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Abstract 

Hybrid materials obtained by sol-gel process are able to degrade and release Si compounds that are useful 

in regenerative medicine due to their osteoinductive properties. The present work studies the behavior of 

new organic-inorganic sol-gel coatings based on triple mixtures of alkoxysilanes in different molar ratios. 

The precursors employed are methyl-trimethoxysilane (MTMOS), 3-glycidoxypropyl-trimethoxysilane 

(GPTMS) and tetraethyl-orthosilicate (TEOS). After optimization of the synthesis conditions, the coatings 

were characterized using 29Si nuclear magnetic resonance (29Si-MNR), Fourier transform infrared 

spectrometry (FT-IR), contact angle measurements, hydrolytic degradation assays, electrochemical 

impedance spectroscopy (EIS) and mechanical profilometry. The degradation and EIS results show that by 

controlling the amount of TEOS precursor in the coating it is possible to tune its degradation by hydrolysis, 

while keeping properties such as wettability at their optimum values for biomaterials application. The 

corrosion properties of the new coatings were also evaluated when applied to stainless steel substrate. The 

coatings showed an improvement of the anticorrosive properties of the steel which is important to protect 

the metal implants at the early stages of the regeneration process.  

Keywords: Si release, corrosion resistance, TEOS, biomaterials, coatings 
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1. Introduction  

In implantology, metal implants are the most frequently used materials, being titanium and its alloys the 

most widely used. This is due to their low density, high resistance to corrosion, good mechanical properties 

and its biocompatibility [1]. However, these materials are bio-inert and damage in their protective oxide 

layer that provides their corrosion resistive properties, can produce implant failure. Studies about implants 

failure suggest that some of the faults may be due to the diffusion of corrosion products through the 

surrounding tissues as a result of the degradation of the titanium dioxide layer [2,3]. Another problem in 

the use of titanium as an implant is its high cost, which is the reason behind the still significant demand for 

surgical grade stainless steel implants in some countries. Stainless steel possesses worse properties and a 

higher risk of failure than titanium [4]. Both, the need to protect the metal to prevent the release of corrosion 

products and the functionalization of metal implants surface in order to improve their biological interaction 

are required for the development of new implant coatings.  

The sol-gel technique allows developing coatings in a relatively inexpensive way which confers the implant 

surface the desired properties by means of an appropriate selection of precursors and the optimization of 

the synthesis parameters. These coatings are biocompatible, able to release Si compounds with 

osteoinductive properties, protecting the implant against corrosion, and enable the functionalization of the 

metal surface to achieve the desired cellular response to improve tissue regeneration [5–9].  

Within the sol-gel materials, there is a growing interest in organic-inorganic silicon materials synthesized 

via sol-gel [10]. For this reason this work focuses on the implant surface bioactivation via hybrid sol-gel 

coatings from alkoxysilanes, which are used due to their possibility to more easily regulate key properties 

such as the hydrophilic behavior and degradability [11]. These materials have already been used in 

biomedical applications due to their osteoinductive capabilities [12,13], as delivery vehicles of drugs 

[14,15], or as antibacterial agents to enhance the strength of implants to yeast infections [16,17]. 

This osteoinductive capability of the hybrid sol-gel materials is attributed to their ability to release silicon 

compounds during the hydrolytic degradation of the sol-gel network [7,18]. Silicon is an essential element 

for the metabolic processes associated with the formation and calcification of bone [19]. It develops a 

biological crosslinking agent role, which contributes to the resistance architecture and connective tissues 

[20]. In addition, the presence of Si in the Si(OH)4 form promotes the synthesis of collagen type I and 

enhances osteoblastic differentiation [20,21]. Consequently, the degradation control is a way to regulate 

the bioactivity degree of coatings. 

