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ARTICLE

Deposition of organic-inorganic hybrid coatings over 316L
surgical stainless steel and evaluation on vascular cells

F.G. Doro, A.P. Ramos, J.F. Schneider, U.P. Rodrigues-Filho, M.A.M.S. Veiga, C.L. Yano, A. Negreti,
M.H. Krieger, and E. Tfouni

Abstract: Surface coating of metallic materials using the sol-gel technique is a suitable approach to obtain hybrid materials with
improved properties for biomedical applications. In this study, an AISI 316L stainless steel surface was coated with ormosils
prepared from tetraethylsiloxane and 3-glycidoxypropyltrimethoxysilane or polydimethylsiloxane. The characterization of
structural and surface properties was performed by several techniques. Surface microstructure, morphology, and energy are
dependent on organosilane type and content. Chemical stability of coatings was investigated by static immersion tests in
phosphate buffer solution at 37 °C, and silicon leaching after 21 days was found to be in the range of ~200-300 g L-*. Mechanical
adhesion was found to be within 1.0 and 3.7 N cm~'. The interaction of the samples and materials in the cardiovascular
environment was investigated through cellular behavior. Biological assays were performed with slides to avoid any cytotoxic
effects on human endothelial cells (HUVEC) and rabbit arterial smooth muscle cells (RASM). No significant alterations were
observed after 24 h in the viability of RASM and HUVEC cells exposed to different coatings. No increase of HUVEC or RASM
migration was observed after 24 h as evaluated by transwell migration assay. The hybrid materials showed suitable properties for
potential application as biomaterials in cardiovascular environment as well as for incorporation of bioactive species with the
aim to prepare drug-eluting stents.

Key words: ormosil, hybrid coating, biomaterial, sol-gel, stent, vascular cells.

Résumé : Le revétement de la surface de matériaux métalliques a I’aide du procédé sol-gel est une méthode particulierement
bien adaptée a la fabrication de matériaux hybrides dotés de propriétés améliorées et destinés a des applications biomédicales.
Dans la présente étude, la surface d’un acier inoxydable de type AISI 316L a été recouverte d’ormosils produits a partir de
tétraéthylsiloxane et de 3-glycidoxypropyltriméthoxysilane ou de polydiméthylsiloxane. La caractérisation des propriétés de
structure et de surface a été effectuée suivant plusieurs techniques. La microstructure, morphologie et énergie de surface
dépendent des types d’organosilanes utilisés et de leur contenu. La stabilité chimique des revétements a été analysée au moyen
d’essais d’immersion dans une solution tampon de phosphata 37 °C et du lixiviat de silicium a été détecté apreés 21 jours a des
concentrations d’environ 200 a 300 p.g L. Les mesures d’adhésion mécanique étaient comprises entre 1,0 et 3,7 N cm~' L’interaction
entre les échantillons et les matériaux dans le systeme cardiovasculaire a été analysée sur le plan du comportement cellulaire.
Des essais biologiques ont été réalisés sur des lames pour éviter tous effet cytotoxique sur les cellules endothéliales humaines
(cellules endothéliales veineuses ombilicales humaines) et les cellules musculaires lisses artérielles de lapin. Aucune baisse
significative de la viabilité des cellules musculaires lisses et cellules endothéliales exposées a différents revétements n’a été
constatée apres 24 h. Par ailleurs, aucune augmentation de la migration de ces deux types de cellules n’a été observée aprés 24 h
selon les résultats des essais de migration transwell. Les matériaux hybrides ont présenté des propriétés compatibles avec leur
possible utilisation comme biomatériaux dans le systéme cardiovasculaire et avec leur association a des espéces bioactives dans
le but de fabriquer des stents a élution médicamenteuse. [Traduit par la Rédaction)]

Mots-clés : ormosil, revétement hybride, biomatériau, sol-gel, stent, cellules vasculaires.

bone plates, anchors, and vascular grafts, for example. In all cases,
mechanical strength, hardness, and chemical stability, not to

Introduction

Different materials such as metals, ceramics, biodegradable or

synthetic polymers, composites, or hybrid materials are used in
medical devices' and invariably come into contact with tissues
and body fluids. This contact can be short, such as in the case of
catheters or cannulae, or as long as the person’s lifetime, as with

mention appropriate biocompatibility, are crucial factors.>-¢
AISI 316L surgical stainless steel (SS) is one of the most used
alloys in medical devices such as stents.”-® Intravascular stents are
medical devices used as a biological scaffold, mostly for diseased
arteries, after balloon angioplasty.”° Compared to angioplasty
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alone, the stenting procedure improves the safety and efficacy of
the intervention, especially by avoiding the abrupt vessel closure.
Restenosis remains the main cause of clinical complications
even after a stenting procedure, leading to up to 30% failure after
3 months of implantation.®-!° In this regard, the use of drug-
eluting stents has been shown to be efficient in reduction of in-
trastent restenosis.!"'> Nonetheless, with the increasing use of
drug-eluting stents, other issues, such as stent thrombosis, have
emerged.!? Since restenosis and thrombosis are caused by multi-
ple factors, an ideal stent coating should not only inhibit throm-
bus formation and proliferation of smooth muscle cells but also
facilitate the process of re-endothelialization.’?'® Thus, materials
for medical devices should minimize the risks from design failure
or biological incompatibility. Although the scope of ISO 10993-1
specifically excludes biological risks arising from any mechanical
failure, the Food and Drug Administration believes that this po-
tential risk is important to consider when designing biocompati-
bility studies.'* For certain devices, such as those that incorporate
a coating or multiple material components, it is possible that
mechanical failure may change the biological response to the
device.®-8

