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Abstract The vast majority of stent thrombosis occurs imdbute and sub-acute phases and is more
common in patientsvith acute coronary syndromes, due to the throrabutiieu where stent struts are
positioned. Stent thrombosis is likeue to incomplete tissue coverage of metallic steag the
contact between metallic stents and blood elemeratg leadto platelet adhesion and trigger vessel
thrombosis. If a stent isovered after 7 days, the risk that it will be fdumcovered dfter stages is very
low (<1 %). In this article, we demonstratet diamond-like carbon (DLC) coatings, deposiigghysical
vapour deposition, promote rapid endothelisatiomarbnary stent devices, with very low platelets
activation, reducing thrombotic clots. We relate these behasida thesurface and bulk material
properties of the DLC films, subjected to a compradive chemico-physical characterisatiasing
several techniques (X-ray photoelectron spectroscepomic force microscopy, field-emission
scanning electromqmicroscope, transmission electron microscopy coatbiwith electron energy loss
spectroscopy, Raman and dispersiverdy spectroscopy). In vivo studies, conducted ompig4, have
shown complete endothelisation after 7 days, waHilorin mesh and with only rare monocytes scattered
on the endothelial layer while 30 and 180 dayssthave shown reducéaflammatory activation and a
complete stabilisation of theessel healing, with a minimal neointimal prolifesa. Theintegral and
permanent DLC film coating improves haenamd bio-compatibility and leads to an excellentlyear
vessehealing of the stent whilst the extremely thin sthicknesseduces the amount of late neointima
and consequently thesk of late restenosis. These data should tramsidb areduced acute and sub-
acute stent thrombosis.

Keywords Biomaterials Interface/surface analysisnTiiims X-ray spectroscopy (XPS/XRF/EDX)
Atomic forcemicroscopy (AFM) Electron/ion microprobe
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Every time a foreign body comes into contact witlhhuanancorpus, the response of the immune
defence system is proportional to the alarm bedlt thas been activated. Nevertheless, it is
sometimes necessary to include foreigaterials inside human organs and tissues, in daler
solve health problems. This happens, for instance, when are dealing with cardiovascular
diseases, which are tacklathinly by implanting valves and/or coronary stehkts. thisreason, after
having chosen the best shape and size, in dodee as little invasive as possible, it is necessa
focus onthe type of material that can be the best solut@nmimic body tissue, to prevent
inflammations and not be rejectadterature [, 2] shows that such materials have to fulfil several
requirements, such as to possess appropriate meaharoperties and surface characteristics,
excellent haemocompatibility and good biocompatibility. Cambdased materials have been
considered, in the last decadas,one of the most biocompatible compounds, anditheebeen used

as coating materials for bare metallic structwwiese they are chemically inert and they can reduce
metal-ion release from the inner substrat&. [Among all thecarbon allotropes, diamond-like
carbon (DLC) has highardness, low friction coefficient, low wear ratstrongadhesion to the
substrate and a smooth surface finisl{khg5]. These properties make it ideal as a coating for
cardiovascular (heart valves and peripheral stemtshopaedic and dental applicatiorts-g]. The

remarkable properties of DLC derive from its amanph atomic structuregnd the ratio of 5%3 to

sps-bonded carbon, that is strongtgrrelated with the deposition technique used. Sachniques
fall into two broad categories, depending on whethe process is primarily chemical or physical.
For the firstcategory chemical vapour deposition (CVD) is thestuilised, while for the second
one the possibilities are multiples, including ibeam deposition, filtered cathodic vacuum arc
deposition, DC and RF sputtering, pulsed laser diépo, and plasma immersion ion
implantation P, 10]. Moreover, deposition at low temperatures alltwvedgrowth of DLC thin films
onto temperature-sensitive substrates, like polgnaerd metals with low melting poinfsl]. In
order to be sure about DLC biocompatibility, seVstadies have been accomplished on various forms
of thesecarbon films, from blood compatibilitylp, 13] to cell activity and cytotoxic effects
surveys, with several cetulture lines 14, 15]. A low degree of platelets spread aum DLC-coated
medical devices has been associated wittwadegree of roughness and a hydrophobic behawbur
the surface 16]. Furthermore, it has been proved that Dihih films can prolong the clotting time,
suppress the platéets and complement convertase activation, wherpeoetwith reference polymer
substrates or Si wafer&q]. Anotherimportant aspect is the non-activation of inflamongtsignals
that can produce pathological responses to theamtpsuch as the formation of blood clot$8]
19]. Previous investigations of DLC as a biomaterial have focusedinly on the biological
performance of DLC coatings by meansefl cultures or cytotoxicity studie(), 21], without a
detailed understanding of the composition and #irat effects of the coating for specific
biomedical applicationfkecently, the attention has been focused mainlyhercharacterisation of
the DLC surface, in order to propose explanation about the relationship between the ipbys
chemical properties of the surface of DLCs andUioéogical responsed2, 23. In this outlook, our
scope is to provide aextensive characterisation of a DLC coating (iC&hmé™), deposited on cobalt
chromium alloy coronary stents. For this reasonnwestigate the surface and bulk physical propedt
the DLC, as well as the pro-healing effect, basadtwo biological response parameters, rapid
endothelisation anlbng-term inflammatory responses.



