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Poly(ethylene glycol) (PEG) was modified with 3-isocyanatopropyltriethoxysilane (IPTS) to obtain
PEG-disilane. This monomer was electrochemically polymerized and deposited onto a stainless
steel surface to form a thin PEGylated sol—gel film. The monomer was characterized by "H-NMR
and FTIR spectroscopy. The sol-gel film was characterized by absorption—reflection infrared
spectroscopy (AR-FTIR), energy dispersive X-ray analysis (EDX), cyclic voltammetry (CV),

profilometry, scanning electron microscopy (SEM) and potentiodynamic polarization. AR-FTIR
confirmed the formation of a polymer, while the stability of the polymeric film on stainless steel
in buffer phosphate was studied by scanning electron microscopy (SEM). The polymer was
successfully electrodeposited onto 316L coronary stents. Its flexibility was examined by dilating
the coated stents and inspecting it by SEM. The hydrophilic, smooth PEGylated sol-gel coating

significantly reduced the activation and adhesion of platelets as compared with the bare stainless
steel surface. This coating, which can be applied to complex geometries, such as stents, is likely to

serve as an excellent biomaterial.

Introduction

The surface properties of blood-contacting materials play a
crucial role in the development of biocompatible devices.!*
Significant efforts, aiming at surface modification to minimize
biological response induced by platelet adhesion and activation,
have been attempted.** A number of anti-coagulants, such
as poly(ethylene glycol) (PEG),” poly(ethylene oxide)—
poly(propylene oxide)—poly(ethylene oxide) (PEO-PPO-PEO)
triblock copolymers (also called Pluronics), heparin,®’ and
phospholipids,® are known for their ability to successfully
reduce protein and platelet adsorption. Among them,
PEG’ ! and pluronic acid modified surfaces have shown
particular effectiveness as compared with other polymers
presumably due to their physical properties.'*!* The most
important characteristics of PEG are its high hydrophilicity,
non-toxicity, non-immunogenicity and flexibility, the latter
depending on its molecular weight. However, PEG alone lacks
appropriate mechanical properties that are essential for
biomedical applications, especially for thin coating. A common
solution is to modify the biomaterial with PEG. Accordingly,
a significant reduction of platelet adhesion was shown by
modifying polyurethanes,'*'> cellulose membranes,'® poly-
(ethylene terephthalate)'” and self-assembled monolayers's:!'?
with different PEG derivatives. Surface modification methods
vary from physical adsorption, imbedding into the main
polymeric matrix to covalent binding to the surface.'82°2
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Since stable and non-biodegradable coating is essential for
blood-contact devices, covalent modification of the device
coating with PEG derivatives is the most advantageous
method. This can be accomplished by surface grafting with
PEG chains®!7**2 or by preparing PEG derived monomers®
and further polymerization on the desirable device.

As a result, a number of strategies have been introduced for
coating stainless steel, which is a representative metal for
biomedical application, with PEG derivatives. These include
surface silanization with epoxy precursors, followed by
grafting of PEG chains,””?® PEG spin-coating with RF-plasma
mediated crosslinking®?’ and polyethyleneimine thin films
modified with aldehyde-terminated PEG chains.*® Further-
more, Park et al. introduced modified Nitinol (which is a
Ni-Ti alloy) stent with PEG and Pluronic through surface
silanization, followed by y-irradiation for covalent grafting.>!

This study describes a single-step electrodeposition of
sol-gel films based on PEG modified silanes as a means of
forming biocompatible and non-biodegradable coatings for
metallic implants.

