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TITLE

Coated stent

TECHNICAL FIELD

The present invention relates to a coating comgil8iQ, the coating being suitable for a
medical implant, particularly a vascular stentwedl as a medical implant with a coating

containing SiQ, and a method for the production of the coating) twe implant.

PRIOR ART
Tubular support prostheses are well known in ther @rt. They are often called “stents”.
For the purpose of keeping open vessels, suchoasl blessels (e.g. arteriosclerosis), so-
called stents are implanted into the occlusion-egdeed vessels. This can be carried out
by means of a catheter or by operative openindn@fvessel, possibly by countersinking
and implanting the stent. Stents are generally -tikseor tubular structures, for instance
tissue tubes or tubular porous structures, whidti@¢o the inner wall of a vessel and keep
open a free flow cross-section, through which tloedb can flow freely in the blood vessel.
Further uses of stents are in billary tracts, & ttachea or in the esophagus. Thus stents
are used, for example, in the treatment of carcmofar limiting the constrictions in
respiratory tracts, billary tracts, the tracheaheresophagus after completed expansion.
Stents often consist of little tubes with a neeliwall, which have a small diameter and
therefore can easily be brought to the place abadity means of a catheter, where they
can be expanded to the necessary lumen and therefdhe necessary diameter for the
support of the vessel by means of a balloon (ballmiheter) in the vessel by expansion of
the net-like wall of the stent.
Balloon-expandable stents are typically producednfa formable metallic material, such
as for example stainless steel or nickel-titaniutoya. Stents are usually formed by

embossing selected structures out of tubes of #seretl material. Examples of such
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machined processes are e.g. spark erosion (EDMetrielal Discharge Machining), which
is based on the erosion of metals by spark disehanglaser beam treatment, in which a
narrow light beam of high energy density is usednter to metalize or cut out selected
sections of the metal tube.

These processes leave behind a thin heat-treatedazound the pattern cut in the tube, as
well as a surface property which is rough and uable for the implantation into live
tissue. The surface property, i.e. the roughnesdepth of roughness of stents on the
outside and inside (Ra AD & ID) in the machinedestasually is about 0.4 pm.

In order to smooth the stent surface, stents cameléeropolished after the machined
production. The principles of electropolishing ascls especially in connection with
stainless steel alloys, are known from the priar ar

By coating the prosthesis, e.g. thrombocyte-aggimgyaand damages on the balloon
catheter are avoided, and a minimizing of the serfaughness is achieved.

It is known to coat stents with plastics, suchasiristance polytetrafluorethylene (PTFE;
Teflon®).

From DE 102 30 720 Al, and DE 10 2005 024 913, elestents are known, which
comprise a Si@containing-, in other words a glass-like coating.

SiO,-containing coatings, with or without additivesnchasically be applied by known
methods, such as e.g. by chemical vapor deposition.

Nevertheless, so far none of the developed metfmdihe production and coating of a
medical implant has led to an optimal product, irhick restenosis caused by
intimahyperplasia is prevented.

Based on the increasing relevance of stents itréla¢ément of vessel diseases, an increased
need exists for a constant improvement of the sagdpaction of the stents, while at the
same time ensuring patient safety. Such implaniseaslly should allow a non-
problematic implantation in the body of a patiemdaat the same time decrease the
intimahyperplasia.

SUMMARY OF THE INVENTION
A too rough stent surface, as for example in atstght after its machined production, can
lead to serious complications, if such a steniiplantedin vivo. For example, the rough
surface of the stent can offer the blood cells. (éhgombocytes, i.e. blood platelets) a

surface, which promotes adhesion. Adhesion of sli@mbocytes to the rough surface of
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a supporting prosthesis can trigger the sequenceteyds, which is known as the
coagulation cascade, which in severe cases cantdette formation of a blood clot in
and/or around the implanted prosthesis. If sucloadoclot remains in this position, it can
happen that the vessel closure, which actuallyl &ieaprevented by the vessel prosthesis,
is caused again. If the blood clot detaches froenstient and wanders into the arterial or
venous vessel system, it can possibly settle astard place in the body, can prevent the
blood flow there and lead to an infarct or stroke.

Another negative effect of a rough surface of ssgksnplant is the formation of undesired
micro turbulences in the blood flow at this surfatke blood flow is diverted at smallest
convexities. This deviation leads to micro-turbales. Cell components can be caught in
these turbulences and can also trigger the abowvgioned coagulation cascade, with the
according disadvantages and dangers for the patient

This problem of providing an improved medical impglawhich overcomes the above
mentioned disadvantages, is solved by a coatingrdicg to independent claim 1, or a
coating process according to claim 4, respectivahd a medical implant according to
independent claim 7, or a process for the prodoctibsuch a coated medical implant
according to independent claim 13, respectively.

Accordingly, the invention is directed towards amproved medical implant and a process
for the production of such an implant, wherein ith@lant comprises a coating containing
silicon dioxide. Preferably the coating, besidesompletely oxidized reactant material,
essentially comprises silicon dioxide. Preferably tnedical implant is a vascular stent, for
example for blood vessels, billary tracts, esopbagu tracheae. For example, EP 1 752
113 Al discloses a vascular stent, which is swetdbl the coating according to the
invention, or as a support for an implant accordmthe invention, respectively.