Materials and methods
Materials

Twenty-six Avantgarde™ stents, manufactured by SIP.A. (Saluggia, VC, ltaly), were prepared to
assess both the physical properties of the carbated stent surfaces and the pnealing effect, by
means of implantation in porcine natigeronary arteries. The Avantgarde™ stent is a tetiaomi-
um (Co—Cr; L605) alloy stent, coated with a thiimfi(<0.3 um) of high-density pure carbon.
All Avantgarde™ stents were mirror-like polished and cleaned pt@rcoating. The carbon film
(iCarbofilm™) was deposited on the stentface by means of a physical vapour depositiMD{Pat
low temperatures (T<100 °C) resulting in a veryhhaglhesion force to the alloy substrate (>70 MPa),
as measured witthe pulling test (ASTM D4541 and 1SO4624). Two Aigarde™ stents, reduced in
small pieces (<5 mm) using shasprgical scissors, were dedicated to chemico-palysixaminations,
while the remaining 24 were implanted in porcioeronary arteries for in vivo assessment of
endothelisation af days and tissue inflammatory response at 30 &3ddays.Avantgarde™ stents
were compared with 24 clinical gra@®—Cr stents (Multi-Link Vision, Abbott Vascular heratories,
USA), used as the control group.

Coating characterisation
X-ray photoelectron spectroscopy

A Thermo Scientific Sigma Probe X-ray photoelectspec-troscopy (XPS) instrument, equipped with
a monochromatiél X-ray source (1486.6 eV energy, 15 kV voltagel &nmAanode current), has been
used to investigate surface chemicainposition and carbon allotrope state of the Dii@ film. A spot
size of 10Qum has been used in order to collect the signbt from the coated stent structure. Different
pass energyalues have been used for the various types oftrapacquisition: 300 eV for survey
spectra, 50 eV for C1s peak, 100fe¥the valence band (VB) region and 20 eV for@Hes peak.

Field emission scanning electron microscope conthbivith energy-dispersive X-ray spectroscopy

A ZEISS SUPRA 40 field-emission scanning electroicrascope (FESEM) has been used to
analyse the samplsurface, to check its roughness and morphology. ths sample was
conducting, no special charge suppression m&sessary. An OXFORD INCA ENERGY 450
energy-dispersive X-ray spectroscopy (EDX), equigppesith a liquid-nitrogen cooled Si(Li)
detector (with guaranteed resolution of 133 eV atkil, 70 eV at FK and 66 eV aCKa), has
been used to obtain information regarding e film chemical composition.

Raman spectroscopy

The Raman spectra were recorded using a Renishé&a égonfocal Raman spectrometer coupled to a
Leica microscopevith a x50 objective in backscattering geometry. ¥8ed twolaser wavelengths for
analysis, 514 and 458 nm, produeesihg an argon—krypton laser with a holographicimdiiter with a
grating of 1,800 lines/mm for 514 nm line and 2,4i6@s/mm for the 458 nm one. The backscattered
Raman photons were collected by a thermoelecticaibled (-60°C) CCD detector. The scattering
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spectra were recorded in the range of 0-3,500-cim one acquisition, 30 s accumulatiime and 0.7
mW beam intensity at the sample surface.

Atomic force microscopy

The film surface morphology has been investigatedmbient atmosphere with a Digital Instruments
NanoScope lllaatomic force microscope (AFM), operating in tappingde, using NanoScope
Software 6.1 version. Each small piemigained from cutting the stent, was attached \aitsirong
adhesive tape to a sample holder, in order to tdliamly during the tip scan.

