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Abstract In this study, a spray-coating method has
been set up with the aim to control the coating of poly
(2-hydroxy-ethyl-methacrylate) (pPHEMA), an hydrophilic
polymeric hydrogel, onto the complex surface of a 316L
steel stent for percutaneous coronary intervention (PCI).
By varying process parameters, tuneable thicknesses, from
5 to 20 um, have been obtained with uniform and
homogeneous surface without crack or bridges. Surface
characteristics of pHEMA coating onto metal surface have
been investigated through FTIR-ATR, contact angle mea-
surement, SEM, EDS and AFM. Moreover, results from
Single-Lap-Joint and Pull-Off adhesion tests as well as
calorimetric analysis of glass transition temperature
suggested that pHEMA deposition is firmly adhered on
metallic surface. The pHEMA coating evaluation of
roughness, wettability together with its morphological and
chemical stability after three cycles of expansion-crimping
along with preliminary results after 6 months demonstrates
the suitability of the coating for surgical implantation of
stent.

L. Indolfi - P. A. Netti (D<)

Interdisciplinary Research Center on Biomaterials,
CRIB, University of Naples, Naples, Italy

e-mail: nettipa@unina.it

L. Indolfi - P. A. Netti
Italian Institute of Technology (IIT), Via Morego 30,
Genoa, Italy

F. Causa
Department of Experimental and Clinical Medicine,
University of Magna Graecia, Catanzaro, Italy

1 Introduction

The adsorption of microbial related to infection and the
crop up of thrombus are the two major complications
affecting medical devices in contact with blood [1]. These
responses to tissue damages, such as the healing event
cascade, are always initiated by protein adsorption [2—4],
platelet and leukocyte deposition at injury sites, followed
by smooth muscle cell migration, proliferation, production
of extra cellular matrix, and finally production of neointi-
mal hyperplasia [5]. Therefore, it is important for the
implant material to be inert, non-toxic and to possess low
protein adsorption and cell adhesion properties [6]. To this
end, hydrogels, thanks to their three-dimensional hydro-
philic structures that are capable of absorbing a large
amount of water [7, 8], may be excellent candidates for a
tissue-implant intermediary. These swollen networks have
been of considerable interest in biomaterials as well as drug
delivery applications due to their mechanical behaviour
similar to soft tissue and their special surface properties
[9, 10].

Currently, synthetic polymeric hydrogels like poly
(hydroxyethylmethacrylate) (pPHEMA) and poly(hydroxy-
ethylacrylate) (pHEA) are widely used as compliant
materials particularly in the case of contact with blood or
other biological fluids [11]. Moreover, pHEMA has been
widely used in many biomedical applications [12], dating
back to the work of Wichterle and Lim [13], because it is
biologically inert, nonionic (suitable for blood contact),
resistant to degradation, permeable to metabolites and
non-absorbable [11-14].

The treatment of coronary artery disease, which remains
the leading cause of mortality in the developed world, has
undergone revolutionary changes in the past decade. This
disease has been routinely treated with bare metal coronary
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artery stent implantation. However, stainless steel alloys
are inherently thrombogenic which involve the possibility
to incur in-stent restenosis and thus the need for repeated
procedures limits the long-term benefit of coronary stents
[15]. Intimal response to stents might be partially caused
by allergic reaction to the metal ions, therefore many
attempts to reduce neointimal proliferation following
stenting procedure have focused on device coatings, with
or without local drug delivery [16]. This has led to the
development of drug-eluting stents (DESs), which have
reduced the occurrence of major cardiac events from 16.4%
with bare-metal stents to 7.8% with DESs [17]. Even
though drug interdispersion within the coat of DESs has led
to some clinical success, more recently thrombosis has
emerged as a major clinical drawback consequence of a
late endothelization [18]. In this frame, stent coating itself
is an important factor for stent design, influencing both
angiographic and clinical outcomes. Therefore, to effi-
ciently engineer drug-eluting implants, an adherent,
uniform, flexible coating is desirable; moreover, coating
materials could be designed to increase the biocompati-
bility of the implant, to limit wall injury at the site of
implant as well as to encapsulate drugs. However, in most
cases polymers, non fully biocompatible, were selected as
coating materials for stent strut [19]. Hydrophobic poly-
mers were chosen principally because they firmly adhere to
the stent surface and allow an homogeneous dispersion of
the drug into the polymeric matrix [20, 21]; nevertheless,
there is some concern that these polymers can contribute to
an inflammatory response after drug release completion
[22-24]. Moreover, the lack of coating surface uniformity
may induce unpredictable healing patterns and thus affects
procedural outcome.