An object of the present invention on the one hiaral coating comprising silicon dioxide
for a medical implant, particularly a tubular sugpw prosthesis. The tubular supporting
prosthesis for example can be a vascular stenh asie.g. a venous stent or an arterial
stent, wherein the arterial stent can be implaiigtie coronary artery or in the aorta. The
stent can preferably comprise one or several @tifvalves, and/or valves produced by
tissue-engineering, e.g. an aortic valve.

Previously known stents (e.g. coated with PTFE eftoh) have the problem that due to
their specific surface and their lattice textureytloften are overgrown or intermingled by

autologous cells, which long term can lead to reggbacclusion of the vessel secured by a
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stent (restenosis). Here it is difficult to findetdesired compromise between keeping open
the vessel and harmonically integrating the sterthé organism. Also, conventional stent
coatings are not always flexible enough to paréit@gn the movements of the stent during
implant and expansion, which can lead to damagéseircoating. It has also been shown
that between the substances of the stent and doel ldr other tissue an electrochemical
potential, or a voltage, respectively, can develdmgrein such potentials can change to the
worse the properties of the blood components inbiliendary layer and thereby lead to
uncontrolled deposits such as plaques etc. Theddgons can partially be found also in
other medical implants with similar requirementieThickness of the coating lies about in
the same range as the maximum tolerance for tHacsuroughness in the prosthesis.
Thereby the coating reflects the surface propertésthe prosthesis, including the
unevenness of the surface within the selectedaioters of roughness of the underlying
prosthesis substrate.

Preferably, the thickness of the coating accordmghe present invention is 40-150 nm.
According to a preferred embodiment the thickndgb@ coating is in the range of 60-120
nm, preferably 80-100 nm, more preferably in thegeaof about 80 nm. The thickness is
therefore preferably selected just in a way thabmtinuous layer results, which does not
tear during movement or expansion of the implant preferably remains elastic at least
in the area of use.

For the selection of the coating thickness, amahgrs, the requirement is significant that
during the expansion of the implant in the body twating is not damaged and no
additional pores are created.

The coating can be applied in one single step,thackby can form a single-layer coat,
however, according to a preferred embodiment it @lao comprise several successively
applied layers. In multi-layer processes, the caositfpm of each layer can be individually
determined.

The silicon dioxide can be present in amorphousrgstalline or half-crystalline form in
the coating.

The properties of the coating can be further medifly at least one additive comprised in
the coating, wherein the additive can be selecatech faluminum oxide, titanium oxide,
calcium compounds, sodium oxide, germanium oxidagmesium oxide, selenium oxide,
and hydroxides, particularly hydroxides of the afoentioned metals. Aluminum oxide

and titanium oxide are especially preferred addgivf an additive to the silicon dioxide is
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used, the fraction of the additive in the total amtoof the coating can preferably be 0,5 to
50 weight-%.

In order to retain the desired surface propertiesr dhe entire surface of the medical
implant, such as a vascular stent, it is prefetinatl the coating is essentially free of pores.
In specific embodiments, however, it can also ledgored that the coating comprises pores
for a functionalization with further substances,ietthare applied to the coating after the
actual coating step, and which are deposited in gbees. Accordingly, the coating
according to the invention can comprise an addaticitinctionalization coat, possibly only
partially or punctually. Such a coating can coroggpto the medical aim of the medical
implant and can comprise an influence of the growftisurrounding tissue, or killing of
unwanted tissue, or the establishment of a reldi&ween medical implant and tissue, etc.
The functionalization coat can for instance contifeast one medication and/or at least
one cell toxin.

The coating according to the invention preferalagnprises a maximal mean defect size of
0.5-2 um, preferably of about 1 um. Thus, any fmagears or other damages in the SiO
layer preferably have a smaller diameter than 1 pmrespectively, the mean value of all
defects on the surface of the coating before andfar the expansion is 0.5-2 pm,
preferably about 1 pum.

For the coating, advantageously a device for plasnianced chemical vapor deposition
(PECVD) (e.g a PECVD-reactor) is used.

Sonnenfeld et al. (A. Sonnenfeld, A. Bieder, Phd&tiivon Rohr, Influence of the gas
phase on the water vapor barrier properties of Silins deposited from RF and dual
mode plasmas, Plasma Processes and Polymers 20006-37) and Korner et al. (L.
Kdrner, A. Sonnenfeld, Ph. Rudolf von Rohr, Siliddride Diffusion Barrier Coatings on
Polypropylene, Thin Solid Films 2010, 518(17), 4&)0describe a possible plasma
coating device and a possible coating process.

Plasma polymerisation is a special plasma-activatedant of the chemical vapour
deposition. During plasma polymerisation, first afi, vaporous organic precursor
compositions are activated in the process chambea plasma. By the activation, free
charge carriers (ions and electrons) are createdfiest coating elements are already
formed in the gas phase in the form of precursagrfrents and/or clusters or chains of
these fragments. The following condensation oféhesating elements on the surface of

the substrate, here the stent surface, brings atheuipolymerisation and thereby the
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formation of a closed layer, under the influencewbstrate temperature, electron- and ion
bombardment.