To improve the effectiveness of stents and to overcome the
challenges associated with their use, a number of optimization
strategies have been employed.'> Besides those, the biological per-
formance strongly depends on the first interaction when implant
surfaces come into contact with a biological environment.'®-1” For
this reason, the control of surface properties, chemical and topo-
graphical, is very critical for improving biocompatibility and bio-
functionality of implanted materials in a vascular environment.'®
Another factor to consider is the challenge of cell line based
screening for “biocompatibility” to connect these cultured cell
responses with devices in vitro under controlled conditions for
predictions about their behavior in more complex biological
systems.1%-20

The sol-gel process provides a versatile method to easily prepare
organic-inorganic hybrid materials.?!-22 These hybrid materials,
referred to as organically modified silicates (ormosils), are formed
by hydrolysis and condensation of organically modified silanes
with a common silicon alkoxide or silicon chloride precursor.2?
Organic-inorganic hybrid coatings have been extensively studied
in corrosion protection and functionalization of metallic material
surfaces including SS.24-28 Corrosion leads to undesirable leach-
ing of metal ions from stent grafts that may elicit adverse reac-
tions and decrease the structural integrity of the implants.®-2° One
viable approach for coating a SS surface is the material sintering
(heating from 300 up to 800 °C) following ormosil deposition.2¢-27
While this approach is useful in corrosion protection, it cannot be
used for coatings intended to carry bioactive molecules, such as
those used in drug-eluting stents. In this case, the approach re-
quires the suitable choice of organosilane that also should afford
flexibility and chemical and mechanical stability as well as a way
to control the physical properties of resulting ormosils such as
permeability.3° The sol-gel process is also an attractive method for
application in the biomedical field. Indeed, sol-gel-processed ma-
terials have been successfully applied in the development of bio-
compatible materials,?! in the improvement of biocompatibility
of currently employed materials,®233 and in the preparation of
drug-releasing systems.3+35 Since the interaction of cells, such as
endothelial cells and platelets, with the surface of the material is
influenced by its morphology and chemical composition, the suit-
able choice of alcoxy and organosilanes sol-gel precursors and
processing conditions should constitute an appropriate method
to control the materials—cells interaction and cell response. This
approach may lead, for instance, to the reduction of platelet ad-
hesion and enhancement of cellular proliferation of endothelial
cells on the surface of the material that would contribute to the
mitigation of restenosis and thrombus formation.2¢ The incorpo-
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ration of bioactive molecules in a xerogel matrix (bulk or surface)
such as NO donors is also possible.3”

As part of our ongoing efforts to design NO donor species and
materials,38-39 we report here the deposition process of organic-i-
norganic hybrid coatings on 316L SS by the sol-gel technique to be
used in the development of drug-eluting stents. The hybrid coat-
ings and resulting materials were prepared using tetraetoxysilane
(TEOS) and an organosilane, 3-glycidoxypropyltrimethoxysilane
(GLYMO), or polydimethylsiloxane (PDMS) as precursors and char-
acterized with a wide range of techniques. Chemical stability and
mechanical adhesion of coatings on SS were also investigated.
Biological assays were performed with slides to analyze the bio-
compatibility of human endothelial cells (HUVEC) and rabbit ar-
terial smooth muscle (RASM) cells by a cytotoxicity assay. The
functional aspect was evaluated by a transwell migration assay
because this is the major effect to be prevented with this device.

Experimental

Materials

TEOS from Strem Chemicals, GLYMO from Degussa, and silanol-
terminated PDMS with an average molecular weight of 2200 g.mol
from Dow Corning, ethyl alcohol and isopropyl alcohol from
Merck, acetonitrile (ACN) from Aldrich, and hydrochloric acid
from ].T Baker were used as received. Dibutyltin dilaurate from
Aldrich was used in a 3% (w/w) hexane solution. Stock standard
solutions of silicon and tin at a concentration of 1000 mg L~ for
inductively coupled plasma mass spectrometry (ICP-MS) were ob-
tained from Merck. Working standard solutions were obtained by
appropriate dilution of stock solutions with phosphate buffer so-
lution (PBS). All other chemicals were reagent grade and used
without purification.

Surface treatment of surgical 316L SS

Flat AISI 316L SS slides (10 mm x 10 mm x 1 mm or 20 mm x
20 mm x 1 mm) (Fenix Metais, Brazil) were used as metallic sub-
strates. The surface of slides was sequentially sanded with SiC
papers Nos. 1200, 1500, and 2000 (3M) and polished with alumina
(0.05 pm) using a polishing cloth (AROTEC) until a mirror-like
surface was obtained. Chemical cleaning was performed by dip-
ping slides in NH,OH-H,0,-H,0 (1:1:5 v/v) solution for 10 min,
washing extensively with deionized water, dipping in deionized
water at 75 °C, and drying under a filtered nitrogen flux. Other
cleaning methods were investigated without previous surface pol-
ishing but no suitable wettability was achieved (see Supplemen-
tary material, Table S1 and Fig. S1).

Preparation and deposition of ormosil coatings

Ormosil coatings were prepared by the sol-gel method using
binary mixtures of TEOS/PDMS or TEOS/GLYMO. The TEOS/PDMS
sol solutions were obtained by mixing the siloxane and the silane
in weight ratio 0f 90:10 or 70:30 (0.2 or 0.6 g of PDMS, respectively)
in 1.5 mL isopropyl alcohol under stirring for 20 min at room
temperature in a one-step procedure. ACN (0.5 mL) and dibutyltin
dilaurate (three drops) were then added and the mixture was fur-
ther stirred for 10 min. The resulting sol was left aside for 5 h (or
1h for 70:30) at room temperature to form a gel. Ormosil coatings
obtained as described will be denoted in this work as Ty,P,, and
T, P30, respectively. The TEOS/GLYMO sol solutions were obtained
in a two-step procedure using siloxane and silane in a weight ratio
of 70:30 or 30:70 (0.3 or 0.7 g of GLYMO, respectively). In solution
1, GLYMO, 0.2 mL of 0.1 mol L= HCI solution, and 1.0 mL of ethyl
alcohol were mixed under stirring. The addition of acid catalyst to
the GLYMO solution is due to the low rate of hydrolysis and con-
densation of alkylsilanes.*° In solution 2, TEOS, 0.5 mL of water,
and 1.0 mL of ethyl alcohol were also mixed under stirring. After
40 min, the two solutions were mixed and one drop of perfluoro
matrix composite polymer was added to increase solution viscos-
ity. The resulting mixture was further stirred for 30 min and left

