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(57) A tube suitable for use in a stent is disclosed, comprising
a polymeric material having a wall thickness between 75 |
and 150 microns. Optionally, the tube has a tensile L
modulus from 2500 to 6000 MPa and a tensile yield )
strength from 90 to 600 MPa. Preferably the polymer is
bioresorbable or biodegradable and the breakdown
products are biocompatible. The polymeric material may
been orientated by die drawing with a mandrel or die
such that it is orientated in the axial and radial directions
of the tube. Also disclosed is a method of producing a
tube suitable for a stent. An orientable thermoplastic
polymer tubing is deformed by drawing it over a mandrel
3 and/or through a die 5. A drawing mechanism 6 applies
a drawing tension to the tubing, said tension being
insufficient to cause tensile failure but sufficient to deform
the tubing. The tube is thereby drawn over a mandrel 3 or
through a die 5 to induce uniaxial or biaxial orientation of
the polymer. The deformed tubing is then collected from
the exit end/side of the mandrel 3 or die 5.
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Field of the Invention

The present invention refates to a tube comprising a polymeric material suitable for use

as a stent, and methods for fabricating the same.

Background

The listing or discussion of an apparently prior-published document in this specification
should not necessarily be taken as an acknowledgement that the document is part of

the state of the art or is common general knowledge.

There are many medical situations where it is necessary or desirable to implant a stent
within a patient in order to prevent or counteract a constriction in a naturally occurring
vessel or passage. In this context, a “stent” is an artificial tubular structure which is
able to apply force radially outwardly on a vessel or passage of a patient in order to
maintain patency of the vessel or passage and permit fluid flow through said vessel or

passage.

One of the main uses of stents is in the treatment of cardiovascular disease, which is a
leading cause of mortality within the developed world. Coronary disease is of most
concern and patients having such disease usually have narrowing in one or more
coronary arteries. One treatment is coronary stenting, which involves the placement of
a stent at the site of acute artery closure. This type of procedure has proved effective in

restoring vessel patency and decreasing myocardial ischemia.

Stents are also commonly used in the treatment of other conditions caused by the
narrowing of the vasculature, for example, peripheral arterial disease and renal

vascular hypertension.

Current stent technology is based on the use of permanent stents made from
corrosion-resistant metals, such as 316L stainless steel, or metal alloys, such as cobalt
chromium or nitinol. The inherent strength of metals mean that stents made from such
metallic tubes can adopt a low profile while exhibiting the radial strength needed to
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maintain vessel patency (/.e. keeping the vessel in an open and uncbstructed state)
whilst retaining a low profile. The profile of a stent is to be understood as relating to its

physical dimensions, in particular, its wall thickness and diameter.

However, despite their low profile and radial strength characteristics, there are a
number of disadvantages associated with the use of permanent metallic implants. In
particular, exposure of the currently used metallic stents to flowing blood can result in
thrombus formation, smooth muscle cell proliferation and acute thrombotic occiusion of
the stent. Furthermore, metallic stents have specific drawbacks which limit their
widespread use throughout the body. These limitations include long-term endothelial
dysfunction, delayed re-endothelialization, thrombogenicity, permanent physical
irritation, chronic inflammatory local reactions, mistmatches in mechanical behaviour
between stented and non-stented vessel areas, inability to adapt to growth in young
patients, and importantly non-permissive or disadvantageous characteristics for later

surgical revascularization.

The major effect of stent implantation is provided by its scaffolding effect, which is
required to last for between 8 to 12 months, during which time vessel patency can be
restored to near normal levels. After this period of time, the presence of a stent within
the vessel does not usually provide any beneficial effects in the long term as regards its

role as a supporting structure.

In the light of the disadvantages associated with permanent metailic stents, the general
consensus amongst medical practitioners over recent years has been the desire to
move away from using permanent stents and towards using non-permanent

biodegradable stents.

in order for the use of biodegradable stents to be realised in a clinical setting, they
must possess the following: (1) Mechanical strength — the biodegradable stent must
exhibit mechanical strength approaching that of metallic stents so that it can retain a
low profile while at the same time being able to withstand the radial pressures exerted
upon it in the vessel environment; (2) Optimum degradation profile — the stent must
remain in place and maintain its structural integrity long enough for vessel patency to
be restored. However, once the task of supporting the vessel has been achieved,

degradation of the stent needs to be reasonably swift so as to prevent the onset of any
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unwanted side-effects. It should be noted that this balancing act is not as frivial as it
first appears; and (3) Biocompatibility — the degradation products of many
bicabsorbable compounds are capable of eliciting inflammatory immune responses.
Therefore, the materials comprising the stent and their degradation products must be
biocompatible in that they do not elicit such responses.

Many biodegradabte stents are undergoing development and a number of fully
biodegradable stents are currently being examined in a number of clinical trials. In
addition to adopting purely a support role within the vessel, many biodegradable stents
are also designed to be drug eluting. Such stents have been assessed in clinical trials
and include Abbot’'s BVS Stent (Ormiston J.A,, et al. Lancet, 2008, 371, p 899-907) and
Biotronic's Magnesium Stent (Erbel R., ef al. Lancet, 2007, 369, p 1869-1875). By way
of a specific example, Abbott's BVS stent is fabricated from a biodegradable polyester
derived from lactic acid (poly-L-lactic acid, PLLA) with a coating that controls release of
the drug everolimus to prevent rejection and reclogging. An example of a non drug
eluting biodegradable stent is Igaki Medical's Igaki-Tamai’s stent (Tamai H., ef al.
Circulation, 2000, 102, p 399-404), which is also fabricated from PLLA.

In order for stents to function effectively they must have a radial strength capable of
withstanding the radial compressive forces exerted by the luminal wall of a blood
vessel. Moreover, they must exhibit sufficient flexibility to allow for crimping onto a
balloon catheter for the journey through the tortuous vascular network to the site of

deployment and for expansion at said site of deployment.

Temporary stents have been made from biodegradable metallic tubing, for example,
Biotronic’s Magnesium Stent. This stent is a tubular, slotted stent sculpted by laser
from a tube of a biodegradable magnesium alloy. Like the permanent stainless steel
stents, it has low elastic recoil, with minimum shortening after inflation. Despite having
these properties, only limited success has been observed in clinical trials. This has

partly been attributed to the relatively rapid rate of degredation of 60 to 90 days.

Given the problems associated with the rapid degradation of such biodegradable
metallic stents, stents made from biodegradable polymeric tubing are attractive. Firstly,
a myriad of polymeric materials are already known in the art as compared fo

biodegradable metals, which are essentially limited to the use of magnesium and iron.
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Secondly, the degradation rates of biodegradable polymers are in the range of months
and years and so are generally slower than that of biodegradable metals, which are
generally measured in weeks. Furthermore, it is possible to alter the degradation rate
of a polymeric material to suit specific needs by adjusting the composition of the
polymer or polymer blend used. However, despite these advantages, there are a
number of problems that need {o be overcome in order to make stents fashioned from

biodegradable polymers a viable alternative to metallic stents.

The inherent properties of metals mean that they are ideal for producing low profile
stents exhibiting the radial strength required to maintain the lumen of the blood vessel
open. Compared to metals and metal alloys, polymers have an inferior strength to
weight ratio. Therefore, if a polymeric stent is compared to a metallic stent having a
similar slot/mesh size and strut/wall thickness it would be lacking in the mechanical
strength required to withstand the radial forces exerted upon it by a blood vessel wall.
There are various solutions to compensate for this strength differential, however none

are ideal.

The radial strength of a polymeric stent can be increased by reducing the cell size of
the mesh. However, the problem with decreasing the cell size is that the fiexibility of
the stent is reduced, which can make implantation of the stent difficult because blood
vessels are not perfectly cylindrical in shape and thus the nafural conformation of a

blood vesse! may be lost when the stent is implanted.

The radial strength can also be improved by increasing the thickness of the stent wall
struts. However, this increases the profile of the stent and there is evidence that
suggests that having thicker struts in a mesh stent resulls in a greater likelihood of

restenosis after implantation of the stent.

Therefore, it would be highly desirable to produce tubing made from a biodegradable
material with mechanical strength characteristics such that it could be fashioned into a
stent having a similar strut and mesh size common amongst permanent metallic stents

that are currently used in the clinic.

Polymeric tubing formed by extruding a polymer melt from, for example, a single or twin

screw extruder, exhibits minimal alignment of the polymer molecules. Alignment of
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these molecules in both the radial and axial directions improves the overall properties
of the tubing. A number of technigues, such as blow molding and die drawing, can
deform polymeric tubing so as to induce molecular orientation of the polymer

molecules, in either a uni- or biaxial fashion, thus strengthening said tubing.

In the context of polymer tubing, blow molding is a process whereby a tube, fixed at
both ends by some form of grip and held within a cylindrical mould, is heated to a
temperature between its glass transition and melting temperature. To achieve the
target diameter gas is then pumped through the heated tubing to push the walls of the
tubing against the boundary created by the moid.

Blow molding has previously been used to manufacture polymeric tubing for use in
biodegradable stents. For examples of blow molding techniques, see US
2010/00258894 A1, US 2010/0198331 A1, US 7,971,333 B2 and US 2011/0062638
A1. Given the nature of these blow molding techniques, they are unable to produce
tubing with the size required for stents in a continuous manner. Furthermore, there is a

considerable amount of waste material retained in the fixing means.

Die drawing is a process whereby a polymeric material is heated to a temperature
between its glass fransition and melting temperature, and pulled fhrough a die to
change its cross sectional area. The deformation during this change in cross-sectional
area causes orientation and alignment of the polymer molecules which gives
improvements in terms of strength and stiffness. Unlike blow molding technigques, die
drawing can also produce tubing in a continuous manner because the process does
not require the tubing to be fixed at both ends. However, die drawing has never been

used to produce tubes capable of being used for stents.

In US 4,801,419 a die drawing process was used to produce oriented polymeric tubing.
in one example, a length of unplasticised PVC thick walled tubing having an inner
diameter of 32 mm and an outer diameter of 42 mm was drawn over the expanding
cone of a mandrel and through a die, to give a die drawn tube with a wall thickness of
3.7 mm. Similarly, tubing having a wall thickness of 0.225 mm was produced in US
5,650,114, by deforming a tube over an expanding former (mandrel). The resultant
tubes produced by these methods are useful in the fields of gas piping etc., but are not

suitable for use in the manufacture of stents due to their large size.
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Typically, stents are manufactured from polymeric tubes by using a laser to cut away
the wall of the tube fo create the required mesh-like scaffolding structure of a stent. As
laser cutting can be particularly sensitive {o fluctuations in the thickness of the tube wall
the tube must have a uniform shape and consistent wall thickness along its length for
the process to be successful. While blow molding can achieve the required uniform
dimensions without significant difficuities, uniformity is difficult to attain with die drawing
technigues.