Ballarre et al. developed hybrid sol-gel coatings based on the combination of several layers on surgical 

grade stainless steel to enhance their anticorrosive properties, demonstrating their protective capabilities 

[22]. Catauro et al. succeeded in improving the bioactivity and biocompatibility of grade 4 titanium dental 

implants by employing sol-gel hybrid coatings synthesized from polyethylene glycol (PEG) and TEOS in 

different ratios [13]. Juan-Diaz et al. developed hybrid sol-gel coatings, using methyl-trimethoxysilane 

(MTMOS) and TEOS as alkoxysilanes in 10:0, 9:1, 8:2 and 7:3 molar ratios and studied their degradation. 

This characterization suggested the ability to regulate the degradation of such materials by modifying their 

composition in order to design suitable controlled-released vehicles [14]. Another research study developed 
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hybrid sol-gel coatings with different percentages of MTMOS and 3-glycidoxypropyl-trimethoxysilane 

(GPTMS) as precursors to enhance the osseointegration ability of titanium dental implants [18]. These 

materials showed a good in vitro behavior with an improvement in the proliferation and mineralization 

respect to titanium, being this effect more pronounced for the 1:1 MTMOS:GPTMS ratio. However, the in 

vivo response was not as good as was expected due to the formation of a fibrous capsule, probably as a 

consequence of the poor degradation kinetics. 

The aim of this work is the development of organic-inorganic sol-gel coatings through triple-precursor 

compositions based on the combination of alkoxysilanes (MTMOS, GPTMS and TEOS). The addition of 

TEOS into MTMOS:GPTMS coatings, which already show a good in vitro behavior [18] is expected to 

allow the control of the degradation kinetics and hence improve the osseointegration ability of metallic 

implants. Simultaneously, the coating should protect the implant during the first stage post-implantation, 

being then necessary a balance between degradation and protection. The study of this compromise is 

conducted by hydrolytic degradation and electrochemical impedance spectroscopy (EIS) tests.  

 

2. Materials and methods 

Sol-gel synthesis 

The synthesis process of the hybrid coatings was based in a sol-gel route employing MTMOS (Sigma-

Aldrich), TEOS (Sigma-Aldrich) and GPTMS (Sigma-Aldrich) as precursors. Different compositions of 

these precursors were used as shown in Table 1. 2-Propanol (Sigma-Aldrich) was used in the process to 

improve the mixing of the siloxanes in a volume ratio alcohol:siloxane 1:1. Precursor hydrolysis was 

performed by adding the corresponding stoichiometric amount of an acidified aqueous solution 0.1M HNO3 

(Panreac) to catalyze the reaction. The solution was kept 1 h under stirring and then 1 h at rest. The samples 

were prepared from the corresponding sol-gel solution immediately after this time. 

Table 1. Molar percentage of the materials under study. 

 MTMOS (%) GPTMS (%) TEOS (%) 

50M50G 50 50 0 

45M45G10T 45 45 10 

35M35G30T 35 35 30 

25M25G50T 25 25 50 

15M15G70T 15 15 70 

5M5G90T 5 5 90 
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Coatings preparation 

Three different processes were adopted for the sample preparation as required by the different 

characterization methods. Firstly, AISI 316-L stainless steel plates (5 cm x 5 cm, RNSinox S.L.) were used 

as substrates. The surfaces of the plates were polished and then cleaned with acetone to remove impurities. 

After cleaning, the film deposition was performed employing a dip-coater (KSV instrument-KSV DC). 

Plates were immersed into the previously prepared sol-gel solutions at a speed of 60 cm min-1, then kept 

immersed for one minute, and finally they were removed at a 100 cm.min-1 speed. After the corresponding 

heat treatment (table 2), the adhesion was evaluated by means of the cross-cut test (UNE EN-ISO 

2409:2013). Once proved that the highest adherence value, i.e. 0, was obtained, the thickness of the coatings 

prepared was measured by mechanical profilometry (Dektack 6, Veeco). Two distinct samples identically 

prepared were tested, performing 3 measurements per sample.  