To overcome limitation concerning hydrophobic poly-
mers, hydrogel materials can be exploited because of their
well established tissue compatibility [10]. Of particular
interest for stent application are the results of previous
studies, focused on hydrophilic polymer, highlighting that
proteins preventing platelet deposition, as albumine, are
absorbed on hydrophilic surface, resulting in a reduced
occurrence of in-stent restenosis [25].

In this context, the use of a biocompatible polymeric
hydrogel coat like pHEMA, capable to reduce injury to
blood vessel at the site of stent implantation after swelling,
might overcome the current issue affecting stent clinical
outcome due essentially to tissue-device interface.

A critical issue arising in the clinical application is the
high level of shear and tensile stresses that originates from
stent deployment [26]. Despite their good flexibility in the
swollen state, hydrogels usually lack of suitable mechani-
cal properties [27] and this could greatly impair their use as
coating materials for surgical procedure. Moreover, in case
of inadequate adhesion between the hydrogel coating and
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the metal surfaces, a breakage at the coating-steel inter-
faces might occur [28].

The aim of this work was to fully investigate the ability
of pHEMA coating to withstand surgical procedure in
terms of interfacial adhesion to the steel substrate. An
uniform, smooth and reproducible hydrogel layer with
tuneable thickness was applied onto 316L stainless steel
stents and the properties of the metal-polymer interface and
the chemical stability were assessed.

2 Materials and methods
2.1 Materials

Poly(2-hydroxyethyl methacrylate) (pHEMA) having an
average molecular weight (Mv) of 20,000 Da was supplied
by Aldrich. Ethanol, used as polymer solvent, was pur-
chased from Fluka. MULTI-LINK PIXEL 316L Stainless
Steel (SS) stent, currently implemented in clinical appli-
cations, was kindly supplied by Guidant (California, USA).
Plates of 316L SS characterized by 0.5-mm-thickness were
obtained from L.f.g.m. Inox S.r.l. (Italy).

2.2 Preparation of hydrogel coating: spray-coating
technique

Thin hydrogel coating have been realized by an air sprayer
on a stent mounted on a rotating system. The spray coating
technique is based on the nebulisation of a coating polymer
solution (Fig. 1). The air stream flows by means of an air
compressor (A) through the nozzle (B) of a dual action,
internal mix airbrush (Budger 100) (C) aspirating and
entraining the polymer solution contained in the cup (D).
An optimum flow rate of polymeric solution at the spray
nozzle outflow (6 ml/min) and distance between stent
and nozzle (~60 cm) were kept constant. The optimum
has been obtained varying the flow rate and analysing the
resulting coating. A flow rate lower than 6 ml/min results
in a spotted coat whereas a higher one results in a layer too
thin or, in the case of exaggerate flow rate, in a complete
absence of pHEMA coating. Stent film deposition has been
achieved by spraying a solution of pHEMA and ethanol
(10% wi/v) onto stent (F) rotating on its axis by means of a
motorized stage system PC-controlled (ProScan, Prior) (E)
keeping a constant velocity using a computerized software
(Microsoft© HyperTerminal), and by following solvent
evaporation under different controlled conditions (Fig. 1).
To optimise the uniformity of coating thickness, process
parameters as rotation speed, nebulisation time and solvent
evaporation conditions were surveyed (Table 1).

Different rotation speed (3—12 rpm) and time of nebu-
lisation (up to 40 s, at 6 rpm) were used to study the
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Fig. 1 Schematic layout of spray-coating technology system. pHE-
MA/ethanol solution (d) has been nebulised by means of an air
compressor (a) through the nozzle (b) of an airbrush (c¢) onto a stent
(f). A motorized stage system PC-controlled (e) keeps the stent rotate
on its axis during polymeric nebulisation

Table 1 Processing parameters used during stent spray coating

Speed rotation 3,6, 12 rpm
10, 20, 30, 40 s

Clean room or laminar flow hood

Nebulisation time at 6 rpm
Solvent evaporation condition

influence of process conditions on coating thickness. After
nebulisation, samples have been kept at different controlled
conditions to allow uniform solvent evaporation (Table 1).
In particular, the stent, held by grips, has been dried in a
clean room or in a laminar flow hood (Mars, Celbio).