Transmission electron microscopy combined withtebeenergy loss spectroscopy

The sp@/sp® bond ratio of the DLC coating was measuresing a Philips CM200 transmission
electron microscopy(TEM; LaB6 filament, 200 kV accelerating voltagei}ted with a Gatan
Imaging Filter (GIF; 2000 with a 1 x 1 Bharge-coupled device), which allows for electroergy
lossspectroscopy (EELS). A carbon film portion has beetached mechanically from each sample
by lapping the metadart by means of fine-grit sandpaper.

In vivo studies

The tests were conducted on 24 pigs. All animalsewendomly implanted with one Avantgarde
and one contratent (right coronary artery and left-descendintg@or coronary artery). They were
anaesthetised and treated wdhtibiotics, then heparinised (150 Ul/kg) by inénderial route
(ACT>300 s). An arterial access was made indm@amon right carotid artery by means of a 7 F
introducer. A Judkins or Amplaz type guide catheteas insertedhrough the introducer by
means of a J guide wire, size 0.035 in. The cogopatium was reached with injectiofi contrast
media. The investigational devices wengplanted through a 6-F guide catheter over a 6.014
in. guide wire. The operation was monitored by angipgyathe device was driven until the
implantation site waseached, then it was expanded by appropriate pee¢gessel/device diameter
ratio of 1:1.1) until it was well apposdd the vessel wall. The antiplatelet treatment Viraged to
aspirin from 2 days before the procedure to theeis#v post-procedural day, then suspended. No
supplementary antiplatelet drugs (ticlopidine copafiogrel) were administereét the end of the
prescribed follow-up period, all animalsmderwent a further angiographic examination ineortb
assess the vessel patency. The animals were atigsdinath intramuscular injections of 2 mg/kg of
ketamine an@ mg/kg of xylazine and by inhaling 1 % isofluor@n7-F introducer was positioned in
the left carotid artery and fallow-up angiography was carried out on the impdaicoronaries,
using a similar method to the one describeibve. The animals received 14,000 IU of
intravenouslyadministered heparin. The animals were then euwbkdbly an intravenous injection
of barbiturate (60 mg/kghrough the jugular access, following the ‘AVMA delineson Euthanasia
(June 2007). After the explants, the heads submitted to X-ray analysis to confirm the sten
location, following which the coronary trees wererfpsed withheparinised physiological solution.
When the perfused liquid looked free from haematces, the coronaries wedneed with a solution

of formaldehyde at 4 % at 150 mmidgessure. The coronary vessels were then carefiskbgctedrom

the epicardial surface, preserving the artery sizéshape. Then the samples were formalin post-
fixed. Thestents explanted at 7 days were processed for swpalectron microscopy (SEM) to
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assess endothelisation. Stesegments for SEM analysis were longitudinally auitical point dried
and, before gold coating, pictures were takereath half-stent by a stereo microscope at high
magnification. After the gold coating (5 nm), whialas necessatyecause the stent surface covered
by the endothelium waso longer conductive, the stent segments were s@adlpySEM at x35 and
x250 magnification (or higher if necessary), to ee the surface of the stent. Endothelisatvas
calculated from the stereoscopic images by meastin@ non-endothelised strut surfaces, over the
total extent ofstrut surfaces. The stented coronary segments an8180 days were tested for
methyl-methacrylate embedding.representative number of bn sections were cut perpendicularly
to the long axis of the vessel by a precisioitcrotome, at the proximal, mid- and distal stent
level. Histological sections were stained with haematoxydndeosin and Movat Pentachromic.
Photomicrographs were taken for each segment efest, in order to process foistological and
histomorphometric analysis. Endothelis@an percentage and histomorphometric variablesewesea-
sured and analysed by Image-Pro Plus software @&ghernetics Inc. Bethesda, MD).
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Results and discussion
Stent analysis pre-implantation

In order to understand how the growth parametdexiadthe film morphology and its biocompatible
behaviour, firsof all we have conducted a complete surface andét ¢hdracterisation of the DLC
film [24]. We performed XP%nalysis on two different locations, for both saoda (innerand outer)

of the stents. Survey spectra show two npdintoelectronic peaks at 531 (O1s) and 285 eV (C1ls)
and Auger peaks at 1,000 eV (O KLL). We detected alemessmall peaks indicating surface
contamination (N, Fe, Na, Sand CI). Relative atomic concentration has beenluated after

subtracting the background with a Shirley func{i@f obtaining ~15-20 % for Ols and less than 3
% for thecontaminants. C1s high-resolution spectra (seeljigpave been decomposed, using three

Voigt-shaped components, ander to evaluate g{sp3 ratio. After an exhaustive researichliterature
[26-29], we attributed the three peaks to tfwlowing carbon bonds: 284.2-284.5 eV tozsp
6



component285.2—-285.6 eV to é”pbonded carbon and 286.1-288.1 te\chemical shifts due to C-O

bonds (C—O-C, C0O etclhe sé amount is roughly constant (from 35.4 to 39.7ifoall investigated
locations. This can be attributed to a chemicalynbgeneous surface characterised by regions
which do not differ very much.

