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POLYMER COATINGS ON MEDICAL DEVICES

e SRR

e

Field of the Invention

The present invention relates to polymer coatings on

medical devices.

Background of the Invention

ITn the field of medicine, many devices are employed which

contact body tissue and fluids. These include for example
implanted devices, components of blood dialysis devices and
blood storage containers. It is important that the surfaces

which contact body tissue have certain properties to make them

suitable for their function. One of the most important ot

these is biocompatibility, and non-toxicity to cells. When
the device is intended for contact with blood, it is important
that the surface of the device does not induce thrombosis.
Other considerations are important, depending on the intended

use of the device.

For example, in the case of coronary stents, it 1s

desirable that the surface of the stent does not induce

inflammatory response, does not promote thrombosis and is

rapidly endothelialised. 1In earlier practice, bare metal

stents made from medical steel or other alloys in various
designs were predominantly used in coronary stenting
procedures. However, following the arterial vessel damage
inevitably associated with the stenting operation, smooth
muscle cell proliferation and migration into the lumén OCCurs.

This is called restenosis. In 15-20% of operations using a

bare metal stent, restenosis leads to serious loss of lumen

volume. This regquires further medical intervention, commonly

re-stenting of the vessel.

In recent vears, coronary stents have been modified with
polymer coatings which are loaded with drugs, commonly
paclitaxel, rapamycin and closely related drugs. These drugs
elute from the polvmer and inhibit cell migration and

neointimal thickening of the arterial wall. Such devices are
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known as drug-eluting stents. The use of such stents has led
to a dramatic reduction in the occurrence of restenosis.
However, certain concerns about the safety of drug-

eluting stents have emerged. Late-onset thrombosis leading to

5 death occurs in some patients between 1 and 4 vyears after

implantation of drug eluting stents. For this reason, the

proportion of drug eluting stents used in coronary stenting

operations has declined in favour of bare metal stents.
The cause of this late onset thrombosis 1s likely to be

10 that the polymer coating or the combination of polymer and

residual drug induces an inflammatory response, leading to

platelet adhesion and activation, which triggers the

thrombogenic cascade. Paclitaxel and rapamycin diminish

restenosis, but they also inhibit endothelial cell

15 proliferation which is necessary for healing of the damaged

artery and i1s protective against thrombosis.

In the light of these problems, the aim of the present
invention is to provide improved biocompatible polymeric
coatings on stents and other medical devices which are in

20 contact with body tissue. |

It is known that extracts of Allium sativum (garlic) have

a platelet inhibiting effect (1). In a double-blind, placebo-

controlled study on 60 voluntary subjects with cerebrovascular

risk factors and constantly increased platelet aggregation, it

25 was demonstrated that the daily ingestion of 800 mg of

powdered garlic (in the form of coated tabléts) over four

weeks led to a significant inhibition of the pathologically

pr—
p—

increased ratio of circulating platelet aggregates and o:

spontaneous platelet aggregation.

30 Some of the compounds in extracts of garlic with anti-
inflammatory and platelet inhibiting effects are ajoene,

allicin, alliin and ethiin,. shown below

O
|

NSNS NF

Ajoene
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Allicin
- NFE
447\\¢/£; O
OH Alliin
ﬁ? NFE
\\\//S O
OH Ethiin

See: Bioactive S-alk(en)yl cysteine sulfoxide metabolites 1in

the genus Allium : the chemistry of potential therapeutic

agents.
P. Rose, M. Whiteman, P.K. Moore and Y Z Zhu.
Nat. Prod. Rep., 2005, 22, 351-368 |

W003/018082 discloses an implantable medical device, such

as a stent, comprising a substrate and a biocompatible

polvmeric coating, wherein the coating contains ajoene and/or

allicin or isomers, analogues, homologues or derivatives

thereof. The biocompatible coating has a composition which

permits the ajoene and/or allicin to be controllably released

in a predetermined manner and over a prolonged period of time.

Therefore, the medical devices disclosed in this document are

in the “drug-eluting” category.

US4917921 discloses antithrombogenic and antibiotic

compositions for use as coatings on artificial prostheses and

implants which remain in contact with blood or other

111

physiological fluids. The compositions are copolymers of 2-
vinyl-4H-1,3-dithiin with a biocompatible monomer. The
dithiin is a garlic extract having an allyl functionality.
Thermal initiation using free-radical initiators,
photochemical initiation using photoinitiators, or chemical
initiation using group transfer polymerisation with activated

methyl-methacrylate are disclosed as possible routes for
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generating the copolymer. The allyl group is the polymerising

I

rart o:

the monomer, and is therefore not present in the

polymer.

