voor

synthetische bloedvaten met een kleine diameter omdat het materiaal leidt tot

trombose en verdikking van de neo-intima bij een läge bloedstroming. ePTFE is

op het moment het enige alternatief alhoewel de biocompatibiliteit en de

tunctionalitcit op de lange termijn niet optimaal zijn. Tegenwoordig winnen

Polyurethanen (PUs) populariteit als een potentieel synthetisch reconstruetie

materiaal. Een groot voordeel van PUs ten opzichte van Dacron* is dat de

lysische cigcnschuppcn van PUs aangepast kunnen worden door het varieren

van de zachte en harde segmenten in de polymeerketen. Een voordeel ten
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opzichte van ePTFE is dat PUs over fimctionele groepen beschikken aan het

oppervlak, terwijl ePTFE chemisch inert is. Een belangrijk nadeel van PUs is

dat het materiaal matig bloedcompatibel is, maar de functionele groepen aan het

oppervlak kunnen gebruikt worden voor oppervlakte modificatie leidend tot een

verbetering van de bloedcompatibiliteit.

Dit proefschrift beschrijft een methode om de bloedcompatibiliteit van PU te

optimaliseren. De benadering is gebaseerd op een fotochemische koppeling van

dipyridamole. Dipyridamole is een bekende en veilige remmer van

bloedplaatjes activering en een bloedvat verwijdend medicijn.

Hoofdstuk 2 beschrijft de synthese van 2 nieuwe conjugaat verbindingcn die
dipyridamole aan de ene kant en een aryl azide (foto-reacticve grocp) aan de

anderen kant bezitten. In verbinding 2 is dipyridamole direct aan het aryl azide

gekoppeld, terwijl in verbinding 3 een korte hydrofobe spacer het dipyridamole

en het aryl azide scheidt. UV bestraling verändert het aryl azide in een reactieve

verbinding welk meteen met een nucleofiele groep aan het PU oppervlak

reageert. Op deze manier wordt dipyridamole covalent gebonden aan het PU.

Uit UV extinctie experimenten werd bcrekend dat een oppervlaktedichtheid van

4.9 nmol.cm"' voor verbinding 2 en 14.6 nmol.cm" voor verbinding 3 werd

bereikt. De gei'mmobiliseerde en controle oppervlakken werden onderworpen

aan een />; v/7/-o trombine generatie test en geincubeerd met menselijk plaatjes

rijk plasma (PRP). Beide experimenten toonden aan dat de immobilisatie van de

beide conjugaat moleculen tot een verbeterdc bloedcompatibiliteit /« W//*o

leidde. Immobilisatie van verbinding 3 leidde tot de beste resultaten. Hr is geen

afdoende bewijs op dit punt dat deze verbetering is toe te schrijven aan het feit

dat in verbinding 3 een spacer aanwezig is of aan het verschil in

oppervlaktedichtheid van de behandelde oppervlakken.

Het effect van de ingebouwde spacer is verder onderzocht in Hoofdstuk 3.
De spacer kan nuttig zijn ten aanzien van de doeltreffendheid van de

geimmobiliseerde dipyridamole; des te langer de spacer des te meer kan het

dipyridamole zieh gedragen alsof het vrij in oplossing is. PU oppervlakken met

diverse oppervlaktedichtheden van verbinding 2 en 3 werden bereid. UV

extinctie experimenten lieten zien dat oppervaktedichtheden tot 45 nmol.cm^

konden worden bereikt. Er werden geen verschillen waargenomen tussen

verbinding 2 en 3, d.w.z. de spacer verstoort de foto-immobilisatie niet. De

behandelde en onbehandelde (controle) oppervlakken werden eerst geincubeerd

met PRP om de adhesie en morfologie van de bloedplaatjes te bestuderen. De
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beide behandelde oppervlakken toonden een verlaagd aantal vastgehechte

blocdplaatjes. De /« v//ro trombine generatie test toonde een verminderde

trombogeniciteit voor beide behandelde oppervlakken. De verminderde

trombogeniciteit bleek afhankelijk te zijn van twee factoren: (/) de

oppervlaktedichtheid van het geimmobiliseerde dipyridamole en (//) de aan- of

afwezigheid van de ingebouwde spacer. De aanwezigheid van de ingebouwde

spacer (verbinding 3) bleek de effectiviteit van het geimmobiliseerde

dipyridamole te bevorderen.