A die drawing process that consistently produces tubing having the dimensions suitable
for use in a stent, i e. a wall thickness of less than 150 microns and an outer diameter

of 1-3 mm, would be useful as no stich technique has been disclosed.

Therefore, to address the above-mentioned problems the present inventors have
devised a die drawing method for the production of polymeric tubing for use in stents,

said tubing having optimal mechanical strength and shape characteristics.

The above discussion has focussed on tubing for use in coronary, peripheral,
cardiothoracic, and neuro vascular stents but it is to be understood that the present
invention is not limited thereto. Tubing for stents other than vascular stents, such as
tubing for ureteral, urethral, duodenal, colonic and biliary stents are also relevant to the

current invention.

Summary of Invention

For the avoidance of doubt, when used herein, any ranges presented are inclusive of
the end-points.

According to the current invention there is provided a tube for use in a stent comprising
a polymeric material having a wall thickness that is from 75 microns to 150 microns,
optionally wherein the tube has a tensile modulus from 2,500 to 6,000 MPa and a
tensile yield strength from 90 to 600 MPa (e.g. 90 to 300 MPa).

When used herein, the term “tube” or “fubing” relates to a hollow and substantially

cylindrical object.
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When used herein, the term “tensife modulus” means the ratio of the tensile stress to
the tensile strain over the range for which this ratio is constant. When mentioned
herein, this term can also be used interchangeably with the terms “efastic modulus’,

“modulus of elasticity” and “Young’s modulus”.

When used herein, the term ‘“fensile yield strength” is the measure of the stress at
which a material begins to deform plastically. When used herein, this term can also be

used interchangeably with the term “yield strength” and “yield point”.

Embodiments of the present invention include those in which the polymeric material is

bioresorbable and the breakdown products are biocompatible.

When used herein, the term “bioresorbable” refers to polymers that are capable of
being either completely or partially degraded andfor eroded when exposed to bodily
fiuids such as blood and can be gradually resotbed, adsorbed, and/or eliminated by the
body. When used herein, this term can be used interchangeably with the terms
“biodegradable”, bioerodable”, “bioabsorbable”.

When used herein, the term “biocompatible” means that the polymer and polymer
breakdown products are not toxic to mammalian organisms and do not cause injurious

effects, such as inflammation, on biological systems.

In other embodiments, the polymeric material is oriented in the axial and radial

directions of the tube.

When used herein, the term “oriented” means that there is molecular alignment of the

polymer molecules.

In further embodiments of the present invention the ultimate tensile strength of the tube
is from 90 and 800 MPa (e.g. from 90 MPa to 800 Mpa, such as 120 MPa to 600 MPa).

When used herein, the term “uftimate tensile strength” refers to the maximum stress a

material can withstand while being stretched or pulled by an applied load.
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In another embodiment of the present invention, the tube has an inner diameter from
0.5 to 4.0 mm and an outer diameter from 0.9 mm and 15 mm, such as an inner

diameter from 1.2 to 1.8 mm and an outer diameter from 1.5 mm to 2.5 mm.

in a yet further embodiments, the tube of the present invention has a wall thickness of
75, 100 and 150 microns.

In other embodiments, the tubing comprises polymeric material wherein the polymeric
material is albumin, collagen, hyaluronic acid and derivatives thereof, sodium alginate
and derivatives thereof, chitosan and derivatives thereof, gelatin, starch, celiulose
polymers, casein, dextran and derivatives thereof, polysaccharides, fibrinogen,
poly{valerolactone), polydioxanone, and copolymers of lactide and 1 ,4- dioxane-2-one,
poly(hydroxybutyrate), poly(hydroxyvalerate), poly(hydroxybutyrate-co-
hydroxyvalerate) copolymers, poly(alkylcarbonate), poly(orthoesters), tyrosine based
polycarbonates and polyarylates, poly(ethylene terephthalate), poly(anhydrides),
poly(ester-amides), polyphosphazenes, poly(amino acids), poly-L-lactic acid (PLLA),
poly-D,L-lactic acid (PDLLA), polyglycolic acid (PGA), copolymers of polylactic acid,
polyglycolic acid (PLGA), polycaprolactone, poly (4-hydroxybutyrate) (P4HB),
polydioxanone, poly (trimethylene carbonate), poly (hydroxybutyrate-hydroxyvalerate},
polyorthoester, poly(ester amides), poly (ortho esters), polyanhydrides, poly
(anhydride-co-imide), poly (propylene fumarate), pseudo poly (amino acid), poly (alkyi
cyanoacrylates), polyphosphazenes, and polyphosphoester, such as poly (D,L-lactide),
poly(glycolide) or copolymers and/or blends thereof (e.g. Poly (L-lactide)).

In certain embodiments, the polymeric material is poly (L-lactide), poly (D,L-lactide), or
poly(glycolide) or copolymers and/or blends thereof, such as poly (L-lactide).

In another embodiment, the tubing comprises a polymeric material wherein the
polymeric material has a crystallinity is 5% or above, such as from 10% to 90%, from
20% to 80%, from 30% to 70%, and from 40% to 60%.

In other embodiments, the tubing has an average molecular weight (Mw) from 10,000
to 10,000,000 g/mol, such as from 10,000 to 5,000,000 g/mol, from 40,000 to
3,000,000 g/mol, from 43,000 to 2,600,000 g/mol, from 100,000 to 1,000,000 g/mal,
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from 200,000 to 600,000 g/mol, from 225,000 to 500,000 g/mol, from 250,000 to
450,000 g/mol, and from 400,000 to 450,000 g/mol (e.g. 425,000 g/mol).

A further aspect of the current invention relates to a stent formed from the tubing of the

present invention.

In certain embodiments the stent is used as a vascular stent, a ureteral stent, a urethral
stent, a duodenal stent, a colonic stent or a biliary stent, in particular the stent is a

coronary stent or a peripheral vascular stent (e.¢. the stent is a coronary stent).
In another embodiment, the stent is expandable.

In embodiments of the invention the stent inner diameter is from 0.5 to 4.5 mm when
expanded for coronary stents, such as or from 2.0 to 4.5 mm, or from 4.0 to 10.0 mm

when expanded for peripheral vascular stents (e.g. 5.0 to 8.0 mm).

In other embodiments, the stent biodegrades over a period of 6 months to 36 months
following implantation in an organism (e.g. 8 months to 18 months, such as 10 months
to 12 months).

In further embodiments, the stent is capable of withstanding expansion pressures of
from 5 to 20 bar (e.g. 7 to 15 bar, such as 10 to 12 bar).

In yet further embodiments of the invention, the stent comprises radioopaque markers
selected from one or more of platinum, tantalum, tungsten, barium carbonate, bismuth
oxide, barium sulfate, metrazimide, iopamidol, iohexol, iopromide, iobitridol, iomeprol,
iopentol, ioversal, ioxilan, iodixanol, iotrolan, acetrizoic acid derivatives, diatrizoic acid
derivatives, iothalamic acid derivatives, ioxithalamic acid derivatives, metrizoic acid
derivatives, iodo theophylline derivatives, iodo-dipyridamol derivatives, iodo mopdamol
derivatives, iodamide, lypophylic agents, iodipamide and ioglycamic acid or, by the

addition of microspheres or bubbles which present an acoustic interface.

In yet a further embodiment, the stent further comprises a biologically active agent.
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When used herein, the term “biologically active agent” includes chemical and natural
substances which exert a beneficial effect on living organisms. When used herein, this

term can be used interchangeably with the term “pharmaceutically active agent”.

In embodiments of the current invention, the biologically active agent is selected from
one or more agents selecied from anti-proliferatives, anticoagulants, coronary
vasodilators, anti-inflammatories, cytotoxic agents, antibiotics and radioactive agents or

targets thereof, for local radiation therapy.

When used herein, the term “antiproliferative agent” includes agents that inhibit cellular

proliferation in the body.

When used herein, the term “coronary vasodilator” includes agents that cause dilation
of the coronary blood vessels, and hence alleviate the symptoms of reduced coronary

blood flow associated with coronary artery disease.

In other embodiments, the stent further comprises an acid scavenging agent.

When used herein, the term "an acid scavenging agent” includes agents which can
function in the body to neutralise acidic degradation products of the polymers that

comprise the stent.

In a preferred embodiment, the acid scavenging agents are theophylline, dipyridamole,
mopidamol or derivatives or iodo-derivative of those compounds thereof. Mopidamol
(and derivatives having the same pyrimido-pyrimidine structure) has both an acid

scavenging effect and an antiproliferative effect.

According to the present invention there is provided a method of producing a tube for
use in the formation of a stent, said method comprising:
deforming an orientable, thermoplastic polymer tubing in the solid phase
by drawing it over a mandrel, where the mandrel has lead and exit ends, and/or
through a die, where the die has an entry side and an exit side, wherein:
a drawing mechanism applies a drawing tension to the tubing from the exit
end of the mandrel, andfor the exit side of the die, said tension being insufficient

to cause tensile failure of the tubing but sufficient to deform the tubing, thereby
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drawing the tubing over the mandrel and/or through the die in the solid phase to
induce uniaxial or biaxial orientation of the polymer; and

collecting the deformed tubing from the exit end of the mandrel and/or the
exit side of the die.

When used herein, the term “thermoplastic” refers to a polymer that becomes pliable or
moldable above a specific temperature (e.g. its glass melting temperature), and returns

to a solid state upon cooling below that specific temperature.

In certain embodiments, the molecular weight (Mw) of the orientable, thermoplastic
polymer tubing is from 10,000 to 10,000,000 g/mol, such as from 10,000 to 5,000,000
g/mol, from 40,000 to 3,000,000 g/mol, from 43,000 to 2,600,000 g/mol, from 100,000
to 1,000,000 g/mol, from 200,000 to 600,000 g/mol, from 225,000 to 500,000 g/mol,
from 250,000 to 450,000 g/mol, and from 400,000 to 450,000 g/mol (e.g. 425,000
g/mol).

In other embodiments of the invention the orientable, thermaoplastic polymer tubing is at
a temperature above the glass transition temperature (Ty) and below the melting
temperature (T,,) of the thermoplastic polymer when used in the method disclosed

herein.

When used herein the term “glass transition temperature” refers to the temperature at

which a polymer transitions from its hard state into a pliable or rubber-like state.

When used herein the term “melting temperature” refers to the temperature at which

the polymer liquefies to a molten state.

Alternatively or additionally, when used herein, Ty, is the crystalline meiting point of the
polymer, which is the temperature at which crystals melt and a crystalline polymer

resembles an amorphous polymer, which has no short-range order.

In other embodiments the resultant wall thickness of the tube is from 75 to 150

microns, such as from 90 to 110 microns (e.g. 100 microns).
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In embodiments of the present invention the bulk cross-sectional area of the polymeric
tubing is reduced by drawing the polymeric tubing over the mandrel and/or through the
die. '

When used herein, the term “bulk cross-sectional area” means the area of the bulk of

the tubing substantially normal to its longitudinal axis.