The monomer

5
X ®
H
\\ " " ///\\\<¢7§9
\/Y 5
O
T
& a
O
O
/ H X
= O
has been disclosed, as an intermediate in a synthesis of other
derivatised pyrroles (2). It is mentioned that this
10 intermediate, along with a number of others, is
electropolymerisable.
Summary of the Invention
The object of the present invention is to provide medical
15 devices with improved biocompatible polymeric coatings.
According to the present invention, there is provided a
medical device having a surface which 1n use contacts body
tissue, wherein said surface has on it a biocompatible coating
layver comprising a polymer having covalently bound allyl-
20 terminated pendent groups, said pendent groups comprising a

moiety selected from
-0-CH,;~-CH=CH,
~-S-CH,-CH=CH,
-5 (=0) -CH,-CH=CH,
25 -Se-CH,-CH=CH, and
-Se (=0) -CH,~CH=CH,.
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Medical devices according to the present invention can

provide a number of advantages. For example, they may have
low platelet adhesion and platelet activation properties, and
sOo may be non-thrombogenic br anti-thrombogenic. They may

support endothelialisation, so promote the healing process

after implantation. They may have low cytotoxicity, may be

haemocompatible and are generally well tolerated in biological

systems. The coating layer may also exhibit strong adhesion

to metallic surfaces.

The coating laver may include a drug, 1lncorporated in a
releasable or non-releasable manner. The drug may be bound to
the polyvmer by for example covalent bonding, ionic bonding,

coordinate bonding, or attached by a weak interaction such as

hyvdrogen bonding or Van der Waal's force.
Tt 1s thought to be the allyvl-terminated pendent groups

in the polymeric coatings on medical devices according to the

present invention which confer the beneficial effects,
augmented by neighbouring 0,S or Se atom. Therefore, in
principle the nature of the polymer is not limited in the
present invention, except that pendent groups comprising a
moiety selected from those given above must be present.
Examples of possible polymers are polypyrroles,
polvthiophenes, polvanilines, polyamides, poly-aminoacids,

polysaccharides, polyesters, pdlyalkenes, polyvamines,

polyethers, polyethyleneterephthalates, polyimides,
polysiloxanes, polyphosphazines, polylactides, polyglycolides,
polycaprolactones, polydioxanones, polygluconates,
polyanhydrides, polyphosphoesters, polyorthoesters and
polyvphosphate esters. Polymeric coatings on medical devices
according to the present invention may comprise copolymers.

Polyvmers according to the present invention include

polymers of two or more types of monomer, in which one or more

of the types of monomeric residue i1ncludes the allyl

terminated pendent group. Preferably at least 10%, more

preferably at least 30%, of the monomeric residues in the

polymer include the allyl terminated pendent group. Yet more
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preferably, at least 50% of the monomeric residues in the

polvmer include the allyl terminated pendent group. Even more

o

preferably, at least 70% of the monomeric residues in the

i

polymer include the allyl terminated pendent group. 100% of

the monomeric residues in the polymer may include the allyl
terminated pendent group.

The polyvmeric coatings on.medicaltdevices of the present
invention may be formed by any polymerisation method,
including electropolymerisation, ring-opening polymerisation,
radical polymerisation, coordination polymerisation,
functional group (step growth) polymerisation, metathesis
polyvmerisation and cationic polymerisation. The allyl-

terminated pendent group may be present in the monomer prioxr

to polvmerisation. If necessary, the allyl-terminated pendent
group may be protected during polymerisation, for example by

attaching a protecting group. Alternatively, the allyl-

terminated pendent group may be covalently bonded to the
polymer after polymerisation.

Preferably, the polymeric coatings on medical devices
according to the present invention are electropolymerised.
This 1s because allyl groups i1n monomers are not involved in

polyvmerisation when the polymerisation is

electropolyvmerisation, so it is facile to ensure that the

allyvl pendent group remains present in the polymer product.

Therefore, preferably the polymer or polymers forming the

polymeric coating on a medical device according to the present
invention are selected from polypvrroles, polyvthiophenes and

polyanilines. Most preférably, the polymeric coating

according to the present invention comprises a polypyrrole.

It 1s believed that the presence of an allyl terminal
group in the pendent groups confers the beneficial properties
of medical devices having polymeric coatings according to the
present invention. The pendent groups comprise a moiety
selected from:

-0-CH;—-CH=CH;

-S-CHy—-CH=CH;
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~S (=0) -CH;-CH=CH,
-Se~-CH,-CH=CH, and
-Se (=0) -CH,-CH=CH,.

More preferably, the pendent groups comprise a moiety selected

5 from:
~C (=0) ~0-CHy-CH=CH,
-CH-S (=0) —CH;-CH=CH;
~S—-S-CH;-CH=CH,
-S (=0) -S-CH,;-CH=CH; and
10 -S-S (=0) -CHy-CH=CHs;.
The pendent groups are covalently attached, directly or

via a linker, to the polymeric chain (backbone). The nature

of the attachment is not crucial in conferring the beneficial

properties of the invention. Typically, the pendent groups

‘]

15 are attached to the residue of the polymerisable component of

the monomer. For example:

j ? WN\/\S/\/

where the pendent group i1s attached to the pyrrole ring

residue in the polypyrrole polymer.

20 ‘Whén the polvmer is a polypyrrole the pendent groups may
be attached, directly or via a linker, to N atoms in the
pvrrole rings, or to C atoms in the 3-position in the pyrrole
rings. Preferably, the pendent groups are attached to N
atoms 1n the pyrrole rings.

