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Abstract

The durability and long-term success of metallic implants are enhanced through the molecular
scale design of biocompatible and corrosion resistant surface coatings. To pursue this
hypothesis, we have developed a new class of organic-inorganic (O-1) hybrid nanocomposite
coatings based on tetramethylorthosilicate (TMOS) and Y-
methacryloxypropyltrimethoxysilane (MAPTMS) as organofunctional alkoxysilanes
precursors and dimethyltrimethylsilylphosphite (DMTMSP) as a phosphorus precursor.
Addition of DMTMSP to TMOS-MAPTMS hybrids increased the extent of intermolecular
condensation and cross-linking observed. Both normal human osteoblast in-vitro
biocompatibility and corrosion resistance were enhanced in coatings containing DMTMSP.
Though increasing phosphorous content correlated with biocompatibility, a compromise in the
amount of phosphorus incorporated would be required if corrosion resistance was the most
desirable parameter for optimization, at least for single coat systems. Evaluation of the
electrochemical behaviour and the in-vitro biocompatibility show that films prepared using
these materials by dip coating onto Ti6Al4V alloys offer a promising alternative to simpler

coatings and wholly metallic prostheses.
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Introduction

Bone grafts are used as a filler and scaffold to facilitate bone formation and promote wound
healing. Today, bone grafting is one of the most commonly used surgical methods to augment
bone regeneration. In the USA alone, the number of bone graft procedures approximates
500,000 per annum [1]. About 90 % of these cases involve the use of autografts or allografts,
the two “gold-standards™ in the field [1]. However, the usage of autografts is expensive, and
often associated with donor-site morbidity, whereas allografts introduce the risk of viral
transformation and infection and can induce immunological rejection by the host [2]. To
overcome these limitations, significant effort has been devoted to developing synthetic
substitutes for bone implants. An ideal implant is required to be biocompatible,
osteoconductive, bioactive and have similar mechanical properties to natural bone [3].
Titanium alloys such as Ti6AI4V are widely used as implants for orthopaedic and dental
applications [4,5]. However, such implants take several months to integrate with the bone
tissue. An innovative and emerging method to solve this problem consists of coating metallic
substrates with a bioactive and corrosion resistant film. Several coating techniques have been
adopted to improve the corrosion resistance of Ti6Al4V alloys, including plasma spraying [6],
chemical conversion [7], atomic layer deposition [8] and the sol-gel method [9]. Of the above,
the sol—gel technique has attracted considerable interest, since it provides a relatively simple,
inexpensive and low processing temperature approach for forming pure, and homogenous
protective coatings and thin films on various metallic materials including titanium and
Ti6Al4V implants [10].

Organic-inorganic hybrid materials constitute a class of composite materials combining the
properties of polymers and ceramics with unique characteristics arising from the synergy
between the properties of both components and open up new possibilities for the design of
materials with important applications in areas such as energy, environment, biology and
medicine [11,12]. These unique characteristics can be exploited for the design and development
of multifunctional coatings for corrosion protection and enhanced biocompatibility [13-17]. In
this context, we have previously reported on the use of hydroxyapatite (HAp) and
triethylphosphite (TEP) in inorganic and organic—inorganic hybrid coatings to improve
biocompatibility and corrosion resistance of Ti6AI4V substrates [18-20]. The aim of this work
is to evaluate the biocompatibility and corrosion protection behaviour of novel sol-gel coatings
based on the modification of an MAPTMS/TMOS organic-inorganic hybrid with the
phosphorous precursor dimethyltrimethylsilylphosphite (DMTMSP). It was anticipated that
modification of the organopolysiloxane coating with DMTMSP would be more effective than
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the discrete hydroxyapatite particles or phosphorus ether (TEP) in terms of protection against
corrosion and biocompatibility of metal coatings. In considering the inorganic components
alone, silicon and phosphorus can be expected to act as network formers to overcome the
problem of voids and pores that form during curing of the film because of water and ethanol
evaporation. The modification of sol-gel coatings with phosphorus at molecular scale is an
attractive goal, not just for corrosion protection applications but also for many biological
processes, including osteoblast proliferation [20]. Coatings containing phosphorous additives
could enhance biocompatibility through adsorption of physiological proteins. We believe that
this study will add important new information to the growing body of knowledge on

engineering rapid implant integration within the body.

Materials & Methods

Preparation of the Ti6Al4V alloy substrates

Ti6Al4V disks of two sizes (2 cm diameter x 0.4 cm thickness and 0.9 cm x 0.4 cm) were used
in the study. The surfaces were ground with silicon carbide abrasives going from 320 to 2000
# grit size. Disks were rinsed in ddH20, cleaned in an EtOH ultrasonic bath for 10 min and
stored in a desiccator until use.