It is interesting to note that, in the case of gohouscarbon materials that have bottf smd sp

atoms, the study of the C1s spectrum can be swggbéwtusing the attentioonto another region of
the XPS spectrum: the VB(), 31].

Fig. 2 The FESEM images of the stent inner (A) ander (B) side, showing the cauliflower structudhge to the
microstructures and the smedlund shapes due to the nanostructures

Fig. 3 AFM maps taken at
two scan range, 3.3 x3.3

um? (A) and 370x 370

nm2 (B). The first one

shows the uniformity of
the grains distribution,
while the second one
shows the biggerand

smaller structures, as
shown by FESEM

660nm ' e 73nm
-r .

I ] 1 \ !
.

McFeely et al. 32] have conducted an accurate study to pligpose, analysing the diamond, graphite
and amorphousarbon VB. It is possible to distinguish three migatures:a moderately broad and
intense peak in the range betwdénand 21 eV (peak I), a less-intense peak betw6esndl5 eV
(peak 1) and a broad and less-defined strucextending from 10 to 13 eV to the cut-off energy
(peaklll). The VB arise predominantly from 2s and 2p rato states. The intensity of peak | is
greater than peak Il omaainly due to the large difference in the photoainiscross-section ratio
asc02sbs02pb ¥ 13 33]. Since peakl is negligible in graphite and amorphous carbdd &pectra,
we conclude that it is due to%pybrids bonds. In owstent VB spectrum (see Fig.inset), the three
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peaks (I, lland Ill) are not so evident and the overall spectrsi similarto the glassy carbon VB
reported by McFeely32. Thepresence of the O2s peak at 26 eV makes a fullndpgesition of
the signal quite unreliable because of the ovebapveen it and peak I. Hence, an estimate of

spzlsrf’ ratio from this spectrum will be affected by a very laggeor bar.

To further test our coatings’ surfaces, FESEM, comtbwith EDX, was used to detect the surface
micro morphology(see Fig.2) and bulk chemical compositior84]. We canobserve two types of
micro and nanostructures: the first acauliflower like’ and their average dimensionsrya
depending on the location on the stent (from 2@Q@onmon inner and from 50 to 120 nm on outer
surfaces) while théatter appear to be constant (around 6 nm) indep@hdfrom side and zone.
EDX spectra have shown the preseatseveral chemical elements, apart from C andd0, Fe, Ni,
W and Cr) which correspond to the L605 alloy chexdltomposition.

Table 1 Raman Id/Ig ratios calculated for inside and a@léscanned areas and grain sizes calculated via
Tuinstra formula 37], with their relative errorsol)

Surface Id/Ig o (Id/1g) La (nm) o (La; nm)
Inside 1.45 +0.04 3.00 +0.08
Outside 1.26 +0.15 3.5 +0.4

FESEM results have been confirmed by ARNalysis (see Fig3), which displayed the same bigger
and smaller structures, already found in the FESEM sc&#%M maps have shown also an average
roughness (RMS) whichoes from 2.7+0.2 nm for the bigger scan rang8 3.3 pmz) to 1.6+
0.4 nm for the smallest one (370 ><37021)1r[85]. This indicates that the film surface is mostly
uniform, without significant variations in graingitensions, all along the coating. To investigatee@h.C
film's morphology and §¢sp3 bonding beyond the surface, we use twiditional techniques: Raman
spectroscopy and TEM, thlast combined with EELS. The first is a well-knovathniqueproviding
information about carbon allotropes kind and ctiist structure dimensions3¢]. Using the 514-nm
laser lineexcitation, we evaluated the 1d/Ig ratio for eatdns zoneg(inside and outside). This ratio is
correlated with the grain sizasing the Tuinstra—Koening formula: Id=Ig Y4 Céﬁﬂ;[:&ﬂ, where Cf) is