< Published by NRC Research Press



Can. J. Chem. Downloaded from www.nrcresearchpress.com by UNICAMP UNIVERSIDADE ESTADUAL DE CAMPINAS on 04/23/15
For personal use only.

Doro et al.

aside for 24 h to form a gel. The ormosil coatings obtained with
this procedure will be denoted as T,,G;, and T3,G,,. In all cases,
ormosil coatings were deposited on SS slide surfaces by the
spin-coating technique. The coatings were allowed to solidify for
~10 min and then dried in an oven at 50 °C for 24 h and stored in
a desiccator at room temperature until used.

Ormosil coating characterization

The coating thicknesses were measured by specular reflectance
using NanoCalc 2000 equipment (MIKROPACK) with a halogen
lamp, optical fiber FCTR-IR400-2-MEFR, and double-channel spec-
trophotometer 2058 pixel CCD type. The static contact angle of
bare SS slides and ormosil-coated SS slides (average of at least
three measurements taken with different samples) was deter-
mined using a Dataphysics OCA 20 automatic tensiometer, depos-
iting a sessile drop (30 pL) of deionized water on the surface.
Surface energy was also determined with the same equipment
employing water, n-dodecane, and diiodomethane as test liquids.
The calculation was made using the Owens—-Wendt—Kaeble equation:

(1 + cos 6) = 2(375)" + 2(v¥)"

where subscripts S and L represent solid and liquid surfaces, re-
spectively, yd represents the dispersion component of the total
surface energy (vy), and P is the polar component.#! Scanning
electron microscopy (SEM) was recorded on a Zeiss EVO 50 equipped
with an EDS detector. Atomic force microscopy (AFM) was carried
out on a Shimadzu SPM 9600 model using the tapping mode (TM).
Images were processed with Gwyddion version 2.31 or SPIP (scan-
ning probe image processor) version 6.0.2 (Denmark). The topo-
graphic and phase images were recorded simultaneously using a
standard silicon tip with radius of 6 nm. The scan rate used was 0.5
or 1.0 Hz. Determination of surface roughness values was done by
root mean square for GLYMO-containing coatings on an area of
50 x 50 wm?2. Root mean square values were calculated using SPIP
version 6.0.2.

High-resolution solid-state NMR and vibrational
spectroscopy

Samples of the organic-inorganic hybrid materials (~1.0 g) for
NMR experiments were obtained by the same procedure de-
scribed above except that gel was spread on a Teflon plate, care-
fully removed after drying, and then ground to a powder. 3C and
29Si solid-state high-resolution NMR spectra were obtained on a
Varian Unity INOVA 400 (9.4 Tesla) spectrometer and a 7 mm
Varian-Jakobsen probe. The magic angle spinning (MAS) tech-
nique was used with a spinning frequency of 7 kHz. 2°Si NMR
spectra were measured by direct polarization applying a single
radio frequency w/2 pulse of 4.0 ps. A recycle time of 300 s was
sufficient to ensure complete magnetization recovery of all sili-
con species. For the 13C spectra, the direct polarization measure-
ments were obtained from single-pulse experiments with a /2
pulse of 4.0 ps and a recycle time of 5 s. The nonquaternary-
supressed (NQS) experiment was conducted to determine which
lines corresponded to a carbon with a strong 'H-3C dipolar mag-
netic interaction. Time intervals between pulse and decoupling
were 100 ps. For "H-'3C cross-polarization (CP) experiments, a /2
1H pulse of 3.5 s was applied with a contact time of 1 ms and a
recycle delay of 3 s. The high-power 'H decoupling technique was
applied during acquisition to minimize the effect of the 'H-3C
dipolar interaction. Solid samples of adamantane and kaolinite
were used as secondary standards for *C and 2°Si chemical shifts,
respectively.

Specular reflectance Fourier transform infrared spectroscopy
(FTIR) in the range of 4000-400 cm~! was carried out directly on
the surface of ormosil-coated SS slides in a MB-102 Bomem spec-
trophotometer equipped with a SPECAC Linear Polarizer GS12000
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model accessory. IR spectra were also recorded using powdered
material dispersed in KBr pellets using the transmittance mode.
Very similar spectra pattern were obtained with both techniques.

Mechanical adhesion and chemical stability of the ormosil
coatings

Mechanical adhesion was investigated by a peel strength adhe-
sion test in Instron equipment according to ASTM D 100042 using
20 mm x 20 mm ormosil-coated SS slides at the laboratory of the
3M Brasil production plant at Ribeirdo Preto, SP. Adhesion
strengths are reported as an average of two tests. Chemical stabil-
ity of coatings was investigated through static immersion tests.
Bare SS slides and those coated with ormosils (10 mm x 10 mm)
were placed in 10 mL of PBS (20 mmol L1, p = 137 mmol L! NaCl,
pH 7.4) and incubated at 37 °C. After 7 days, slides were trans-
ferred to fresh PBS solutions. This procedure was repeated for up
to 21 days to complete. Silicon (?8Si) and tin (2°Sn) concentrations
in the soaked solutions were determined using an ICP-MS (Perkin
Elmer Scicx Elan DRC II). Appropriate dilutions of soaked solu-
tions were performed. The instrument was calibrated with
0-200 pg L standard analytes solutions in PBS. Linear coeffi-
cients for calibration curves were better than 0.9999. Three sam-
ples of each material were used and five runs were performed for
each sample.