3 Methods
3.1 Surface morphology and topography

The surface morphology of spray-coated stent was exam-
ined by scanning electron microscope (SEM) (LEIKA
S400) equipped for analysis in dispersion of energy (EDS)
(EDAX, Oxford mod. INCA 200). In particular, the sam-
ples were mounted onto metal stubs using double sided
adhesive tape and then coated with gold—palladium under
an argon atmosphere.

Moreover, the topography of the coated surfaces was
determined by atomic force microscopy (AFM) in order to
compare roughness of pHEMA-coated and bare 316L steel
surfaces. This technique involves moving a sensitive stylus
over the stent’s surface and measuring the vertical height
changes. The technique yielded parameters of R,, R, which
equations are

| L
R, :Z/|r(x)dx| (1)
0

where L is the evaluation length, and r(x) is the profile
height function [29].

In particular, the R,value is the arithmetic average,
while the R, value the geometric average, of the distances
from the surface to a centre reference line. Samples were
analyzed at room temperature and 40% of humidity in
tapping mode using a Digital Instrument Nanoscope 3A by
scanning a square window of 4 x 4 pm? on each sample.

3.2 Surface wettability

The sessile method of contact angle measurement was
performed by a Data Physics (model OCA 20) equipped
with a video CCD-camera and SCA 20 software. Static
contact angles were measured by placing a water droplet
(3 pl) onto the coated and uncoated sample surface at a
dispensing speed of 1 pl/min. The angle was measured
within 4 s of water contact with the sample. A minimum of
10 samples were considered for any measurement.

3.3 Surface chemical characterization

The structural and molecular composition of the thin
pHEMA coating was investigated by fourier transform
infrared spectroscopy (FTIR). FTIR transmittance spectra
were recorded in the 500-4000 cm™' by a Nexus FT-IR
spectrometer using a single reflection attenuated total
reflectance (ATR) accessory with a resolution of 4 cm ™!
and 20 scans. The tests were carried out on the coatings
after solvent evaporation. Results are an average of at least
five samples.

3.4 Adhesion tests

To investigate hydrogel-steel interface, 316L stainless
steel sheets have been coated and tested according to the
standard method of Single-Lap-Joint (S-L-J) and Pull Off
(P-O) (ASTM: D 1002-05) using a microtest specimens
(Fig. 2).

The tested 316L stainless sheet samples were cleaned
ultrasonically with ethanol and acetone in sequence for
15 min. A 10 wt% solution of pHEMA was prepared by
dissolving it in ethanol. Then the solution was used to cast,
within a frame made up of silicon mould, thin polymer
films onto 316L sheet samples, then hydrogel surface was
attached to the other 316L SS sheet using cyano-acrylate
glue. The 50 pm thickness coatings (measured by a
micrometer Mitutoyo Digimatic Micrometer, Serie 293,
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Fig. 2 Specimens geometry for
Single-Lap-Joint (a) and Pull-
Off (b) adhesion tests

(a) A

100 mm

25 mm

2.7 mm

Japan) ensure that glue does not penetrate into the coating
up to the interface of interest.

Two different loading conditions were tested in both dry
and swollen pHEMA state to fully determine the resistance
of hydrogel-steel interface: condition (A) related to a shear
stress while (B) is related to the tensile stress, both present
during stent deployment.

A dynamometer (Instron 4204), to which the strip was
attached by a grip, was used to calculate the failing load and
displacement of the interfaces. For the swollen state, speci-
mens have been kept in PBS solution prior to the test to allow
the complete hydration of the coating. The tests were per-
formed with a 1 kN load cell and a cross-bar speed of
1.3 mm/min. The load measured at the moment of detach-
ment was divided by the adhesion overlap surface between
metal and polymer film, related to specimens (A) and (B), in
order to obtain respectively the shear and tensile stress value.

Furthermore, in both S-L-J and P-O tests, analysis in
dispersion of energy (EDAX, Oxford mod. INCA 200)
using scanner electron microscope (SEM, Leica 420) has
been performed throughout the fractured surface in order to
investigate the mechanism governing the breakage and in
particular whether the failure occurred at one or both the
interfaces present (pHEMA/steel and pHEMA/glue/steel)
or within the pHEMA coating.