Further embodiments include a method wherein the orientable, thermoplastic polymer

tubing is essentially unoriented before deformation.

In yet further embodiments of the present invention, the orientable, thermoplastic
polymer tubing used in the method has a tag portion and the drawing mechanism

comprises a haul-off comprising a gripping mechanism in which the tag portion is

gripped.

In an embodiment of the invention the thermoplastic polymer fubing is extruded from a

polymer meit.
In another embodiment, the orientable, thermoplastic polymer tubing is bioresorbable.

In other embodiments, the thermoplastic polymer tubing comprises polymeric material
wherein the polymeric material is albumin, collagen, hyaluronic acid and derivatives
thereof, sodiim alginate and derivatives thereof, chitosan and derivatives thereof,
gelatin, starch, cellulose polymers, casein, dextran and derivatives thereof,
polysaccharides, fibrinogen, poly(valerclactone), polydioxanone, and copolymers of
lactide and 1 ,4- dioxane-2-one, poly(hydroxybutyrate), poly(hydroxyvalerate),
poly(hydroxybutyrate-co-hydroxyvalerate) copolymers, poly(alkylcarbonate),
poly(orthoesters), tyrosine based polycarbonates and polyarylates, poly(ethylene
terephthalate), poly(anhydrides), poly(ester-amides), polyphosphazenes, poly(amino
acids), poly-L-lactic acid (PLLA), poly-D,L-lactic acid (PDLLA), polyglycolic acid (PGA),
copolymers of polylactic acid, polyglycolic acid (PLGA), polycaprolactone, poly (4-
hydroxybutyrate) (P4HB), polydioxanone, poly (trimethylene carbonate), poly
(hydroxybutyrate-hydroxyvalerate), polyorthoester;, poly(ester amides), poly (ortho
esters), polyanhydrides, poly (anhydride-co-imide), poly (propylene fumarate), pseudo
poly (amino acid), poly (akyl cyanoacrylates), polyphosphazenes, and
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polyphosphoester, such as poly (D.L-lactide), poly{glycolide) or copolymers and/or
blends thereof (e.g. Poly (L-lactide)).

In a further embodiment the thermoplastic polymer is poly (L-lactide) poly (D,L-lactide),
or poly(glycolide) or copolymers and/or blends thereof, such as poly (L-lactide).

in another embodiment the diameter of the mandrel at its widest point can be from 0.01
mm to 15 mm, such as from 0.1 mm to 10 mm, from 1 mm to 5 mm, or from 2 mm to 3

mm (e.g. 2.2 mm).

When used herein, the term “mandrel” is to be construed as being interchangeable with

the term “mandrel head”.

In other embodiments, the lead (front) end of the mandrel is tapered and/or the exit
(trailing) end of the mandrel is tapered.

In a yet further embodiment the angle of inclination of the taper of the lead and/or exit
end of the mandrel is from 5 to 60 degrees, such as from 10 to 30 degrees, and from
10 to 20 degrees (e.g. 15 degrees).

When used herein the term “angle of inclination” is with respect to the longitudinal axis
of the mandrel. I therefore refers to the angle between the plane of the mandrel outer
surface and longitudinal axis of the mandrel.

in certain embodiments, the mandrel is a cone expanding mandrel.

In further embodiments the angle of inclination of the taper of the cone is 5 to 60
degrees, such as from 10 to 30 degrees, and from 10 to 20 degrees (e.g. 15 degrees),

In certain embodiments, the mandrel is attached to a supporting means.

When used herein, the term “supporting means” refers to any device that can retain the

mandre! in an axial position. Such devices can be a mandrel shaft or a restraint cable.
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When used in the context of the mandrel, the term “cross-sectional area” relates to the

cross sectional area at the widest point of the mandrel.

When used herein, the term “infernal cross-sectional area” is the cross sectional area

of the tube’s hollow core, which is delineated by the internal wall of the tube.

In embodiments of the present invention the entry side of the die has a diameter from
0.4 to 8.0 mm (e.g. 0.8 to 6.0 mm, such as 1.5 to 3.5 mm) and/or the exit side of the die
has a diameter from 0.8 to 15 mm (e.g. 1.0 to 10.0 mm, such as 2.0 to 5.0 mm).

In other embodiments of the present invention the die is selected from: a conical die; a
converging (reducing) die; a diverging (expanding) die; and a paralie! (sizing) die (e.g.

a conical die).

When used herein, the term “converging” means that the die causes a reduction in the
outer diameter of the tubing drawn through the die. The term can therefore be used
interchangeably with “reducing”.

When used herein, the term “diverging” means that the die causes an increase in the
outer diameter of the tubing drawn through the die when used in conjugation with a

suitable mandrel. The term can therefore be used interchangeably with “expanding”.

In certain embodiments, the die semi-angle is from 0 to 50 degrees, such as from 20 to

40 degrees, and from 25 to 35 degrees (e.g. 30 degrees).

When used herein, the term “semi-angle” refers to the die semi-angle and is the angle

hetween the vertical axis of the die and the inner wall of the die.

In certain embodiments, the ratio of the die semi-angle and the angle of inclination of
the mandrel taper is in the range from 1:1 to 10:1 (e.g. from 1:1 to 51, such as from 1:1
to3:1,eg. 1:1)

In certain embodiments, the mandrel and/or the die is/are maintained at a temperature
between the glass transition temperature and the melting temperature of the polymer

used in the orientable, thermoplastic polymer tubing.
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In certain embodiments, the draw speed is from 0.00001 to 15000 mm min~', such as
from 0.01 to 15000 mm min™", from 1 to 15000 mm min™", from 10 to 10000 mm min™",
from 500 to 10000 mm min~", or from 700 to 9000 mm min™".

In certain embodiments the inner hoop draw ratio of the drawn tubing is at least 1.5.

When used herein, the term “inner hoop draw ratio” is the ratio of the inner diameter of

the oufput tubing to the inner diameter of the input tubing.

In certain embodiments the axial draw ratio is from 1.5:1 to 15:1, such as from 2:1 to
10:1 or from 2.5:1 to 4:1.

When used herein, the term “axial draw ratio” is an indication as to the degree of

elongation the tubing has undergone during the drawing process.

In certain embodiments the ratio of the axial draw ratio to the inner hoop draw ratio is in
the range of 0.5:1 to 10:1 (e.g. from 0.75:1 to 5:1, such as from 1:1 to 2:1).

In certain embodiments, the method of the present invention includes a further step
comprising extruding the thermoplastic polymeric tubing from an upstream extruder
(e.g. a single or twin screw extruder) prior to the deformation step, optionally further

comprising cooling the extruded tubing.

In certain embodiments, the method includes a further step comprising pre-heating the
thermostatic polymer tubing to a temperature between the glass transition temperature
and melting temperature of the polymer, wherein the tubing is maintained at said

temperature for 1 to 60 minutes prior to deformation, such as for 2 to 10 minutes.
In certain embodiments the cooling of the orientable, thermoplastic polymer tubing
starts while in contact with the die and/or mandrel or immediately after said tubing has

been drawn over the mandrel and/or through the die.

In certain embodiments, the method comprises the use of a mandrel.
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In certain embodiments, the method comprises the use of a die.

In certain embodiments, the method comprises the use of both a die and a mandrel.

In certain embodiments, the method is continuous.

In certain embodiments, the method further comprises preparing a stent from a tubing

subjected to the processes of said method of the present invention.

Brief Description of the Figures

Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

Figure 7.

A schematic diagram showing a cross-sectional view of die drawing
apparatus of a first embodiment.

A schematic diagram showing a cross-sectional view of die drawing

apparatus of a second embodiment,

A schematic diagram showing the apparatus used to conduct the die
drawing.

Tensile test data comparing die drawn (A) and extruded (B) PLLA tube
from Example 1.

Flexural test results comparing die drawn tube (A) (OD: 2.0, ID: 1.8mm)
and Zeus extruded tube (B) (OD 1.6mm, iD 1.0mm).

Tensile test data comparing die drawn (A} and extruded (B) PLLA tube
from Example 2.

Flexural test data comparing die drawn (A) and extruded (B) PLLA tube
Example 2.
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Detailed description

In one embodiment, the polymeric tube of the present invention has a wall thickness of
150 microns or less which is in the range typically used for metallic stents. Preferably
the wall thickness is from 75 microns to 150 microns, more preferably from 90 microns
to 110 microns, and most preferably the tubing has a wall thickness of approximately
100 microns.

In preferred embodiments, the polymeric tube has a tensile modulus from 2,500 to
6,000 MPa, and more preferably from 3,000 to 8,000 MPa. The tensile modulus can be
measured by any known method, such as ASTM D638, which is the standard test
method for tensile properties of rigid plastic materials. The tensile modulus is measured
at 23 + 2°C and at 50 + 5% humidity.

In other preferred embodiments, the polymeric tube has a tensile yield strength from 90
to 600 MPa (e.g. 90 to 300 MPa), and more preferably from 120 to 250 MPa. The yield
strength can be measured by any known method, such as ASTM D638, which is the
standard test method for tensile properties of rigid plastic materials. The yield strength
is measured at 23 + 2°C and at 50 * 5% humidity.

The polymeric tube of the present invention has an inner diameter of from 0.5 to 4.0
mm, preferably from 1.0 mm to 1.5 mm, and an outer diameter of from 0.9 mm to 15

mm, preferably from 1.5 mm fo 3.5 mm.

In embodiments of the present invention, the tubing has an ultimate tensile strength
from 90 MPa to 800 MPa {(e.g. from 120 MPa to 600 MPa). Preferably, the ultimate
tensile strength is from 120 MPa to 400 MPa (e.g. from 120 MPa to 200 MPa). In the
context of the present invention “ultimate tensile strength” is the measure of the ability
of the polymer tubing to withstand tensile stresses. The ultimate tensile strength can be
measured by any known method, such as ASTM D838, which is the standard test
method for tensile properties of rigid plastic materials. The ultimate tensile strength is
measured at 23 £ 2°C and at 50 £ 5% humidity.

In an embodiment, the tube of the present invention is bioresorbable and the

breakdown products thereof are biocompatible. Examples of polymers that are used for
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the tubing of the present invention are naturally derived polymers or synthetic
biodegradable polymers and copolymers. The biodegradable polymers are

hydrolytically degradable polymers or enzymatically degradable polymers.

Representative examples of naturally derived polymers include albumin, collagen,
hyaluronic acid and derivatives, sodium alginate and derivatives, chitosan and
derivatives gelatin, starch, celiulose polymers (e.g., methylcellulose, hydroxypropyl
cellulose, hydroxypropylmethylcellulose, carboxymethylcellulose, cellulose acetate
phthalate, cellulose acetate succinate, hydroxypropylmethylcellulose phthalate),

casein, dextran and derivatives, polysaccharides, and fibrinogen.