Such a process preferably comprises the followaaguires:

A flow of process gas, comprising at least one @ag. argon, Ar) and/or a gaseous
oxidizing agent (e.g. CON,O, G; or ;) and a flow of carrier gas, comprising at least on
precursor, are guided into a treatment zone, irchivht least one substrate is present. The
volume of the treatment zone is enclosed by thega® chamber which can be evacuated.
Preferably, the flow of process gas and the flowcairier gas each have at least one
separate inlet port spaced apart from the othénertreatment zone. Advantageously, the
process gas flow and the carrier gas flow each ls@weral inlet ports. These can be
realized by a hole or several holes in the wakioleast one e.g. ring-, rod-, string-like or
otherwise formed hollow body (gas shower). Theeasl one gas shower is connected to
the treatment zone via the aforementioned holestélim, the holes comprise characteristic
widths in the range of 0.1-10 mm, preferably of-0.2 mm. In case of the coating of the
stents, preferably ring-like gas showers are usduch are advantageously integrated in
the vessel wall.

For the plasma activation, at least one preferabigothermic, electric gas discharge is
carried out in the process chamber. For this papib® production of an electric potential
gradient (of a voltage) is necessary, with the loélpt least one plasma source, by means
of which the energy feed is carried out by radigirency- (RF-) or micro wave- (MW-)
feeding. Typically, the voltage is applied over thistance between at least two electrodes
(measuring electrode and counter electrode). Tihetieé electrodes can be located inside
and outside of the process chamber, i.e. at leastetectrode outside and at least another
inside the process chamber. At least one electtaddform a part of or the entire wall of
the process chamber. Preferably (in the case cftdr), this is the measuring electrode.
Thus, several spaced-apart plasma zones can l®/adhn the treatment zone, as well as
one single connective plasma zone. Thus it is ptesso either activate the process gas
flow or the carrier gas flow, or both separatelyrtRermore, the mixture of none, one or
both already activated gas flows (process gas &odvcarrier gas flow) can be activated in
at least one plasma zone. The at least one plasneacan fill out the entire treatment zone
or it can make up a partial region of the treatnemte. Typically, the substrate is located
downstream, in relation to the aforementioned iplats of process gas flow and/or carrier

gas flow. Therein, the substrate can be locatedens outside of the at least one plasma
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zone. Preferably the at least one substrate isostgzp by one of the aforementioned
electrodes, or by a holding device supported biy i$. possible to make it dynamic, so that
the at least one substrate can be freely movebédrtreatment zone and thus can switch
between direct plasma activation (substrate withiplasma zone) or remote plasma
activation (in the after-glow) during the coatingreferably, a heterogenous, chemical
reaction of the coating elements takes place onstittace of the substrate. Preferably,
exclusively a RF-plasma source is used for the siipn of the silicon-oxidic (Sig
layers on the stents (RF-mode). In the RF-modealairig device (in the form of a plate)
with separate, electrically isolating holding elentselies on top of the counter electrode
provided inside the process chamber.

Preferably, furthermore an active cooling of tharder electrode is used (e.g. by means of
an integrated water heat exchanger), in orderHerheat strain to be further reduced. A
cooling temperature in the range of TE = 15-45°(@fqrably of 18°C-25°C, and more
preferably of about 20°C has been shown to be ddgenus.

During the production of the coating, besides #ragderature of the counter electrode, the
following parameters are important values for tlohievement of a homogenous and
smooth surface: wall temperature of the procesmbla TPK (preferably 50°C), pressure
p, fed plasma power PRF, gas composition duringckb@ning- and coating process (ratio
of the gas volume flows [§) [Argon], [O.)/ [HMDSOQ]), coating time g, as well as
positioning of the probes in the reactor.

From case to case, the coating step can be prebgdeglasma-fine cleaning, wherein the
concentration of the gaseous oxygen preferablp@sstem for 2 x 10 sec (sccm: standard
cubic centimeters per minute). The other parametersespond to those of the coating
step.

In a preferred method for the production of a e@ptccording to the invention,,@nd
hexamethyldisiloxane (HMDSO or¢8:50Sh) are used as reactants for the plasma
polymerisation, wherein the oxygen is used as arivaamg gas and the
hexamethyldisiloxane as a layer-former (precursbingrein, a ratio of [¢) to [HMDSO]
(silicoorganic monomer) of in the range of 10:140:1 is especially advantageous,
especially in the range of 10:1 to 20:1. Accorditiy an especially advantageous
embodiment of the process for the production ofdbating, a ratio of [¢) to [HMDSO]

of 14:1 to 18:1 is used, more preferably of abdufl 1According to an especially preferred

production process, HMDSO is not completely oxidize other words, at least one part
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of the starting material is present in chain- drfeem in the final product. Preferably, only
80-95%, preferably about 90% of the starting matarnderwent a reaction, or only 80-
95%, respectively, preferably about 90% of thetstgmaterial are present in the layer in
chain- and/or net-form. This leads to the resudt tthe resulting coating has optimal
mechanical properties for the purpose of implantiagd cooperates in an especially
advantageous way with the surface of the implant.