Synthesis of organic-inorganic hybrids

The organic-inorganic hybrid sol was prepared starting from a mixture of y-
methacryloxypropyltrimethoxysilane (MAPTMS, Aldrich, 98%) and tetramethoxysilane
(TMQS, Aldrich 98%) at a molar ratio of 4:1. Ethanol (EtOH; absolute grade, Carlo Erba) and
water (Elga, Maxima Ultra-Pure Water model, 18.2 MQ-cm) were used as solvents with
MAPTMS hydrolysed with H20 through stirring, mixed with TMOS vigorously and stirred
(700 rpm for 4 h). The molar ratio silane (MAPTMS+TMOS)/water/ethanol was 1:3:3. Finally,
the phosphorous precursor dimethyltrimethylsilylphosphite (DMTMSP, Fluka, 98%) was
added to the sol at a volumetric ratio of 0.3, 0.6 and 0.9 mL DMTMSP per 20 mL of the silane
mixture (MAPTMS+TMOS). This corresponded to MAPTMS+TMOS / DMTMSP molar
ratios between 1:0.03, 1:0.07 and 1:0.10 respectively. The mixture was stirred at 700 rpm for
12 h at room temperature.

Deposition of the coatings

After synthesis, the hybrid sols were immediately deposited on the Ti6Al4V prepared surfaces
by dip coating. Coatings were produced at a constant withdrawal rate of 9 cm min, under

controlled environmental conditions (25 °C and 35% relative humidity). The resulting coated



Ti6Al4V samples were dried for 2h at 120 °C in air to enable densification and consolidation
of the coatings.

A set of double-layer hybrid sol-gel coatings was also prepared to obtain tailored coatings with
complementary properties, that is; an inner layer with barrier properties and an outer layer with
biocompatibility properties through adsorption of physiological proteins. These coatings were
prepared by repeating the immersion deposition method described above twice, performing the
same thermal treatment after each layer to obtain the stabilized films. The deposition of the
second layer filled the voids and pores that form during curing of the first layer due to water
and ethanol evaporation. In this way, the inner layer with less porosity acts as a better barrier
against the diffusion of toxic ions from the Ti6AIl4V alloy surface to the physiological body
fluid and, the outer layer with higher porosity is expected to enhance biocompatibility of the

resulting double-layer hybrid sol-gel coatings.

Characterization of hybrid coating composition, wettability, surface morphology and
thickness.

Thermal characterization was performed with a SETARAM DTA-TG SETSYS Evolution-
1750. The sample (5 mg) and the reference material (a-Al203) were heated in air from room
temperature to 900°C at 20°C min™’. A Nicolet Magna IR 550 was used to obtain Attenuated
Total Reflectance-Fourier Transform Infrared (ATR-FTIR) spectra of the cured hybrid
coatings. Spectra (400 and 4000 cm™, with a resolution of 4 cm™) were recorded at room
temperature with 8 scans accumulated per spectra.

A Bruker AVANCE-400 nuclear magnetic resonance (NMR) spectrometer (9.4 Tesla external
field) was used to perform 2°Si magic angle spinning (MAS) at 79.49 MHz. Measurements
were performed at 20°C and samples spun at 10 kHz around the magic angle (54° 44" with
respect to the magnetic field). Spectra (400 accumulated scans) with single pulse sequences
were obtained after excitation with a n/2 pulse length of 5 ps, and recycle delay of 10 sec.
Deconvolution to determine different components and their contributions was performed in
WINFIT, 2°Si chemical shift values are relative to Si(CHz3)a.

Water contact angle was measuring with an OCA-15 Plus controlled with SCA20 software
from Data Physics and supplied by Neurtek SA (Spain). The sessile drop method was used
with 3 drops (2 pL) measured per sample, measurements were taken immediately after
positioning of the droplet. This process was repeated 3 times to allow a mean and standard

deviation to be calculated.



Surface morphology of coatings was examined by scanning electron microscope (SEM).
Micrographs of Au coated specimens were obtained from a JEOL 6500F operating at an
acceleration voltage of 15 kV. Energy dispersive X-ray analysis (EDXa) of carbon-coated
specimens provided the elemental composition of the coatings.

The thickness of the sol-gel films deposited onto Ti6AI4V substrates were measured by using
a Dektak 6M-Veeco stylus profiler accompanied with Dektak 32 software. The coating
thickness was measured on half coated samples. Linear scans (1 mm in length) were used to
measure the difference or step produced between the uncoated and coated surface of the
sample. For statistical analysis three different areas of each film were studied and the results

derived from coating thickness were expressed as a mean + standard deviation.