Sol-gel technology has been well known for more than a
century®? and its rapid development during the last twenty
years has made it widely applicable in medicine and fields
where thin films are sought.**** Sol-gel formation proceeds
through hydrolysis and condensation of mostly alkoxy metals,
e.g., tetramethoxysilane, that are catalyzed under acidic or
basic conditions.>> Sol-gel film methodology has been
explored and developed substantially during the last decade.®
Formation of sol-gel thin films on different surfaces can be
carried out by dip- and spin-coating®® or spraying the sol onto
the substrate followed by its condensation.*’

Electrodeposition of sol-gel films onto conducting surfaces
was developed in our laboratory a decade ago.” The method
is based on applying a negative potential to the stent which
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causes the generation of hydroxyl ions and thus catalyzes the
condensation of the sol—gel. Since then this approach has been
used by others for different applications.**

Here we report the synthesis, characterization and electro-
deposition of PEG silanated sol-gel onto a stainless steel
surface and its application as an anti-coagulant coating on
coronary stents. The two most important problems of stent
implantation are restenosis and thrombosis. The major effort
is directed towards reducing the occurrence of in-stent rest-
enosis which is accomplished by approved DES systems
(reduction in 40-60% of cases compared to bare metal stent).
However, the risk of the surface-induced thrombosis
formation, especially late thrombosis, still remains after DES
implantation. The thrombosis, which is caused by blood
protein adsorption, can be prevented by implant surface
modification with hydrophilic protein antifouling molecules,
such as PEGs.

Several approaches for creating hydrophilic silanated stents
have already been demonstrated*® using spraying or dipping
method. The major advantage of sol-gel electrodeposition lies
in the ability to selectively coat only the conducting parts of a
surface and follow closely their intimate morphology. More-
over, coating is highly controlled by the applied potential and
its duration. Specifically, we prepared short (M, 200 and 400)
PEG silane monomers, i.e., PEG-di(/N-triethoxysilylpropyl-
carbamate (PEGAiIPTS).'® This silane monomer was electro-
deposited on the stainless steel surface and analyzed by cyclic
voltammetry (CV), reflection—absorption infrared spectro-
scopy (AR-FTIR), contact angle, atomic force microscopy
(AFM) and scanning electron microscopy (SEM). The
corrosion resistance of this film in Hank’s solution was also
studied. Finally, we found a substantial decrease in platelet
adhesion to the PEGylated silane surface as compared with a
bare stainless steel stent.

Experimental
Materials

316L stainless steel plates (1 x 10 x 20 mm), disks (1 mm
thickness and 14 mm diameter) and stents (length of 12 mm, a
surface area of ~48 mm?, and a closed diameter of 1.8 mm)
were produced by STI Laser Industries, Israel. Poly(ethylene
glycol) (PEG, M, 200 or 400) was obtained from Fluka;
3-isocyanatopropyltriethoxysilane (IPTS; 95%),
octanoate (Sn(Oct),), Hank’s balanced salt solution and other
reagents were obtained from Sigma-Aldrich and used without
further purification. Silica gel for column chromatography was
purchased from Merck, Germany. All aqueous solutions were
prepared from deionized water (Barnstead Easypure UV
system).

stannous

Instrumentation

Electrochemical measurements were conducted with a 750B
electrochemical analyzer (CH Instruments, TX) using a three-
electrode cell with Ag/AgClikc sary in water medium) or
Ag/AgBr (in organic medium) as a reference electrode and a
Pt wire as a counter electrode. The working electrodes were of
three types: 316L stainless steel plates, disks and stents.

External reflection—absorption infrared spectra (RA-FTIR)
were recorded using an Equinox 55 (Bruker) spectrometer
equipped with a nitrogen-cooled mercury cadmium telluride
detector at a resolution of 2 cm™!. Measurement of monomers:
transmittance spectra were acquired with NaCl disks.
Typically 50 scans were collected reference.
Measurements of electrodeposited films: the spectra were
acquired with a grazing angle accessory having an incident
angle of 80° to the normal and a p-polarized beam. Typically,
500 scans were collected versus a reference, which was a bare
stainless steel surface.

Contact angles were measured with a Ramé-Hart model
100 contact angle goniometer. These measurements were
repeated three times for each sample, and the average values
are reported.