25 When the polymer is a polvthiophene the pendent groups
may be attached, directly or via a linker, to C atoms in the
3-position in the thiophene rings.

When the polymer i1s a polvaniline the pendent groups may
be attached, directly or wvia a linker, to the aromatic ring.

30 The pendent groups are covalently"attached to the polymer
in polymeric coatings on medical devices according to the

present invention. There may be a direct covalent bond
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between a pendent group selected from those listed above and
the polymer. However, preferably the pendent groups are
attached to the polymer via a covalent linker. The linker is

not limited in the present invention. Tt may be a saturated or

unsaturated alkyl moiety. Preferably, the covalent linker

comprises a moiety selected from amido, ester and ether. More

preferably, the covalent linker comprises a moiety selected
from amido or ester. Most preferably, the covalent linker

comprises an amido moiety. When the covalent linker comprises

an amido moiety, it is preferable that the pendent group 1is
closer to the N atom of the amido moiety than to the C atom of

the amido moiety.

Typically a monomer for forming polymeric coatings on

implantable devices according to the present invention can be

defined as

A -B-C-D - E

where:

A is the polymerisable component, for example a pyrrole
ring, a thiophene ring or an aniline ring;

B is Ci..0 alkyl chain. The alkyl chain may be branched or
unbranched, and optionally substituted;

C is amido (-CO-NH-), ester (-C0O-0-) or ether (-0-),
preferably amido;

D is Cy;.00 alkyl chain. The alkyl chain may be branched or
unbranched, and optionally substituted; and

E is the pendent group.
Components B and D are each optional.

pu—

Components A, B (if present), C, D (1f present) and E are

covalently attached as shown above. Components B (if;

present), C and D (if present) together are the covalent

linker.

Preferred optional substituents on B and/or D, when

d
-

present, are any O!
-COOH or -COO
~COOR"*

-CONH,




10

15

20

25

30

CA 02687031 2009-11-10
WO 2008/139200 PCT/GB2008/001675

~CONHR*
-CON(R"'")

-COR!

-F -Cl, -Br, -I

-CN

-NO,

-OH

_OR'

-SH

QR

-0-CO-R'

~NH,

-NHR'

-NH(R')

N(R');" e.g. (N(CHj)s"
~-NH-CO-R
-NH-CO-H
-NR'-CO-R'
-NR'-SO,H
~-NR'-SO;R"

-SO3R?

-0SO.R"

-Cs.0aryl
-Cimalkyl-Csosparyl
~Cy_malkenyl-Cs.pparyl,

F

wherein R' is alkyl or alkenyl of 1 to 6 C atoms, preferably 1

to 4 C atoms.

Preferably D is unsubstituted, or is substituted by a
charged group such as -COO” or N(R');" e.g. N(CH;);" which may
bind a charged drug moiety. The covalent linker or pendant
group may be covalently attached to another covalent linker or
pendant group. An example of a monomer for forming polymeric
coatings on medical devices according to the present invention

1S:
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Medical devices according to the present invention have a

surface which in use contacts body tissue, wherein said

surface has on it a biocompatible coating layer comprising a

]

polymer as described above. The medical device may be one of

a stent, an orthopaedic implant, a pump, a heart valve, a

blood dialysis device, a blood storage contalner and a

catheter guide wire. Preferably, the medical devices

according to the present invention are adapted to be implanted

into a mammalian body. Preferably, they are adapted to be in
contact with blood. Most preferably, the medical device 1s a
stent. The invention is applicable to devices used 1in
veterinary medicine. The invention extends to devices used in
blood storage and blood treatment, for example of blood to be

used 1n transfusion.

Definitions

The term “electropolymerised” as used herein pertains to

)

a polymer which is formed by the electropolymerisation of

electropolymerisable monomers. They are synthesised by

applyving a potential across a solution of the monomer.
When referring to a type of polymer, for example

“nolypyrroles”, the term “polypyrroles” (or equivalent), as

used herein, pertains to derivatives of polypyrrole, insofar
as the such polymers are not excluded by other limitations.
For example, polymers according to the present invention must

have pendent groups according to the present invention.
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The term “body tissue” as used herelin pertains to a

s #

collection of wviable cells which are within a living body or

are intended to be put into a living body. The term includes

body fluids, such as blood.

Brief Description of the Drawings

Figure 1 shows the platelet shape distribution of human

platelets adhering to uncoated and coated medical steel

surfaces.

Figure 2 is a photomicrograph showing a lawn of coronary

endothelial cells on a polyvmer coated stainless steel disc.

Figure 3 shows a coated stent according to the present

invention after incubation in saline at 372C for 14 days with

30 rpm shaking.

Figure 4 shows an expanded stent according to the present

L~

invention coated with poly E.

il

Figure 5 1is a close-up view of a strut o:

Figure 4.

Detailed Description

In the following description, polymers o

the stent in

the following

monomers are referred to. The polymer of monomer A 1s

referred to as “poly A", the polymer of monomer E as poly

etcC.