In-vitro proliferation and adhesion of NHOst cultures on hybrid coatings

Tissue culture was performed in vitro using normal human osteoblasts (NHOst, Lonza, UK)
using the media, supplements and procedures recommended by the supplier. Tissue culture
plastics were supplied by Sarstedt Inc., UK. Cell viability on coated and untreated Ti6AI4V
substrates was measured with the neutral-red assay [21]. Substrates (2 cm diameter) were
sterilised with methanol, in 6 well plates these were seeded 2500 cells per cm? and cultured as
normal. At day 7 the medium was replaced with RPMI-1640 (Lonza, UK) containing 0.01%
neutral red (Sigma-Aldrich, UK) and incubated for 2 h. Discs were rinsed with Dulbecco's
phosphate buffered saline (DPBS) and de-stain (1% glacial acetic acid, 50% EtOH) added.
Plates were covered and shaken for 20 min to extract the dye and absorbance (540 nm) of the
de-stain solution measured by plate reader (Tecan, UK). The assay was repeated 3 times in
triplicate, disks without cells were used to control for non-specific dye absorption. Assay data
was assessed using GraphPad Prism v.8.0.1, using a non-parametric Kruskal-Wallis test of one-
way ANOVA with a Dunn’s multiple pairwise comparison. A confidence level of 0.05 was
used and the assumption of normality was assessed in each case. Error bars represent standard
deviation.

NHOst f-actin cytoskeleton, nuclei and focal adhesion were visualised by fluorescence
microscopy using an Olympus DP71 microscope. NHOst (2500 cells per cm?) were cultured
as normal on 0.9 mm substrates. On day 7, the media was aspirated, and cells fixed (4%
paraformaldehyde) and blocked (10% BSA fraction 1V in DPBS with 0.1% TWEEN-20). F-
actin was visualised with a unit of Alexa Fluor® 568 phalloidin (Invitrogen, UK), focal
adhesion sites with monoclonal mouse anti-human vinculin (clone hVIN-1) IgG1 (Sigma-
Aldrich, UK) diluted to 1:1000 with Alexa Fluor® 488 conjugated goat anti-mouse 1gG
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(Invitrogen, UK) secondary at 1:1500. Staining was done for 1 h in blocking solution with
washes between and after with DPBS with 0.1% TWEEN-20. Vectashield mounting medium

(Vector Laboratories, USA) was used to visualise cell nuclei.

Electrochemical impedance spectroscopy of hybrid coatings to determine corrosion
protection behaviour

The influence of DMTMSP on the corrosion protection behaviour of the organic-inorganic
hybrid/Ti6AI4V system was evaluated in an electrochemical cell filled with Kokubo's
simulated body fluid (SBF; pH 7.4) [22]. An AutoLab EcoChemie PGSTAT30 (EcoChemie,
Utrecht, Netherlands) potentiostat/galvanostat with FRA2 frequency response analyser was
used to perform electrochemical impedance spectroscopy (EIS). A three-electrode setup in
which the working electrode was the 2.14 cm? sample, reference and counter electrodes were
respectively a saturated calomel electrode (SCE) and a graphite sheet. Logarithmic frequency
scans (10°-10° Hz) applying sinusoidal wave perturbations +10 mV in amplitude were
performed with 5 impedance points registered per frequency decade. EIS measurements of the
O-I hybrid/Ti6Al4V were made at the open circuit potential (OCP) with variable immersion
time at 37°C in SBF. Impedance data were analysed in ZView 3.1c (Scribner Associates Inc.,
NC, USA) [23].

Results

Characterization of hybrid organic-inorganic MAPTMS-TMOS-DMTMSP hybrid films
Thermogravimetric analysis of MAPTMS/TMOS hybrid modified with DMTMSP (22 - 900
°C) is shown in fig. 1A. All hybrids exhibit a first weight loss at 30 - 223 °C that is assigned to
the loss of residual water [24]. The pronounced weight loss at 223 - 439 °C is attributed to the
combustion of the organic components [25]. These findings showed that the optimal curing
temperature of the deposited hybrid films should not exceed 120 °C to avoid decomposition of
the organic component in the hybrid. Further weight loss takes place at 439 — 679 °C and
reaches a plateau at 640 °C indicating the point of complete loss of organic material [26].
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Figure 1. (a) TGA of the prepared MAPTMS/TMOS hybrids containing increasing amounts
of DMTMSP. (b) ATR-IR spectra of the MAPTMS/TMOS/ DMTMSP -Ti6Al4V system for
coatings containing different content of DMTMSP. (c) Solid state 2°Si-NMR spectra of
MAPTMS/TMOS silane hybrids containing 0.0, 0.6 and 0.9 mL of DMTMSP.

Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR) revealed
the structural changes in MAPTMS/TMOS hybrid upon addition of the DMTMSP precursor
(fig. 1B). ATR-FTIR spectra of pure siloxane and siloxane/DMTMSP hybrid coatings revealed
bands at 1032 cm™, 1732 cm™, 2938 cm™ and 3405 cm™ attributed to siloxane (Si-O-Si),
carbonyl (C=0), -CH2- asymmetric stretching, and -OH bonds respectively [27]. The control
sample showed the Si-OH bands at 917 cm™ which decreased in intensity as DMTMSP content
increased (fig. 1B) suggesting an increase in the hydrophobicity of the hybrid network [28].
The spectra of the DMTMSP containing films show additional bands at 1069 cm™ and 833 cm-
L ascribed to Si-O-P stretching and bending respectively [29]. These bands are characteristic
for the DMTMSP bonding to the siloxane function groups within the hybrid network.

29Si-NMR spectroscopy provided further insights into the cross-linking within the organosilica
matrix (MAPTMS/TMOS/DMTMSP) (fig. 1C). The chemical shift of the silicon atom in the
organosilica matrix is represented using the terminology Q" and T", where n represents the
number of oxygen bridges for R-Si(OH)s (T) and Si(OH)4 (Q) species [27]. The spectrum of
the control sample shows four peaks at -60, -68, -100 and -111 ppm (fig. 1C), corresponding
to the T2, T3, Q®and Q* units respectively. The presence of the Q%and Q* units in the spectra
of all samples is a result of the TMOS condensation that resulted from thermal curing of the
samples for 2 h at 120 °C. The MAPTMS/TMOS/DMTMSP spectra showed a decrease in the
T2 peak at -60 ppm, together with an increase in the T® peak at -68 ppm as the content of
DMTMSP increased. This was attributed to the increase in cross-linking in presence of
DMTMSP, as DMTMSP promoted the condensation reaction of the silanol groups. The relative
peak ratio (in area) of T3/T2 signals is 1.9, 8.1 and 16.3 for the control and hybrids containing



0.3 and 0.9 mL DMTMSP respectively. This confirms that the hybrid containing 0.9 mL
DMTMSP presents the highest degree of cross-linking.

Scanning electron (SEM) micrographs of the control and hybrid coatings showed the formation
of uniform, homogeneous and crack free protective films on the substrates (fig. S1). Titanium
(T1) and Aluminium (Al) were observed in the EDX spectra of the MAPTMS/TMOS-Ti6Al4V
system. In contrast, only Silica (Si) and Phosphorus (P) were detected on
MAPTMS/TMOS/DMTMSP-Ti6AIl4V systems suggesting the incorporation of the DMTMSP
in the organosilica matrix and the generation of a thicker or denser hybrid film.

The sessile drop method was used to characterize the wettability of the prepared films. The
measured water contact angles were 67 £ 1°, 75 + 2°, 76 £ 1° and 79 x 1° for the control film,
and the films containing 0.3, 0.6, and 0.9 mL DMTMSP respectively. The increase in contact
angle with the increase in DMTMSP concentration is supportive evidence for the incorporation
of DMTMSP in the hybrids. This agreed with the results obtained by ATR-IR and ?°Si-NMR.
Fig. 2 shows the variation of coating thickness as a function of DMTSP content. The average
of three measurements was taking as the final value for each sample, as expected, the coating

thickness increased as the amount of DMTSP increased.
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Figure 2. Variation in the thickness of the MAPTMS/TMOS silane hybrid coatings as a
function of the DMTMSP content (0.0, 0.3, 0.6 and 0.9 mL).



Influence on NHOst viability and adhesion

The effect of MAPTMS/TMOS/DMTMSP films on the proliferation of normal human
osteoblasts (NHOst) was studied by the neutral red uptake assay. Fig. 3a shows the osteoblast
viability on the un-coated and coated Ti6Al4V alloy after 7 days in culture under standard
conditions.

At the seventh day culture interval the measured absorbance values for NHOst cells cultured
on coated surfaces were significantly higher than those cultured on the uncoated control
surfaces, suggesting a coating dependant enhancement of cell viability and proliferation. This
surface dependant enhancement in cell viability was also observed for the DMTMSP
containing films and further increases in viability correlated with increasing content of
DMTMSP in the hybrid coatings. The enhancements observed for the DMTMSP were
significant in comparison with the Ti6Al4V alloy and the MAPTMS/TMOS coated surfaces.
This result shows a significant improvement in biocompatibility for NHOst cells can be
obtained for Ti6Al4V alloys using DMTMSP containing films compared to the
MAPTMS/TMOS coatings and to the uncoated substrate.

The cell morphology of adherent cells cultured for 7 days on the uncoated and coated Ti6Al4V
substrates with various coating compositions was examined using fluorescence microscopy
(fig. 3b).
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Figure 3. (a) Neutral red proliferation/cytotoxicity assay for NHOst cultured on un-coated
Ti6Al4V, MAPTMS/TMOS-Ti6Al4V system (control) and silane hybrid coatings containing
DMTMSP (0.3 and 0.9 mL) after a 7-day period. (b) Fluorescence micrographs of NHOst
cells growing on un-coated Ti6Al4V and coated surfaces and stained for the presence of
vinculin (green), f-actin (red) and nuclei (blue). Arrows highlight regions where focal
adhesion is observed between cell and surface.