In an especially preferred embodiment a flow rdt®pof 60 sccm is used, at a flow rate
of HMDSO of about 4 sccm, a preferred plasma paf&00 W, a preferred coating time
of 2 x 6 sec, and a preferred reactor pressureldfibar.

A great advantage of the medical implants accortbntpe invention is to be seen in that
the coating can be applied in an extremely thin megni.e. preferably in the nano-range,
thus in the range of a couple of atomic layerssTdllows to essentially adjust the end
values during the production of the medical implanithout having to take into
consideration possibly unforeseeable dimensiongégmof the coating. Furthermore, such
a thin coating is less prone to break.

The invention is furthermore directed towards a icedimplant, which comprises a
support forming a basic structure and produced oeglhe according to the above
mentioned parameters, and a coating applied teast Iparts of the support, the coating
comprising or consisting of silicon dioxide. Theatiag is especially a coating according
to the first aspect of the invention. Preferablhg tnedical implant is a vascular stent. The
vascular stent can be determined for a blood veashkillary tract, the esophagus or the
trachea, wherein it can be used in various anipetiss, such as humans, pets, and farm
animals.

The support is preferably formed of a difficult degrade material, wherein “difficult to
degrade” is to be understood as a property, inwthie material does not show any visible
signs of degradation for at least one year aftglamtation into a body. The support is
preferably formed of materials usually used for roaldimplants, particularly comprising
carbon, PTFE, Dacron, metal alloys, or PHA, wheredan- or steel alloys, respectively,
are especially preferred.

A further preferred material for the support is atah having shape memory, particularly
nickel-titanium alloys, which find use in stentsedio their ability to change their form by
themselves. However, also an aluminium alloy, mamgme alloy or an iron alloy can be

used.
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Furthermore, in a further aspect, the inventiondiected towards a process for the
production of a coated medical implant, particylaal medical implant according to the
invention, which comprises at least the followitgps:
- providing a support forming a basic structure;
- electropolishing the support;
- applying a coating comprising silicon dioxide by ane of a plasma coating
process.
The support is, as mentioned above, preferablyymed from a tubular metal blank of
stainless steel, by cutting the blank in a lasetingiprocess. Therein, a stent structure is
cut with the laser. The construction drawing of sitent is converted by a software into a
format that is understandable by the CNC-controlbeser cutter, the so-called cut drawing
(CNC: computerised numerical control). After ingegtthe tube, the following feeding is
conducted preferably in a fully automated mannéue Tirst stent of a production batch is
controlled with respect to its even structure auntficg mistakes immediately after cutting.
The optical control is carried out under a micrgeeo Cutting mistakes are to be
understood as contours contrary to the cut drawinghermore, an exact measuring of the
stent takes place by means of a profile projeaton@asuring microscope. If all parameters
correspond to the specifications, the processirtgetube is continued.
The laser cutting process preferably comprisesoomeore of the following parameters:
- continuous wave pulse transmission;
- mean power of in the range of 5-9 W, at a powestdhe most in the range of
80-100 W;
- frequency of in the range of 5000-8000 revolutieas]
- shutter speed in the range of 10-12 us;
- energy in the range of 0.8-1.2 mJ;
- cutting speed in the range of 2-4 mm/sec;
- positioning time of in the range of 5-10 mm/sec.

An especially preferred laser cutting process iaratterized by one or more of the
following parameters:

- continuous wave pulse transmission;

- mean power of 7.21 W, at a power of at the mos2z Y,

- frequency of 7000 revolutions/sec;
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- shutter speed of 11.3 yus;

- energy of 1.03 mJ;

- cutting speed of 2.76 mm/sec;

- positioning time of 7.5 mm/sec.
After the laser cutting of the stents, they ardgrably submitted to a subsequent etching
process. A preferred etching solution comprisesrdeed water, nitric acid (HN£) and
hydrofluoric acid (HF). An especially preferred qoosition comprises 75-80%, preferably
77.5 % of deionized water, 18-19%, preferably 18.8%onitric acid, and 4-4.5%,
preferably 4.2% of hydrofluoric acid, tempered G®°C, preferably 65.5°C.
After the laser cutting and a possible etching esscthe stents are electropolished.
Typically, a product that is to be electropolishedimmersed in an electrolyte, which
contains an aqueous acidic solution. The produfdirised to a positive electrode (anode),
while a negative electrode (cathode) is placedectosthe anode. The anode and cathode
are then connected to a source of an electric patetifference, while the electrolyte
closes the circuit between anode and cathode. Afier flow moved through the
electrolyte, the metal melts off the surface of &mede, i.e. off the surface of the medical
implant to be polished, e.g. the tubular suppaostiresis. Therein, projecting portions are
melted generally faster than indentations, so tiatsurface is smoothened. The velocity
of the discharge of material during electropolighiis primarily a function of the
electrolyte and the flow density in the electrolffted.
During the production process of tubular suppoosfiteses, one attempts to maximize the
efficiency. This is achieved during electropolighiafter the machined production starting
from the metal tube by an increase in velocity,deample by increasing the concentration
of acid in the electrolyte bath, and/or by incragdhe flow density. While such measures
often are able to reduce the surface roughness atiafying degree, so that the
aforementioned disadvantages concerning coagulat@on be avoided, or at least are
avoidable in vivo, the inventors have found out tra acceleration of the electropolishing
process can also lead to very sharp edges of ttierse cut out of the metal tube. The fast
removal of material from the inner, outer and iniméersecting (transversal) areas can lead
to the fact that the remaining portions accumuédtéhe edges, which can lead to sharp
metallic edges at the places where the dischanges antersect. Such sharp cutting points
can interfere with the implantation process, dusivigch the stent is spanned by means of