=]
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Poly A, poly G, poly L and poly R are outside the scope

of the present invention, and are included as comparative

examples. Medical devices coated with poly E, poly P and poly
T are within the present invention. Poly E is discussed in
detail below. Poly P and poly T are further examples of the

present invention.

Electropolymerisation

Monomers for forming polvmeric coatings on medical
devices according to the present invention were
electropolymerised according to well established procedures

(2). Surface preparation of the discs, rods or stents before

electrochemical coating involves, for example, degreasing with
a commercial halocarbon, sonication in water for 5 minutes

followed by washing with ethanol and drying. The amount of

polymer on the metal surface was determined by weighing, by
measuring the charge required for oxidising the polymer film

or by measuring the bulk charge required to grow the film.

The films were spectroscopically characterised by diffuse

reflectance FTIR spectroscopy (3) when grown on discs.

The procedure for coating a stent with poly E is as

follows. In their unexpanded state the stents used were 15 by

1.57 mm, with surface area of approximately 0.31 cm®, made from
316 LVM stainless steel.

Prior to coating the stents underwent a strict

preparation protocol. Following sonication in ethanol (>99.7%

purity) for two hours and drying under a stream of compressed

air, the stents were weighed on a five figure balance. They
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were further cleaned by dipping in concentrated nitric acid

for 15 seconds. The acid was removed by soaking in ethanol.

The stents were again dried under a stream of compressed air.
The last cleaning step was to thoroughly spray with ZeroTri
de-greaser (LPS Laboratories, USA), and then dry.

The stents were transferred toO an‘H—type cell containing

4-6 mM monomer E in a dinitrogen sparged 200 mM tetrabutyl

ammonium tetra fluoroborate in dry acetonitrile solution, such

that the entire length of the stent was under the surface of

the solution and formed the working anode of the cell. The

stent was held at a potential of about 1.1V versus the Ag/AgCl

reference electrode and sufficient charge was passed to
provide the desired coating thickness. After coating, the
stent holder assembly was removed from the cell, and the stent
placed in a bath of warm acetonitrile to remove residual
electrolyte. The stent was then removed, dried and re-weighed

to give an estimation of coating weight.

Platelet Adhesion and Activation

Poly E and polyv R were formed as polymer coatings on the

surface of a medical steel disc of diameter lcm. Poly E 1s
within the present invention, poly R 1s a comparative example.

The platelet adhesion and activation properties of steel

rn

coated with poly E and with poly R were compared with those o:

uncoated 316 LVM medical steel.

Platelet rich plasma (PRP) was retrieved from whole

citrated human blood by gentle centrifugation at 200g for 10
minutes. The PRP was then diluted 50:50 in sterile phosphate

buffered saline (PBS) contalining 5.5mM of glucose (warmed to

37eC) and 0.5mL of this was added to each steel sample (coated

with poly E, coated with poly R, uncoated). The samples were

then incubated at 372C under an atmosphere of 5% CO, for one
hour. After incubation, the samples were rinsed three times
in PBS to remove any non-adherent platelets. The samples were

then fixed in 2.5% SEM grade glutaraldehyde (in cocadylate

buffer) for two hours at room temperature. After fixation the
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samples were dehydrated through a series of increasing

concentrations of ethanol (30, 50, 70, 90 and 100%) for 15

minutes at each concentration. The samples were then air

M

{*)

dried, mounted and sputter coated with palladium for S

analysis.

The number of platelets were counted per field of view

(100um x 140 pm), and the average calculated from ten fields

of view per sample on three replicate samples. Platelet
shapes have bee categorised into either spread (activated) or

round (non-activated). Previous studies have similarly

identified various stages of platelét morphological changes
upon adhesion to foreign surfaces (4,5). It i1s commonly
assumed that platelet shape changes are strongly associated
with activation.

g

Figure 1 provides an indication of the number and

morphology of adherent platelets to each material tested.

reduces both

L]

These results clearly suggest that coating poly |

platelet adhesion and platelet activation compared with bare

steel. Also it can be seen that the poly E coated steel has

significantly lower platelet adhesion than poly R coated

steel. These results suggest that polymer coatings on medical

devicesgs according to the present invention significantly

reduce platelet adhesion and activation, and therefore are

et

likely to significantly reduce the thrombogenicity of such

devices.

Endothelialisation

As discussed above, the ability of a coating to support

endothelialisation i1s a desirable feature in implantable

devices, particularly stents. The ability of poly E to

support the growth of human coronary endothelial cells 1is
shown by the photomicrograph in Figure 2. Figure 2 shows a
monolayer lawn of coronary endothelial cells laid down on a 1

cm diameter stainless steel disc coated with approximately 1

un layer of poly E.
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General in vivo Tolerance

Poly A, poly E, poly G and poly R coatings on stainless
steel rods were implanted into rabbit dorsal muscle together
with uncoated 316L stainless steel controls. These were

removed and examined after implantation for periods up to 90

dayvs as defined by EN 10993-6. The results showed that the
polymers were very well tolerated and that poly E in

particular behaved better than the bare metal control with

respect to fibrin formation as shown in Table 1.