Osteoblast cells were observed to have adhered and spread both on the uncoated Ti6AI4V alloy,
the Ti6Al4V coated with MAPTMS/TMOS unmodified films (control samples) and the
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MAPTMS/TMOS hybrid modified with DMTMSP (0.3 and 0.9 mL). However, in terms of the
number of adhered cells, number of focal adhesion contacts/extent of vinculin staining and f-
actin fibre formation, this was observed to be higher on the coated surface rather than the bare
alloy. The films containing DMTMSP also compared well to the uncoated sample, suggesting
a better surface for integration with the osteoblast cells and that DMTMSP is not detrimental
to the MAPTMS/TMOS coating (fig. 3b). In this case, the actin stress fibres and focal adhesion
sites were more mature than for osteoblasts observed growing on the bare alloy and coatings
without DMTMSP. The fluorescence observations correlated with the dye uptake assay, that
on incorporation DMTMSP appears to improve the biocompatibility of the MAPTMS/TMOS
coated alloys, at least in-vitro.

Corrosion protection behaviour of MAPTMS-TMOS-DMTMSP hybrid films

In-vitro corrosion and protection studies of the MAPTMS/TMOS/DMTMSP-Ti6Al4V system
immersed in Kokubo’s simulated body fluid (SBF) were carried out by electrochemical
impedance spectroscopy (EIS) measurements. Fig. 4 shows the experimental results of the
impedance  plots obtained for an uncoated Ti6AI4V sample and two
MAPTMS/TMOS/DMTMSP (0.9 mL) -Ti6Al4V systems based on 1 and 2 coating layers
respectively. The formulation of the top layer of the two-layer coating system has the same
composition as the first layer and was applied following the same experimental procedure
previously described (see Material and Methods). The impedance plots were recorded after 1
day of immersion in SBF.

In fig. 4a and 4b the impedance data is represented by Nyquist diagrams. Fig. 4a shows the
complete Nyquist plots for the entire frequency domain tested (10°-102 Hz). Fig. 4b shows an
enlarged view of the high frequency region of these Nyquist plots. In fig. 4c and fig. 4d the

same impedance data are displayed using the Bode representation.
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Figure 4. (a, b) Impedance Nyquist plots obtained for an uncoated Ti6Al4V sample and for
two Ti6Al4V samples coated with one layer and two layers of the MAPTMS/TMOS silane
mixture containing DMTMSP (0.9 mL). (c, d) The same impedance data in Bode
representation. Immersion time in SBF: 1 day.

In order to analyse the impedance plots obtained for the i) uncoated Ti6Al4V sample ii) one-
layer sol-gel/Ti6AI4V sample and iii) two-layer sol-gel/Ti6Al4V sample, three different
equivalent circuits have been used, named ECC1, ECC2 and ECC3, one for each studied
system respectively. Fig. 5 illustrates these equivalent circuits as defined below.

i) ECCL1 has been used for studying the electrochemical behaviour of the uncoated Ti6AI4V
sample. In this circuit the element Rs represents the resistance of the electrolyte, CPEdI is a
constant phase element describing the non-ideal behaviour of the double layer capacitance (Cai)
and, Rt is the charge transfer resistance at the electrolyte/Ti6Al4V electrode interface [30]

i) ECC2 has been used for studying the one-layer sol-gel/Ti6Al4V sample. In this circuit Rs
represents the resistance of the electrolyte, CPEcoat IS the constant phase element associated
with the sol-gel coating capacitance (Ccoat) and Recoat IS the resistance of the electrolyte in the
pores of the sol-gel coating. CPEdI is a constant phase element associated with the

electrochemical double layer at the metal/electrolyte interface and Rt is the charge transfer
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resistance associated with the corrosive process both at the base of the pores of the sol-gel
coating [31-33].

iii) ECC3 has been used for the two-layer sol-gel/Ti6Al4V samples. This was because for these
systems, EEC2 produced inconsistent values for the charge transfer resistance associated with
the corrosive process. Indeed, the Re values obtained with EEC2 were higher than 1-10%°
ohm-cm? with an associated error percentage higher that 100%. That is to say, the Rct resistive
component of the system approached infinite impedance (Rct—). This fact allows us to
simplify the ECC2 equivalent circuit, which evolves to an ECC3 circuit with removal of the
Rct element. In this circuit Rs is the resistance of the electrolyte, CPEcoat associated with the
constant phase element of the sol-gel coating capacitance (Ccoat) and Recoat IS the resistance of
the electrolyte in the pores of the sol-gel coating. The electrical element in series with the Rcoat
could be ascribed to a constant phase element (CPEa) associated with the double layer
capacitance at the metal/electrolyte interface at the base of the pores of the sol-gel coating (Cai).
However, as it shown in table 1, the value of the parameter aal associated with the CPEa
element is 0.74. This value is far from what is expected for a pure capacitor, which should tend
to 1.