Thicknesses of the polymer coatings were determined by
profilometry (P-15, KLA-Tencor Co., USA). Specifically, the
profiles were recorded across a notch, which was manually
scratched by a wooden stick before heating to 100 °C.

AFM measurements were conducted using a Nanoscope
Dimension 3100 scanning probe microscope with a Nanoscope
IVa controller.

Surfaces of the electrodeposited films were inspected by
scanning electron microscopy (SEM) using an analytical
Quanta 200 environmental scanning electron microscope
(ESEM, FEI company) equipped with an EDX detector. Film
coatings were sputter-coated with a very thin Au/Pd layer
using a Polaron SC7640 Sputter Coater.

An impact cone and plate(let) analyzer was used for whole-
blood platelet function testing. The apparatus consists of a
cone and a well (plate) (see Fig. 1). A small drop of blood is
placed onto the well followed by application of the cone that is
rotated at a determined velocity. This unique design allows for
platelet function testing under conditions that mimic the
physiological flow within the human blood vessel, thus

ﬁ@m

versus a
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-~ Apply sheer force
| (18005 2 min)
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image analysis

Fig. 1 Schematic presentation of cone and plate(let) analyzer procedure
(reproduced with permission by Herewith Matis Medical Ltd).
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achieving the most accurate and authentic pattern of platelet
function. The test requires minimal blood volume and no
blood processing.

Synthesis of PEG400/200di(/V-triethoxysilylpropylcarbamate)
(PEG400/200-diTPTS) (Scheme 1)

PEG400/200-diIPTS was synthesized according to a reported
procedure'®* with minor changes. 10 g of PEG400/200 were
dissolved in toluene in a three-necked round bottom flask
equipped with a mechanic stirrer and dried under azeotropic
reflux until no more water was observed on the bottom of the
Dean Stark tube. Then, the solution was cooled down to 80 °C
and Sn(Oct), was added to the dry polymer (1 : 10 molar ratio)
under a gentle flow of N,. The mixture was stirred for
5 min and then IPTS (2.3 eq.), dissolved in dry dioxane, was
added dropwise for 1 h. The mixture was stirred for an
additional hour and then cooled down. The solvents were
evaporated and the viscous residue was purified from
free silane monomers using silica gel column chromato-
graphy with 10% MeOH in dichloromethane as an eluent.
'"H-NMR (300 MHz; CDCls; Me,Si): 6 0.60 (t, —CH,Si),
1.21 (t, —-OCH,CH;), 1.57 (m, -CH,CH,CH,Si), 3.15
(t, —CH,CH,CH,Si), 3.62 (m, —(CH,CH,0),-), 3.84
(q, -OCH,CH3), 4.11 (t, -CH,OC(O)NH-).

Hydrolysis and electrodeposition of PEG400/200-dilPTS

The solution for the electrodeposition of sol-gel films
consisted of 1 mL silane monomer, 2.5 mL 0.1 M HCI and
6.5 mL ethanol. Hydrolysis was carried out by stirring this
solution for 2 h at room temperature. Then, a constant
negative potential of —1 V vs. Ag/AgBr was applied to the
electrode for 1-30 min. The hydrolyzed solution was stable for
more than 3 weeks. The coated electrodes were carefully
withdrawn from the solution and dried for 24 h in air and
then were cured at 100 °C for 18 h.

Electrochemical analysis

Cycling voltammetry (CV) of hexammineruthenium(iin)
chloride in 0.1 M KCI was recorded by cycling the potentials
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Scheme 1 Synthesis of PEG400/200-dilPTS.

between 0 and —0.4 V vs. Ag/AgCl. Potentiodynamic
polarization was carried out in a Hank’s balanced salt

solution. The scan rate was 2 mV s~ '

Stent coating analysis

Stents were coated with PEG200/400diIPTS as described in
the section ‘Hydrolysis and Electrodeposition of PEG400/
200-diIPTS’. The coated stents were mounted on the catheter
balloon and expanded up to a final inner diameter of 3 mm,
while soaking in buffer phosphate solution for 1 min.
Expanded samples were kept in phosphate buffer solution
(pH 7.4) for one week.