Biological assays

Cell cultures

RASM cells from a previously established selection-immortalized
line*344 were generously supplied by Dr. Helena Nader from the
Biochemistry Department of the Federal University of Sdo Paulo
(Sao Paulo, SP, Brazil) and HUVEC were purchased from Invitro-
gen Life Tecnologies, USA. Cells were routinely grown in F-12 sup-
plemented with 10% fetal bovine serum, 100 U mL-! penicillin,
and 10 mg mL-! streptomycin and in M200 supplemented with
1 pg mL~! hydrocortisone, 10 ng mL-! human epidermal growth
factor, 10 ng mL-! heparin, 3 ng mL-! basic fibroblast growth fac-
tor, gentamicin—amphotericin, and 20% fetal bovine serum and
grown in a 5% CO, humidified incubator at 37 °C. The control was
untreated cells incubated only with culture medium.

Cytotoxicity assay

Sample cytotoxicity was assessed using the 3{4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction method de-
scribed by Mosmann.*> MTT is converted to blue formazan crystals in
mitochondria by dehydrogenase enzymes of viable cells. Cells were
seeded on a 12-well plate (1 x 10° cells) and were exposed to bare SS
slides and T,,P,, and T,,G,, ormosil-coated slides for 24 h and com-
pared to the control without materials. After incubation for 4 h with
5x10-3 g mL-1 MTT solution at 37 °C, absorbance was determined at
570 nm using an ELISA reader (Bio-Tek Instruments, Inc., USA). Each
test was repeated at least three times with controls in each micro-
plate included. Each value of the different samples and controls was
based on the mean of five to eight wells and the standard error of the
mean was calculated based on values obtained by these independent
experiments.

Transwell migration assay

Cell migration assays were carried out using a BioCoat 24-
multiwell insert system (BD Biosciences) with an 8 pm pore size
polycarbonate filter insert that divides the chamber into upper
and lower portions. HUVEC and RASM cells were cultured in bot-
tles until confluence and serum deprived overnight. After this
period, the cells were trypsinized and resuspended in M200 me-
dium (GIBCO) containing 0.5% fetal calf serum. Density of 1 x
105 cells per well were added to the top of the insert in a final
volume of 200 pL of M200 medium (GIBCO). Fetal calf serum at
10% and 20% was used for the stimulus of migration on the HUVEC
and RASM cells during a period of 24 h, respectively. In the ab-

< Published by NRC Research Press



Can. J. Chem. Downloaded from www.nrcresearchpress.com by UNICAMP UNIVERSIDADE ESTADUAL DE CAMPINAS on 04/23/15
For personal use only.

990

sence or presence of slides, MTT was added and cells were incu-
bated for an additional period of 4 h. Cells from the top of the
transwell chambers were removed using a cotton swab (residual
cells). The transwell chamber (migrated) cells were placed in sep-
arate wells of a 24-well plate containing 400 pL of dimethylsulf-
oxide. Following 1 h of gentle shaking, 100 pL samples were
removed for 96-well plate and absorbance was determined at
570 nm using an ELISA plate reader.

Results and discussion

Ormosil coating preparation and characterization

Since the surface homogeneity and hydrophilicity of a metallic
substrate largely influence the adhesion and morphology of
coated thin films,*¢ the SS slides were polished and cleaned prior
to film deposition. The method used in this work increased the
wettability of the SS surface as evidenced by the reduction in the
water static contact angle (6)yacer)- The values of 0;,,¢e, = 83° £ 3°
and Opyaeer) = 41° = 2° were found for the untreated and polished
and cleaned SS slides, respectively. The wettability obtained after
surface polishing and cleaning was better than that obtained us-
ing chromic acid as a cleaning agent (0 = 69° * 7.2°)47 but poorer
than that obtained with polishing and air plasma cleaning (0 =
22° + 2°).48 Nonetheless, the obtained degree of surface hidrophi-
licity was suitable for thin film deposition.

The ormosil-coated SS slides were prepared by the sol-gel
method and characterized by a multitechnique approach to inves-
tigate properties such as the structure of the xerogel network,
microstructure, nanostructure, mechanical adhesion, and chem-
ical stability. Since one of the goals of this work is to develop
ormosils to coat stent surfaces with potential application in NO-
eluting stents by doping the thin films with NO donors, organosi-
lanes were carefully chosen. PDMS or GLYMO is expected to
improve the viscoelasticity of the resulting ormosils, leading to a
suitable mechanical rigidity to resist torsional forces, since the
stent can undergo compression and expansion in the vascular
environment. Addition of GLYMO into hybrid organic-inorganic
coatings has been reported to improve mechanical resistance and
adhesion.*® Ormosils containing PDMS can reduce platelet adhe-
sion.>° This alkylsilane also shows a high gas permeability, which
is important for the desired application.

It is worth mentioning that other several sol-gel processing
conditions such as the TEOS to organosilane ratio, solvent, gela-
tion time, and condensation catalyst were investigated. None of
these resulted in coatings with a homogeneous and crack-free
surface and (or) suitable adhesion to SS. Among the optimized
conditions, we choose a high and low GLYMO to TEOS ratio to
evaluate their effect on the ormosil properties. To compare GLYMO
and PDMS as additives for coatings, a similar rationale was followed.