Alternatively, instead of the CPEal, a new electrical element W, can be introduced in the EEC3
equivalent circuit, which is associated with the Warburg diffusion phenomena of the electrolyte
through the two-layer system. When the W, element is used in the EEC3 equivalent circuit to
fit the results obtained for the two-layer sol-gel/Ti6Al4V sample after one day of immersion,
values obtained for W, are: 4.14-10° Q cm? for Wo-R, 169.8 s%/Q c¢cm? for Wo-T and 0.705 for
Wo-P. The Wo-P value is far from 0.5, which is the value expected for a pure diffusive element.
This electrical behaviour suggests that the electrical response of the Wo and CPEa elements
can occur at the same frequency range and their corresponding time constants can overlap. For
this reason, the fitting of the results can be performed with the same accuracy (low error
percentage for each element and Chi-squared values below 10-®) using either the Wo or CPEqi
element. Moreover, the values obtained for the sol-gel coating capacitance (Ccoat) and coating
resistance (Rcoat) are the same regardless of using the Wo electrical element associated with the
Warburg diffusion impedance or the CPEa constant phase element in the EEC3 equivalent
circuit (Table 1).
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Figure 5. Equivalent circuits EEC1, EEC2 and EEC3 used for fitting and modelling the
experimental impedance data of the studied systems.

Table 1 shows the values obtained for each electrical element of the equivalent circuit. It can
be seen that the Rcoat Values obtained for MAPTMS/TMOS/DMTMSP-Ti6Al4V systems based
on a single coating layer are low when compared to coatings with higher thickness. Although
the one-layer system reduces ion release from the Ti6Al4V alloy to the physiological medium
and improves biocompatibility, to improve the barrier prpperties, samples coated with two
layers of the same composition have also been studied. Table 1 shows that the Rcoat Values
increased from 8.78-10* up to 3.88-10° ohm-cm? for the two-layer system. Additionally, the
parameter Qcoat associated the constant phase element of the coating (CPEcoat) exhibits
favourable variations from the point of view of the corrosion protection behaviour, decreasing

in value one order of magnitude when a second sol-gel layer is applied.

Table 1. Calculated values for each element of the equivalent circuits shown in fig. 5 and chi-
squared values (y?) obtained in the fitting procedures for an uncoated Ti6Al4V sample and for
two MAPTMS/ TMOS/ DMTMSP-Ti6Al14V systems based on coatings of 1 and 2 layers
respectively. Immersion time in SBF: 1 day. DMTMSP/ silane hybrid volumetric ratio = 0.9

mL/20 mL
Sample Uncoated Ti6Al4V Coated Ti6AI4V Coated Ti6Al4V
(1 layer) (2 layers)
Equivalent circuit EEC1 EEC2 EEC3
Element Value Error% | Value Error% | Value Error %
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Rs (Q-cm?) 2.15-10¢ 1.06 3.53-10¢ 7.10 3.53-101 N/A
(Fixed)

Qcoat (F-s® Y/cm?) - - 1.38-10°8 3.83 3.19-10° 4.79

Ocoat - - 0.82 0.44 0.87 0.57

Reoat (Q-cm?) - - 878-10° | 057 | 3.90-10° | 1.80

Quai (F-s*tcm?) 9.52-10° 0.90 9.61-10° 1.04 9.87-10° | 3.70-10!

Od 0.91 0.27 0.90 0.50 0.74 1.52-10¢

Rt (Q-cm?) 3.03-107 | 3.12:10% | 3.21.107 | 2.19-10! - -

x? 1.40-10°3 1.66-10°3 1.97-102

Fig. 6 shows the impedance plots obtained for MAPTMS/TMOS/DMTMSP-TIi6AI4V systems
with different DMTMSP content and for an uncoated Ti6Al4V sample, after 1 day of
immersion in SBF. Fig. 6a and fig. 6b show the Nyquist impedance plots (on two different
scales). Fig. 6¢ and fig. 6d show the same impedance data represented as Bode plots. By
comparing the impedance response obtained for the sol-gel coatings containing phosphorus
with the impedance response of the phosphorus-free sol-gel films (blank samples), it is clear
that the diameters of the high-frequency arcs (HFASs) of the DMTMSP sol-gel coatings are
lower than HFA diameter obtained for the phosphorous free blank sol-gel coatings at 1 day of
exposure in SBF (fig. 6b). This result indicates that the addition of DMTMSP to the
MAPTMS/TMOS system does not improve the barrier properties of the obtained sol-gel
coatings. Nevertheless, in long-term immersion tests (30 days) the DMTMSP containing films

showed the best results (fig. 7).
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Figure 6. Nyquist plots, represented in two different scales [(a) and (b)] and Bode plots [(c)
and (d)] obtained for an uncoated Ti6AI4V sample and Ti6Al4V samples coated with one
layer of DMTMSP sol-gel thin films with different volumetric ratios of DMTMSP: 0 mL

(blank sample), 0.3 mL, 0.6 mL and 0.9 mL per 20 mL of MAPTMS/TMOS silane mixture

respectively. Electrolyte: SBF. Immersion time: 1 day.