a constant depending on the laser wavelef®fthand Lg is the grain size in nanometres. In Tahleve
havereported the values obtained using that relatignshheyshow that the grains on the inside
surfaces of the stent asenaller than those on the outside of the stentfiroaing our initial SEM
observations. Raman, excited by photon$lt nm, is mostly sensitive to%pites, due to its much
greatercross section than %pxites, because it does not excite lirgher lyingo states. This needs a
higher energy. So, in ord&y confirm the previous results, we performed Raaralysisalso with a 458-
nm laser line, obtaining 1d/Ig values of 1.838d 1.29 (inner and outer surfaces, respectivelyfirtning a
higher 1d/Ig ratio for the inner zone. TEM measuestsconfirm that the ‘cauliflower’ structure is
present also insidéne film. In the same areas, we have also perfor&tdS analysis, from which we

calculated the @fbspg ratio using the8-Gaussian metho@$)], obtaining an amount of §¢)onds of4l %.
On the basis of the above results and discussian,comclude that the stent coating has a
homogeneous, botimorphologically and chemically speaking, low-rougbkssurface, with very

small grains (estimated size from 3 to 6 nm) ansspsses a high amount o?s‘qmnds (41 % from
8



Fig. 4 (A) Avantgarde SEM stent image (x35) aftetays of
implantation in a pig coronary artery and metaflma The
image shows aerfect total device endothelisation (98 %).
(B) CoCr-uncoated Visiostent after 7 days of implantation
in a pig coronary artery and metallisation. Endbitime
uncovered stent struts are visible along the wistdecture
(percentage of endothelisation 65 %)

Analysis of explanted stents

Endothelisation

The SEM examination of the half-stent surfaceg &fgays ofimplant revealed no significant presence of
thrombotic milieu,in both stent groups. The histological analysidimed a goodendothelial coverage
over the strut surfaces, with a carpetobblestone-like confluent cells. The percentagenafothelium
coverage, measured by histomorphometric assesswment98 % in Avantgarde vs. 65 % in Vision (see
Fig. 4). It is remarkable to observe that, in Vision stents, thdothelial cells growth was quite
inhomogeneous and the lack of eaegdothelisation was reported even in the presericevet-
apposed struts, where cell colonisation is usuabgerved.On the contrary, in Avantgarde stents
endothelial cells alsoovered not completely well-apposed struts. Thet sterfaceof the control group
(see Fig5) showed a diffuse fibrin meséntrapping red blood cells, monocytes, focal g@eits and
small luminal adherent thrombi. In the Avantgardeug, nofibrin mesh was observed and only rare
monocytes werscattered on the endothelial layer; thrombi wergeabandhe endothelium was flat
and confluent. The endothelial cstent coverage is found to be in continuity witk tmativevascular
endothelium. This outcome in an in vivo model islime with the observation of albumin/fibrinogen

adsorption oMa et al. 3] and Fedel et al.4p, 41] for DLC coatings.especially when rich in §p
bonds. Moreover, Fedel(] observed that DLC coating showed a competitive stathle albumin
passivation against fibrinogen. This condition ioelsi a very limited adhesion and activation of
circulating platelets and therefore does not triiggeombotic clots, asonfirmed in our experiment.

Inflammatory responses

Ten Avantgarde and ten Vision stents were selelgtiegplanted at 30 days of follow-up. Stent
expansion reachetbminal diameter for both devices. The lumen oboaryarteries implanted with
Avantgarde stents was lined bysmooth, continuous layer of endothelial cells. élsgicalsections
(see Fig.6A) showed a slight, uniform neointimglowth, free from significant inflammation and
mainly com-posed by smooth muscle cells in a compact proteaglgtent.



Signal A = SE1
Mag= 200X

Fig. 5 (A) Avantgarde stent SEM image (x200). Detdithe endothelial layer. Polygonal-shaped enelidh cells are
clearly recognisable. The cell layer is a continubetween native vessel tissue amelv cells covering the metallic
structure. Note: the visible laydetachments are due to the SEM technique. (B) CoCoated Vision

The fibrin net adherent to the metallic structuaesl vesseéndothelium is clearly visible. Several
leucocytes and examples rmatiltinucleated giant cells are present.

Fig. 6 Histological
section MOVAT (%20
magnification).