a balloon catheter. For example, the balloon canddmeaged by the sharp edges, which
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leads to a loss of pressure inside the ballooretathThereby, the complete expansion of
the stent, which is necessary so that the stentsadyptimally to the vessel, can be
prevented. In such situations, the balloon catheigst be removed and the stent could get
lost in the body and thus lead to life-threatergogplications. Even in the case where the
balloon itself is not damaged, and the stent is aifized correctly at the right position, a
sharp edged stent can still lead to severe contigica The sharp edges of the stent can be
pressed against the inner wall of the vessel ardiugily lead to irritations. Thus,
inflammatory processes can be triggered at theafitbe stent expansion, and in severe
cases, a cicatrisation can lead to vascular caetistrior stenosis.

In other words, typical production processes ofutab support prostheses by means of
conventional machined processing of metallic tubhlanks, followed by electropolishing
to improved smoothness of the implants, at thescoksharp edges or, contrary thereto,
rounded (previously sharp) edges at the cost séased surface roughness. The inventors
have found out, that faster or more aggressivetrelgalishing rather leads to smooth
surfaces but sharp edges, while a slower or male forim of electropolishing rather leads
to rounded cutting edges but to more rough interatedsurfaces of the prostheses,
wherein this is achieved for example by a procdatfs thve parameters as described below.
These correlations seem to mutually exclude ealslrand one supposes that a tubular
support prosthesis necessarily comprises at le@stlisadvantage.

The inventors have now surprisingly found out tkisdwn processes for electropolishing
can be carried out in a way that an advantage eathieved, without having to give up of
another advantage. Thereby, implants can be prddwdeich avoid the undesired
formation of thrombosis and simultaneously ensursate expansion by undamaged
balloons, whereby irritations of the surroundirgstie can be avoided. In the prior art, it
has so far not been possible to reach both goadsltsineously. In other words, known
electropolishing processes can be conducted iffigisatly fast and aggressive manner in
order to achieve smooth surfaces, but not as fagtaggressive as to leave behind too
sharp edges. The person skilled in the art thezetan adapt the parameters of the
electropolishing process in an optimal way.

In the electropolishing process according to thvemtion, the stents are hung up on a rack
of noble metal wires, which itself is connectedatgolishing device. The rack can for
instance be loaded on four wires with up to 20tsteach. Subsequently, the loaded rack is

immersed in the electropolishing bath. In the etgmilishing bath, the electric current, the
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temperature and the polishing time, as well as d¢harge quantity are regulated. A
planetary gear on the polishing rack guaranteesvan movement of the wires with the
stents. The polishing fluid is a special mix offelieént acids. The quality of the polishing
fluid is monitored by an aerometer. By means ofire fscale, each separate stent is
weighed, and possibly re-polished, in order to gotae the normal weight by +/- 0,2 mg.
The electropolishing of the support takes placanrelectrolyte bath. This advantageously
contains at least phosphoric acid, sulphuric andlidistilled water. The electropolishing is
carried out at a temperature of 70-74 degrees @xlpreferably at a temperature of 70.3-
73.5 degrees Celsius.

Therein it is preferred if the rotational velocisyadjusted to 2-6 mm/sec, preferably about
4 mm/sec.

The maximum applied voltage lies in the range df\3; and is about 3.5 V, preferably at
the most 3.11 V. Therein, preferably a current bftre most in the range of 3-7 A,
preferably of at the most 5 A flows. According to especially preferred embodiment the
support is electropolished for 300-500 sec, préigrdor 440-470 sec, particularly
preferably for 455 sec.

The maximum mean defect size at the support suliaeein the present case after the
electropolishing) advantageously is 0.5-2 um, pedfiy about 1 pum, i.e. the support
should not have any damage with a diameter latggar 0.5-2 um, preferably no damage
with a diameter larger than about 1 um.

The still uncoated support (i.e. in the presentecadter the electropolishing)
advantageously has a mean surface roughneskd the most about 30 nm, preferably of
at the most 20 nm. The mean roughnesdd®ines the mean distance of a measuring point
on the surface to a mean centerline. The cententitegsects the real profile within the
reference distance such that the sum of the prafdeiations (with respect to the
centerline) becomes minimal. The mean roughnessh&efore corresponds to the
arithmetic mean of the deviation from a centerliide roughness on the surface is
standardized by ISO 25178. By means of optical om@as devices the value of roughness
can be measured in terms of surface area (e.g.dansnof the optical microscope VHX
100 of Keyence, with software-supported 3D-surfacalytics and a resolution of 54
MPixel in combination with an up to 2500x opticaagmifying lens of Zeiss. The software
allows a virtual section through the surface andutates the mean roughness depth for

this measuring area).
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Because thrombocytes, i.e. blood platelets, usuwalty in their size between 2-4 um, it
can be guaranteed, by complying with the maximumfasa roughness, that no
thrombocytes get caught on the implant, which im tdecreases the risk of undesired
complications due to prosthesis-induced coagulation

The definition of an area of the surface roughniedsirthermore important because the
coating applied to the surface should remain dyoaimn flexible, respectively, i.e. not
rigid, but at the same time should also not slifieéhe support surface. The quality of the
surface to be coated therefore plays an importdetin the layer formation.