The synthetic biodegradable polymers and copolymers are formed from one or more
cyclic monomers (e.g. D-lactide, L-lactide, D,L-lactide, meso-lactide, glycolide,
[epsilon]-caprolactone, trimethylene carbonate (TMC), p-dioxanone (e.g., 1 ,4-dioxane-
2-one or 1,5- dioxepan-2-one), or a morpholinedione). In certain embodiments, the
tubing includes polymer fibers that comprise a plurality of glycolide and lactide (e.g., L-
lactide, D-lactide, or mixtures thereof, also referred to as D,L- lactide) residues or
meso-lactide). The ratio of glycolide to lactide residues in the copolymer is varied
depending on the desired properties of the fiber. For example, the polymer has a molar
ratio of glycolide residues that is greater than about 80; or greater than about 85; or
greater than about 90; or greater than about 85. The fiber is formed from a polymer
having a 3:97 molar ratio of lactide (e.g., D,L-lactide) to glycolide, or a 5:95 molar ratio
of lactide to glycolide, or a 10:90 molar ratio of lactide to glycolide.

Other suitable polymers include copolymers prepared from caprolactone and/or lactide
and/or glycolide and/or polyethylene glycol (e.g., copolymers of [epsilon]-caprolactone
and lactide and copolymers of glycolide and [epsilon]-caprolactone),
poly(valerolactone), polydicxanone, and copolymers of lactide and 1 ,4- dioxane-2-one.
Other examples of biodegradable materials include poly(hydroxybutyrate),
poly(hydroxyvalerate), poly(hydroxybutyrate-co-hydroxyvalerate) copolymers,
poly(alkylcarbonate), poly(orthoesters), tyrosine based polycarbonates and
polyarylates, poly(ethylene terephthalate), poly(anhydrides), poly(ester-amides),

polyphosphazenes, or poly(amino acids).
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The following hydrolytically degradable polymers are particularly preferred in the
preparation of the stent: polylactic acid including poly-L-lactic acid (PLLA) and poly-
D,L-lactic acid (PDLLA), polyglycolic acid (PGA), and copolymers of polylactic acid,
polyglycolic acid (PLGA); polycaprolactone (PCL), poly {(4-hydroxybutyrate) (P4HB);
polydioxanone; poly (trimethylene carbonate); poly (hydroxybutyrate-hydroxyvalerate);
polyorthoester; poly(ester amides), poly (ortho esters); polyanhydrides; poly
(anhydride-co-imide); poly (propylene fumarate); pseudo poly (amino acid); poly (alkyl
cyanoacrylates); polyphosphazenes; polyphosphoester. Many of these materials are
discussed in Nair et af (2007) Progress in Polymer Science 32, 762-798, including the

structure of the polymers and how they can be sourced or prepared.

Preferably the tubing comprises poly-L-lactic acid (PLLA) and poly-D,L-lactic acid
(PDLLA), polyglycolic acid (PGA), or copolymers andfor blends thereof. More
preferably, the tubing comprises a commercially available (from Purac,
www.purac.com) grade of PLLA, such as Purasorb™ PL18, Purasorb™ PL24,
Purasorb™ P32, Purasorb™ PL38, Purasorb™ PL49, and Purasorb™ PL6E5. Even
more preferably, the tubing comprises Purasorb™ PL38. PL38 is an extrusion grade of

semi-crystalline PLLA and this grade of polymer is used in the art to produce medical
grade tubing.

Biodegradable additives are included in such polymer tubing to aid their eventual
formation into stents: for example, poly(ethylene glycol) (PEG, MW 2000) can be used

as a plasticizer to increase the flexibility and reduce brittie mechanical nature of PLGA.

The biodegradable tubing can comprise more than one biodegradable material. For
example, a stent has a backbone of one type of material, e.g. PLLA, coated with
another biodegradable material, e.g. PDLLA; the stent has a multilayered matrix, e.g. a
PLLA/PLGA structure. The material can also be a blend of more than one polymer, for
example, a blend of PLLA and P4HB, or a blend of PLLA and PCL.

As mentioned above, PLGA is a L-lactide/glycolide copolymer. Various different ratios
of L-lactide to glycolide monomer can be prepared as PLGA. Preferably the ratio is
85/15 L-lactide/glycolide. The preparation of PLGA and PLLA is well known in the art
and many routine laboratory protocols are known such that the skilled person could

readily prepare PLGA or PLLA at different molecular weights without any inventive
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input. Moreover PLGA and PLLA biodegradable polymers materials can be obtained

commercially and FDA approved from, for example, Purac (www.purac.com) as

product reference Purasorb™ PLG 8523 and Purasorb™ PL 38, respectively.

In preferred embodiments of the present invention the polymeric material is oriented in
both the axial and radial directions of the tube. In alternative embodiments, the polymer
is aligned in just one of the axial or radial directions of the tube. The amount of
molecular alignment/orientation can be measured using any known method. For
example, see the methods of measurement described in Ward LM., et al. J. Pofym. Sci.
Pol. Sym., 1977, 58, p1-21 and Van Horn B.L., ef al. Macromolectles, 2003, 36, p
8513-8521.

The crystallinity of the polymer tubing may be from 5% to 90%, preferably from 20% to
80%, more preferably from 30% to 70%, even more preferably from 40% to 60%, most
preferably from 40% to 50%. The crystallinity of the tubing may be measured by any
suitable method known in the art, such as differential scanning calorimetry (DSC).

In embodiments of the present invention, a stent is prepared from the tubing of the
present invention. Any known method can be used to prepare the stent, such as laser
cutting or chemical etching. Preferably the stent is prepared by laser cutting the tubing
to produce a mesh or slotted tube stent, preferably a mesh stent. The resultant cut
stent can have any pattern known in the art. Preferably the pattern is any one of those
disclosed in Figures 1 to 10 and the attendant description of PCT/GB2012/050882 or
within the scope of Claim 1 of PCT/GB2012/050882. By stent we include a generally
tubular medical device which is implantable into a lumen in the human body. A stentis
generally used to prevent, or counteract, a disease-induced, localized flow constriction
in the lumen. A stent prepared from the fubing of the present invention is preferably for
use in a vascular lumen, for example a blood vessel. Preferably the stent is a coronary

stent or a peripheral vascular stent.

In certain embodiments, the stent is either self-expandable or preferably balloon-
expandable. The stent should be able expand at, and also be capable of withstanding
pressures of from 5 to 20 bar, preferably pressures of from & to 16 bar.
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When intended for use in a coronary artery, the inner diameter of the expanded stent
is from 0.8 to 4.5 mm and when intended for use in a peripheral artery, the inner
diameter of the expanded stent is from 2.0 to 10.0 mm.

In other embodiments of the invention, the stent made from the polymeric tubing further
comprises one or more pharmaceutically active agents. These agents can be coated
on the surface of the stent or they are incorporated, /.e. dissolved in the polymer or
distributed in the polymer matrix either homogeneously or heterogeneously, into the
polymeric material comprising the stent. In the latter example, the agent will be

introduced into the human body as the stent biodegrades.

By “dissolved in the polymer’ we mean that a formulation of the biodegradable material
and the agent is heated so that the agent is miscible with and homogeneously mixed
and dissolved in the biodegradable material.

Examples of such pharmaceutical agents include the following classes of drugs: anti-
proliferatives, such as immunosuppressants (e.g. rapamycin), anti-cancer agents (e.g.
paclitaxol), growth factor antagonists, migration inhibitors, somatostatin analogues,
ACE-inhibitors, and lipid-lowering drugs; anticoagulants, such as direct anti-coagulants
which inhibit the clotting cascade, indirect anti-coagulants, which depress the synthesis
of clotting factors, antiplatelet (aggregation) drugs, such as thromboxane A2 inhibitors
or antagonists, adenosine inhibitors, glycoprotein receptor lib/llla antagonists, thrombin
inhibitors; vasodilators, including vasoconstriction antagonists, such as ACE inhibitors,
angiotensin il receptor antagonists, serotonin receptor antagonists, and thromboxane
A2 synthetase inhibitors, and other vasodilators; anti-inflammatories; cytotoxic agents,
such as anti-neoplastic agents, alkylating agents, anti-metabolites, mitotic inhibitors,
and antibiotic antineoplastic agents; and radioactive agents or targets thereof, for local

radiation therapy.

The stent can also comprise radioopague markers, echogenic materials and/or
magnetic resonance imaging (MRI) responsive materials (i.e., MRI contrast agents) to
aid in visualization of the device under ultrasound, fluoroscopy and/or MRL.  For
example, the stent can be made with a biodegradable polymer blend containing
radiopaque material therewithin or coated with a composition which is echogenic or

radiopaque, e.g., made with echogenic or radiopaque with materials such as powdered
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tantalum, tungsten, barium carbonate, bismuth oxide, barium sulfate, metrazimide,
iopamidol, iohexol, iopromide, iobitridol, iomeprol, iopentol, ioversol, ioxilan, fodixanol,
jofrolan, acetrizoic acid derivatives, diatrizoic acid derivatives, iothalamic acid
derivatives, ioxithalamic acid derivatives, metrizoic acid derivatives, iodamide,
lypophylic agents, iodipamide and ioglycamic acid or, by the addition of microspheres
or bubbles which present an acoustic interface. Visualization of a device by ultrasonic
imaging is achieved using an echogenic coating. Echogenic coatings are well known in
the art. For visualization under MRI, contrast agents (e.g., gadolinium (lil) chelates or
iron oxide compounds) are incorporated into or onto the device, such as, for example,
as a component in a coating or within the void volume of the device (e.g., within a
lumen, reservoir, or within the structural material used o form the device), in some
embodiments, a medical device includes radio-opaque or MRI visible markers (e.g.,
bands) that are used to orient and guide the device during the implantation procedure.
In another embodiment, these agents can be contained within the same coating layer
as the compound or they are contained in a coating layer (as described above) that is

either applied before or after the layer containing the combination of compounds.

In another embodiment, the stent contains an acid scavenging agent within the
structure of the stent or be coated with the same. By an “acid scavenging agent” we
include agents that function in the body to neutralise the acidic degradation products of
the polymeric stent disclosed herein.