Blood compatibility evaluation

For platelet adhesion studies, stainless steel disks of 1 mm
thickness and 14 mm diameter were placed into the well of a
cone and plate(let) analyzer (Fig. 1) and 130 pL of the citrated
fresh blood sample (40 min after withdrawing from the healthy
adult) were applied to the disk. After mounting the cone, the
stainless steel disk with the blood was subjected to arterial
shear flow (1800 s=') for 2 min. Then, the disks were gently
washed with PBS solution and adsorbed platelets were fixed by
2.5% glutaraldehyde solution for 30 min at room temperature.
Finally disks were washed with PBS solution, followed
by subsequent washing in 50%, 75% and 100% ethanol
and dried.

Results and discussion

Nowadays stents are usually coated with a thin film to enhance
their biocompatibility as well as to accommodate a drug that
its release is controlled. Most of the films which are employed
are indeed biocompatible; however, they do not prevent
protein adsorption and platelet adhesion. We have recently
shown that sol-gel thin films can be electrochemically coated
by applying moderate potentials, which alter the pH on the
electrode surface and therefore catalyze the condensation
of the hydrolyzed sol-gel precursor. There are numerous
commercially available sol-gel precursors, most of them are
trialkoxysilane derivatives.

We have decided to examine the electrochemical formation
of a sol-gel thin film on stent, which will prevent platelet
adhesion. Hence, we synthesized silanated PEGs of two
different sizes, PEG200 and PEG400, by coupling 3-isocyanato-
propyltriethoxysilane (IPTS) with the hydroxyl end groups of
PEG through urethane bonds. In addition, we prepared the
disilane derivative of Pluronic F127 (F127diIPTS). The 1 : 2
ratio of PEG or Pluronic F127 to silane was proved by analysis
of 'H-NMR spectra of these disilanes (see Experimental).
The FTIR spectra presented in Fig. 2 show the absorption
of the functional groups before and after coupling.
The cyanate group, which contributes a strong vibration
band at 2277 cm™!, is clearly seen in the IPTS spectrum and
completely disappears in the PEGdIIPTS spectrum. On the
other hand, urethane C-N-H bending (1540 cm™') and
carbonyl vibration (1715 cm™!) appear in the products. From
the PEGdiIPTS spectrum, specifically the stretching vibration
of Si-O-CH,— (Fig. 2) at 1060-1090 cm ™", it is evident that the
disilane is unhydrolyzed.
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Fig. 2 FTIR spectrum of IPTS, PEG200 and PEG200dilPTS

Fig. 3 SEM image of stent, coated with PEG400diIPTS. A: smooth
coating; B: wrinkled site of the coating on the stent strut.

causes the reduction of water as will be discussed below. The
formation of a PEG400diIPTS-based film on a stent upon
applying a potential for 15 min can be seen by scanning

electron microscopy (Fig. 3).

The film is usually highly uniform and smooth as shown in
Fig. 3A and therefore we also purposely show an image
(Fig. 3B) in which the film is somewhat wrinkled. The arrow
in Fig. 3A corresponds to the edge of the stent strut, which is
coated with a thinner film than the face part of the strut. This
is presumably caused by the difference in the electrical
field between the two electrode (stent) areas. The higher
electrical field (at the edge) plus the partial radial diffusion
are responsible for the massive reduction of protons and
therefore the greater change of pH at these areas. The latter
resulted in an intensive bubbling of hydrogen, which prevented
good deposition. This phenomenon must be taken into
consideration in coating medical devices, where homogeneity
of the deposited film is a crucial parameter. Sol neutralization
prior to the electrodeposition may help in reducing the pH
leap from acidic to basic, but it caused the deposition of
salt crystals on the coating surface and therefore was not
preferred. Simulation of the electrical potential and field
should assist in designing the proper cell which will result in
the deposition of a homogenous and uniform coating.