Everything said with respect to the coating or thedical implant shall also extend
analogously to the method according to the invenéind vice versa, so that reference is
made in an alternating manner.

In order to obtain the pores desired in specificbediments in order to receive
functionalization agents, it is furthermore preéerthat the method also comprises the step
of the production of pores in the coating by meahsieutron bombardment. For this
purpose, neutron sources such as for example lpaaticelerators can be used. A further
possibility for the production of functional porkss in the production of pores by means
of laser light.

The present invention provides a coating for mddmalants, particularly vascular stents,
which essentially prevents, due to its inert, gldss surface with silicon dioxide, an
ingrowth of cells of the body, or an attachmenswéh cells, respectively, which due to its
hardness counteracts a damage when introducingngplant into the body, and thereby
simplifies the handling, which allows a more simplesign of the implant due to the
thinness of the coating, and leads to a reducetidin due to lower roughness values and
therefore a smaller burden for blood components tanctduced coagulation, and when
using such a coating, there is no degradation efcthating even after longer presence in
the body.

Further embodiments are described in the deperdeants.

BRIEF DESCRIPTION OF THE DRAWINGS
Preferred embodiments of the invention are desdribethe following with reference to
the drawings, which are only for the purpose afsiliation and not for limitation. In the

drawings,
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Fig. 1 shows an exemplary embodiment of an eleotrsiped stent according to
the invention, prior to being coated;

Fig. 2 shows a three-dimensional microscopic viéwroexcerpt of the surface of
a stent of Fig. 1 as a basis for the measuremetiieoburface roughness,
visualized in a ConScan white confocal microscdp8N! Instruments), in
white light of 2um diameter; a scan-size of 0.25 mm.25 mm and a
resolution of 1000 pixel/mm.

Fig. 3 a three-dimensional microscopic view of artegpt of a coated stent
according to the invention, visualized in a Olymp&ZX12 light
microscope, photographed by a Olympus ColorViewdhmera.

Fig. 4 a three-dimensional microscopic view of acegpt of the coated stent of
Fig. 3 according to the invention, visualized irZeiss Auriga scanning
electron microscope, in a 400-fold magnification.

Fig. 5 a three-dimensional view of an excerpt afoated stent according to the
invention, visualized in a scanning electron micome, in a 103-fold
magnification; definition of the analysed stenttgmts after the dilatation;

Fig. 6 a three-dimensional microscopic view of agegpt of a stent coated with
SiO, according to the invention without a platinum ¢oasualized in a
scanning electron microscope, in a 50’000 fold nifegtion;

\‘

Fig. a schematic presentation of the reactocdating;

(o]

Fig. a schematic presentation of the substrdtieho the reactor.

DESCRIPTION OF PREFERRED EMBODIMENTS
In Fig. 1, an uncoated support or a vascular ssemespectively, is shown, as it results
from electropolishing. The mesh of the depictedhtst® has several support rings 8
connected to each other at different places, whehe support rings 8 each are formed by
a filament wound to several arcs of curvature meander-like manner. Thereby, at least
one arc of curvature of a first support ring ancaenof curvature of a neighboring second
support ring laterally overlap, wherein the conmgcpoint is formed in the overlap area.
It can be seen on the vascular stent 6 shown in2Rigat after electropolishing, the surface
10 seems very smooth. Some of the edges 11 ofithersoated stent however, still are
sharp.

The excerpt of the coated vascular stent of Figh@wn in Fig. 4 shows a continuous
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coating 12 with only minor damages 13. The morpgyplof the SiQ-coeating 12 is
strongly determined by the roughness of the unohglgubstrate surface 10. If this is
rough, there will also be non-homogenous layercsiines. For evaluating the quality of
the coatings and for the differentiation betweew filifferences in the dilatation behavior,
for example the electrochemical impendance spamipms(EIS) can be used.

In the stents which form the basis for the presargntion, the dilatation was examined in
that the stents were expanded to different degreed)y 0%, 25%, 50%, 75% and 100%
by a balloon catheter, and analysed in a scanh@ugren microscope (Zeiss, Gemini 1530
FE). The deformation of the stent according toitivention occurs only at the connecting
areas (T-parts) and at the “deflecting areas” dudést special design. Accordingly, the
damages 13 of the coating 12 primarily also ocduthase strongly stressed areas (see
figure 5).