3.5 Calorimetric analysis

The effect of interfacial residual stress on the glass tran-
sition temperatures of pHEMA film was measured by TA
Instrument DSC 2910. The polymer films were prepared by
two different methods. pHEMA/ethanol solution was cast
either onto 316L or on teflon sheet. Both pHEMA films
were tested in crimped aluminium pans at a heating rate of
10°C/min under dry N, gas over a temperature ranging
from room temperature to 180°C. The glass transition
temperature (Ty) was determined as the average of at least
three separate measurements from the TA Universal anal-
ysis software.
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3.6 In vitro stability of pHEMA/steel interface

Three cycles of expansion-crimping were performed
after hydrogel deposition onto stent surface and following
solvent evaporation to assess the stability of interface to
solicitations comparable with those occurring during
surgical procedures.

Afterwards, in order to study and verify the long-term
stability of the coating we tested the device in wet
environment. Briefly, after nebulisation and solvent evap-
oration, hydrogel-coated stents were immersed in 3 ml of
PBS solution and kept at room temperature. Due to the
small dimension of stent used in this study, the amount
of PBS used was enough to ensure that test was conduct
in sink condition. After 6-months PBS incubation the
pHEMA/steel systems were extensively washed and
investigated by analysis in dispersion of energy to check
out the chemical compounds present on the surface.

4 Results
4.1 Surface morphology and topography

When drying was performed in the clean room, the
pHEMA spray-coated stents were characterized by a very
smooth and uniform surface, with no cracks observed
between struts and an inner and outer homogeneous surface
appearance (Fig. 3).

Measurements of the coating thickness were taken by
the means of SEM after cracking the pHEMA surface.
Analysis was performed at different locations all along the
stent surface, carefully choosing point of interest situated in
the internal, external and radial surface of the polymeric
coating. For each measurement, the thickness has been
calculated using the SEM software resulting in a constant
value in all the investigated locations.

Solvent evaporation conditions strongly influenced the
surface coating. Briefly, stent coated under laminar flow
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Fig. 3 SEM micrographs of pHEMA surfaces sprayed on stents at different magnification (a 60x, b 314x, ¢ 1.45 kx)

hood resulted in a non-uniform surface, with cracks along
the stent length (data not shown). These differences in
coating appearance are principally related to the velocity of
solvent evaporation. In the laminar flow hood, the evapo-
ration was faster with respect to that achieved in clean
room. Moreover, the presence of the laminar flow strongly
alters the condition of evaporation along the stent length.
All these parameters are the cause of the crack formation
on the coating.

Processing conditions strongly influenced the thickness
of the coating. In particular, the coating thickness ranged
from 5 to 20 um depending on the process parameters
chosen (i.e. rotation speed, time of nebulisation) (Fig. 4).

Coating thickness achieved allowing one complete
rotation of the stent on its axis during polymeric nebuli-
sation decreases with increasing rotation speed, ranging
from 18 to 5 um for 3 and 12 rpm (Fig. 4a). An opposite
trend was observed as function of nebulisation time, at
constant rotation speed of 6 rpm. Moving from 10 up to
40 s, coating thickness increases from 10 to 23 pm
(Fig. 4b). These thickness values are expressed as a mean
value of at least three different stents coated using the same
parameters, assuring the high reproducibility of the pro-
posed technique.
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Tapping mode AFM images of the surface of pHEMA-
coated stent showed (Fig. 5) that the surface was very
smooth, with an average roughness, of R, and R,, of about
0.2 nm, if compared to uncoated samples (R, ~ 1 nm;
R, ~ 1.3 nm).

4.2 Surface wettability

By coating the 316L steel with a thin hydrogel layer the
contact angle was reduced from 73° (for uncoated sample)
to 32° for pHEMA-coated samples (Fig. 6).

Reduction in contact angle data for pHEMA-coated
stents, compared with uncoated stents, was representative
of increased wettability of the device, highlighting the
strong hydrophilic nature of pHEMA hydrogel.