Secondly, glass slides were used as substrates of the coatings. The glass surfaces were previously cleaned 

in an ultrasonic bath (Sonoplus HD 3200) for 20 min at 30 W with nitric acid solution at 25 % volume. 

Then a further cleaning was carried out with distilled water under the same conditions. After being dried at 

100 °C, the glass slides were coated by the flow-coating technique.  

Finally, free films of materials were obtained by pouring the sol-gel solutions into non-stick Teflon molds. 

Samples were cured under the conditions described in Table 2, which shows the minimum temperatures 

required to obtain homogeneous and well-cured films.  

Table 2. Heat treatment conditions applied to each sol-gel composition. 

Composition 50M50G  45M45G10T 35M35G30T 25M25G50T 15M15G70T 5M5G90T 

Curing 

temperature 

(ºC) 

140 100 80 80 80 80 

Curing time 

(min) 
120 120 120 120 120 120 

 

Chemical characterization  

Attenuated total reflection (ATR) analysis was performed on the free film samples using a Fourier-

transform infrared spectrometer (Model FTIR 6700, NICOLET) to analyze the chemical composition of 

the sol-gel materials. Before each measurement, a background FTIR spectrum was taken and deducted from 

the sample spectra. All spectra were recorded in the 600 - 4000 cm-1 wavelength range. 

Solid-state 29Si-NMR spectroscopy was used to evaluate the crosslinking density of the silicon network 

after the thermal processing. Free films were used for this purpose. The spectra were obtained using a 

Bruker 400 AVANCE II WB Plus spectrometer, equipped with a Cross Polarization Magic Angle Spinning 

(CP-MAS) probe. The samples were placed inside a 4 mm rotor sample tube. The spinning speed was 7.0 
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kHz. The pulse sequence employed was the Bruker standard:  79.5 MHz frequency, spectral width of 55 

KHz, 2 ms contact time and 5 s delay time. 

Physico-chemical characterization  

The wettability of the sol-gel coating was determined by the measurement of the contact angle. An 

automatic contact angle meter (Dataphysics OCA 20) was used to measure this parameter. 10 µL of 

ultrapure water were deposited on the hybrid sol-gel coated steel plates at room temperature. The drops 

were formed with a dossing rate of 27.5 μLs-1 and the angles were determined with the aid of SCA 20 

software. Reported values are the average of 60 measurements obtained at different spots of three different 

samples identically prepared. 

Roughness of the material on coated steel plates was assessed using a mechanical profilometer Dektack 6 

(Veeco). Three individual measurements were performed to obtain each value.  

The anticorrosive properties of the sol-gel coatings were evaluated by EIS measurements, which were 

carried out on the samples deposited on the steel substrates at different exposure times to 3.5 % wt. NaCl 

in deionized water for up to 48 h. The exposure surface area was 3.14 cm2. A three-electrode 

electrochemical cell was employed. The sample without coating acted as the working electrode, a Ag/AgCl 

electrode was used as reference and a graphite sheet was employed as counter-electrode. Measurements 

were obtained using an Autolab Ecochemie PGSTAT30 potentiostat equipped with a frequency response 

analyzer module. The tests were conducted at the free corrosion potential. A frequency range from 10 mHz 

to 100 kHz with a sinusoidal voltage perturbation of 10 mV amplitude was applied to the system. 

Experiments were performed inside a Faraday cage in order to minimize external interference. 

Measurements were carried out at 0, 1.5, 3, 4, 6, 8, 10, 24 and 48 h of exposure at room temperature. All 

tests were repeated at least three times in order to check reproducibility. Two equal results are considered 

valid and the results shown are from the most representative sample. 