CA 02687031 2009-11-10
WO 2008/139200 PCT/GB2008/001675

17

Table 1 Tolerance of poly E in rabbits following muscular

implantation: histological findings, summary of biological

paramecters
Kill Day 31 Kill Day 61 Kill Day 91
_Control__TesE Control | Test Control | Test
sites sites | sites sites | sites sites
Total examined (11) - (11) _112) _7127—— (ilf (32)'-—
Fibroplasiéq -
minimal 1 8 7 0 | 8 12
mild 7 3 3 3 3 0
moderate 3 Q 1 0 0 0
|
Total 11 11 11 12 11 12
Myofibre | q 1 5 0 3 1
degeneration
Lymphocytic 4 4 2 7 1 | 3 |
infiltration |
?olymorph?nuclear . 1 1 g . 1
infiltration
Mononuclear cell | | . |
infiltration . v 0 ¢ v v
Pigmented 3 1 1 6 3 q
macrophages |
féiant cells I4 | 2 0 11 1 0
' Mineralisation 4 16 0 5 0 I 1
- . e I i ! I
Fibrosis (distant
from implant site) !5 2 < 2 lz 0

Cyvtotoxicity

The very low cytotoxicity of polypyrroles, including

those usable in the present invention, is i1llustrated by the

data obtained for poly E. The assay protocol used MRC-5 cells
followed by the procedure defined by ISO 10993 with
polyethylene and latex rubber as the negative and positive

controls respectively. The results in Table 2 illustrate that
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poly E extracts showed no resulting cell damage to the

gsensitive strain.

Table 2
| Dose i ~ Polyethylene ) Latex Rubber | Poly E
Level ) 1
(% | Sample | Sample | Sample | Sample | Sample | Sample | Sample | Sample | Sample
eluate 1 2 3 1 2 3 1 2 3
added) |
0 0 | O 0 | o0 o 1 0 | o | o "0
l 6.25 0 0o | o 4 | 4 ‘ 4 | o 0 | o
T E—————TE———— — R — T s — RSEER— F— A — - ———————y e
12.5 0 I O O 4 4 4 ) 0 0
25 0 0 | O ! 4 4 | 4 T 0 0 | O
50 | 0 0 o | 4 | 4 | 4 | o 0 0
['100 0 | o© 0 | 4 | 4 4 0 0 0
S y o I
Grading of toxicity: 0 = No cells showing damage
1 = 0-25% of cells showing damage
2 = 25-50 % of cells showing damage
3 = 50-75% of cells showing damage
4 = 75-100% of cells showling damage

Haemocompatibility

under the ISO 10993 guidelines for medical implants.

were found to be haemocompatible,

Poly A and poly E were tested for haemocompatibility

Both

as shown in table 3.
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Table 3
Haemocompatibility Index (% Haemolysis)

Haemolyvtic grade

sample | Donor Donor Donoxr
Blood Blood Blood

poly A

Non-haemolytic

poly E| 0.0

Non-haes

Saline 0.0

... |
-- |

Saponin | 84.0 86.0 57.8 75.9 Severely

haemolytic

Adhesion Studies

Adhesion of the polymers unmodified polypyrrole, poly A,

poly L and poly E to 316L polished stainless steel (surface
roughness factor R, = 0.03) was tested by TWI. The force per

unit area required to fracture a cyanoacrylate bonded steel
stub from the polymer-coated 316L stalinless steel plagque was

measured, and the results obtained are as shown i1n Table 4.
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Table 4

— -

Polymer Force per unit area / MPa

~ Polypyrrole (unmodified) <1
~ PolyA 2.4
- PolyL - 39 o
I ~ PolyE | 6.7

Therefore, it can be seen that polymer coatings according
to the present invention (poly E) showed very strong adhesion

to steel. This is desirable because it reduces the risk of

the polvymer coating flaking off or otherwise cracking or

breaking which can lead to thrombosis or other undesirable

effects.

(=i

Five stainless steel stents coated with poly were

incubated at 37 °C in blood isotonic saline solution for 14
davs, with 30 rpm shaking. They were removed and
photomicrographs were taken. No flaws, cracking or flaking of
the coatings was observed at 20nm resolution. Figure 3 shows

a stent treated as described.

Three stainless steel stents coated with poly E were each

manually crimped onto a catheter balloon which was then fully

expanded. The coated stents were removed and photomicrographs

were taken. No flaws, cracking or flaking of the coatings was

observed at 20nm resolution. This demonstrates the physical

robustness of the polymer coating. Figure 4 shows an expanded

stent coated with poiy'E. Figure 5 is a cloée—up view of a

strut of the stent.

In vivo tests

As mentioned above, the occurrence of late-onset
thrombosis in use of drug-eluting stents has caused bare metal
stents to be favoured. In vivo tests carried out in pig
coronary arteries using stents coated with a coating layer in

accordance with the present invention have shown that such
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stents i1nduce no adverse vascular response compared to bare

metal stents.