4.3 Surface chemistry

The presence of pHEMA layer on surface samples has been
investigated immediately after coating by FTIR-ATR
spectra. The ATR spectra (Fig. 7) showed the character-
istic alcoholic (O—H) peaks of the pHEMA at 3,445 cm ™'
for the stretching O-H and 1,022 cm™' for the bending
O-H [30]. Furthermore, ester groups were identified by
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Fig. 4 Coating thickness as function of different process parameters: a rotation speed for one complete rotation and b nebulisation time at 6 rpm
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Fig. 5 AFM images of uncoated (a) and pHEMA-coated (b) steel samples. R, and R, comparison (c)
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Fig. 6 Water contact angle data on pHEMA coating and steel
substrates

110 T T T T T T

100 |

90

80

70

% Reflectance

60

50

40 1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers(cm™”)

Fig. 7 Characteristic FTIR-ATR spectra of pHEMA coating
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peaks at 1,728 cm ™! (C=0 stretching) and at 1,275 cm ™!
(C-O stretching).

4.4 Adhesion properties

Adhesion tests have been performed according to the
Standard Method ASTM D 1002-05 for Single-Lap-Joint
and Pull-Off in order to test polymer—metal interfaces by
imposing both shear and tensile stresses. Both tests have
been carried out using steel plates on which a thin layer of
pHEMA was adhered, and the hydrogel have been tested in
its dry as well as wet state.

4.4.1 Single-Lap-Joint test

The specimens withstood a displacement of 0.06 mm for
dry sample and 0.09 mm for swollen hydrogel until frac-
ture, resulting in a more plastic behaviour for the swollen
hydrogel state as expected (Fig. 8a). The load at failure
was very similar in both conditions, consequently the
maximum shear stress obtained for dry and wet samples,
0.25 and 0.24 MPa respectively, was comparable.

4.4.2 Pull-Off test

No significant differences in displacement at failure were
observed for dry and wet samples, (respectively 0.05 and
0.06 mm) (Fig. 8b). However, a great difference in the
maximum load (0.4 kN for dry samples to 0.1 kN for
swollen hydrogels) and in maximum strengths (0.9 MPa
for dry and 0.4 MPa for wet samples) were observed.

Each fractured surface after adhesion tests was studied
by electron microscopy in order to observe the locus of
failure. Failures were predominantly interfacial, occurring
primarily at the stainless steel-pHEMA interface, whereas
few zones of cohesive failure within the polymer layer
were observed (Fig. 9).

This was demonstrated by EDS analysis performed on
both typical phases present after fracture. A number of 10
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Fig. 9 EDS analysis of
pHEMA-side (a) and glue-side
(b) of steel plates after adhesion
test
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scansions have been performed on both side of the tested
plates and a representative EDS spectrum is reported in
Table 2. Moreover, no trace of glue penetrating up to the
hydrogel-steel interface was detected.

EDS analysis was also preformed on cross section of
the coating layer upon deposition of glue and without
the imposition of the plate, at the level of pHEMA/glue
interface. The glue penetration in depth at the cross section
attained scarcely 500 nm (data not shown).

4.5 Calorimetric analysis

A study on the interfacial stress arising from solvent
evaporation within the pHEMA has been carried out. It is

Table 2 EDS data showing the elements present on fractured sample
surface

Element Spectrum 1 Spectrum 2
atomic (%) A B

CK - 69.33

OK - 17.67

Cr K 18.98 N

Fe K 81.02 -

Electron Image 1

Displacement (i)

- 2mm_ !
2mm

Electron Image 1

well documented in the literature that glass transition
temperature of polymers may be affected by the presence
of residual stresses [31]. In particular, residual stresses
include two contributions: interfacial residual and matrix
residual stresses. In our case, matrix residual stresses are
due to solvent evaporation during pHEMA deposition,
whilst interfacial residual stresses arise from the adhesion
between pHEMA and steel surfaces.

In order to evaluate the interfacial adhesion, two dif-
ferent kinds of samples were designed to obtain, after
solvent evaporation, a layer with both interfacial and
matrix residual stresses when adhered to steel surface (A)
and one with matrix stresses alone when cast on Teflon
substrate (B) (Teflon-pHEMA representing a “not adhe-
sive” interface).

Characteristic T, for pHEMA obtained from Sigma is
around 83°C. Interestingly, we found a T, of 79°C in the
case of sample (B) and a further depression of T, (64°C) in
samples (A). The decrease T, in the case of sample B is
reasonably due to stress arising from solvent evaporation,
while it is reasonable to assume that the additional effect of
interfacial residual stresses (which are present in A and
absent in B) are responsible for the further T, depression.
Such finding suggests that the solvent evaporation affects
the internal stress of polymeric film, and, more importantly,
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the further decrease of T, for samples A confirms the
adhesive properties of pHEMA on 316L steel after solvent
evaporation.