The hydrolytic degradation of the coatings was evaluated using the materials deposited on glass slides. The 

kinetics of degradation was determined by means of the weight loss in the samples before and after soaking 

in 100 mL distilled water at 37 ºC for periods of 7, 14, 28, 42 and 63 days. The samples were dried in a 

vacuum oven at 37 ºC for 48 h before and after soaking. Each data point is the mean of three measurements 

performed in three different samples identically prepared. 
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3. Results  

Chemical characterization 

The degree of condensation of the materials synthesized from the alkoxysilanes was studied by 29Si solid 

NMR. The nomenclature used in the analysis of the results was described in reference [23]. Tn and Qn 

represents the trifunctional and tetrafunctional silicon, respectively, while the superscript n shows the 

number of bonded oxygens to silicon.  Fig. 1 shows the NMR spectra of the fabricated films. For the 

composition 50M50G, the signal associated to T1, T2 and T3 species can be observed, being the most intense 

and the weakest the signals with two (T2) and only one (T1) oxygens bonded to the silicon atom, 

respectively. It should be mentioned that the recorded signal for the 50M50G spectrum only covers the -40 

to -80 ppm chemical shift range since no response is usually observed for chemical shifts more negative 

than -80 ppm [18]. 

The NMR spectra when TEOS precursor is introduced in the films are also given in Fig. 1 (spectra b to f). 

These spectra, apart from Tn species from MTMOS and GPTMS, show Q2, Q3 and Q4 signals from TEOS. 

When the ratio of TEOS is increased it is observed that the signals Qn become more intense and Tn are 

attenuated, due to the reduced number of MTMOS and GPTMS species in the sol-gel network. The addition 

of TEOS causes the almost total suppression of T1 signal and the intensity increase of T3 peak, especially 

at low TEOS content (spectra b and c). Thus, in materials 45M45G10T and 35M35G30T the intensity of 

the signals from T2 species is quite similar to T3 (spectra b and c in Fig.1). However, when the percentage 

of TEOS increases, T2 becomes more intense than T3 (spectra d, e and f) and Q2 increases respect to Q4 

(spectra e and f). 

 

Fig. 1. 29Si solid NMR of (a) 50M50G, (b) 45M45G10T, (c) 35M35G30T, (d) 25M25G50T, (e) 

15M15G70T and (f) 5M5G90T films. 
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Fig. 2 shows the IR spectra of the sol-gel networks. The bands associated with the vibrational modes of the 

Si-O-Si chains were detected at ~780, ~1010 and ~1100 cm-1, which are due to the formation of the 

inorganic network [24,25]. The bands related to the vibrational modes of OH groups (3200-3500 cm-1) and 

Si-OH terminals (~890 cm-1) were also observed [24,25]. The bands detected between 2870 and 2950 cm-

1 indicate the presence of C-H bonds and the band at ~1265 cm-1 correspond to Si-C [25]. All these signals 

show the presence of organic matter introduced through the MTMOS and GPTMS precursors. These signals 

become less intense in those materials with the highest proportion of TEOS and nearly disappear for the 

5M5G90T composition (spectrum f).  

 

Fig. 2. FTIR spectra of (a) 50M50G, (b) 45M45G10T, (c) 35M35G30T, (d) 25M25G50T, (e) 15M15G70T 

and (f) 5M5G90T films. 

Contact angle 

The wettability of the formulations was studied by means of contact angle measurements. Results are shown 

in Fig. 3. It is observed that the addition of TEOS to the sol-gel network in moderate amounts decreases the 

contact angle, i.e., the material becomes more hydrophilic. However, the contact angle increases after 

reaching a minimum for the 30 % TEOS film when the TEOS percentage is increased further.  
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Fig. 3. Contact angle results for films deposited on stainless steel substrates with different 

MTMOS:GPTMS:TEOS molar ratios. Bars indicate standard deviations. 

Morphological characterization 

Fig. 4 shows the coating thickness measurements. When is added up to 70% of TEOS, the coating 

thicknesses have a value between 0.87 – 1.18 µm without statistically significant differences between them. 

However, the 5M5G90T composition shows a markedly smaller thickness compared with the other 

materials. 