EDX analysis (presented as At%) of coated and bare stents
is shown in Table 1. The absence of iron, nickel and chromium
signals pointed to the total coverage of the stent surface with
sol—-gel coating. Assuming full hydrolysis of the dimer yields a
repetitive unit with the chemical formula C,sHsoN,>O,5Si,
(for PEG 400 in a polymeric form). Closer inspection of the
EDX analysis shows that the content of C, N and Si fits very
well with the expected ratio. The content of oxygen is
somewhat lower than expected for unknown reasons. Hence,
EDX, which is in accordance with the NMR analysis,
indicates the presence of a relatively thick polymeric film
composed of a PEG400diIPTS unit.

Table 1 EDX analysis (atom%) of bare and PEG400dilPTS-coated

stents

(monomer) (A). Expanded region from 1400 to 2000 cm™' (B). Surface element Bare stent PEGdiIPTS-coated stent
Expanded region from 2000 to 2600 cm ™' (C). C 0 66.26
N 0 5.54
. . . (0] 0.42 22.73
PEGAiIPTSs were electrodeposited onto stainless steel Fe 62.41 0
plates and stents by applying a constant potential Ni 13.51 0
of =1 V vs. Ag/AgBr (ca. —3.5 mA cm™>) for different Cr 19.11 0
durations ranging from 1 to 30 min. The negative potential Si ! 548
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The growth of the sol-gel coating depends on the time that
the potential is applied (Fig. 4A). The thickness of the film
grows almost linearly until it reaches 0.6 um and then it levels
off as would be expected for such a process which depends on
the pH gradient that is formed on the stent surface.* It should
be noted that the decrease in the rate of film growth is not due
to the blocking of the electroactive species, i.e., water, as the
current does not decrease during electrolysis (Fig. 4B).
A minimum of 2 min of applying the potential is required to
form a continuous homogenous PEGdiIPTS film.

Electrodeposited onto stainless steel, PEGAiIPTS was
characterized by RA-FTIR surface spectroscopy as shown in
Fig. 5. Only the relevant part of the spectrum is shown. The
appearance of a strong absorption band peaked at 1130 cm ™!
is assigned to the asymmetric Si—O-Si stretching, which is
absent in the monomer spectrum (Fig. 2). This clearly
indicates the formation of the polymer through Si-OH group
condensation.

The silane monomer formed by coupling Pluronic F127 and
IPTS, namely, F127diIPTS, failed to polymerize, perhaps due
to its final structure in the water—ethanol medium. It is well
known?® that Pluronics form 3D cylindrical structures, such as
hexagonal or square domains, when their concentration is
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Fig. 4 (A) The thickness of a PEG400diIPTS film on a stainless steel
plate as a function of the electrodeposition time (applied potential
was —1 V vs. Ag/AgBr); (B) current transient during electrodeposition
of PEG400diIPTS at constant potential.
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Fig. 5 RA-FTIR spectrum of PEG200diIPTS (polymer) electro-
deposited on a stainless steel surface.

higher than the critical micelle concentration (CMC). In these
micelle structures the area to volume ratio decreases, which
might pose a higher barrier towards condensation of the
monomers.*” ™ Previous reports showed that condensation
of F127dilPST monomers in solution occurs on the third
day. %

Sol-gel films after drying usually block electron transfer.’!
The diffusion of inorganic and organic electroactive species is
strongly affected by the barrier properties of the films. Fig. 6
shows the cyclic voltammetry (CV) of bare and coated
(with PEG200diIPTS) stents recorded in the presence of
Ru(NH;)¢> . The latter is often used as an electrochemical
probe for measuring the permeability of thin films towards
inorganic species.’>>* It is evident that while the bare stent
does not block electron transfer and the CV is quasi-reversible
(AE = 215 mV), there is complete blocking of Ru(NH;)> "
reduction by the coated stent.