lloofdstuk 4 beschrijft de synthese van een nieuw conjugaat molecuul

(verbinding 4). Deze verbinding bestaat uit dipyridamole en het aryl azide

gcscheidcn door een korte hydrofiele spacer. PU oppervlakken werden

behandcld met verbinding 4 en gekarakteriseerd met verschillende fysisch-

chemischc en biochemische technieken. UV extinctie experimenten toonden een

oppervlaktedichtheid van ongeveer 13 nmol.cm" aan. Uit contacthoek metingen

bleek dat de oppervlakken behandeld met 4 meer hyrofiel waren dan de controle

oppervlakken, wat gerelateerd kon worden aan de ingebouwde hydrofiele

spacer. Wektroncn Spectroscopie voor Chemische Analyse (ESCA)

experimenten bevestigden de aanwezigheid van het dipyridamole aan de

buitenste laag van het PU oppervlak, vooral onder een hoek van -~ 6°.

Bovendicn kon worden aangetoond dat de tBDMS beschermgroepen

kwantitatief verwijderd waren gedurende de deprotectie behandeling. De in

v/'fro trombine generatie test toonde een vcrlaagde trombogeniciteit voor het

geYmmobiliseerde oppervlak; de bloedstollingtijd nam toe van 569 seconden

voor het controle oppervlak tot 1274 seconden voor het behandelde PU. De

adhesie en morfologie van de aangehechte bloedplaatjes op de behandelde en

onbchandcldc IHIs werden bekeken met scanning elektronen microscopie

(SKM). PU geimmobiliseerd met verbinding 4 gaf een verminderd aantal

bloedplaatjes te zien.

lloofcistuk 5 is een meer gedetailleerde Studie van bloedplaatjes adhesie op

vier verschillende oppervlakken: onbehandelde PU (controle), PU behandeld

met verbinding 2 (dipyridamole direct gebonden aan PU), PU behandeld met 4

(dipyridamole verbunden via hydrofiele spacer), en PU behandeld met 26

(hydrofiele spacer). Ten eerste werden alle oppervlakken geincubeerd met PRP

under statische condities. SHM werd gebruikt om de plaatjesadhesie als funetie

van dc tijd te bestudcren. Ten tweede werd de plaatjesadhesie bekeken onder

stromingscondities (gehepanniseerd vol bloed) met fluorescentie microscopie.
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De SEM data, gemeten na 60 minuten incubatie. toondcn do mccstc

bloedplaatjes voor het onbehandeld PU (7640 ±2912 mm") en do minste

bloedplaatjes voor PU geimmobiliseerd met verbinding 4 (1340 ± 607 mm*).

De data bij 15 en 30 minuten leidden niet tot vordere conclusies: plaatjes

adhesie nam toe met do tijd voor PU (controle) en het oppervlak behandeld mot

2 terwijl dit niet het geval was voor het oppervlakken behandeld mot 4 on 26.