The thicknesses of coatings were measured by specular reflec-
tance. The coating thicknesses highly depend on rheological,
formulation, and processing parameters. Since these features
changed significantly for the ormosil preparations, the thick-
nesses for PDMS materials, T,,P;, (3.74 * 0.08 pm) and TyP;,
(0.97 £ 0.06 pm), showed values different from those obtained for
GLYMO, T5,G, (2.21 + 0.04 um) and T,Gs, (150 £ 0.02 pum).

Characterization of structural properties of ormosils

Specular reflectance FTIR and NMR techniques were used to
investigate the network formation and structural properties of
ormosil coatings. FTIR spectra for T,,,P,, and T5,G,, coatings on SS
slides are given in the supplementary material (Fig. S2).

The FTIR spectrum of the T,,P;, ormosil coating presents the
main characteristic absorption bands of PDMS. The bands associ-
ated with methyl groups of symmetric stretching (v,CH;), asym-
metric stretching (v,,CHj), and symmetric deformation vibrations
(6CH;) appear at 2960, 2908, and 1260 cm™, respectively.>! For the
lower energy region of the spectrum (1200-700 cm™), the assign-
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ment is not so straightforward. Polysiloxanes show vibration
modes associated with Si—-O-Si. The antisymmetric stretching
(v,5510) occurs near 1050 cm~* in PDMS>2 and thus, v, SiO is prob-
ably related to the 1040 cm~! band observed in the T,,P;, spec-
trum. However, the antisymmetric band may be regarded as a
superposition of two bands, one corresponding to the »,,SiO vi-
bration of two siloxane neighbors and the other to their antisym-
metric motion.5? This band in PDMS was found to split into two
components. In our spectrum, this major band is split into two
components, 1050 and 1010 cm~. It should be pointed out that the
1,510 of Si-O-Si groups (1100-1000 cm~! region) is also related to
the extent of the in situ condensation reaction of the TEOS hy-
drolysis product. Indeed, Q3 and Q* species are detected in the
29Si NMR spectra (see below). The symmetric stretching of Si—O-Si
(v,Si0) in PDMS has an IR absorbance below 900 cm™ near the
range of the 1SiC and pCH; bands. Since CH; rocking and Si-C
stretching modes appear in the region ~870-750 cm-, it is rea-
sonable to assume that the two peaks in this region (850 and
790 cm™) correspond to these modes. The presence of a band at
850 cm~!in TEOS/polysiloxane-based materials has been proposed
to arise from condensation between TEOS and PDMS molecules
during gel formation.>3 A similar pattern was observed in the FTIR
spectrum of Ty P,

The FTIR spectrum of the T;,G,, ormosil coating on SS slide
surfaces (Fig. S2) is dominated by a strong two-component band
due to v,SiO stretching modes near 1100 cm~'. Weak intensity
absorption bands at 2980 and 2870 cm~ can be assigned to v,CH
and v, ,CH stretching modes of the methylene groups of GLYMO.54
The broad band of hydroxyl groups near 3400 cm~is due to either
entrapped water remaining after film drying or, more likely,
silanol (Si-OH) groups formed by the hydrolysis of alcoxysilanes.
It is known that the epoxy ring of GLYMO can undergo an opening
reaction depending on the sol-gel processing conditions.>> The
epoxy rings have characteristic IR bands at 1260-1240 cm™! (ring
breathing) and 950-810 cm™! (v, ring stretching) regions.>* For
T30G,,, these bands can be found at 1255 and 908 cm! in FTIR.
These results indicate that epoxy rings do not undergo hydrolysis
to a significant extent. The preservation of these groups can be of
particular interest, since oxyrane ring opening results in diol and
oligo(ethyle glycol) groups.>¢ These groups could increase the sur-
face energy contributing to an undesired increase in adhesion of
platelets. The FTIR spectrum of T, G5, also showed the character-
istic bands of GLYMO with no major differences compared to
T50G0, €xcept those expected as the result of an increase in TEOS
content. For instance, more intense bands near 3400 cm™ and at
940 cm~! were observed for T,,G3, probably due to a higher con-
tent of silanol (Si—-OH) groups (see below).

High-resolution solid-state 2°Si NMR spectra, shown in Fig. 1,
were obtained for PDMS and GLYMO organic-inorganic hybrid
materials. The 2°Si NMR resonances were attributed to silicon
species according to their chemical shifts.>7-58 These species are
identified with the notation D? {(C),Si(OSi)}, D* {CSi(OSi),(OH)}, T
{CSi(0Si),}, and Q" {Si(0OSi),(OH),_,,}, where n denotes the number
of siloxane bonds established by the probed silicon atom. Table 1
shows the populations of silicon species obtained from the inte-
grated intensities of the 2°Si NMR lines.

The 2°Si MAS NMR spectra of the ormosils containing PDMS
(TooPyo and T,,P,,) (Fig. 1) are dominated by a peak centered at
-22 ppm that can be attributed to D? species of PDMS molecules.>®
The narrowness of this resonance (0.3 ppm in TyP;, and 0.8 ppm
in T, P,,) indicates high molecular mobility for these silicon groups.
There are two additional resonances at —-19.7 and -21.5 ppm,
both weaker and broader than the main one, corresponding also
to D2 silicon species with low mobility, as usually observed in solid
phases. There are resonances at =102 and -109.5 ppm, which can
be respectively attributed to Q3 and Q* silicon resulting from the
hydrolysis of TEOS. These results suggest the presence of free
liquid-like PDMS and partially grafted PDMS on a silicate network
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Fig. 1. Single-pulse 2°Si MAS NMR spectra of ormosils.
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Table 1. Relative intensities (%) of 2°Si NMR lines.

Ormosii D2 D2 D2 DI T Qe Q@ @

TooP1o 13 13 36 14 24
TyoPs0 1 7 75 3 14
T,6Gso 13 21 3 22 41
Ts0Gro 1n 79 1 9

formed by TEOS hydrolysis. Table 1 shows a decrease of Q" sites
from Ty,P,, to T, P;, with a concomitant increase of D? sites,
which is consistent with the increase in the PDMS to TEOS ratio.