4.6 In vitro stability of pHEMA/steel interface

SEM of coated stent after solvent evaporation and after
three cycles of expansion-crimping and 6-months immer-
sion in PBS solution showed that the pHEMA layer was
still present on the metallic surface (Fig. 10). EDS analysis,
indeed, reported in Table 3, showed the presence of carbon
(C) and oxygen (O) at the pHEMA stoichiometric ratio.

5 Discussion

The purpose of this work consisted in the design, realization
and characterization of a novel stent coating made up of a
hydrophilic material, such as a hydrogel. The material
becomes softer after swelling due to a biological fluid uptake,
thus preventing tissue injury during surgical procedure.

In particular, we realized a pHEMA layer on 316L
stainless steel stent by a spray technique and then the
adhesion and stability of pHEMA/steel interface were
assessed for the obtained coating.

Indeed, we firstly focused on the set up of a reliable and
easy to produce spray-coating technique to obtain a con-
trolled homogeneous and uniform layer of polymeric
hydrogel onto the complex metallic surfaces. Briefly, the
technique consists in the atomization of a polymeric
hydrogel solution on the stent, when rotating on its axis at
controlled rotation speed. Process parameters have been
optimised in order to obtain different thicknesses of the
coating compatible with the proposed applications. Such
advantage, together with the easy principle and the cheap
raw materials utilized, make this technique low-cost, easy
and versatile.

Recent advances in stent technology also suggest that
stents can be successfully deployed in small diameter blood
vessels of <3 mm [32]. Therefore, the control of coating

Fig. 10 SEM images of coated
stent after three cycles of
expansion-crimping and
6-months immersion in PBS
solution at magnification 80x
(a) and 566x (b)
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Table 3 EDS data showing the elements present on sample surface
after three cycles of expansion-crimping and 6-months in PBS
solution

Element Coating as Coating after
atomic (%) prepared 6-months
CK 68.92 63.19

OK 21.68 24.25

CrK 1.97 2.81

Ni K 6.39 1.22

Fe K 1.03 8.53

thickness with the resolution of few microns becomes
fundamental in modern coating technologies. By our
approach, optimizing process parameters, such as rotation
speed and time of solution atomization, it is possible to
obtain tuneable coating thickness with control over a
dimensional range, spanning from 5 to 20 pm. Moreover,
since the technique enables stent struts to be surrounded by
an uniform coating (Fig. 3), it is reasonable to assume that
the device will help to reduce blood flow instability
through the lumen and enhance the anchorage of the stent
to the duct wall. Furthermore, since the polymer coating
did not significantly increase the calibre of the stent, it did
not necessitate a larger introducer. This fact guarantees, in
addition to manageability, reasonable margins of safety and
tolerability for the patient.

The homogeneous and uniform surfaces’ appearance
can be attributed to the rotating motion of the stent on its
axis allowing for the nebulised droplets to access the entire
(inner, outer and lateral) surface of the struts. Furthermore
the coating’s thickness can be finely tailored to better fit the
needs of a specific application. As an example, for DES, a
coating of about 5 um would not allow to carry a high
amount of the drug of interest, whereas a 20 pm coating
should be capable to retain and deliver high dose of drug,
compatible with the therapeutic approaches without
obstructing stent mesh.

For coating stent applications, it is well known that
either rupture or cracks could induce fast restenosis while
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uneven surface structures could represent a major cause of
thrombogenic events. If the stent has webbings and bridges
between the struts, the coating may break off from the stent
when the stent is dilated by a balloon catheter during the
deployment, and thrombus and vascular smooth muscle
cells (VSMC:s) proliferation can occur at the site where the
coating breaks off [33].

In our case, hydrophilic pHEMA layer on metallic stent
surface has been clearly visualized by SEM showing a very
uniform and smooth surface with no cracks or webbings
between struts. Furthermore, surface topography is con-
sidered to have a crucial influence on stent performance in
fact, overcoming the natural roughness of bare metal stent
was one of the first reasons to coat metal stents with
polymers [34].

For cardiovascular application, indeed, a smooth surface
coating of devices can significantly decrease injury to
blood vessels. In addition, surface roughness is often cor-
related to cell adhesion and migration and in particular to
human endothelial cells growth [35, 36]. Furthermore, a
smooth stent surface is believed to reduce platelet activa-
tion and aggregation, consequently leading to less
thrombus formation and neointimal proliferation [37]. The
developed coating stent showed a reduced surface rough-
ness when compared to bare metal stents, even in dry
conditions, that could lead to less vascular injury at the
moment of angioplasty procedures.