Many compounds having this effect are known and can be used as an acid scavenging
agent. The following are examples of such agents. Pyrimido-pyrimidine compounds
and its derivatives such as, for example, dipyridamole {2,6-bis(dithioethanclamino)-4,8-
dipiperidinopyrimido(5,4-d)pyrimidine} and mopidamol (2,2",2",2"-((4-(1-
piperidinyl)pyrimido(5,4-d}pyrimidine- 2,8-diyl)dinitrilo}tetrakisethanol}, and derivatives
or dipyridamole and mopidamol having the same pyrimido-pyrimidine structure.
Pyrimido-pyrimidine compounds also include VK 744 and VK 774 as described in J Clin
Pathol (1972) vol. 25, 427-432. Pyrimido-pyrimidine derivatives include pyrimido[5,4-
dpyrimidine, tetrachloro (2,4,6,8-tetrachloropyrimidof5,4-d]pyrimidine (available from
Bepharm Ltd (www.bepharm.com)). Also RA25, which has the same substituents in all

positions of the pyrimido ring of the nitrogens of the pyrimido pyrimidine ring. Further

suitable agents include those pyrimido-pyrimidine compounds, and derivatives,
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disclosed in Schenone et af (2008) Current Drug Therapy vol. 3, 1568-176; Walland,
(1979) Pharmaceutisch Weekblad, 913-917; and US 7,799,772.

Additional acid scavenging agents include coronary vasodilator or antiproliferative
agents containing tertiary amino groups; bronchodilators containing amino groups,

such as theophylline and its derivatives.

Dipyridamole (Persantine) and mopidamol are well known compounds readily avaitable
commercially or using standard synthesis techniques. Preferably the acid scavenging

agent is dipyridamole and/or mopidamol.

In other aspects, a stent made from the tubing of the present invention is implanted into
a human or animal subject suffering from a disease, such as cardiovascular disease,

for the purpose of treating said disease.

In another aspect, the present invention relates to a method of manufacturing a
polymeric tubing for use in a stent. The method comprises deforming an orientable,
thermoplastic polymer tubing in the solid phase by drawing it over a mandrel, where the
mandrel has a lead and exit ends, and/or through a die, where the die has an entry
side and an exit side, wherein a drawing mechanism applies a drawing tension to the
tubing from the exit end of the mandrel and/or the exit side of the die, said tension
being insufficient to cause tensile failure of the tubing but sufficient to deform the
tubing, thereby drawing the tubing over the mandrel and/or through the die in the solid
phase to induce uniaxial or biaxial orientation of the polymer; and collecting the

deformed tubing from the exit end of the mandrel and/or the exit side of the die.

in some embodiments of the method, the orientable thermoplastic polymer is exiruded
polymeric tubing. The process of extruding a polymeric material o form an extruded
tube is well known to those skilied in the art, and while any method of extrusion can be
used, single or twin screw extrusion methods are preferred. Typically, the polymer

undergoes extrusion in the molten state.

The extruded polymeric tubing is essentially unoriented before deformation. The term

“essentially unoriented’ when used herein means that the polymeric molecules within
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the extruded polymeric tubing have incurred no orientation other than that amount

which resuilts from the extrusion process.

In certain embodiments of the invention, the orientable, thermoplastic polymer tubing
may have an average molecular weight from 10,000 to 10,000,000 g/mol, preferably
from 10,000 to 5,000,000 g/mol, more preferably from 40,000 to 3,000,000 g/mol, more
preferably from 43,000 to 2,600,000 g/mol, more preferably from 100,000 to 1,000,000
g/mol, more preferably from 200,000 to 600,000 g/mol, more preferably from 250,000
to 450,000 g/mol, even more preferably from 400,000 to 450,000 g/mol, and most
preferably, approximately 425,000 g/mol.

In embodiments of the method wherein the drawing apparatus comprises a mandrel,
the mandrel may be any known in the art. The diameter of the mandrel at its widest

point may be from 0.01 to 15 mm, and preferably from 1.5 to 4.0 mm.

In embodiments of the present invention where a die is used, the mandrel is coaxially
located within the die and during the normal drawing process the mandrel self centres
within the die. The position of the mandrel within the drawing apparatus may be
adjustable in the axial direction. In some embodiments, the mandrel is positioned so
that the apical end or lead end (depending on whether the mandrel is an expanding
cone or not) resides outside the die cavity and upstream of the die entry aperture.
When used herein the term “apical end” refers to the section of the mandrel proximal to
the apex of the cone. In other embodiments, the mandrel is positioned so that the basal
end or exit end of the mandrel resides outside the die cavity and downstream of the die
exit aperture. When used herein the term "basal end” refers to the section of the
mandrel proximal to the base of the cone. In yet other embodiments, the mandrel
entirely resides within the cavity of the die. The position of the mandrel within the die
may be selected by the user. The position of the mandrel relative to the die may be

varied by routine experimentation to achieve a desired tube geometry.

The mandrel may be attached to a supporting means, examples of which include a
mandrel shaft or a restraint cable. In preferred embodiments, when the apparatus is in
the operating mode (i.e. a tube is being drawn), the supporting means is such that it

may restrain the mandrel in the axial direction.
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In certain preferred embodiments the mandrel has a lead (front) end and an exit
(trailing) end (see Figure 1). Preferably the lead end of the mandrel and/or the exit end
of the mandrel is tapered. The angle of inclination of the taper is from 5 to 60 degrees,
preferably from 7 to 40 degrees, most preferably from 10 to 40 degrees.

In other preferred embodiments, the mandrel is a cone expanding mandrel je. it is a
conical mrandrel (see Figure 2). The conical mandrel has an apical end and a basal
end. The angle of inclination of the taper of the cone may be from 5 to 60 degrees,
preferably from 7 to 40 degrees, most preferably from 10 to 40 degrees.

in embodiments of the method wherein the drawing apparatus comprises a die, the die

may be any die known in the art, such as a fiat die or a conical die.

In embodiments of the present invention, the die has an entry side and an exit side
wherein the diameter of the entry side is from 0.4 to 8.0 mm, preferably from 2.0 to 4.0
mm, and/or the diameter of the exit side is from 0.8 to 15 mm, preferably from 2.0 to 6

mm.

In certain preferred embodiments, the die is a conical die. By conical die, it is meant
that the die comprises a conical cavity and the walls of said cavity are tapered. The
conical die may have a semi-angle from 0 to 50 degrees, preferably from 5 to 40

degrees, most preferably from 10 to 40 degrees.

In embodiments of the invention wherein the apparatus further comprises a mandrel, a
conical die is also preferred. The conical die may be a converging (reducing) die or

alternatively, the conical die may be a diverging (expanding) die.

In embodiments of the present invention wherein the die is diverging, it is most suitable

to use an expanding conical mandrel.

Preferably, the ratio of the die semi-angle and the angle of inclination of the mandrel
taper the range from 1:1 to 10:1 (e.g. from 1:1 to 5:1). More preferably the ratio is
approximately 1:1.
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In a preferred embodiment of the present invention, the unoriented tubing is drawn over
a mandrel having, at its widest point, a cross-sectional area at least that of the internal
cross-sectional area of the tube. Therefore, the tube is fed over the mandrel (and the
mandrel supporting means if present) prior to initiating the process. To achieve this, the
end of the tube has a tag, preferably a belled tag. The tag is produced by heating a
section of tubing above the glass transition temperature. Air or a gas (e.g. an inert gas)
is then blown down the hollow of the tube to form an expanded section. After cooling,

the tube is then cut across the expanded section to reveal a belled tag portion.

In embodiments where there is both a die and a mandrel, the tag portion of the tube
can be fed over the mandrel so as to protrude through the exit side of the die and
secured to a tensioning means applied from the exit side of the die. In other
embodiments when no die is present, the tube only needs to advance to position where

it is secured to the tensioning means.

With regard to the tensioning means, a suitable arrangement includes a hauloff
comprising a pair of serrated jaws in which the tag is gripped and; a high tensile cable,
one end of which cable is attached to the jaws, the other to a winch or a loading station
to which a turning moment or mass is applied, thereby applying a axial tensile force,
otherwise known as the draw tension, to the tag. Alternatively, instead of a cable, the
hauloff comprises any tension transmitting means used in the drawing art including a
chain, a rack and pinion mechanism, a screw mechanism and a hydraulically operated
draw mechanism. The hauloff optionally further comprises a pair of continuous contra-

rotating friction belts, generally known as a "Caterpillar™".

The draw tension should be sufficient to draw the tube through the die but insufficient
to cause tensile failure of the tube. That is, the draw tension should be such that the
true stress at any point of the product does not exceed its fracture siress at that point.

in embodiments of the method of the present invention speed at which the tubing is
drawn by the tensioning means is from 0.00001 to 15000 mm min™, preferably from
0.01 to 15000 mm min~', more preferably from 1 to 15000 mm min™', more preferably
from 10 to 10000 mm min™', even more preferably from 500 to 10000 mm min™", or
most preferably from 700 to 9000 mm min™.
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In certain embodiments of the method of the current invention, it is desirable to soak
the extruded tubing at a temperature between its glass transition temperature and its
meiting temperature prior to drawing over the mandrel and/or through the die. When
used herein, the term “soaking” refers to exposing a tube to an above ambient
temperature for a period of time that results in an increase in temperature of the tube.
The soaking ensures that the tubing is at the required deformation temperature. The
deformation temperature refers to the temperature of the tube at which it is to be
deformed. Preferably the deformation temperature is from 2 to 50°C below the melting
temperature of the tube to be deformed. The glass transition temperature and melting
temperature of homo- and copolymers will be familiar to one skilled in the art. With
regard to the soak time, a suitable time is from 1 minute to 60 minutes, preferably from
2 to 10 minutes. As will be appreciated by the skilled person, it is not necessary to
include a soak time in all embodiments of the invention. That is, the soak time can be

0 minutes.

In other embodiments, the temperature of the process is further controlled by utilising a
heated mandrel and/or a heated die, these being heated to the required deformation
temperature of the tube.

In preferred embodiments the temperature of the drawing apparatus is controlled to an

accuracy of £ 1°C, such as with a thermostat.

Once the tubing has undergone deformation, in certain embodiments of the present
invention, it is desirable to cool the drawn tubing to prevent further deformation
occurring. Typically, the cooling of the tubing begins while in contact with the die and/or
mandrel {(i.e. when these components are not heated) or immediately after said tubing

has been drawn over the mandrel and/or die if these componenis are heated.

it is desirable to cool tubing produced in a non-continuous batch process under
tension. The cooling may be active or passive. When used herein, the term "acfive
cooling” refers to cooling the tube through exposure of the tube to conditions below
ambient temperature, e.g. by using a cooling means such as an air cooling ring located
downstream from the die. When used herein, the term ‘“passive cooling” refers to

cooling the tube by allowing it to equilibrate with the ambient temperature. Die drawn



10

15

20

25

30

28

tubing produced by a continuous process may be cooled actively or passively by any

known method.

The bulk cross-sectional area of the polymeric tubing is reduced by drawing the

polymeric tubing over the mandrel and/or through the die.

The crystallinity of the drawn tubing may be 5% or above, preferably from 5% to 90%,
more preferably from 20% to 80%, even more preferably from 30% to 70%, and most
preferably from 40% to 60%.