The 2°Si NMR spectra of GLYMO-containing ormosils, T;,G,,
and T,,G;, (Fig. 1), show signals from D' (-58 ppm) and T (-67 ppm)
in addition to the Q" species. The results on Table 1 show that
T,,G3 has the highest fraction of Q" species, i.e., the highest
concentration of condensed silicates. The higher population
of T silicon sites is observed in T;,G,,, the sample with the
highest content of GLYMO, indicating the occurrence of self-
condensation. It should be noted that the fractions of D! and Q3
sites in T,,G;, are higher than those in T;,G,, and even Q? sites
are present. Since such sites present residual silanol groups,
they contribute to a more intense absorption band centered at
3400 cm™ as observed in FTIR for T;,G,,. Figure 2 shows the
13C NMR spectra obtained with direct polarization, {*H}-CP, and
NQS techniques in GLYMO-containing ormosils.

The 3C NMR spectra of T;,G., in Fig. 2 shows a set of six intense
and well-defined signals that can be readily attributed to the or-
ganic chain of GLYMO, according to the scheme in the figure.®®
The same set of signals is present in the spectrum of T,,G,,. The
comparison of the CP spectra shows that the resonances in TG,
are considerably broadened compared to those observed in
T50G,o- This difference indicates reduced mobility of alkyl groups
and (or) the presence of different chemical environments in
T,0G3o. In the sample T,,G,,, the spectral region corresponding to
the C-0O bonds, above 70 ppm, shows a multiplicity of sites. The
intensity of these resonances is different in the DC, CP, and NQS
spectra, indicating differences in their dipolar coupling with H.
The narrow lines observed in the NQS spectrum indicate low di-
polar coupling with 'H, as the C; and C, resonances observed in
the sample T;,G,,. This multiplicity might be attributed in part to
the opening of some epoxy rings, by reaction with other rings,
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giving rise to poly(ethylene)oxide.®® Other possibilities for the
reaction of these rings may explain the weaker resonances ob-
served at 64 and 60 ppm, corresponding respectively to methyl-
ether and diol carbons. According to the low intensity of these
resonances, these reactions are less probable than the mutual
polymerization of GLYMO groups. The strong intensity of the ep-
oxy carbons Cg and Cg in the direct polarization spectrum indi-
cates a high fraction of integral rings, as observed previously by
FTIR. A marginal fraction of ring opening products in T;,G,,
might be inferred from the detection of a pair of very weak reso-
nances at 59 and 65 ppm, constituting less than 1% of all of the
observed carbon.

Coating microstructure, morphology, and surface energy

Since the morphology and chemical composition of the thin
films surface affect parameters such as the surface energy and
influence on the interaction with biological organelles, like plate-
lets and smooth muscle cells, the morphological features were
investigated by means of SEM and AFM. The chemical composi-
tion of coatings was studied by static contact angle and surface
energy analysis.

According to SEM images, all coatings showed a smooth, ho-
mogenous, and crack-free surface (see supplementary Fig. S3). On
increasing magnification (from 500x to 5000x), the micrographs
of T;,G,, showed a surface with homogenously distributed pores
with almost regular sizes (Fig. S3D and S3F). The presence of few
pores was detected on the T,,G;, surface only by AFM (see below).
These results suggest that surface porosity is influenced by the
GLYMO to TEOS ratio. The PDMS materials did not show the pres-
ence of pores on the surfaces according to SEM.

The microstructure and morphology of ormosil coatings on SS
slides were investigated by TM-AFM. Representative AFM images
for Ty,P,o and T;,G,, are shown in Fig. 3.

Figure 3 shows that ormosil coatings containing PDMS or
GLYMO have quite different morphology. The T,,P,, coating
showed several spots on topographic images that are also seen in
phase contrast. Since the contrast in phase images with different
viscoelasticity is different, such a difference in viscoelasticity was
tentatively assigned to segregation of free PDMS and siliceous-rich
domains.®! The formation of these domains was rationalized as a
consequence of diffusion of nonnetwork species to the surface.®!
Indeed, the positive shift of the cantilever observed in TM-AFM as
the tip senses the stiffer siliceous-rich domain would result in
lighter images, as observed (Fig. 3B). Similarly, the darker images
would be the result of soft PDMS-rich domains. The presence of
loosely bound PDMS molecules agrees with the mobile D? species
of PDMS molecules observed in 2°Si MAS NMR spectra. Similar
morphology was observed for T, P,, but with an increase in do-
main size, suggesting more pronounced phase separation. The
TM-AFM analysis (Fig. 3) shows different film morphology for
GLYMO-containing ormosils. T;,G,, shows homogeneously dis-
tributed micrometre-size pores in agreement with SEM images,
with pores diameters within the range of 1-4 um and an average
of 2 +1 pm. The surface porosity is around 12%. For T,,G5,, which
has a higher TEOS content, a drastic reduction of porosity to less
than 1% was found (data not shown). As anticipated in SEM anal-
ysis, the TEOS to GLYMO ratio strongly influences the surface
porosity. No phase separation for GLYMO-containing ormosils was
evident even when higher resolution images (1 x 1 pm?) were
recorded.

Along with the surface morphology of coatings, their physico-
chemical properties such as hydrophilicity and reactivity are im-
portant in the interaction with biological organelles.2%-¢2 To get a
better comprehension of such parameters, data of water static
contact angle and surface energy were collected and are shown in
Table 2.