Table 2 shows the values of the electrical elements of circuit equivalents associated to the high

frequency arcs (HFA), that is; the high frequency resistance (Rura), the constant phase element

parameters (Qura and onra) and the coating capacitance (Chra) as a function of the

phosphorous content in the sol-gel coatings for systems of one layer. The chi-square (3

obtained for the fit results is also shown. The capacitance values of the capacitor Chra

associated to the constant phase element CPEHar have been calculated by using the following

equation (1):

Chpa = [QHFARHFA

1
(1—aHFA)]aHFA

)

This equation is equivalent to equation (3) in the work of Hsu and Mansfeld, presented in terms

of the characteristic angular frequency mmax [34-36].
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Table 2. Values of the resistance, CPE parameters (Q and a) and capacitance and chi-square

associated to the high frequency arc (HFA) obtained for an uncoated Ti6Al4V sample and for

MAPTMS/TMOS/DMTMSP-Ti6AIl4V systems based on coatings of one layer with different
DMTMSP content. Electrolyte: SBF. Immersion time: 1 day.

Sample RHra QHFa anFa  Chra %2
(Q-cm?) (F-s*1.cm?) (F-cm?)

Uncoated Ti6AI4V 3.03-10’ 9.52.10°® 091  1.67-10° 1.40-10°

0.0 mL DMTMSP coating  1.09-10° 3.85-107 0.83  2.02.107 1.24.10°

0.3 mL DMTMSP coating ~ 2.39-10* 1.49-10°8 0.83  293.10° 1.31-10°%

0.6 mL DMTMSP coating  5.17-10* 1.17-108 090 5.13.10° 1.35-10°

0.9 mL DMTMSP coating  8.78-10* 1.38-10°8 082  3.16-10° 1.66-10°

The behaviour of the 0.9 mL DMTMSP coated sample with immersion time over 30 days in
SBF is shown in fig. 7 (a, b, ¢, d). For comparative purposes the behaviour of the 0.0 mL
DMTMSP coating is included in fig. 7 (a, b). For the 0.9 mL DMTMSP coating sample, a
continuous decrease of the electrolyte resistance in the coating pores (Rcoat) for short-term
immersion tests in SBF (0-15 days) (fig. 7a), and a continuous increase in the coating
capacitance (Ccoat) (fig. 7b). This behaviour is due to a decrease in the barrier properties
allowing for an increase in water uptake into the coating with immersion time. An asymptotic
slow decrease in the Rcoat Values and an anomalous decrease in the Ccoat Values for long-term
immersion tests (15-30 days) can also be observed in fig. 7a and fig. 7b. This last behaviour
could be related to the amount of water taken up by the coating and the interaction (e.g.
swelling) of the coating polymer [37,38]. In contrast the values of the parameters associated
with corrosion of the metal substrate and the electrochemical double layer on the base of the
coating pores (Rct and Cai) remain nearly constant during the 30 days of immersion tests in SBF
(fig. 7c and fig. 7d). These results indicate that the Ti6Al4V metallic substrate remains stable

under the sol-gel coating over a long period in an SBF environment.
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Figure 7. Evolution of the Rcoat (a), Ccoat (b), Rct (c) and Cdl (d) values obtained by using
the EEC2 equivalent circuit for MAPTMS/TMOS-Ti6Al4V and
MAPTMS/TMOS/DMTMSP-Ti6AIl4V sytems. Electrolyte: SBF. DMTMSP/ silane hybrid
volumetric ratio = 0.9 mL/20 mL.

Discussion
The formation of an implant-tissue interface depends strongly on the biocompatibility and

physicochemical properties of the implant material. Biocompatibility involves biological
processes such as cytotoxicity [39], whereas bio-functionality relates to the cell attachment
mechanism [40] including cell adhesion, spreading, morphology, migration, proliferation and
differentiation [41, 42]. Osteoblast adhesion influences the proliferation and differentiation of
bone cells, as well as the osseointegration of bone-implants; as such, it is of critical importance
for biocompatibility of a material [41].