(A) Avantgarde stent at 30
days. Right coronary
artery. Thin andregular
layer of neointimatissue.
(B) CoCr-uncoated
Vision stent at 30 days
Left descending artery.
Neointimal growth was
moderate but slightly
asymmetrical.Endothelisa
tion appears completnd
only few fibrin deposits
around struts are
detectable. ©
Avantgarde stent at 180
days. Right coronary
artery. Neointimal tissue
was minimal and nsigns
of inflammation or fibrin
and blood clots are
present. (D) CoCr-
uncoated Vision stent at
180 days. Left
descending artery.
Neointimal tissue has
slightly increased and
appeared asymmetrical
and highly composed by
extracellular matrix.
Fibrin deposits have been
reabsorbed and no
inflammatory cells were
detected
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This type of cell tends to occuplye non-endothelised areas of the stent matrixjowitblood clots. The
elastic lamina appears to Ostended and compressed, as it follows the shépeestruts, but fully
intact.

The histological samples from the Vision stents3@tdaysshowed the presence of a continuous
endothelial coating. Amoderate neointimal proliferation can be seen,gularly distributed and
probably related to mechanical action (&g 6B) caused by the asymmetric distribution of thetstru
during stent expansion.

Ten animals were electively killed for follow-uptaf180 days. These animals had been subjected
to doubleimplants for a total of ten Avantgarde and ten &fisstentsAll the animals were in good
clinical condition at the time a#xplantation, and angiography confirmed that athef stentsmplanted
were non-obstructive. The histological imagesafonary arteries implanted with Avantgarde showed
stabilised repair processes. In fact, the peaknmihatory responsis generally found at 30 days after
implant, whilst at longefollow-ups a reduction in tissue reaction can bgeoted. Theneointimal layer
was regular and thin (see FigC). The fewsmooth muscle cells present are embedded in augbro
connective tissue, which appears to be well-orgahis layersThere is no evidence of granulomas and
chronic inflammatorycells. Both elastic laminae were intact, thougla inumber osamples they were
slightly compressed following the morphology of tent struts. As Vision stents are concerned, the
neointimal layer appeared thicker and slightly asyatical,with occasional macrophages around the
stent struts (sekig. 6D). The elastic laminae were intact in most of itheestigated samples, with
few exceptions, where the intermdédstic lamina was lacerated by some struts.

Histomorphometric analysis showed in both caseslé meointimal growth and restenotic response.
Nonetheless, irthe Avantgarde group all measured parameters vesverlat30 days. Such early
difference between Avantgarde and Vision increafedh 30 to 180 days, reaching statistical
significance for the neointimal thickness and avales (sedable?2). This confirms the minimal
inflammatory elicitation induced by the DLC coatimighe Avantgarde.

Table 2 Histomorphometric analysis results for both stent30 and 180 days

30 days 180 days
n Avantgarde Vision N Avantgarde Vision

n number
of
histological
sections Neointimal area

(mm2) 10 1.1£0.5 1.4+0.8 10 1.0+0.4* 1.5£0.4
*p<0.05
(neointimal
area and
neointimal Neointimal

thickness (mm) 10 0.14+0.09 0.18+0.11 10 00105+

0.16+0.06

thickness
Avantgarde

vs. Vision)  Vessel
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stenosis (%) 10 24+13 27111 10 2148 2716

The distinct invivo inflammatory reaction induced by the two sterieadingto slightly different
proliferative responses, can be explaitgdthe surface polishing and DLC coating propertiesfact,
this particular carbon film appeared to be compaseldomogenous small nanostructures and forming
an extremelyhin layer. All these characteristics preservingthirror polished surface of the Avantgarde
stent reduced platelet activation, the adhesidnflsimmatory cells and the proliferatieetivation of the
smooth muscle cells.

Conclusions

DLC films deposited by PVD on Co-Cr alloy stentsrevanalysed with respect to their surface

morphology (AFMand FESEM), chemical state (XPS), bulk3sqnntent(EELS), morphology
(TEM) and composition (Raman amDX). Biological tests were conducted after 7 daysrderto
verify rapid endothelisation and after 30 and 1&ysdtoinvestigate inflammatory responses. Our

results showed thahe iCarbofilm™ is rich in s?)bonds (41 %) and its nansetructured surface is
morphologically and chemically homogeneous, thaalk® to its thinness which preserves iinetal
substrate’s smooth surface. These characteristtaventioned in several paperd3[ 41], lead to a
selectiveadsorption of proteins (albumin instead of fibriead andto a very low platelets activation.
The chemical and tribological characteristics resmnded this new DLC coatifgr its extremely
favourable haemocompatibility and nanflammatory behaviour. The results of our studyfaom

this, with the Avantgarde DLC-coated Co—Cr stemsidnstrating a more complete and homogenous
endothelisatiomnd effective inhibition of fibrin deposits and @kt acti-vation, reducing thrombotic
clots. The reduced inflammatory activation of tltisating resulted in completstabilisation of
the vessel healing within 30 days and a minimalmeoal proliferation at 180 days.