In Fig. 6, an excerpt of a stent surface 10 is sholwse to the section area with view of
the section of the layer. The layer density eqabisut 600-800 nm here. Such large layer
thicknesses have shown to be too large in ordensore a sufficient elasticity of the layer-
stent-conjunction. Thinner layers of about 200 nrmovweed significantly better
deformation- and adhesion properties during a maminexpansion of the stent, compared
to thicker layers of about 300-400 nm.

For the coating of stents, a device for the plasmi@anced chemical vapor deposition was
used. A device according to the invention for tHasma-enhanced chemical vapor
deposition (PECVD-reactor) is shown in Fig. 7. hmetpresent preferred exemplary
embodiment, the process chamber which can be etestueonsists of essentially
cylindrical vacuum flange parts with a double walllchemically resistant- and stainless
steel. This wall is formed by an outer wall 1a amdinner wall 1b, between which a ring-
like cavity 1c is located. Into this cavity, a filuheating agent (deionized water) is fed, in
order to adjust the temperature of the inner whllithiting the treatment zone §Jactor=
50°C).

The entire cavity is provided with non-depictedding means for the heating agent, in
order to suitably guide the heating means and Hulseve a homogenous temperature
distribution over the inner wall 1b. This is alsalid for the double-walled closing lid 1d,
the temperature of which can be adjusted, the rdosd enabling the insertion and
removal of the stent.

The ring shower 2 for the carrier gas flow with grecursor HMDSO is mounted in the
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upper region of the cavity 1c. Into this, the vape precursor is guided from the precursor
reservoir (reservoir temperature; E 36.4°C) by means of a vacuum stable feed line
(feeding temperature . T= 45°C), of which the temperature can be adjustea,the
connecting hub 2a into the ring shower volume 2paBsuitable selection of the diameter
(e.g. 0.2 mm) of the holes 2c in the inner wall thig precursor vapor can homogenously
spread in the shower cavity before reaching thatrirent zone evacuated to p=14 Pa
through the holes. The precursor flow during thatiog process is 4 sccm.

The holes 2c are located about 40 mm lower in teegnt exemplary embodiment than the
inlet 3 for the process gas flow. The process g in this example consists of 60 sccm
O, during the coating process, and of 100 scend@ing the cleaning process.

For the purpose of the coating, up to 18 stenteasitioned on the electrically isolating
holding elements 5b on the holding device, thetshaiding plate 5a. The chemically
resistant- and stainless steel plate lies on thedrically formed counter electrode, which
has a diameter of 145 mm. This electrode 4 is ottedein an electrically isolating and
vacuum-tight manner with the protecting shield Ad & held by this in its position in the
process chamber, i.e. in the present case aboutmbbeneath the holes 2c. At 20°C,
cooling agent (e.g. deionized water) is introduce® the electrode via the inlet- and
outlet-ports 4b, and the electrode 4 is suppliati ¢ie RF-high voltage (f=13.56 MHz) via
a conventional coaxial high-performance-RF-conoactia (e.g. Huber + Suhner, 7/16).
The process chamber is evacuated by connectingtabley typically multi-step vacuum
pump to the intake socket 7.

The device used here consists in its core of adgtal vacuum chamber, the reactor with
a volume of about 8.3 |, wherein the portion of tecalled “stent chamber” only makes
up about 3l). The carrier gas fQof the layer-forming agent (HMDSO) needed, among
others, for the reaction, is introduced at the higlael upper end) of the device, and flows,
at the selected reactor pressure of 0.14 mbar lemménar manner toward the counter
electrode mounted in the lower part of the stemindber with the stent holding plate (see
figure 8). The counter electrode with the stentdhng plate is provided with an electric
supply for the operation of a radio frequency (RScharge.

Therefore, in the RF-mode, the discharge has atdingact on the deposition process,
wherein especially the so-called self-bias of thiestrate holder 9 has a superior meaning.
This developing gradient of direct voltage from gi@asma to the substrate holder 9 results

in high-energy ions from the gas phase strikinggreving layer, whereby especially its
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surface structure can be strongly influenced. Téy@aled supports to be coated were pre-
cleaned before the coating step, wherein the ma&nohg is advantageous, but not
mandatory. The total volume flow during the clegmmas set to 100 sccm. In the present
cases a gas volume flow (flow rate) of 100 sccmakoygen was used (standard volume
flow in standard cubic centimeters per minute (9¢cat a plasma power of 200 W and a
cleaning time of 2 x 10 sec. For the purpose adruleg, the use of other gas-types, such as
for example argon (Ar), ammonia gas (§Hhydrogen (H) or ethin (GH) is also
possible.

For holding the stents, a stainless, non-magné&tiat $1olding plate 5a (e.g. a steel plate)
can be used, which is provided with holding eleradsii (e.g. pins) (see figure 8). In the
present case the steel plate 5a has a diamete4Goinin, wherein for the purpose of
simultaneous coating of several stents 6, twelvend high pins 5b 11 (preferably metal
pins) of 1.5 mm diameter are mounted on the ste& pa.