Method: Stents with a ca.l pym thick polymer surface laver

5 formed by electropolymerisation of the functionalised pyrrole

monomer E (N,N'-Bis[3-(pyrrol-l-yl)propanoyl]-L-cystine

dially]l ester) described above (Coated stents) and bare metal

stents (BMS) were implanted into native coronary arteries of

17 farm pigs by standard endovascular technique (26 Coated

10 stents, 25 BMS stents). The stents were made of 316 L

stainless steel. The electropolymerisation was carried out as

described in reference 2 (Le Gall et al.). At one week post-

implant 6 stented arteries (N=6) and at one month post-implant

11 stented arteries (N=1ll) were taken for analysis. Results:

15 Coated stents evoked response i1ndistinguishable from BMS at 1-

week. For l-month implants, there were no differences in
intima thickness (coated 0.28%0.18 wvs. BMS 0.25+%1.18 mm, P=NS)
or % area stenosis (coated 37x19 wvs. BMS 32+20%, P=NS). Both

stent types were endothelialized and vessel morphology was

20 similar. Conclusion: Novel stent surface modification by

introduction of an allyl cystine surface motif attached to a
poly(pyrrole) backbone formed by electropolymerisation evokes

a coronary artery response indistinguishable from bare metal

stents in plg coronaries.

25
Syntheses

Monomer A

3-(Pyrrol-1-vl)propanoic acid was prepared according to a

modification of literature procedures (6,7). Tetrabutyl

30 ammonium hyvdroxide solution (1.0 M in methanol, 15.4 mL, 15.4
mmol, 0.1 equiv.) was added to pyrrole (10 g, 154 mmol, 1
equiv.) with stirring under nitrogen. Acrylonitrile (30 mL,
786.5 mmol, 5.3 equiv) was added very slowly over 2.5 hours,

keeping the temperature below 50 °C. The reaction was then

35 allowed to stir for a further hour at room temperature before

the addition of potassium hydroxide (30 g, 535 mmol, 3.5
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equiv.) in distilled water (45 mL) and refluxing for 1.75

hours. After cooling to room temperature, the pH of the
reaction mixture was lowered to 5.5 by the addition of 2M
hydrochloric acid (ca. 70 mL) and then the resultant solution

extracted with diethyl ether (100 mL). After a single

extraction, the pH of the agqueous phase was again lowered to

5.5 followed by a further extraction with diethyl ether (100

ml:) . This acidification and extraction process was repeated

approx. 15 to 20 times. The combined organic washings were
dried (MgS0O,) and the solvent evaporated in vacuo to vield an
off white crystalline solid (10.1 g, 47 %). Vg.. (KBr disc) 2922
(N-H), 1700 (C=0) cm™; & (400MHz, CDCl ;) 6.67 (2H, t, J 2.1
Hz, C(a)H pyrrole), 6.14 (2H, t, J 2.1 Hz, C(B)H pyrrole),
4.20 (2H, t, J 6.8 Hz, py-CH,-), 2.82 (2H, t, J 6.8 Hz,
-CH,COOH) .

Monomer E

In a modified literature procedure (2) CDI (carbodiimidazole,

3.00 g, 18 mmol, 2.2 equiv) was added to a solution of 3-
(pyrrole-1-yl) propanoic acid (2.66 g, 18 mmol, 2.2 eguiv.) in

dry THF (40 mL) and the reaction mixture stirred for 1.5 hours

under nitrogen at room temperature. Meanwhile, L-cystine
bisallyl ester bis(toluene-4-sulphonate) (6.00 g, 8.2 mmol, 1

equiv.) was dissolved in THF (60 mL) with stirring under

nitrogen, with the dropwise addition of sufficient

triethylamine to effect the dissolution. The ester solution

was then added to the activated acid solution by cannula. The

resultant reaction mixture was stirred at room temperature for
68 hours followed by warming to 60°C for a further 6 hours.
Once cool, the solvent was evaporated under wvacuum to vield a
vellow oily solid. The pure product was obtained was a white
solid by washing with DCM and further recrystallisation of the
mother liquor from DCM/diethyl ether. White crystalline solid
(m.p. 164-5 °C). Found C 55.50, H 6.19, N 9.82, CisH3sN;0¢S,

requires C 55.50, H 6.09, N 9.96 %; V... (Nujol®) 3315 (N-H),
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1733 (C=0 ester), 1640 (C=0 amide), 1537 (C=0 amide), 731 (C-

H) em™:; & (400MHz, CDCls:) 6.62 (4H, t, J 2.0 Hz, C(a)H

pyrrole), 6.31 (2H, 4, J 7.3 Hz, NH), 6.08 (4H, t, J 2.0 Hz,
C(R)H pyrrole), 5.83 (2H, m, -CH=CH;), 5.28 (4H, m, -CH=CH,),
4.80 (2H, m,

~-CHCH,S-), 4.61 (4H, t, J 3.0 Hz, -OCH,CH=CH;), 4.17 (4H, m, py-
CH,-), 2.99 (4H, m, -CH,S-), 2.63 (4H, t, J 6.7 Hz, py-CH,CH;-).