Acknowledgements This research has been supported by a gramt CID S.p.A (Saluggia, Italy).
The authors wish to thank DRasquino E. and Dr. Grignani A. for their invalualbntribution and
fruitful discussions during this paper drafting;. [¥. Guastella (Polytechnic of Turin, Italy) for his
SEM/EDX measurements; Dr. Giusca(BTIl Centre, UK) for her help during AFM measurertsen
and Dr.Hinder S. (University of Surrey, UK) for his helprng XPSmeasurements.

Disclosure statement Funding has been supported by CID S.(Saluggia, Italy), which has also
provided stents for the physical adihical analysis. The authors are thankful for gwntributions

of technical support, numerous valuable discussioms ragearch guidance from CID, but we also
confirm that there are no known conflicdkinterest and that the Company had no influermesur
work andresults.

References

1. Mani G, Marc D, Feldman MD, Patel D, Agrawal CM (&) Coronary stents: a materials
perspective. Biomaterials 28:1689-1710

2. Sabbatini L (2005) Analysis of biomaterials. Anab&nal Chen881:529-530

3.Roy RK, Lee KL (2007) Biomedical applications ofadiond-likecarbon coatings: a review. J
Biomed Mater Res B Appl Biomat8B8B:72—-84

4. Arps JH, Dearnaley G (2004) Diamond and diamond-tierbonsin: Bowlin GL, Wnek G (eds)

Encyclopedia of biomaterials abtbmedical engineering. Marcel Dekker, New York 4#%6—-455
5. Robertson J (2002) Diamond-like amorphous carbosteMSci Eng Rep 37:129-281

12



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

.Prunotto M, Galloni MR (2005) Stenting: biomatesiain mini- invasive cardiovascular

applications. Anal Bioanal Chem 381:5333

.Dearley G, Arps JH (2005) Biomedical applicatiofsli@mond-like carbon (DLC) coatings: a

review. Surf Coat Techn@00:2518-2524

. Grill A (2003) Diamond-like carbon coatings as lmogatiblematerials—an overview. Diamond

Relat Mater 12:166-170

.Maguire PD et al (2005) Mechanical stability, ceiom perfor-mance and bioresponse of

amorphous diamond-like carbon fonedical stents and guidewires. Diamond Relat Mater
14:1277-1288

Leng Y, Chen J, Yang P, Sun H, Wan G, Huang N (20@&- chanical properties and platelet
adhesion behaviour of diamorlde carbon films synthesized by pulsed vacuumpdasma depo-
sition. Surf Sci 531:177-184

Paccagnella A, Majni G, Ottaviani G, Arru P, SavifiVallana F (1986) Properties of a new carbon
film for biomedical applicationdnt J Artif Organs 9:127-130

Cui F, Li D (2000) A review of investigations onolbbmpatibility of diamond-like carbon and
carbon nitride films. Surf Coat Techrni31:481-487

Hauert R (2003) A review of modified DLC coatings biological applications. Diamond Relat
Mater 12:583-589

Allen M, Law F, Rushton N (1994) Effects of DLC ¢tim@s on macrophages, fibroblasts and
osteoblast-like cells in vitro. CliNlater 17:1-10

Sbarbati R, Giannessi D, Cenni MC, Lazzerini G, Ve, De Caterina R (1991) Pyrolytic
carbon coating enhances Teflon abdcron fabric compatibility with endothelial celragvth.
Bioma-terials 14:491-498

Jones MI, McColl IR, Grant DM, Parker KG, Parker T2000) Protein adsorption and platelet
attachment and activation, on TiNjC, and DLC coatings on titanium for cardiovascula
applica-tions. J Biomed Mater Res 52:413-421

Nurdin N, Francois P, Mugnier Y, Krumeich J, Morgl, Aronsson B, Descouts P (2003)
Haemocompatibility evaluation of DLC- ai®IC-coated surfaces. Eur Cells Mater 5:17-28

Jones MI, McColl IR, Grant DM, Parker KG, Parker 11999)Haemocompatibility of DLC and
TiC-TiN interlayers on titaniumDiamond Relat Mater 8:457-462