A major problem for Ti6AI4V alloy biocompatibility is the release of metal ions to the
surrounding medium due to corrosion effects [4]. The MAPTMS/TMOS coating acts as a
barrier to alloy corrosion, which inhibits the toxic influence of metal ions on the culture. The
mechanism of DMTMSP’s enhancement in biocompatibility is also likely to be an attribute of
the coating’s corrosion barrier effect, aided by the increased cross-linking within the sol-gel

coating.
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Further to the proposed increase in barrier properties, the incorporation of DMTMSP into the
film acts to modulate the surface functionality to a more attractive surface for cell culture. This
modulation is observed in changes to the surface wetting properties, where surfaces with
intermediate wetting properties are noted to enhance serum protein uptake and accordingly cell
proliferation and viability [45]. This effect was previously observed with phosphorous
incorporating films [20].

The corrosion protection results presented here are promising, despite the low values found for
the Rcoat parameter of these DMTMSP sol-gel when only one thin coat is applied, suggesting
that these sol-gel formulations would not be suitable for the development of one layer thin film
with high barrier properties for permanent prosthesis. As shown, this problem can be overcome
by applying two sol-gel coats on the Ti6Al4V surface, which improves notably these barrier
properties. Nevertheless, after proving the unique properties of these systems we believe the
results obtained can guide the development of MAPTMS/TMOS/DMTMSP coatings based on
a single coating layer, to be applied in the design of new coatings for control over the corrosion
rate of biodegradable magnesium temporal implants, which is into an emerging research line
of great interest [46,47].

Conclusion

The incorporation of DMTMSP in the organic-inorganic hybrid based on a MAPTMS/TMOS
mixture leads to the development of Si-O-P and PO4 units both of which indicate that the
DMTMSP has been incorporated at a molecular level into the sol-gel network. Homogeneous,
transparent and crack-free films have been obtained after incorporation of DMTMSP, thus
these films can act as more effective physical barriers for chemically aggressive physiological
environments. Although studies into corrosion resistance show that multilayer coatings are
required for long-term exposures to physiological fluids or for possible application on
permanent in-vivo implants. The presence of phosphorus at molecular level in the organic-
inorganic matrix, also results in enhancement of normal human osteoblast cytotoxicity/viability

and adhesion in-vitro, providing systems with enhanced biocompatibility.
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Figure legends

Figure 1. (a) TGA of the prepared MAPTMS/TMOS hybrids containing increasing amounts
of DMTMSP. (b) ATR-IR spectra of the MAPTMS/TMOS/ DMTMSP -Ti6Al4V system for
coatings containing different content of DMTMSP. (c) Solid state 2°Si-NMR spectra of
MAPTMS/TMOS silane hybrids containing 0.0, 0.6 and 0.9 mL of DMTMSP.

Figure 2. Variation in the thickness of the MAPTMS/TMOS silane hybrid coatings as a
function of the DMTMSP content (0.0, 0.3, 0.6 and 0.9 mL).

Figure 3. (a) Neutral red proliferation/cytotoxicity assay for NHOst cultured on un-coated
Ti6Al4V, MAPTMS/TMOS-Ti6Al4V system (control) and silane hybrid coatings containing
DMTMSP (0.3 and 0.9 mL) after a 7-day period. (b) Fluorescence micrographs of NHOst cells
growing on un-coated Ti6AIl4V and coated surfaces and stained for the presence of vinculin
(green), f-actin (red) and nuclei (blue). Arrows highlight regions where focal adhesion is
observed between cell and surface.

Figure 4. (a, b) Impedance Nyquist plots obtained for an uncoated Ti6Al4V sample and for
two Ti6Al4V samples coated with one layer and two layers of the MAPTMS/TMOS silane
mixture containing DMTMSP (0.9 mL). (c, d) The same impedance data in Bode
representation. Immersion time in SBF: 1 day.

Figure 5. Equivalent circuits EEC1, EEC2 and EEC3 used for fitting and modelling the
experimental impedance data of the studied systems.

Figure 6. Nyquist plots, represented in two different scales [(a) and (b)] and Bode plots [(c)
and (d)] obtained for an uncoated Ti6AIl4V sample and Ti6Al4V samples coated with one layer
of DMTMSP sol-gel thin films with different volumetric ratios of DMTMSP: 0 mL (blank
sample), 0.3 mL, 0.6 mL and 0.9 mL per 20 mL of MAPTMS/TMOQOS silane mixture
respectively. Electrolyte: SBF. Immersion time: 1 day.

Figure 7. Evolution of the Rcoat (a), Ccoat (b), Rct (c) and Cdl (d) values obtained by using
the EEC2 equivalent circuit for MAPTMS/TMOS-Ti6Al4V and MAPTMS/TMOS/DMTMSP-
Ti6AI4V sytems. Electrolyte: SBF. DMTMSP/ silane hybrid volumetric ratio = 0.9 mL/20
mL.
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