Die drawn tubing produced by the method disclosed herein has greater percentage
crystallinity than that of conventionally extruded tubing. While not wishing to be bound
by theory, the stent produced from the die-drawn tubing of the current invention will
biodegrade by a surface erosion process, rather than the bulk erosion process typically
encountered in polymeric stents. For tubes and stents made according to the process
of the current invention, degradation only occurs at the surface and approaches the
interior in a predictable way. In contrast, bulk degradation occurs in an uncontrolled
manner and this type degradation can elicit inflammatory responses in the tissues

surrounding the implant site.

In another embodiment, the inner hoop draw ratio of the drawn tubing may be at least
1.5, and preferably from 1.5 to 10.0 (e.g. from 1.5 t0 8.0).

in further embodiments, the axial draw ratio may be from 1.5:1 and 15:1 (e.g. from 1.5
to 10:1, such as from 2:1 to 7:1), and preferably the axial draw ratio from 2.5:1 to 4:1.

In yet further embodiments, the ratio of the axial draw ratio fo the inner hoop draw ratio
may be in the range of 0.5:1 to 10:1 (e.g. 0.5:1 to 6:1, such as 0.5:1 to 2:1). The
geometry of the mandrel, the die, and the tubing influences the balance of the
compressive (radial) and tensile (axial) forces exerted on the tubing during the drawing
process. Therefore, the ratio of the axial draw ratio and inner hoop (radial) draw ratio
can be readily altered by routine experiment by varying the: geometry of the mandrel

and/or die and/or extruded tubing; and/or drawing temperature; and/or drawing speed.
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in other embodiments method of the current invention is continuous. Typically the
hauloff comprises a pair of continuous contra-rotating friction belts although other
similar devices can be envisaged. Tc achieve a continuous process, an extruder is set
up in line with the drawing apparatus. In some embodiments, freshly extruded tube,
preferably between its glass transition and melting temperature, exits an extruder barrel
and is fed directly into the die drawing apparatus. In other embodiments, tubing
produced by the extruder is cooled {e.g. by a cooling bath) before being fed into a
reheating chamber, with said chamber heating the extruded tubing to a temperature
between the glass transition and melting temperature of the polymer material. This
heated tubing is then fed into the die drawing apparatus. In further embodiments where
the extruder is not present, the extruded tubing is supplied to the drawing apparatus in

other ways, e.g. from a motorised spool.

In further embodiments of the present invention, a stent is prepared from the tubing
produced by the method of the current invention. Any known method can be used to
prepare the stent, such as laser cutting or chemical etching. Preferably the stent is
prepared by laser cutting. By stent we include a generally tubular medical device which
is implantable into a lumen in the human body. A stent is generally used to prevent, or
counteract, a disease-induced, localized flow constriction in the lumen. A stent
prepared from the tubing of the present invention is preferably for use in a vascular
lumen, for example a blood vessel. Preferably the stent is a coronary stent or a

peripheral, cardiothoracic and neuro vascular stent.

Depicted in Figure 1 is an apparatus suitable for carrying out the method of the present
invention. The apparatus comprises a first heating zone (1), a second heating zone (2),
a mandrel (3} a mandrel shaft (4), a die (5), and a hauloff device (6). The die (4) is
housed within the second heating zone (2) and the mandrel shaft is housed within the

first (1) and second (2) heating zones.

The second heating zone (2) is located on top of the first heating zone (1} and is
housed partially therewithin. However, in another embodiment, the second heating
zone may be located above the first heating zone so that it sits directly thereupon. In
further embodiments, there may be just a single heating zone. In yet further

embodiments, no heating zone may be present.



10

15

20

25

30

35

30

As shown in Figure 1, the mandrel (3) is connected to mandrel shaft (4) at an end that
is proximal to the die (5). The base of the mandre! shaft may be anchored to the base
of a tensioning means (not shown). The mandrel (3) has a tapered lead (front) and exit
end (trailing) edges (3a and 3b, respectively). The angle of inclination of the taper may
be from 5 and 60 degrees, preferably from 10 to 40 degrees, and more preferably from
10 to 20 degrees.

The conical die (5) depicted in Figure 1 is a converging (reducing) die. That is, the
diameter of the die entry is greater than that of the die exit. The die entry diameter may
be from 0.4 to 8.0 mm and the die exit diameter may be from 1.0 to 15 mm. The semi-
angle of the die may be from 0 to 50 degrees, preferably from 10 to 40 degrees, and

more preferably from 10 to 20 degrees.

The mandrel (3) is fitted so that it is coaxially within the die. The mandrel can be
adjusted in its axial direction in order to change the position of the mandrel head within
the die. For example, in another embodiment, the mandrel can be fitted within the die
so that the exit edge thereof protrudes through and out of the exit side of the die. In
use, however, it is preferable that the mandrel is fixed so that it is unable to move in the

axial direction.

The hauloff device (8) is positioned downstream from the die. The hauloff device may

be any device mentioned herewithin.

in a typical method utilising the apparatus shown in Figure 1, a polymeric tubing having
a belled tag is fed over the mandrel shaft and mandrel head and the belled tag gripped
in the jaws of the hauloff device (8). To begin the drawing process, the tensioning
means (not shown) applies a force to move the hauloff device axially away from the die
exit, slowly at first such that the plastic strain of the polymer tubing is increased without
causing tensile failure. The draw speed is then gradually increased until a steady
drawing speed is established. A suitable draw tension is determined by routine
experiment by varying the draw speed of the tensioning means. In relation to draw
speed, this may be from 0.00001 to 15000 mm min~!, preferably from 0.01 to 15000
mm min~", more preferably from 1 to 15000 mm min™", more preferably from 10 to

10000 mm min~*, even more preferably from 500 to 10000 mm min~', or most
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preferably from 700 to 9000 mm min~'. Once the tube has exited the die it may be

cooled as previously mentioned.

Figure 2 shows a second embodiment of a mandrel and die arrangement suitable for
carrying out the method of the present invention. As Figure 2 focuses on an alternative
die and mandre! configuration, the first and second heating zones, and hauloff device

depicted in Figure 1 have been omitted to ensure clarity.

The apparatus as depicted in Figure 2 comprises a mandrel (1), a mandrel shaft (2),
and a die {3). The mandre! head (1) is conically expanded. The taper of the cone as
depicted in Figure 2 is approximately 13 degrees although it may be from 5 to 60
degrees, preferably from 10 to 40 degrees, and more preferably from 10 to 30 degrees.
The mandrel head resides in whole or in part within the cavity formed by the walls of
the die (2). The mandrel head is supported by a mandrel shaft (2) which serves to
restrain and position the mandrel in the axial direction. The mandre! shaft may be
detachable from the mandrel head. The mandrel head (1) is positioned so that it is

coaxially within the die (3).

As shown, the die (3) is a conical die with a semi-angle complementary to the angle of
taper of the conically expanded mandrel head ie. the ratio of the die semi-angle and
the angle of inclination of the mandrel taper is approximately 1:1. In other
embodiments, the ratio of the die semi-angle and the angle of inclination of the mandrel
taper may be from 1:1 to 5:1 (e.g. from 1:1 to 3:1). The die (3} as depicted in Figure 2
is a diverging (expanding) die. That is, the die exit diameter is greater than the die entry
diameter. The die entry diameter may be from 0.4 to 8.0 mm and the die exit diameter
may be from 1.0 to 15 mm. In other embodiments the die may be a converging

(reducing) die.

In Figure 2, the die (3) has an upper and lower region. The upper region (3a) is
proximal to the die exit and is conical in shape, hence the die is a conical die. The
lower region (3b) is proximal to the die entry and is cylindrical in shape. In other words,
the semi-angle of the lower region of the die is effectively 0 degrees. In other similar
embodiments the upper region of the die may be cylindrical in shape and the lower

region may be conical.
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Figure 2 also shows a length of tubing (4) being drawn through the apparatus. The
extruded tube may be loaded onto the mandrei as previously described. The tubing
(which may be at a temperature between its glass transition and melting temperature)
is pulled over the mandrel shaft, through the die and over the mandrel head by a
hauloff device (not shown). The axial force exerted by the tensioning means of the
hauloff device causes the tubing to become deformed in the axial direction. Upon
reaching the expanding cone of the mandrel head the polymeric material of the tubing
is forced to expand in the hoop (radial) direction. This radial deformation is caused by
the gradual narrowing of the region between the surface of the mandrel head and the
inner wall of the lower region of the die. The amount of radial deformation continues to
increase until the tubing reaches the boundary between the cylindrical lower region and
conical upper region of the die. Once the tubing crosses this boundary the amount of
radial deformation quickly decreases, however, the tubing continues to be deformed in
the axial direction. Deformation ceases once the tubing has exited the die and cools

below its glass transition temperature.

Examples

A number of experiments, using an apparatus depicted in Figure 3, have been
conducted to demonstrate that the method of the present invention produces polymeric

tubing exhibiting the required characteristics.

The apparatus in Figure 3 consists of a first (1) and second zones (2) capable of being
heated, a mandrel (3), a die (4), a mandrei shaft (5), and a fitting (6) for aftaching the

apparatus to the base of a tensile test machine.

For these experiments, extruded tubing made from a commercially available grade of
PLLA (Purasorb™ PL38) was selected. This grade of polymer is used to produce
medical grade tubing for applications such as polymeric stents. PL38 is an extrusion
grade of semi-crystalline PLA supplied in the form of uneven pellets which has a
melting temperature of 188°C. For the purposes of these experiments, the inventors

obtained commercially available extruded tubing supplied by Zeus Inc., USA.
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Characterisation of Extruded and Die Drawn tubes

In order to compare the mechanica!l properties of the extruded and die drawn tubes,
samples were examined by tensile testing using an Instron tensometer with a 100 N
load cell. The test procedure followed that used by Zeus Inc., a commercial medical
tubing extrusion company. Extruded tubes of 70 mm length were clamped by directly
pinching the ends of between the jaws of the tensometer clamps, using a layer of
abrasive paper wrapped round the tube end to improve the grip. Tests were carried out
at an extension rate of 50 mm/minute with a grip length of 50mm. A stress-strain curve
was generated from each test using the tube dimensions, deformation rate and
measured load, and following parameters were calculated: ultimate tensile strength,

elastic modulus, yield strength and extension to break.

Flexural properties were also examined using the same tensometer equipped in 3-point
bend mode. For each test a sample of tube was supported at two points and a load
applied centrally to deform the tube. Load versus extension data was recorded and
flexural stress and strain calculated from the recorded data and cross sectional area of

the sample.