Linder S, Pinkowski W, Aepfelbacher M (2002) Adlsi cyto- skeletal architecture and
activation status of primary human macphages on a diamond-like carbon coated surface.
Biomaterial23:767-773

Singh A, Ehteshami G, Massia S, He J, Storer RGipRaG(2003) Glial cell and fibroblast
cytotoxicity study on plasmadeposited diamond-like carbon coatings. Biomaterizd:5083—
5089

Kelly S, Regan EM, Uney JB, Dick AD, McGeehan JBO@) TheBristol Biochip Group. Patterned
growth of neuronal cells on modified diamond-likelmon substrates. Biomaterials 29:252880
Wang H, Xu M, Zhang W, Kwok DTK, Jiang J, Wu Z, CRK (2010) Mechanical and biological
characteristics of diamond-likearbon coated poly aryl-ether-ether-ketone. Bionete 31:8181—
8187

Ma WJ et al (2007) DLC coatings: effects of physarad chemicaproperties on biological response.
Biomaterials 28:1620-1628

Liu H, Webster TJ (2007) Nanomedicine for implangs:review of studies and necessary
experimental tools. Biomaterials 28:35269

Shirley DA (1972) High-resolution X-ray photoemmssispectrunof the valence bands of gold. Phys

Rev B 5:4709-4714
Merel P, Tabbal M, Chaker M, Moisa S, Margot J @PBirectevaluation of the s?pcontent in

13



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37

39.

40.

41.

diamond-like-carbon films b}PS. Apr_pl Surf Sci 136:105-11 )
Diaz J, Paolicelli G, Ferrer S, Comin (19962_ Sapan of the spand s comgonents in the Cls
photoemission spectra of am@hous carbon films. Phys Rev B 54:8064—-8069

Haerle R, Riedo E, Pasquarello A, Baldereschi AOQ;!Q;|02/sp3 hybridization ratio in amorphous
carbon from Cls core-level shifts: X-ray photoalestspectroscopy and first-principles calcu-
lation. Phys Rev B 65:045101-045109

Jackson ST, Nuzzo RG (1995) Determining hybridaratliffer-ences for amorphous carbon from
the XPS C1s envelope. Applrf Sci 90:195-203

Calliari L, Laidani N, Speranza G (1998) X-ray ad¥ valenceband photoemission of carbon
films. Surf Interface Anal 26:565%68

Speranza G et al (2008) Characterization of UVdiaeed nano-<rystalline diamond. Diamond
Relat Mater 17:1194-1198

McFeely FR, Kowalczyk SP, Ley L, Cavell RG, Poll&A, Shirley DA (1974) X-ray
photoemission studies of diamongraphite, and glassy carbon valence bands. Phys Brev
9:5268-5278

Gelius U (1972) In: Shirley DA (ed) Electron spesttopy. NorthHolland, Amsterdam, pp 311—
344

Xi T, Gao R, Xu B, Chen L, Luo T, Liu J, Wei Y, Zzhg S (2010)n vitro and in vivo changes to
PLGA/sirolimus coating on drugjuting stents. Biomaterials 31:5151-5158

Horcas |, Fernandez R, GOmez-Rodriguez JM, Colcledomez-Herrero J, Baro AM (2007)
WSXM: a software for scaming probe microscopy and a tool for nanotechnaldggv Sci
Instrum 78:0137051-0137058

Ferrari AC, Robertson J (2000) Interpretation offea spectra oflisordered and amorphous
carbon. Phys Rev B 61:14095-14107

. Tuinstra F, Koening JL (1970) Raman spectrum oplita. JChem Phys 53:1126-1130
38.

Matthews MJ, Pimenta MA, Dresselhaus G, Dresselhsi& Endo M (1999) Origin of
dispersive effects of the Raman D bamdarbon materials. Phys Rev B 59:R6585-R6588

Ferrari AC et al (2000) Density, %ﬁraction, and cross-sectional structure of amorghoarbon
films determined by X-ray refledtvity and electron energy-loss spectroscopy. PRgy B
62:11089-11103

Fedel M, Motta A, Maniglio D, Migliaresi C (2010) atbon coatings for cardiovascular
applications: physico-chemical properteesd blood compatibility. J Biomater Appl 25:57-74
Fedel M, Motta A, Maniglio D, Migliaresi C (2009) uface properties and blood
compatibility of commercially availableliamond-like carbon coatings for cardiovascular
devices. Biomed Mater Res B Appl Biomater 90B:338-349

14