 

Fig. 4. Coating thickness of sol-gel coatings prepared onto stainless steel plates by dip-coating. (*) 

Statistically significant differences were found in the 5M5G90T coating thickness respect the other 

materials (ANOVA, p<0.05). Bars indicate the standard deviations. 

Table 3 shows the average surface roughness values (Ra) and their standard deviations. The reference 

material 50M50G shows a Ra value of 288.7 ± 73.1 Å. When TEOS is introduced into the structure, it is 

observed that Ra increases to a maximum (788.5 ± 3.5 Å) for the 35M35G30T composition. However, 
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further TEOS addition produces a less rough surface and a value of 475.7 ± 81.7 Å is reached for 5M5G90T 

composition. 

Table 3. Ra values and their standard deviations for steel plates coated with MTMOS:GPTMS:TEOS 

materials in different ratios.  

Material Ra (Å) 

50M50G 288.7 ± 73.1 

45M45G10T 659.5 ± 50.2 

35M35G30T 788.5 ± 3.5 

25M25G50T 646.3 ± 33.3 

15M15G70T 496.7 ± 26.8 

5M5G90T 475.7 ± 81.7 

 

EIS  

Stainless steel plates were coated with 50M50G, 45M45G10T, 35M35G30T, 25M25G50T, 15M15G70T 

and 5M5G90T materials to perform the EIS tests. After 48 h of testing, the coatings showed degradation 

signs, being this more significant in the case of the compositions with higher TEOS percentages (70% and 

90%). Fig. 5 shows the results obtained. It is observed that the impedance values decrease when TEOS is 

added in the sol-gel network (Fig. 5a). It should be noted that the variation in the impedance module values 

with time is less significant at the highest TEOS content, reaching nearly no variation (Fig. 5a) for the films 

with the highest TEOS composition. Despite the introduction of this precursor in the sol-gel structure both 

impedance module and phase angle maintain a similar shape to the plot obtained for the 50M50G material, 

so no additional process is introduced by the presence of TEOS. 
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Fig. 5. (a) Impedance modules and (b) phase angel bode plots for stainless steel, 50M50G, 45M45G10T, 

35M35G30T, 25M25G50T, 15M15G70T and 5M5G90T sol-gel coatings at 8 h of immersion in the 

electrolyte. Fitted results are represented by the solid lines. 

The EIS spectra were fitted to equivalent circuits using Z-view software. For the coating with bare stainless 

steel only the natural formation of the oxide layer in the steel was observed. However, samples with sol-

gel coatings present two processes, the first one related to the coating at high frequencies and the other at 

low frequencies to do with the native oxide layer. Therefore, the coating free system was fitted with an 

equivalent circuit of one time constant (Fig. 6a) and two time constants were employed for coated samples 

(Fig. 6b). This type of equivalent circuits are widely used by many authors [9,11,14,26–28]. 

  

 

 

Fig. 6. Equivalent circuits used for (a) non-coated and (b) coated stainless steel substrates. They correspond 

to the presence of one and two time constants, respectively. 

Rs CPEox

Rox

Element Freedom Value Error Error %

Rs Fixed(X) 0 N/A N/A

CPEox-T Fixed(X) 0 N/A N/A

CPEox-P Fixed(X) 1 N/A N/A

Rox Fixed(X) 0 N/A N/A

Chi-Squared: 0,003918

Weighted Sum of Squares: 0,40747

Data File: C:\Users\Montse\Desktop\revisión artícul

o marije\muestras_inox_lijadas\24h_PULID

A.txt

Circuit Model File:

Mode: Run Fitting / Selected Points (0 - 53)