Het was echter wel duidelijk dat PU behandeld met 4 optimaal was ten aan/ion

van de ondordrukking van bloodplaatjesadhesie. De experimentell onder

stromingscondities (gehopariniseerd vol blood, 10 minuten) liefen bijna do/oltde

resultaten zien. Het controle oppervlak trok overvloedig bloedplaatjes aan

terwijl bijna geen fluorescentie te zien was voor de dno geVmmobilisoerde

oppervlakken. Deze techniek kon echter geen onderscheid maken tusson do drio

behandelde oppervlakken ten aanzicn van bloedplaatjesadhesic. Do SliM data

werden ook gebruikt om do morfologie van de gehechte bloodplaatjes tc

bestuderen. Geen duidelijke tendens werd waargenomon. bohalve dat PU

behandeld met 2 en 4 relatief veel gespreide en volledig gesproido bloedplaatjes

bezat. Deze observatie leidde tot een extra experiment waarbij do oppervlakken

behandeld met 2 en 4 werden geincubcerd met een mengsel van gewasscn

b\oe\ip\aaljes met Ovegon-Green Annexin V. I lei is bekend dal Annexin V een

complex vormt met phosphatidyl-serine. Phosphatidyl-serinc is aanwezig aan de

buitenkant van de plasma membraan van een geactiveerd bloedplaatjc. Na 10

minuten incubatie en zorgvuldig wassen kon er geen Oregon-Green worden

gedetecteerd op de dipyridamole geimmobiliseerde oppervlakken wat aanduidt

dat er geen phophatidyl-serine aanwezig was aan de buitenkant van de plasma

membraan.

De oppervlakte modificatie van dipyridamole conjugaat molcculen leidt tot

een verlaagde trombogeniciteit en minder adhesie van bloedplaatjes />; V;7/Y;.

Hoofdstuk 6 beschrijft de modificatie van een PU synthetisch bloedvat met een

kleine diameter (Chronoflex*) met verbinding 4. De immobilisatie op het

synthetisch bloedvat was succesvol en de /« v///-o resultaten (trombinc generatie

en adhesie van bloedplaatjes) waren analoog aan eerdere resultaten. De

onbehandelde en behandelde bloedvaten werden gezaaid met ECs (schaap) en

zes dagen gemcubeerd. De ECs vermenigvuldigden zieh zeer goed op het

behandelde materiaal, na zes dagen waren er drie maal zo veel cellen aanwezig,

terwijl op het controle materiaal de vermenigvuldiging significant lager was. De

geimmobiliseerde en controle materialen werden verder onderzocht in twee in
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v/vo modellen. In het eerste /« v/vo model werden de PU bloedvaten in geiten

als een bypass van de halsslagader (8 behandelde en 4 controles, lengte

ongeveer 12 cm). In het tweede /« v/Vo model werden de PU bloedvaten

geimplanteerd in schapen als een tussenstuk van de halsslagader (4 behandelde

en 4 controles; lengte 4 cm). In het eerste model (geit) waren 3 van de 8

behandelde bloedvaten 100% open terwijl de controles gedeeltelijk (2 van de 4)

of helemaal dicht (2 van de vier) zaten. De 3 opengebleven behandelde

bloedvaten toonden een ongestoord lumen waar een laag endotheel-achtige

cellen te zien was. Bij de aanhechtingsplaatsen was een dikke laag neo-intima

aanwezig maar deze laag werd dunner verder in het bloedvat. Dit fenomeen

werd zowel bij de proximale als bij de distale aanhechtingsplaats geobserveerd.

Ook bij de controles was een dikke laag neo-intima aanwezig maar hier werd de

laag dikkcr verdcr in het bloedvat, wat uiteindelijk leidde tot een reductie van

het lumen van ongeveer 50%. De implantaties bij de schapen lieten zien dat het

Chronoflex* matcriaal structured niet stabiel is. De bloedvaten hadden de

nciging om tc knikken, waren significant verwijd, en er werden zwarte plekken

geconstatcerd in het materiaal wat wijst op ontleding van het materiaal. De /n

Wv« resultaten laten zien dat dipyridamole kan helpen om een confluente laag

van endotheel-achtige cellen te bevorderen, deze cellen zijn belangrijk met

betrekking tot de doorgankclijkheid van het kunst-bloedvat. Het Chronoflex*

materiaal is echter niet geschikt voor de constructie van permanente

synthetische bloedvaten met een kleine diameter.
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