We found that the stability of the hydrophilic silane coating
depended on thermal treatment. The thermal treatment that

Bare stent

-0-20 L} v 1 v ) v T v ]
-0.4 -0.3 -0.2 -0.1 0.0

E/Vvs Ag/AgBr

Fig. 6 Cyclic voltammetry of 1 mM Ru(NH,)s’" in 0.1 M KClI,
recorded with a stainless steel stent before (continuous line) and after
(dashed line) electrochemical deposition of PEG200diIPTS for 15 min
at —1 V vs. Ag/AgBr. Scan rate equals 100 mV s~ '.
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gave the best results comprised drying of the freshly
electrodeposited coatings in air for 24 h followed by heating
to 100 °C overnight. The advantage of this treatment is clearly
demonstrated by recording the potentiodynamic polarization
curves (Fig. 7) of bare and PEGdiIPTS-coated plates, treated
in different ways.

Potentiodynamic polarization curves present the current
density (on a logarithmic scale) as a function of the applied
potential measured in corroding medium (here, Hank’s
solution). The corrosion protection of metals with sol-gel
materials was well studied. Aluminium protection was
achieved by electrodeposition of different organosilanes as
was described by Sheffer er al**> Roux er al. suggested
anticorrosion protection for iron and mild steel with poly-
pyrrole—xerogel composites.’® In addition, some corrosion
inhibitors, such as chloranil, were incorporated into sol-gel
matrices.’’ Fig. 7 shows the polarization curves of a bare
stainless steel plate (A), an electrochemically deposited film
without thermal treatment (B), a dip-coated film (C) and
finally an electrochemically coated and treated (100 °C)
film (D).

The information that can be obtained from these plots is
derived from E,,,, which is the potential of the minimum
current, the magnitude of the current density at potentials
more positive than E..,, and from the linear part of the curve
close to E. (Tafel plot). In general, a surface is more
corrosion resistant when its E,. is more positive. Further-
more, a more resistive surface will exhibit lower current
densities at higher potentials. Finally, the exchange current
density (which is the extrapolated current at E,, derived from
the linear curve) is expected to be lower for more corrosion
resistant surfaces.

All these parameters are summarized in Table 2. It can be
seen that E.,, of the thermally treated coatings is indeed more
positive than the bare as well as the non-thermally treated
coating. The current densities measured at —0.2 V also follow
this trend and are significantly lower (notice that it is a
logarithmic scale) for the thermally treated coating. The

A
C
4 ] B
< D
=0 -6 -
)
—
-8 4
-0.4 0.0 0.4 0.8

E/V vs Ag/AgCl

Fig. 7 Polarization curves of bare (A), electrodeposited PEG400-
dilPTS (B), dip-coated with PEG400diIPTS (C) and electrodeposited
PEG400diIPTS followed by thermal treatment at 100° (D) stainless
steel plates. Measurements were carried out in Hank’s solution with a
scan rate of 2 mV s~

Table 2 Corrosion parameters for a bare stainless steel plate (A),
electrochemically deposited film without thermal treatment (B), dip-
coated film with thermal treatment (C), and electrochemically coated
and treated (100 °C) film (D)

Sample
Parameters A B C D
Eeore (V vs. Ag/AgBr) 035  —0.31 028  —0.26
Leor/nA 30 53 2.8 1.4
Currents at —0.2 V/mA 5 1.02 0.8 0.23
current densities at more positive potentials increase

substantially for the bare and non-thermally treated samples.
This corresponds to pitting corrosion as is also detected by
SEM, vide infra. It is worth mentioning that the thermally
treated samples do not show such pitting corrosion at the same
range of potentials implying that the coating is chemically
stable under these conditions. Finally, the exchange currents,
I.o.r, Which correlate with the rate of electron transfer in
equilibrium and therefore are an indication of the barrier
properties of the interface, show the same order (Table 2).
The lower I, is found for the thermally treated electro-
deposited coating, while the largest I, is for the bare plate.

