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A bstract. Drug-eluting stents have several advantages over bare metal implants. They eliminate 
restenosis, the main drawback of bare metal stents. In addition the locally delivered drug is more 
effective and causes less side-effects. However in some cases dangerous stent thrombosis, 
inflammatory and allergy reactions were observed after their implantation, which first of all related to 
the drug-eluting coating. This project is aimed to develop a novel biocompatible nanoporous polymer 
layer by radiation induced polymerization that is capable of holding and eluting drugs and promotes 
endothelization after the release of the drug.

1. INTRODUCTION

Appearance o f coronary stents has been made a revolution in healing o f coronary 
disease and intravascular occlusions. Thanks to the catheterization technique the complicated 
surgery can be avoided in many cases and the whole procedure is reduced to a relatively simple 
one-day intervention with remarkably lower risk factors.

The stent is an artificial supporting device placed in the blood vessel in order to keep it open, 
eliminating this way the occlusion or narrowing o f the vessel. Stent represents an expandable 
tubular mesh usually made o f materials used in other types o f medical implants. It is mounted 
on a balloon in contracted form and guided through the blood vessels to the place where the 
occlusion (or narrowing) exists using a catheterization procedure. There the inflation o f the 
balloon expands the stent against the walls o f the blood vessel and the stent remains 
permanently in place and holds the blood vessel open after the deflation and removal o f the 
balloon catheter.

Stents usually made o f medical grade stainless steel or other corrosion resistant alloys using 
welding, laser cutting and photolithography techniques [1,2]. In the first period only bare metal 
stents were available on the market. However the long-term trials showed that these devices 
have several crucial drawbacks: the metallic surface was found to be thrombogenic and it could 
incite also immune response reactions leading to rapid cell proliferation that together with the 
clotting at the vessel walls damaged by the stent could cause narrowing or even blocking o f the 
blood flow in the stent area (restenosis) [3-5]. So soon coated stents appeared to overcome 
these problems.

The coated stent is a normal bare metal stent that has been covered with a special passive or 
active coating layer. The main role o f passive coatings is to isolate the metal from the blood 
and tissues and to provide an ideal surface for endothelization. Typical passive coatings include 
silicon carbide [6], turbostratic graphite [7] and fluoropolymers [8]. The active or drug-eluting 
coatings contain drugs enhancing healing or eliminating the side-effects emerging as a result of 
the intervention [5]. The use o f drug-eluting stents has expanded rapidly and lead to almost 
total disappearance o f the implants with passive coatings.

Drug-eluting stents solve the problem of restenosis, but they have their own drawbacks too. 
The main problem is the late stent thrombosis, which is a rather rare but very dangerous
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complication occurring several months after the implant placement, and has high mortality 
rates [9,10]. Several causes were identified that could contribute to the stent thrombosis, 
including the lack o f re-endothelization, late inflammatory reaction and allergy. These 
complications were related to different factors, but eventually many of them originate in the 
characteristics of the drug-eluting coating.

A  drug-eluting coating on stent consists o f the drug and the coating itself that holds and elutes 
the drug. The latter is usually a polymer that is preliminary mixed with the drug and typically 
dipped or sprayed on the stent surface. This method has a drawback however since some o f the 
drug molecules remain trapped in the polymer matrix and inhibit the re-endothelization at later 
stages.

An alternative preparation method is the formation o f a porous polymer container layer on the 
stent surface that is filled up with the drug later. This way the container can be prepared with 
the required mechanical properties and biocompatible surface without involving the drug 
molecules. After the drug has been eluted, the remaining polymer surface could serve a good 
basis for endothelization. This project is aimed to develop such a drug-eluting porous polymer 
coating layer for stents and other medical implants by radiation induced polymerization. The 
coating is to be prepared on the top o f the bare metal surface or on an amorphous carbon 
protective layer deposited on the implant by radio-frequency chemical vapor deposition 
method.

Radiation induced polymerization is widely used for preparation and modification o f polymers. 
By using this method the free radicals are generated directly on the monomer, so no need for 
initiators. The polymerization can take place at any temperature and the large penetration depth 
o f ionizing radiation allows the polymerization o f relatively large volumes too. This method is 
widely used also for the preparation o f different polymers for biomedical lapplications.

N-isopropyl acrilamyde nanogels were synthesized earlier by pulse radiolysis [11, 12] and 
optimized for equilibrium swelling and response rates. Superclean hydrogels showing inverse 
thermo-response were synthesized by radiation polymerization and cross-linking from 
hydroxyethyl acrylate and hydroxypropylacrylate in bulk and aqueous solutions [13]. By 
variation o f the monomer concentration, co-monomer ratio, irradiation temperature and 
absorbed dose, hydrogels with various swelling characteristics were obtained. The change of 
the composition o f the mixture allowed shifting o f the critical temperature, while increase of 
the monomer concentration or dose resulted in gels with better mechanical characteristics.