In order to determine crystallinity, modulated DSC was conducted between the
temperature range 40°C to 170°C. Modulation amplitude was set to 0.7'C with heating
rate 5 C/minute and modulation time of 1 minute. Curves for reversible and irreversible
heat flow were obtained. Normalised enthalpies of cold crystallisation and re-
crystallisation were calculated from exotherms visible on the irreversible heat flow
curve, while normalised enthalpy of melting was obtained from integration of the
endotherm on the reversible heat flow curve. Percentage crystaliinity was calculated

using the following equation;

AH melting — (AH cold crystallisation + AH recrystallisation]
AH fusion for 108% crystalline PLA

U Crysiallinity =

The following die drawing methods using the apparatus set-up disclosed have been

performed by the inventors.



10

15

20

34

Example 1

The mandrel/die arrangement shown in Figure 2 was used in this example, with the

mandrel being partially within the second heater zone.

The commercially available extruded tube (sourced from Zeus Inc.) had dimensions of
3.00 mm outer diameter, 1.20 mm inner diameter and a wall thickness of 0.20 mm. The

parameters used for this set of experiments is shown in Table 1 below:

Start OD {(mm) 3.00
Start ID (mm) 1.20
Temperature {°C) 60-20
Die diameter {(mm) 3.3
fangle (deg)] [15]
Mandrel diameter 2.85
(mm) [angle (deg)] [15]
Draw speed {(mm/min) 10-1000
Measured load (N) 20-80
Drawn OD (mm) 2.15
Drawn 1D (mm) 1.6
Table 1

The experimental procedure was as follows:

1. An expanded section was produced in a section of exiruded tube as described
above.

2. Upon solidification, the tube was cut at the location of the expanded section to
form a tag.

3. Alength of 180 mm tube was fed over the mandrel shaft so that the inflated tag
was placed over the mandrel head. The mandrel and mandrel shaft were then
placed into temperature controlled oven inside the tensometer so that the
mandrel head was located coaxially within the die and the inflated tag was
threaded between the mandre! head and the die.

4, The inflated tag was then held in the clamps of the tensometer crosshead
(hauloff).
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5. The sample of tube was pre-heated in the enclosed first and second heating
zones for 10 minutes soak time.

6. After the soak time, the tensometer crosshead was set to extend the sampie at
a constant speed.

7. The full length of tube was drawn over the mandrel to a final extension length of
500 mm.

8. The drawn tube was cooled under tension for a period of 20 minutes.

Example 1 Resuiis

Tensile Testing

Typical results from tensile tests of drawn and extruded PLLA tube are displayed in
Figure 4 (A = die drawn tubing; B = extruded tubing). A significant difference between
the stress-strain behaviour of drawn and extruded tubes is apparent. The extruded tube
deformed elastically to a peak tensile stress of around 50 MPa at approximately 4%
extension and then dropped to a constant level of 30 MPa. A strain hardening
resonance effect occurred before the sample failed at around 40% extension. The die
drawn material exhibited a higher modulus (gradient) in the elastic region before
reaching an initial peak (yield) stress of around 160 MPa. At higher strains above 20%
extension the stress increased linearly up to around 195 MPa before failing at ~17%

exiension.

As shown in Table 2, the tensile yield strength increased after die drawing by around
190%. Ultimate (maximum) tensile strength increased by 250% above the value of
extruded tube. Tensile modulus was found {o decrease after die drawing by around
61%.

Tensile testing results (Mean & Standard error)
Tensile . Ultimate tensile | Elongation at
Sample Yield strength
modulus strength break
(MPa)
(MPa) {MPa) (%)

Extruded tubes | 2708 £ 12.08 55.03 £ 0.81 55.03 £ 0.81 51.80+9.22
Drawn tubes

4362 + 92.26 ~160 194.20+4.20 | 16.55 £ 0.50
{Example 1)
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Table 2 Tensile test results comparing extruded and die drawn PLLA tube (average of

5 tests; standard deviation shown in brackets).

Flexural Resufts

Typical results from flexural tests of drawn and extruded PLLA tube are displayed in
Figure 5 (A = die drawn tubing; B = extruded tubing).

in conclusion, the batch die drawing method of Example 1 produced oriented small
bore PLLA tubing with a draw ratio of approximately 3.1 at temperatures of 60-80°C.
The tensile yield strength of the die drawn tube was approximately 190% higher than
that of the extruded tube and maximum tensile strength was approximately 250%
higher. The tensile modulus increased by approximately 61% compared to that of the
extruded tube. This study shows that significant improvements in the mechanical
properties of PLLA tube can be achieved by using the die drawing process on

polymeric tubes that are capable of being used to form stents.

Example 2
The commercially available extruded tube (sourced from Zeus Inc.) had dimensions of

1.6 mm outer diameter, 1.0 mm inner diameter and a wall thickness of 0.3 mm. The

paramaters used for this set of experiments is shown in Table 3 below:

Start OD (mm) 1.6
Start ID (mm) 1.0
Temperature (°C) 85
Die diameter (mm) 3.0
[angle (deg)] [15]
Mandrel diameter (mm) 2.2
[angle (deg)] [15]
Draw speed (mm/min) 50-70
Measured load (N) ~25
Dwell prior o test (mins) 5
Dwell post test {mins) 10
Drawn OD (mm) 1.85
Drawn |D {(mm) 1.65

Table 3
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The experimental procedure was as follows:

1. A tag was produced in the end section of extruded tube by heating a small
section of tube and blowing air across it.
Upon solidification, the tube was cut at the location of the bubble to form a tag.
A length of 180 mm tube was fed over the mandrel shaft so that the infiated tag
was placed over the mandrel head. The mandrel and mandrel shaft were then
placed into temperature controlled oven (first and second heating zones) inside
the tensometer so that the mandrel head was located coaxially within the die
and the inflated tag was threaded between the mandrel head and the die.

4. The inflated tag was then held in the clamps of the tensometer crosshead
(hauloff).

5. The sample of tube was pre-heated in the enclosed first and second heating
zones for 5 minutes soak time.

6. After the soak time, the tensometer crosshead was set to extend the sample at
a constant speed.

7. The full length of tube was drawn over the mandrel to a final extension length of
500 mm.

8. The drawn tube was cooled under tension for a period of 10 minutes.

Example 2 Resulis

Tensile Testing

Typical results from tensile tests of the die drawn tube of Example 2 and extruded
PLLA tube are displayed in Figure 6 (A = die drawn tubing; B = extruded tubing). A
significant difference in the stress-strain behaviour of the two tubes is apparent. The
extruded tube deformed elastically to a peak tensile stress of around 50 MPa at
approximately 4% extension and then dropped to a constant level of 30MPa. A strain
hardening resonance effect occurred before the sample failed at between 40% and
85% extension. The die drawn material exhibited higher values of modulus (gradient)
in the elastic region before reaching an initial peak (yield) stress at around 95MPa. At
higher strains above 15% extension the stress increased linearly up to around 125MPa

before failing at ~30% extension.

Average results from 3 samples of each tube are summarised in Table 4. Tensile yieid

strength increased after die drawing by 71%. Ultimate (maximum) tensile strength
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increased by 136% above the value of extruded tube. Tensile modulus was found to
increase after die drawing by around 23%. Elongation at break was reduced by around
60% following die drawing.

Tensile testing results {(Mean * Standard error)
Tensile ]
Sample Yield strength Ultimate tensiie Strain at
modulus
(MPa) strength (MPa) break
(MPa)
2649.47 +
Extruded tubes 1771 55.41+0.66 52.17 + 0.38 064 +£0.12
Drawn tubes 325997 +
94.15 +£0.32 123.38+2.36 0.26 £0.01
{Example 2) 156.33

Table 4 Tensile test resulis comparing extruded and die drawn PLA tube.

The values of elastic modulus and ultimate tensile strength are lower than some of the
values previously reported in this project for die drawn tube. This is because the
dimensions of the drawn tube used here were 2.33 mm OD and 1.66 mm ID giving a

wall thickness of 0.335mm.

Flexural testing

Results from flexural (3 point bending) test data are displayed in Figure 7 (A = die
drawn tubing; B = extruded tubing). The die drawn tube of Example 2 exhibited a 79%
higher flexural modulus than that of the extruded tube. Flexural strength, defined by the
plateau of flexural stress was also higher for drawn tube by 34%. These results are

summarised in Table 5.

Tensile testing results (Mean + Standard error)
Sample Flexure strain at stress
Flexural medulus (MPa) | Flexural strength (MPa)
plateau
Extruded
tubes 1712.13 £ 23.30 41.053 £ 0.0486 0.0299 + 0.000795

Drawn tubes
{Example 2) 3070.73 £ 51.28 54.953 £ 0.332 0.0198 £ 0.000405

Table 5 Flexural test results comparing extruded and die drawn PLA tube
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Crystallinity Testing

From the results of modulated DSC experiments, values of crystallinity for extruded
tubes were found to be 13.75 £ 1.94 {mean = standard error), while for die drawn tubes
this increased to 40.94 + 4.83. This significant increase in crystallinity is likely to result
from the raised temperature to which the tube was exposed to during testing and from

strain induced crystallisation during the die drawing process.

Example 3

The commercially available extruded tube (sourced from Zeus Inc.) had dimensions of
3.0 mm outer diameter, 1.2 mm inner diameter and a wall thickness of 0.9 mm. The

paramaters used for this set of experiments is shown in Table 6 below:

Start OD (mm) 3.0
Start ID {mm) 1.2
Temperature (°C) 80
Die diameter {mm) 3.3
Die semi angle (degrees) 15

{Die entry semi angle)

Mandrel diameter (mm) 2.85
Mandrel cone (degrees) 15
Draw speed (mm/min) 900
Measured load (N) 30-40
Dwell prior to test (mins) 10
Drawn OD (mm) 2.15
DPrawn 1D (mm) 1.6
Table 6

The experimental procedure was as follows:

1. A tag was produced in a section of extruded tube by applying air pressure and

heating a small section of tube.
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Upon solidification, the tube was cut at the location of the bubble to form a tag.
A length of 180 mm tube was fed over the mandrel shaft so that the inflated tag
was placed over the mandrel head. The mandrel and mandrel shaft were then
placed into temperature controlied oven (first and second heating zones) inside
the tensometer so that the mandrel head was located coaxially within the die
and the inflated tag was threaded between the mandrel head and the die.

The inflated tag was then held in the clamps of the tensometer crosshead
(hauloff).

The sample of tube was pre-heated in the enclosed first and second heating
zones that were at 80 °C for 10 minutes soak time.

After the soak time, the drawing speed of the tensometer crosshead was
gradually increased up to a speed of 900 mm/min.

The full length of tube was drawn over the mandrel to a final extension length of
500 mm.

The drawn tube was cooled under tension.
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Claims

1.

41

A tube for use in a stent comprising a polymeric material having a wall
thickness that is from 75 microns to 150 microns, optionally wherein the tube
has a tensile modulus from 2,500 to 6,000 MPa and a tensile yield strength
from 90 to 600 MPa.

The tube of Claim 1, wherein the polymeric material is bioresorbable and the

breakdown products are biocompatible.