Severe stresses are imposed to stent device, and there-
fore to coating materials, during both surgical procedure
and normal working conditions. High level of deformation
in devices made up of different materials, as in the case of
coated stent (coating layer and stent bulk), could cause the
breakage of the system at the interface between the dif-
ferent materials. Therefore, since cardiovascular devices
are constantly in direct contact with blood working in
pulsatile shear stress conditions, adhesion between the
metal backbone and the polymeric coating is very
demanding, thus being a crucial feature for a coating to be
successful in such application. If the adhesion is not suf-
ficiently strong, the coating might be unable to withstand
clinical procedure leading to cracks at the bottom of as well
as within the coating or, even worst, degradation products
of polymer coating could detach from the metallic substrate
to enter the bloodstream.

Mechanical interlocking and chemical bonding occur-
ring at interface between pHEMA and steel have been
investigated by considering standard adhesion tests (ASTM
D 1002-05) on steel plates and by evaluating physical
properties, such as T,, after coating.

pHEMA coating demonstrated good adhesion on metal
plates when tested both in shear and tensile conditions.
Data of shear stress were found comparable with those
obtained for polycarbonate urethane and polyether

urethane coated on steel stent (Gianturco-Rosch stent) [38]
widely used in clinical practice, with even higher tensile
stress at failure.

There are several reasons why the pHEMA deposited
onto 316L steel shows such interface adhesion properties.
Since the adhered layer of pHEMA represents a soft
material when compared to steel and steel roughness is
quite low (R, about 1 nm) the good mechanical stability of
interface results mainly from the strong chemical bonds
established between pHEMA and metal substrate enabling
any adhesion mechanism across this interface to act more
effectively. These considerations could explain the high
value of stress at failure as high as 0.40 and 0.24 MPa,
respectively, in tensile and shear conditions in adhesion
tests. Evaluated strengths thus represent the stress values
that pHEMA—metal interface could withstand in different
conditions before interfacial fracture. The good interfacial
adhesion is also confirmed by T, depression reported for
pHEMA coated on stainless steel (sample A). It is worthy
to notice that other procedures reported in literature eval-
uate the coating adhesion in comparative manner or
determining adhesion values, like Ga in the case of blister
test, unable to be used in differing operative conditions
[39]. The proposed procedure allow to calculate adhesion
strength both in tensile and in shear stress conditions that
can be also used for mathematical modelling or different
loading conditions (vessel recoil, shear stress at wall or
different stent shape).

Moreover, the proposed polymeric coating has been
investigated in order to study its stability on steel stent after
three cycles of expansion-crimping and following contact
with biological solutions. SEM images confirm that the
proposed pHEMA coating is capable to withstand
mechanical solicitations arisen from surgical implantation.
Moreover, as highlighted by EDS analysis, oxygen and
carbon are still present at the stoichiometric ratio of
pHEMA onto the steel surface after 6-month incubation in
PBS solution.

To conclude, such a device with a stable smooth
hydrophilic shell could be designed, in term of thickness,
according to a desired application. Moreover, pHEMA
coating can be further modified with insertion of selected
peptides on its surface able to elicit adhesion of selected
cells [40] and then to promote the endothelialisation of
struts exposed to blood stream.

6 Conclusions
A new technique to obtain a pHEMA coating was set-up by
spraying in a controlled fashion, pHEMA solutions on

complex shaped solid surfaces. The proposed reproducible
and easy to perform technique allows to fabricate uniform

@ Springer
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in roughness (with a value of R, of about 0.2 nm), and
controlled in thickness (with thickness ranging from 5 to
20 pum) coating on the overall 316L steel stent surface
without cracks or bridges.

As a result, pHEMA coating showed a good and stable
interfacial adhesion with the ability to withstand high shear
and tensile stresses (respectively S-L-J and P-O) as dem-
onstrated by mechanical tests in both dry and wet
conditions. The interfacial adhesion was further confirmed
by suppression of glass transition temperature of pHEMA
after solvent evaporation, when deposited on steel surface.
Moreover, the morphological and chemical stability of the
pHEMA-steel interface was verified after simulation of
working conditions occurring during the surgical procedure
of stent implantation and after 6-months incubation in PBS.
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