Advanced functionalized polymer surfaces were created by radiation induced grafting of 
N-isopropyl acrylamide on hydrogels that show hydrophobic-hydrophilic transformation at a 
critical temperature. These surfaces increase protein adsorption and can be use as supports for 
cell growth.

2. MATERIALS AND METHODS

Medical grade metallic alloy (304 and 316L stainless steel and Inconel 617) wires were 
obtained from commercial sources. Bare metal stents were provided by the Minvasive Ltd. 
M onomers and solvents were purchased from Aldrich.
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The amorphous carbon coating was prepared using radio frequency chemical vapor deposition 
(rf CVD) from methane precursor gas. The self-bias and the plasm a pressure were varied in 
order to optimize the characteristics o f the film.

The porous polymers were prepared from a monomer by y-source were used for the irradiation 
o f the monomer mixtures.

Raman spectroscopy was used for investigation o f the structure, quality and homogeneity o f the 
coating. This method proved to be well suitable for characterization o f carbon-containing 
materials [14-17]. Raman spectroscopy is highly sensitive to changes in the bonding 
configuration o f carbon atoms especially to that o f sp hybridized ones, since the n states o f the 
sp2 clusters, resulting in narro band gaps ake the a an scattering process to be resonantly 
enhanced. The typical Raman spectrum of amorphous carbons consists o f a broad band in the 
1000-1700 cm-1 region, which can be decomposed in to two constituting peaks -  the D and G 
bands located around 1300-1400 cm-1 and 1500-1600 cm-1 respectively [14,15]. The position, 
width and intensity ratio o f these bands are used for the characterization o f the structure o f a- 
C:H films. The spectra were recorded on a Renishaw 1000 Raman spectrometer attached to a 
microscope. A  488 nm line o f an Ar-ion laser served as excitation source. Using the 
microscope the excitation beam was focused into a spot having diameter o f 1 micron.

The morphology o f the samples was studied by a JEOL JSM  5600LV scanning electron 
microscope and a Leica DM/LM  optical microscope.

3. RESULTS AND DISCUSSIONS

3.1. A m orphous carbon  sten t coating

Diamond-like carbon (DLC), a special type o f amorphous carbons (a-C:H), is one o f the 
best protective coating materials that used in many fields o f modern technology. High hardness, 
low friction, chemical inertness and biocompatibility [18-20] made it nowadays a routinely 
used coating in different medical implants and other devices.

It should be noted however that the protective coating on a stent has to fulfill different 
requirements compared to orthopedic implants for example. There is no intense mechanical 
wearing and stress inside the blood vessel so high hardness is not an obligatory. The elasticity 
is the key point regarding the mechanical properties, since the coating has to withstand the 
huge deformation during the mounting o f the stent onto the balloon o f the catheter and during 
the expansion inside the blood vessel. Another problem that has to be solved is the good 
adhesion, since the detachment o f layer fragments would lead to unwanted complications. O f 
course biocompatibility and chemical inertness are also a must.

In the first step o f the development the optimal preparation conditions were determined by 
varying the deposition parameters and testing the properties o f the films. M etallic alloy wires 
having the same composition as the stent materials served as substrates. Different pre
treatments were also applied to the substrate surface. It was found that the bonding 
configuration o f the amorphous carbon layer depends strongly on the alloy type and on the 
surface pre-treatment too (Fig. 1a and 1b) [21,22]. The use o f Ar-ion etching and 
electropolishing o f the metal surface have improved the adhesion and other characteristics of 
the layer (Fig. 1b).

In the next step the most promising a-C:H films were deposited onto stents (both welded and 
laser cut) [23]. Fig. 2 shows the Raman spectra recorded in different points o f the surface. It
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can be seen that the formed layer was homogeneous on the whole stent o f both type. According 
to the Raman spectra the structure o f the coating is close to DLC. The optimal thickness was 
determined to be 80 nm.

The coating on stents was subjected to expansion tests. Fig. 3 compares SEM photos o f the 
coated implants before and after the expansion. It can be seen that the coating has a total 
coverage on the stent even after the expansion without any cracks or detached fragments.