The tube of Claim 1 or Claim 2, wherein the polymeric material is oriented in the
axial and radial directions of the fube.

. The tube of Claim 3, wherein the fubing has been subjected to orientation by

die drawing with a mandrel and/or a die.

The tube of any one of Claims 1 to 4, wherein the uliimate tensile strength is
from 120 to 800 MPa.

The tube of any one of Claims 1 to 5, wherein the tube has an inner diameter

from 0.5 to 4.0 mm and an outer diameter from 1.5 mm to 15 mm.

. The tube of any one of Claims 1 to 6, wherein the wall thickness is 100 microns.

The tubing of any one of Claims 1 to 7 wherein the polymeric material is:
albumin; collagen; hyaluronic acid and derivatives thereof; sodium alginate and
derivatives thereof: chitosan and derivatives thereof; gelatine; starch; celiulose
polymers; casein; dextran and derivatives thereof; polysaccharides; fibrinogen,
copolymers prepared from caprolactone and/or lactide and/or glycolide andlbr
polyethylene  glycol, poly(valerolactone), polydioxanone and lactide;
copolymers of lactide and 1 ,4- dioxane-2-one; poly(hydroxybutyrate);
poly(hydroxyvalerate); poly(hydroxybutyrate-co-hydroxyvalerate) copolymers;
poly{alkylcarbonate); poly(orthoesters); tyrosine based polycarbonates and
polyarylates; poly(ethylene terephthalate); poly(anhydrides); poly(ester-amides);
polyphosphazenes; poly(amino acids); poly-L-lactic acid (PLLA); poly-D,L-lactic
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11.

12.

13.

14.

15.

16.

42

acid (PDLLA); polyglycolic acid (PGA}, copolymers of polylactic acid;
polyglycolic acid (PLGAY); polycaprolactone; poly (4-hydroxybutyrate) (P4HB);
polydioxanone; poly (trimethylene carbonate); poly (hydroxybutyrate-
hydroxyvalerate); polyorthoester; poly(ester amides); poly (ortho esters),
polyanhydrides; poly (anhydride-co-imide); poly (propylene fumarate), pseudo
poly (amino acid); poly (alkyl cyanoacrylates); polyphosphazenes; and
polyphosphoester.

The tubing of Claim 8 wherein the polymeric material is Poly (L-lactide), Poly
(b,L-lactide}, Poly(glycolide) or copolymers and/or blends thereof.

The tubing of Claim 9 wherein the polymeric material is Poly (L-lactide).

The tubing of any one of Claims 1 to 10 wherein the polymeric material has a
crystallinity from 5 to 90%, preferably from 30 to 70%.

A stent formed from the tubing of any one of Claims 1 to 11, optionally wherein
the stent is a vascular stent, a ureteral stent, a urethral stent, a duodenal stent,

a colonic stent or a biliary stent.

The stent of Claim 12 wherein the stent is a coronary stent or a peripheral, a
cardiothoracic, or a neuro vascular stent, optionally wherein the stent is

expandable.

The stent of Claim 12 or Claim 13, wherein the stent undergoes a surface

erosion process.

The stent of Claim 12 to Claim 14, wherein the inner diameter is between 0.5 o
4.5 mm when expanded for coronary stents or between 2.0 to 10.0 mm when

expanded for peripheral stents.

The stent of any one of Claims 11 o 15, wherein the stent biodegrades over a

period of 8 months to 36 months following implantation in an organism.
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23.
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The stent of any one of Claims 11 to 16, capable of withstanding expansion

pressures of between 5 and 20 bar.

The stent of any one of Claims 11 to 17 further comprising radioopaque

markers.

The stent of Claim 18, wherein the radicopague markers are selected from one
or more of platinum, tantalum, tungsten, barium carbonate, bismuth oxide,
barium sulfate, metrazimide, iopamidol, iohexol, iopromide, iobitridol, iomeprol,
iopentol, ioversol, ioxilan, iodixanol, iotrolan, acetrizoic acid derivatives,
distrizoic acid derivatives, iodo-pyrimido-pyrimidne  derivatives, iodo-
theophylline derivatives iothalamic acid derivatives, ioxithalamic acid
derivatives, metrizoic acid derivatives, iodamide, lypophylic agents, iodipamide
and ioglycamic acid or, by the addition of microspheres or bubbles which

present an acoustic interface.

The stent of any one of Claims 11 to 19 further comprising a biologically active
agent.

The stent of Claim 20, wherein the biologically active agent is selected from one
anti-proliferatives, anticoagulants, vasodilators, anti-inflammatories cytotoxic
agents, antibiotics and radioactive agents or targets thereof, for local radiation

therapy.

The stent of any one of Claims 11 to 21, further comprising an acid scavenging
agent, optionally wherein the acid scavenging agent is mopidamol or derivatives

thereof.

A method of producing a tube for use in the formation of a stent, said method
comprising:

deforming an orientable, thermoplastic polymer tubing in the solid phase
by drawing it over a mandrel and/or through a die, where the mandrel has a
lead end and an exit end and the die has an eniry side and an exit side,

wherein:
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26.

27.
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29.

30.
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a drawing mechanism applies a drawing tension to the tubing from the exit
end of the mandrel and/or the exit side of the die, said tension being insufficient
to cause tensile failure of the tubing but sufficient to deform the tubing, thereby
drawing the tubing over the mandrel and/or through the die in the solid phase to
induce uniaxial or biaxial orientation of the polymer; and

collecting the deformed tubing from the exit end of the mandrel and/or the

exit side of the die.

A method according to Claim 23, wherein the orientable, thermoplastic polymer
tubing is at a temperature above the glass transition temperature and below the

melting temperature of the thermoplastic polymer.

A method according to Claim 23 or 24, wherein the resultant wall thickness of

the tube is between 75 and 150 microns.

A method according to any one of Claims 23 to 25, wherein the bulk cross-
sectional area of the polymeric tubing is reduced by drawing said tubing over
the mandrel and/or through the die.

A method according to any one of Claims 23 to 26, wherein the orientable,
thermoplastic polymer tubing has a tag portion and the drawing mechanism
comprises a haul-off comprising a gripping mechanism in which the tag portion

is gripped.

A method according to any one of Claims 23 to 27, wherein the thermoplastic

polymer tubing has been extruded from a polymer melt.

A method according to any one of Claims 23 to 28, wherein the thermoplastic

polymer tubing is bioresorbable.

A method according to any one of Claims 23 to 29, wherein the thermoplastic
polymer is albumin, collagen, hyaluronic acid and derivatives thereof, sodium
alginate and derivatives thereof, chitosan and derivatives thereof, gelatin,
starch, cellulose polymers, casein, dextran and derivatives thereof,

polysaccharides, fibrinogen,  poly{valerolactone), polydioxanone, and
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copolymers of lactide and 1 ,4- dioxane-2-one, poly(hydroxybutyrate),
poly{hydroxyvalerate), poly(hydroxybutyrate-co-hydroxyvalerate) copolymers,
poly({aikylcarbonate), poly(orthoesters), tyrosine based polycarbonates and
polyarylates, poly(ethylene terephthalate), poly(anhydrides), poly(ester-amides),
polyphosphazenes, poly{amino acids), poly-L-lactic acid {PLLA), poly-D,L-lactic
acid (PDLLA), polyglycolic acid (PGA), copolymers of polylactic acid,
polyglycolic acid (PLGA), polycaprolactone, poly (4-hydroxybutyrate) (P4HB),
polydioxanone, poly (trimethylene carbonate), poly (hydroxybutyrate-
hydroxyvalerate), polyorthoester, poly(ester amides), poly (ortho esters),
polyanhydrides, poly {anhydride-co-imide}, poly (propylene fumarate), pseudo
poly (amino acid), poly (alkyl cyanoacrylates), polyphosphazenes, and
polyphosphoester.

A method according Claim 30, wherein the thermoplastic polymer is Poly

(L-lactide) Poly (D,L-lactide), or Poly(glycolide).

A method according to any one of Claims 23 to 31, wherein the diameter of the

mandrel at its widest point is from 0.01 to 15 mm.

A method according to Claim 31, wherein the lead end of the mandrel is

tapered and/or the exit end of the mandrel is tapered.

A method according to Claim 31, wherein the mandrel is an expanding cone

mandrel.

A method according to Claims 33 or 34, wherein the angle of inclination of the
taper is from 5 to 60 degrees.

A method according to any one of Claims 23 to 35, wherein entry side of the die
has a diameter from 0.4 to 8.0 mm and/or the exit side of the die has a diameter

from 1.0 to 15 mm.
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A method according to any one of Claims 23 to 36, wherein the die is selected
from: a conical die; a converging (reducing) die; a diverging (expanding) die,

and a parallel (sizing) die.

A method according to any one of Claims 23 fo 37, wherein the semi angle of
the die entry is from 0O to 50 degrees.

A method according to any one of Claims 32 to 38, wherein the ratio of the die
entry angle and the angle of inclination of the mandrel taper is in the range of
1:1t0 10:1.

A method according to any one of Claims 23 to 39, wherein the mandrel and/or
the die isfare maintained at a temperature between the glass transition
temperature and the melting temperature of the polymer used in the orientable,

thermoplastic polymer tubing.

A method according to any one of Claims 23 to 40, wherein the draw speed is
from 0.00001 to 15000 mm min™".

A method according to any one of Claims 23 to 41, wherein the inner hoop draw

ratio is at least 1.5,

A method according to any one of Claims 23 to 42, wherein the axial draw ratio
is from 1.5:1 to 15:1.

A method according to Claim 43, wherein the axial draw ratio is from 2.5:1 and
4:1.

A method according to any one of Claims 23 to 44, wherein the ratio of the axial

draw ratio to the inner hoop draw ratio is in the range of 0.5:1 to 10:1.

A method according to any one of Claims 23 to 45, further comprising the step
of extruding the thermostatic polymeric tubing from an upstream extruder prior

to the deformation step.
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A method according to any one of Claims 23 to 46, further comprising pre-
heating the thermostatic polymer tubing to a temperature between the glass
fransition temperature and melting temperature of the polymer, wherein the
tubing is maintained at said temperature for 1 to 60 minutes prior to

deformation.

A method according to Claim 47, wherein the temperature is maintained for 2 to

10 minutes.

A method according to any one of Claims 23 to 48, wherein the cooling of the
orientable, thermoplastic polymer tubing starts while in contact with the die
and/or mandrel or immediately after said tubing has been drawn over the

mandrel and/or through the die.

A method according to any one of Claims 23 to 49, wherein the method
comprises the use of both the die and the mandrel.

A method according to any one of Claim 23 to 50, wherein the crystallinity of the
resulting tubing is from 5% to 90%

A method according to any one of Claims 23 to 51, wherein the method is

confinuous.

A method according to any one of Claims 21 to 52 further comprising preparing

a stent from a tubing subjected to the processes of said claims.
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