Monomer G

N,N'-Bis[3-(pyrrol-1l-vyl)propanoyl]-L-cystine dimethyl ester
was prepared according to a literature procedure (3). White
solid (m.p. 146-147 °C). Found C 51.70, H 5.75, N 11.00,
CaoH3oNsO6Sy, C 51.75; H 5.92; N 10.97 %; Vnax 3327 (N-H), 1739
(C=0 ester), 1643 (C=0 amide) cm™t; & (270MHzZ, CDCl,;) 6.63 (4H,
t, J 2.0 Hz, C(x)H pyrrole), 6.36 (2H, d, J 7.3 Hz, NH), 6.09
(4H, t, J 2.0 Hz, C(P)H pyrrole), 4.79 (2H, td, J 7.5 Hz, J’

5.1 Hz, -CHCH,S-), 4.21 (4H, dt, J 6.7 Hz, J’ 2.6 Hz, py-CH,-),
3.73 (6H, s, -OCHs;), 3.10 (2H, dd, J 14.5 Hz, J’ 5.1 Hz,
~-CH(H)S-), 3.00 (2H, dd, J 14.3 Hz, J’ 5.1 Hz,-CH(H)S-), 2.67
(4H, t, J 6.8 Hz, py-CH,CH,-).

Monomer L

NL(Z—Mercapto—ethyl)—3—pyrrol?l—yl—propionamide (1.3 g, 6.52

mmol, 1 equiv.) was dissolved in acetonitrile (80 mL) with

stirring under nitrogen. Triethylamine (2.7 mL, 1.96 g, 19.4

mmol, 3 equiv.) was added dropwise followed by allyl bromide

(0.6 mL, 838.8 mg, 6.93 mmol, 1.06 equiv.) and the reaction

refluxed for 10 hours. After cooling, the white precipitate by

product that had formed was removed by filtration and the

solvent evaporated to yield the crude product. Further by

product was removed by stirring with ethyl acetate (100 mL)

—

and again filtering off the solid. Removal of the solvent in

vacuo and purification by flash chromatography on silica
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eluting with ethyl acetate (Rf 0.55) afforded pure N-(2-

Mercapto-ethyl) -3-pyrrol-1-vl-propionamide as a yellow solid.

Monomer P

To a stirred solution of pyrrole propaﬁoic acid (0.8g,

5.75mmol) in thf (20ml), 1-1‘carbonyl diimidazole (lg, 6.2

mmol) was added portion wise and the mixture was left stirring

for lh. Methionine allyl ester (2.3g, 6.4 mmol) in thf (30ml)

was then added along with Et;N. The reaction mixture was

stirred for 8h at room temperature. All solvent was removed

under vacuum, and the product was extracted by Et,O0. The Et,0

phase was evaporated under vacuum. The solid was washed with

hexane to give a white solid 1.2g (4mmol) 63% yield. vpax
(Nujol®) 3314 (N-H), 1745 (C=0 ester),1634 (C=0 amide), 1532
(C=0 amide) cm™; & (400MHz, CDyCN) 6.81 (1H, br s, NH), 6.64
(2H, £, J 2.1 Hz, C(a)H pyrrole), 5.99 (2H, t, J 2.0 Hz, C(RP)H
pyrrole), 5.96 — 5.86 (1H, m, -CH=CH,), 5.31 (1H, m,
-CH=C(H)Htrans), 5.21 (1H, m, -CH=C(H)Hcis), 4.57 (2H, 4, J
5.6 Hz, py-CH,-), 4.52 - 4.47 (1H, m, -CHCH,S-), 4.15 - 4.12
(2H, m, -OCH,CH=CH,;), 2.70 - 2.55 (2H, m, -CH,S-), 2.47 - 2.37
(2H, m, pv-CH,CH,-), 2.01 (3H, s, -SCH;); ™/, (E.I.) 310 (M").

Monomer R

This material 1s commercially avalilable (Aldrich).

Monomer T

N-(2-Allylsulfanyl-ethyl)-3-pyrrol-l-yl-propionamide (0.3704g,
1.554 mmol, 1 equiv) was taken up in 1dOml of dichloromethane
with stirring under nitrogen. The reaction mixture was cooled
to between 0-4C. Meta-chloroperoxybenzoic acid (0.4815g, 2.790
mmol, 1.8 equiv) was added to the mixture and the reaction
stirred at 0-4C for 16 hours. The solvent was removed in vacuo
and purification by flash chromatography on silica: eluting

with ethyl acetate gave the by-product meta-chlorobenzoic

acid. Further elution with the solvent mixture was gradually
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changed to a 1:1 ethyl acetate/ethanol gave the product which

was 1solated by removal of the solvent in vacuo as off-white

crystals in 60% vield.