In conclusion, studying the corrosion resistance of the
coatings by linear polarization clearly shows the advantage
of electrodeposition combined with thermal treatment.

SEM images recorded after the polarization experiment in
Hank’s solution, described above, complement the corrosion
polarization test. Fig. 8 shows SEM images (two magnifications)
of the four different samples used in the polarization test. Deep
pits with an average radius of 50 pum are clearly seen in
Fig. 8A, which corresponds to an uncoated plate.

The pitting corrosion of stainless steel 316L has been
extensively studied statistically and experimentally by Bertocci
et al.®® and Williams ez a/.>° more than two decades ago and
later by Lunt er al.®® Fig. 8B shows a PEGAIIPTS that is
electrochemically coated but thermally untreated. It can be
seen that a very thin coating remains on the surface and initial
pitting is presumably detected. Fig. 8C shows a dip-coated
PEGAIIPTS sample which was also thermally treated (100 °C).
Enlarged image reveals delamination of the coating from the
surface. Best results, as expected, were obtained for a plate
that was electrocoated and thermally treated (Fig. 8D). It is
evident that the coating remains smooth and homogeneous
even after the corrosion test. Two important conclusions can
be drawn from these observations: it seems that electro-
deposition is responsible for good attachment to the stainless
steel surface. This is confirmed by Fig. 8B, which shows that a
thin and mostly continuous film is formed. On the other hand,
the thermal treatment catalyzes the condensation of the
polymer and therefore is responsible for thickening of the film
as is clearly shown in Fig. 8C. Yet, this film which was not
electrodeposited is poorly attached to the surface. It is the
combination of electrodeposition and thermal treatment that
provides thick and well adhered coatings.

So far, we have focused on the formation and characterization
of uniform and adherent PEGylated sol-gel coatings that
can be electrochemically deposited on stainless steel plates.
Obviously, the electrochemical deposition of such films on

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2009

New J. Chem., 2009, 33, 1596-1604 | 1601


http://dx.doi.org/10.1039/b901864f

Downloaded by University of Belgrade on 02 January 2013
Published on 06 May 2009 on http://pubs.rsc.org | doi:10.1039/B901864F

View Article Online

Fig. 8 SEM images (magnification of x50 and x400, respectively) of
a bare stainless steel plate (A), an electrochemically deposited film
without thermal treatment (B), a dip-coated film with thermal
treatment (C) and an electrochemically coated and treated (100 °C)
film (D) after the polarization experiment in Hank’s solution.

stents requires some additional characteristics, such as
resistance to dilatation, stability in physiological media and
anti-thrombogenicity. Therefore, we conducted a few
preliminary experiments whereby electrochemically and
thermally treated PEGAiIPTS-coated stents were balloon
expanded following a conventional procedure. Specifically,
the coated stents were mounted on an expandable balloon
and immersed into buffer solution for 1 minute before
they were expanded from 1.8 to 30 mm inner diameter by
applying a pressure of 8 atm. Coating conditions were
examined after dilatation. Fig. 9 shows representative
SEM images of the stent after being expanded. A low magni-
fication image (Fig. 9A, x34) shows stent junctions and
struts covered with smooth continuous coating without
any sign of cracking or delamination. Fig. 9B and C show
two sites of the stent subjected to the maximal stress during
expansion.

Resistance of the polymer coating to mechanical stress is
one of the crucial demands of coated implantable devices.
Several clinical trials revealed that surface irregularities or
delaminated parts of the polymer (detected in the blood
stream) are among the factors that induce fast restenosis.®!