From Table 2, it is possible to observe that the organosilane
present on the coating composition has a marked influence on the
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Fig. 2. 3C MAS NMR spectra of GLYMO-containing ormosils: (A) T5,G,, and (B) T,,Gg,. DP, direct polarization single-pulse experiment;
CP, {1H}-'3C cross-polarization experiment; NQS, nonquaternary suppression experiment.
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Fig. 3. Representative TM-AFM images of ormosil coatings: (A) topographic, (B) phase-contrast, and (C) 3D view for T,,P,, and (D) topographic,
(E) phase-contrast, and (F) 3D view for T3,G,.

Table 2. Static water contact angle (6 ,¢ery) and surface
energy data of ormosil coatings on a SS surface.

Sample Ojwaterp (°) Surface energy (m] m-2)
SS 41+3 42.912.0
TooP1o 1002 26.1#2.0
T,oPs0 10142 22.9+1.6
T,0Gso 7743 33.742.7
T20Gro 22+4 68.4%5.0

C

water contact angle and surface energy. In general, using PDMS as
precursor, an increase in water contact angle and a concomitant
decrease in energy surface compared to bare SS slides were ob-
served. This result was expected considering the structure, chem-
ical composition, and molecular weight of PDMS: its alkyl groups
present at the film surface contribute to a decrease in the wetta-
bility, which in turn reflects in the higher values of water contact
angle and consequently lower energy surface, as observed.®3 It is
known that ormosil produced with alkyl functional silanes can
render superhydrophobic surfaces®* that can be turned into
superhydrophilic ones depending on calcination conditions. The
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Table 3. Silicon leaching and adhesion strength of ormosil coatings.

Silicon leaching content (g L)@

Adhesion strength
Sample 1-7 days 7-14 days 14-21 days Total 21 days (N cm™)p
TooP1o 99122 93%17 120+14 312%31 2.61x0.5
T;0P30 50%14 97422 48+18 19532 2.2210.4
T,0G30 102+19 92119 61120 255%33 0.99+0.2
T30Gro 10118 5915 40+12 200426 3.70+0.5
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2Calculated from silicon ICP-MS results in soak solutions.
bObtained from 180° peel adhesion test according to ASTM D 1000.42

surfaces produced with our methodology are far from being super-
hydrophobic, but the low surface energy observed for PDMS-
contaning ormosils could contribute to decreased platelet adhesion.>°
For GLYMO-contaning ormosils, an antagonistic behavior was de-
tected and the water wettability of the coated surfaces shows a
dependence on the TEOS to GLYMO ratio used. For T,,G;, coat-
ings, a decrease in the surface energy is observed compared to the
bare SS sample. Considering the surface chemistry, this result was
expected owing to the hydrophobic feature of the organosilane
chemical structure and that only a small fraction of epoxy rings
underwent opening reactions, as observed in the *C NMR spectra
of T;,G,,. Upon an increase in GLYMO content as in T3,G,,, a
decrease in water wettability and surface energy should be ex-
pected when compared to T,,G;, and bare SS. Nevertheless, for
T50G,o, @ decrease in the water contact angle and an increase in
the surface energy are observed. Since the contact angle depends
on both the chemical composition and the surface roughness at
the micrometre level,®> these results could be mainly related to
the presence of a high quantity of pores in the T;,G,, sample. As
observed by TM-AFM, T;,G,, films showed micrometre-size pores
covering around 12% of their surface, while for T, ,G5,, less than 1%
was found. Depending on the biological target, the surface poros-
ity and chemistry may be important for migration, as reported by
Steele and co-workers on the migration of epithelial tissue in
porous polymeric matrices.®® The effects of the 0.1 pm diameter
pores and the surface hydrophilicity were additive, with the max-
imal level of epithelial tissue migration occurring on a porous,
hydrophilic polymer surface.®® The T,,G5, and T;,G,, films ob-
tained have different porosities, very low porosity for the former
and larger for the latter, with one order of magnitude larger pores
(~2 pm) that may influence the interactions with the biological
target.

Mechanical adhesion and chemical stability of ormosil
coatings

Despite the biocompatibility of some ormosils, chemical and
mechanical stability are crucial factors for biomaterials. Greater
stability may provide a longer lifespan for the material and pre-
vent potential undesirable effects associated with release of film
components. To investigate if ormosil coatings have suitable me-
chanical properties and if leaching are occurring, peel adhesion
tests and static immersion tests in PBS at 37 °C were performed.
28Si concentration in soak solutions was determined by ICP-MS
and was taken as a probe of film component leaching and stabil-
ity. Since tin catalyst (dibutyltin dilaurate) was used in PDMS-
containing ormosils, 2°Sn presence was also analyzed. Table 3
collects values of silicon leaching and adhesion strength for or-
mosil coatings.

As show in Table 3, for GLYMO-containing coatings, silicon
leaching is higher in the first 7 days possibly due to loss of non-
network or weakly attached silicon species and the chemical sta-
bility is T34G,o > T,(G3, based on the total silicon content in the
soak solutions used. Interestingly, for T.,G;, and T;,G,,, the pop-
ulation of silanol-containing species in ormosils seems to influ-
ence this parameter. According to 2°Si MAS NMR (Table 1), the
ratio of D' + Q2 + Q3T + Q* is equal to 0.61 for T,,G;,, while this

value is only 0.25 for T;,G,,. Dissolution of solid silica in contact
with aqueous solution results in monosilicic acid (Si(OH),),°” or in
our case, probably low molecular weight oligosesquisiloxanes,
both by depolymerization through hydrolysis of Si—~O-Si bonds.
Thus, a higher fraction of T and Q* species would restrain the
dissolution. For To,P,, and T,yP,,, the chemical stability is
T,oP30 > TooP19, Which also seems to correlate with the population
of silanol-containing species. No detectable increase in 12°Sn con-
centration was found in soak solutions for these materials. Al-
though all studied ormosil coatings released some amount of
their components, SEM images for T,,P,, and T,,G,, after 21 days
of immersion (data not shown) did not show film detaching or
cavitation roles. As will be shown in biological assays, no decrease
in viability was observed for the cell lines studied.