5 o (300MHz, CDCl;) 6.58 (2H, t, J 1.9 Hz, C(o)H pyrrole), 6.38
(1H, br s, NH), 6.04 (2H, t, J 2.1 Hz, C(B)H pyrrole), 5.76
(l1H, m, -CH=CH;), 5.41 - 5.30 (2H, m, -CH=CH,), 4.15 (2H, t, J
6.5 Hz, py-CH,-), 3.65 (2H, q, J 6.0 Hz, -NHCH,;), 3.48 (2H, m,

-CH,CH=CH;), 2.81 (2H, m, -NHCH,CH,S-), 2.52 (2H, t, J 6.6 Hz,
10 py-CH,CH,-), "/, (E.S.) 254.85 (M').

=




10

15

20

25

30

WO 2008/139200

CA 02687031 2009-11-10

PCT/GB2008/001675
26

REFERENCES

1. Kiesewetter H et al. Effect of garlic on platelet

et

T juvenile

aggregation in patients with increased risk o-
ischemic attack. J. Clin. Pharm. 1993: 45(4),; 333-336.

2. Le Gall et al. Synthesis of N-derivatised pyrroles:

precursors to highly functionalised electropolymers. .J. Chemn.

SOC. Perkin Trans. 1999: 1; 1657-1664.

3. Pickett CJ and Ryder KS. Blioinorganic reaction centres on

[ -

electrodes - modified electrodes possessing amino-acid,

peptide and ferredoxin-type groups on a poly(pvrrole)
backbone. J. Chem. Soc. Dalton ITrans., 1994: 14; 2181-2189.

4. Frank RD et al. Glutardialdehyde induced fluorescence

technique (GIFT): A new method for the imaging of platelet

adhesion on biomaterials. .T. Biomed. Mat. Research. 2000: 52;

374-381.

5. Ko TM et al. Surface characterisation and platelet adhesion

studies of plasma-sulphonated polyethylene. Biomaterials.
1993: 14(9); 657-664.

6. Blume RC at al. Formylation and cyanoethylation of
substituted idoles. J. Org. Chem. 1945: 10(3),; 255-258.

7. Kashiwagi Y et al. Polypyrrole-supported graphite felt for

acetylene coupling reaction in solid phase. Synlett. 2004: 14;

2513-2516.



10

15

20

25

30

35

CA 02687031 2009-11-10

WO 2008/139200 PCT/GB2008/001675
27 '
CLAIMS
1. A medical device having a surface which in use contacts

body tissue, wherein said surface has on it a biocompatible
coating layér'comprising a polymer having covalently bound
allvl-terminated pendent groups, sald pendent groups
comprising a moiety selected from

-0~-CHy,-CH=CH;

-S—-CH,~CH=CH,

-S(=0) -CH,~-CH=CH,

-Se~CH,-CH=CH, and

-Se (=0) -CH,-CH=CH,.

2. A medical device according to claim 1 wherein said

pendent groups comprise a molety selected from
~-C(=0) -0-CH;~-CH=CH,
-CH,-S (=0) -CH,-CH=CH,
~-S—-5—-CHy;—-CH=CH,
-S(=0)~-S-CH,~-CH=CH, and
~-8-S(=0) ~-CH,~CH=CH,.

3. A medical device according to claim 1 or claim 2 wherein
the pendent group is bound to the polymer wvia an amido, ester

or ether moiety.

4. A medical device according to any of claims 1 to 3,

wherein the polymer 1s selected from
polypvyrroles,
polythiophenes,
polyanilines,
polyamides,

poly-aminoacids,

polysaccharides,
polyvesters,
polvalkenes,

polyvamines,
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polyethers,
polyvethyleneterephthalates,
polyimides,

polysiloxanes,

5 polyphbsphazines,
polyvlactides,
polyglycolides,
polycaprolactones,
polydioxanones,

10 polvgluconates,
polyvanhvyvdrides,
polyphosphoesters,
polyorthoesters and

polyphosphate esters.

15
5. A medical device according to any of claims 1 to 4
wherein the polymer is formed by polymerisation of one or more
types of monomer, at least one of the types of monomer
comprising said pendent group.
20
6. A medical device according to any one of claims 1 to 5
wherein the polymer is an electropolymerised polyvmer.
7. A medical device according to claim 6, wherein the
25 polymer is selected from
polypyrroles,
polyvthiophenes and
polyvanilines.
30 8. A medical device according to any one of claims 1 to 7

wherein the surface of the medical device is a conductive

surface.

9. A medical device according to claim 8 wherein the surface

35 of the medical device 1s a metal surface.
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10. A medical device according to any one of claims 1 to 9
wherein the medical device ig selected from

a stent

an orthopaedic ilmplant

a pump

a heart valve

a blood dialvsis device

a blood storage container and

a catheter guide wire.

11. A medical device according to any of one of claims 1 to
10 wherein the medical device is adapted to be implanted in a

mammalian body.

12. A method of manufacture of a medical device comprising

the step of forming a biocompatible polymeric laver by

electropolymerisation of one or more types of monomer, wherein
at least one type of monomer includes a covalently bound
allyl-terminated pendent group, said pendent group comprising
a moiety selected from:

-0-CHy;~CH=CH,

- S5—-CHy—-CH=CH;

-S (=0) ~CH;—-CH=CH,

-Se~-CH,-CH=CH, and

-Se (=0) ~CH,~CH=CH,.
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