The HMDSO used (Sigma-Aldrich, CAS N° 107-46-0) fmboiling point of 101°C, a
melting point of -59°C at a density of 0.764 g/ml29°C. The gaseous oxygen used
(PanGas AG, ©5.0) has a degree of purity of 99.99999%. As & traasfer medium (heat

exchange agent), deionized water was used.
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LIST OF REFERENCE SIGNS

la outer wall in 14 4c protective shield
1b inner wall in 14 5a stent holding plate
1c cavity in 14 5b holding element
1d closing lid in 14 6 stent, support
2 ring shower intake socket
2a connecting hub 8 support ring of 6
2b ring shower volume of 2 9 connecting point of 6
2c hole in 1 or 2 10 surface of 6
inlet port 11 sharp edges of 6

4 electrode 12 SiOx-coating of 6
4a high-performance-RF- 13 damage in 12

connection 14 reactor for coating
4b inlet/outlet
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CLAIMS

. Coating (12) for a medical implant, particularly #fovascular stent (6), comprising

silicon dioxide, characterized in that the thicle$ the coating (12) is 40 to 150

nm.

. Coating (12) according to claim 1, characterizethat the thickness of the coating

(12) is 60-120 nm, preferably 80-100 nm, more pedfy in the range of 80 nm.

. Coating (12) according to one of the precedingntaicharacterized in that the

coating (12) has a maximal mean defect size o2Qun, preferably in the range of

1um.

. Method for the production of a coating (12) accogdito one of claims 1-3,

characterized in that Gand hexamethyldisiloxane (HMDSOQO) are used as ae#ct

for a plasma polymerisation for the productionhs toating.

. The method according to claim 4, characterizedhat & ratio of [ to [HMDSO]

in the range of 10:1 to 40:1, preferably in thegewnf 10:1 to 20:1, more preferably
in the range of 14:1 to 18:1, most preferably i thnge of 15:1 is used.

. The method according to claim 4, characterizetha the HMDSO is incompletely

oxidized, wherein preferably 80-95% of the HMDS@xsdized.

. The method according to claim 4, characterizedhat & flow rate of @of 120-170

sccm is used, at a flow rate of HMDSO of 5-15 scpreferably at a plasma power
of 100-300 W, a preferred coating time of 2 x 468 @and a preferred reactor

pressure of 0.1-0.4 mbar.

. The method according to claim 7, characterizedhat & flow rate of @in the

range of 150 sccm is used, at a flow rate of HMOS@he range of 10 sccm, at a

plasma power in the range of 200 W, a coating timthe range of 2 x 6 sec, and a
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reactor pressure in the range of 0.2 mbar.

9. Medical implant, particularly a vascular stent, guising a support (6) forming a
basic structure and a coating according to ondairihs 1-3 applied to at least parts

of the support (6) and/or produced by a methodraaeg to one of claims 4-8.

10.The medical implant according to claim 9, charazeet in that the support (6) is
synthesized of a material which is difficult to dede, particularly of carbon,

PTFE, Dacron, metal alloys, or comprising or camsjsof PHA.

11.The medical implant according to claim 10, chandzgel in that the support (6) is

formed of at least one iron alloy, particularlysbéinless steel.

12.The medical implant according to claim 10, chanaogel in that the support (6) is
formed of a metal having shape memory, particulaflgt least one nickel-titanium

alloy.

13.The medical implant according to one of the premgdiaims, characterized in that
the support (6) comprises on its surface (10) aimax mean defect size of 0.5-2

pum, preferably in the range of 1 pum.

14.The medical implant according to one of the premgdiaims, characterized in that
the support (6) has a mean surface roughngss fRe most in the range of 30 nm,

preferably at the most in the range of 20 nm.

15.Method for the production of a coated medical implaarticularly of a medical
implant according to one of claims 8 to 14, conipggshe following steps:
- providing a support (6) forming a basic structure;
- electropolishing the support (6);
- applying a coating (12) comprising silicon dioxiggrticularly a coating (12)
according to one of claims 1-5, by means of a péasoating process.

16.Method according to claim 15, characterized in that
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as a support (6) a tubular metal blank of staind¢ssl is provided, which is cut
in a laser cutting process and subsequently ptafeedched with a solution of

deionized water, nitric acid, and hydrofluoric gadd that

the electropolishing of the support (6) is carrted in an electrolyte bath, at a
temperature of 70-74 degrees Celsius, a rotatieekicity of 2-6 mm/sec, a

maximum voltage of 3-4 V, preferably in the rande3db V, at an electric

current of at the most 3-7 A, preferably in thegarof 5 A, wherein the

duration of the electropolishing is 300-500 sec.

17.Method according to claim 16, characterized by onemore of the following

parameters:

that the electrolyte bath contains phosphoric asidphuric acid and distilled
water;

that the electropolishing is carried out at a terapge of 70.3-73.5 degrees
Celsius;

that the rotational velocity is in the range of 4fset;

that a voltage of at the most in the range of /14 applied,;

that the duration of the electropolishing is 44@-4eéc., preferably in the range
of 455 sec.

18.Method according to one of claims 16 or 17, charatd in that the laser cutting

process comprises one or more of the following ipatars:

continuous wave pulse transmission;

mean power of 5-9 W, at a power of at the most @0\W;
frequency of 5000-8000 revolutions/sec;

shutter speed of 10-12 ys;

energy of 0.8-1.2 mJ;

cutting speed of 2-4 mm/sec;

positioning time of 5-10 mm/sec.