Fig. 9 In situ PEG400diIPTS-coated stent expansion. Low magnifi-
cation image (x34) (A); stent sites subjected to the maximal stress
during expansion (B, C). Stents were immersed into buffer phosphate
solution for 1 min and then expanded from the initial diameter of
1.8 mm to a final diameter of 3 mm.

Non-biodegradable coatings of coronary stents or other
implantable devices should remain intact under physiological
conditions. Thus, we examined the stability of the coatings in
an aqueous solution. SEM images (Fig. 10A and B) show the
coated stent before and after immersing in phosphate buffer
solution (pH 7.4) at 37 °C for one week. The coating remains
mostly on the stent surface, indicating the strong adhesion of
the sol—gel layer to the stent surface. Furthermore, this also
implies that the PEG groups did not undergo hydrolysis and
remain covalently attached to the sol-gel matrix.

PEG-modified composites, vide supra, have attracted
considerable attention as cell-repelling biomaterials mostly
due to their hydrophilicity and smoothness. These two
parameters play a major role in designing biocompatible
surfaces. Affecting platelet accumulation on coated stainless
steel stents has been reported by Seeger et al. They showed
that stainless steel stents modified with hydrophilic polymers
such as N-vinylpyrrolidone decreased significantly platelet
accumulation.®® Park et al. used PEG modified Nitinol stents®’
for the same purpose. In vitro studies showed substantial
reduction in fibrinogen adsorption and platelet adhesion to
the PEG-grafted surfaces as compared with bare Nitinol
surfaces. Fibrinogen adsorption was reduced by 70-95% by
PEG grafting.

The contact angle of water on the PEGdilPTS-based film
was 32.1° £ 1.3°, which indicated the high hydrophilicity of
the surface as compared to 60°, which was measured on the
stainless steel surface. The roughness (R,), measured on
25 x 25 um area by AFM, was ca. 2.1 nm implying a very
smooth coating. Hence, we examined the ability of
PEGAiIPTS surfaces to reduce platelet adhesion and
activation and compared these results with a pristine stainless
steel surface.

For this purpose whole-blood samples were applied directly
onto PEGAIIPTS coating and bare metal. The cone and

Fig. 10 SEM images of PEG400diIPTS-coated stents before (A) and
after (B) immersed in phosphate buffer at 37 °C for a week.
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Fig. 11 SEM micrographs of platelet adhesion onto uncoated (1) and
PEG400diIPTS-coated stainless steel disks (2).

plate(let) analyzer generates normal flow conditions;
specifically it induces laminar flow with uniform shear force
at each point of the analyzed surface. This procedure is
described in detail by Varon and Savion.®® Platelet adsorption
onto bare and PEGdiIPTS-coated stainless steel surface was
examined by SEM (Fig. 11). The images of the bare surface
reveal numerous platelets with profuse pseudopodia. Platelets
appear mostly as aggregates on the bare metal. On the
other hand, the PEGAdiIPTS-coated surface attracted only
very few inactivated platelets. This left the surface almost
unchanged. These results clearly show the advantage of
PEGAiIPTS-based films as a superior coating for blood-
contacting stents.

Conclusions

It is the first time, to the best of our knowledge, that PEG was
electrochemically deposited under mild potentials. Short
(M, = 400; 200) poly(ethylene glycol) chains were chemically
modified with trialkoxysilanes and then electrochemically
polymerized on stainless steel plates and stents. PEGylated
films exhibit high hydrophilicity and smoothness. The
thickness of the electrodeposited coatings varied between 0.2
and 1 pum depending on the specific conditions, such as time
and potential of deposition as well as silane concentration.
Thermally treated PEGylated sol-gel improved significantly
the corrosion protection in standard salt solutions. Electro-
deposition of the PEGylated polymer on a stainless steel
surface resulted in a homogeneous, stable (in buffer phosphate
solution) and flexible (during balloon expansion) coating.
Finally, we demonstrated that this coating is an excellent
biomaterial for blood-contacting devices as it reduces drama-
tically adhesion and activation of platelets.
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