R a m a n  s h i f t  [ c m 1] R a m a n  s h i f t  [ c m 1]

Fig. 1: (a) Raman spectra of amorphous carbon coatings deposited onto 304, 316 LVM and Inconel alloy wires 
used for stent fabrication. (b) The effect of Ar+ etching pre-treatment of the substrate on the bonding configuration

of the a-C:H film.
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Fig. 2 : Raman spectra taken in critical points of a (a) welded (b) laser cut stent. The amorphous carbon layer was
found to be homogeneous on the whole stent surface.
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Fig. 3 : SEM images of the a-C:H layer on laser cut stent before and after expansion.

3.2. Porous polym ers p rep a red  by rad ia tio n  induced polym erization
A  one-step radiation-initiated polymerization and cross-linking method was developed 

for preparation o f macroporous polymers from a mixture o f the monomer (or co-monomers) 
and the solvent [24-26]. These materials consist o f polymer microglobules aggregated in larger 
clusters. The voids between these clusters and between the globules form a network of 
interconnected pores that can be utilized as separation media or even in a drug container.

The porous polymers were prepared from diethylene glycol dimethacrylate (DEGDMA) 
monomer. A  number o f parameters were identified that could control the porous properties of 
the resulting material [24]. It was found that if  the solubility paramenter o f the solvent is close 
to that o f the monomer, the resulting polymer will have smaller pores, while larger pores will 
form with a poor solvent (Fig. 5). The higher monomer concentration resulted in smaller pores 
(Fig. 6). The increasing dose rate increased the pore size (Fig. 7).

By selecting appropriate co-monomers it was possible to control the surface properties o f the 
macroporous polymer in a wide range. It was found that the addition o f hydroxyethyl acrylate 
as co-monomer results in hydrophilic polymer surface [26], while buthyl methacrylate leads to 
a hydrophobic material [27]. Thermo-sensitive features can be introduced by adding N- 
isopropyl acrilamyde to the monomer mixture.
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Fig. 5 : SEM photographs of monoliths obtained from 30 vol.% DEGDMA in poor (methanol, ethanol, 2-propanol) 
and good (ethylacetate, tetrahydrofurane and dioxane) solvents. The irradiation was done at 25 °C, with dose rate

of 16 kGy/h, and total dose of 30 kGy [24].

Fig. 6 : SEM photographs of monoliths obtained from methanol solutions with different DEGDMA monomer 
content. The irradiation was done at 25 °C, with dose rate of 16 kGy/h, with the total dose of 30 kGy [24].

Fig. 7 : SEM photographs of monoliths obtained from 30 vol.% DEGDMA in methanol irradiated with different 
doses. The irradiation was done at 25°C with dose rate of 16 kGy/h [24].

76

Working Document



Working Document

3.3. Porous polym er drug-elu ting  coating by rad ia tio n  induced polym erization

The aim o f this project is to develop a drug-eluting coating for stents and other medical 
implants by radiation induced polymerization. Usually the coating has a multi-layered design 
consisting o f a thin base layer, the porous polymer drug container and a top layer that controls 
the drug release. In this project we focus on the base and container layer.

The base layer is the amorphous carbon film described earlier. It separates the metallic surface 
from the blood and tissues and provides the required adhesion between the stent and the 
coating. According to the Raman spectra (Fig. 2) the a-C:H layer has structure close to DLC. 
Detailed analysis performed earlier showed that it is composed o f around 45 at.% o f sp C and 
20 at.% o f sp C atoms and 35 at.% o f H bonded to carbon atoms. A  significant decrease o f the 
H content o f a-C:H films was reported earlier after y-irradiation [28]. The breaking o f the C-H 
bonds provides the required active sites for attachment o f the monomer molecules o f the drug- 
eluting layer during the polymerization process.

Nanoporous polymer drug-eluting layer is to be prepared by radiation induced polymerization. 
Since DEGDM A forms a relatively rigid polymer, a co-monomer will be required to provide 
the required mechanical properties and for tailoring the surface properties. The pore size will be 
controlled by the process parameters. The coating o f the implant with the polymerization 
mixture is to be performed using a spin-coater. The surface fuctionalization will be done by 
grafting.

4. SUMMARY

An amorphous carbon protective coating was prepared by rf  CVD method as a protective 
coating for cardiovascular stents. The morphology and bonding configuration o f the material 
were investigated together with the performance o f the film in expansion test.

Porous polymers with controllable porous and surface properties were prepared by one-step 
radiation induced polymerization and cross-linking method. The morphology and the effect of 
process parameters and the use o f co-monomers on the porous and surface characteristics were 
investigated.

The above materials serve a good basis for the preparation o f a novel nano-porous drug-eluting 
coating for medical implants.
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