According to the peel strength adhesion tests, Tq,P,, and T,,P5,
show roughly the same adhesion strength, indicating that inter-
action of the material with the SS surface is nearly the same and it
is not significantly influenced by the TEOS to PDMS ratio investi-
gated in this work. On the other hand, the adhesion strength
for T5,G,, and T,,G;, is very different. Since GLYMO is known
to increase the adhesion properties of hybrid materials,*° the
greater adhesion is probably due to its higher concentration in
sol solutions. The adhesion strengths found for our coatings
are similar to those obtained with n-butyltrimetoxysilane or
benzyltrimetoxysilane xerogels coated on a steel surface.®® Thus,
except for T,,G,,, all films presented suitable adhesion to SS.
Since chemical stability and mechanical adhesion are crucial fac-
tors for material performance, biological assays were carried out
with T,,P,, and T,,G,, ormosil coatings.

Vascular cell viability assay

The features of the biomaterial surface are an important pre-
requisite for the success of several biomedical devices. Routes of
biological exposure as well as material chemical and physical
properties must be carefully considered in these biocompatibility
tests. The cell viability assays determine an insult to the cell to a
variable degree and are often used as a general criterion for as-
sessing biocompatibility.®® The MTT assay was used for the bio-
compatibility tests on the two major vascular cellular types. No
significant alterations were observed in the viability of RASM cells
and HUVEC exposed to different slides (Fig. 4). Thus, bare SS slides
and T;,G,,- and T,,P;,-coated SS slides showed near 100% biocom-
patibility.

The results represent an important factor to separate slide-
induced artifacts as leaching and cracking of the ormosil coating
on the SS surface. In the culture condition, despite the small
silicon leaching observed for T,,P;, and T53,G,, in static immer-
sion tests in PBS at 37 °C (Table 3), no alteration was observed in
the behavior of both cell lines. This result may be due to a lack of
leaching of silicon species during the time interval and under the
physiological conditions of the assays or the amount leached was
not sufficient to interfere with the cellular signaling pathways.
Indeed, higher concentrations of siliceous compounds seem to be
necessary to interfere with HUVEC behavior as observed in the
presence of 100 mg L silica nanoparticles, which were able to
decrease the cell viability by 28% after 24 h.7¢
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Fig. 4. Cell viability of (A) RASM cells and (B) HUVEC exposed to bare SS slides and T;,G,,- and T, P5,-coated SS slides compared to the control
after 24 h assessed using the MTT reduction. The results obtained were expressed as a fraction of viable cells and normalized to that of cells
without slides (control). The reported data are average values and error bars indicate standard error of the mean of three independent

experiments (p < 0.05).
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Fig. 5. Cells that migrated onto the lower surface of the membrane through stimulus with fetal calf serum were fixed and stained, as
described in Experimental section: (A) RASM and (B) HUVEC migrated cells after a 24 h incubation with bare SS slides and T,,G5,- and T,,P5,-
coated on SS slides compared to the control. Each point represents the average value and error bars indicate standard error of the mean of

triplicate determinations.
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Migration assay

The movement of cell migration can be oriented by chemical,
physical, and other stimuli and it occurs in a variable sense.”* The
transwell migration assay, adopted here as a functional index,
provides a model of vertical direction and it was oriented by stim-
ulus of fetal calf serum. No significant alterations were observed
in the migration behavior of RASM cells and HUVEC in the pres-
ence of bare SS slides and T,,P,, and T,,G., coatings compared to
the control treatment without SS slides after 24 h (Fig. 5). Thus,
the presence of bare SS slides and T;,G,,- and T,,P,,-coated SS
slides does not induce functional alterations.

Conclusions

We have obtained different hybrid materials by coating the
surface of AISI 316L SS using the sol-gel technique. Structural data
obtained from FTIR and high-resolution solid-state NMR showed
differences in the degree of condensation of silicon sites. Higher
condensation seems to result in better adhesion strength and
chemical stability for TEOS/GLYMO coatings. For TEOS/PDMS coat-
ings, just a small increase in adhesion was observed with an in-
creasing in the degree of condensation of silicon sites. The type
and ratio of organosilane also showed influence in the morphol-
ogy and energy surface of coatings. TEOS/GLYMO ormosils showed
microporosity that decreased with increasing TEOS content,
which in turn resulted in lower wettability and energy surface.
For TEOS/PDMS, microphase separation was observed while low-
energy surface coatings resulted. Biocompatibility of the new hy-
brid materials was investigated with the use of vascular cell lines,
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HUVEC and RASM cells. No alteration of cellular viability from
both cell lines was observed upon exposure of the materials ac-
cording to MTT assays. Additionally, no biofunctionality change
was observed through migration assays for HUVEC and RASM
cells with those coatings tested. Considering the wide range of
characterization studies, coating features, and biological responses,
T,4P3o and T3,G,, coatings are those with suitable properties for
vascular applications. Thus, these hybrid materials can be used
further for the incorporation of bioactive species with the aim to
prepare drug-eluting stents. Preparation of ormosil coatings con-
taining metal nitrosyl complexes as NO donors and their evalua-
tion on vascular cell lines with the aim of developing NO eluting
stents are one of our interests and such materials are under cur-
rent investigation. Safety, efficacy, and durability are properties
that are essential for the improvement of drug-eluting stents. The
optimal combination of these factors is crucial for the overall
performance of the stent and will determine its success among
the growing number of alternatives in the field. The hybrid mate-
rials described here are promising in this regard.

Supplementary material

Supplementary material for this paper is available on the jour-
nal web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjc-
2014-0034.
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