Maximum Iterations: 100

Optimization Iterations: 4

Type of Fitting: Complex

Type of Weighting: Calc-Modulus

a) b) Rs CPEcoat

Rcoat CPEox

Rox

Element Freedom Value Error Error %

Rs Fixed(X) 0 N/A N/A

CPEcoat-T Fixed(X) 0 N/A N/A

CPEcoat-P Fixed(X) 1 N/A N/A

Rcoat Fixed(X) 0 N/A N/A

CPEox-T Fixed(X) 0 N/A N/A

CPEox-P Fixed(X) 1 N/A N/A

Rox Fixed(X) 0 N/A N/A

Data File:

Circuit Model File:

Mode: Run Simulation / Freq. Range (0,001 - 1000000)

Maximum Iterations: 100

Optimization Iterations: 0

Type of Fitting: Complex

Type of Weighting: Calc-Modulus
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In the model of Fig. 6a, Rox and CPEox correspond to the oxide layer. In Fig. 6b the coating response is 

added in Rcoat and CPEcoat. By fitting the EIS data to the equivalent circuits information about the 

corrosion properties of the system can be extracted from the parameters obtained [29–31]. Rcoat can be 

related to the porosity and the deterioration of the coating and allows to study the deterioration of the sol-

gel materials, hence, its capability to protect the metal. The CPEcoat is related to the water absorption. Rs 

is the electrolyte resistance. 

The CPE equivalent circuit element provides values in snΩ-1 units, being n an exponent which is fitted. 

Capacitance values, in F units, can be obtained when n is known [32]. All fittings were quite good (Chi-

squared<0.01) as observed in Fig. 5. 

It should be mentioned that in some systems with two time constants, the second time constant signal 

appears at such low frequencies that it is not possible to obtain all the characteristic parameters for the 

measured frequency range. In any case, as the aim of these measurements is to study the process of coating 

degradation, the attention is more focused on the representative parameters of this process (Rcoat and 

CPEcoat). Fig. 7 and 8 show the values of Rcoat and CPEcoat from the coating and Rox and CPEox from 

the oxide layer, respectively. As CPE elements were used instead of pure capacitors, the values of the 

parameter n are given in Table 4. 
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Fig. 7. Evolution of (a) Rcoat and (b) CPEcoat along the time of contact with electrolyte (3.5 % wt. NaCl) 

for 50M50G, 45M45G10T, 35M35G30T, 25M25G50T, 15M15G70T and 5M5G90T coatings. 

Fig. 7a shows the evolution of Rcoat with the exposure time. This parameter decreases with time, more 

significantly at shorter times, until a nearly constant value is achieved. This is due to the degradation of the 

coatings by hydrolysis. When TEOS is added to the coating, a significant decrease of Rcoat was observed 

(see Fig. 7a). When the presence of TEOS is increased further, Rcoat continues decreasing but more 

monotonically. The distinct behavior between materials may result from different initial porosity of the 

coatings, which can be produced by changes in the compositions. For the case of the 5M5G90T film, the 

different thickness could also influence. In some curves of Fig. 7a it can be seen that the value of Rcoat 

increases with time, this could be due to the formation of deposits that clog the pores of the coating [31]. 

CPE parameters are directly related with Cc, which represents the capacitance of the coating and relates to 

the permeability to water penetration as [11,14]. 

,0 dACc                    (1) 

where ε is the dielectric constant of the material, ε0 the permittivity of vacuum, A is the area of coating in 

contact with the electrolyte and d is the thickness. Increasing the value of Cc can be correlated directly with 

the increase in permittivity by the Equation 1. Hence, the behavior of the capacitance allows studying water 

absorption by the coating. In Fig. 7b it is shown that the CPE value increases with the exposure time to the 

electrolyte in all cases. In the initial stage, this increase is more intense which could be due to initial water 

absorption in the coating [18]. At the longest times, the higher value of CPE observed is associated to the 

degradation of the sol-gel network, which facilitates the penetration of water. This behavior was also 

observed in MTES:TEOS coatings and was related to a decrease of organic groups that introduces a more 

hydrophobic character and provides more resistive capabilities to the film [5].  

Fig. 8 shows the evolution of Rox and CPEox, which are representative parameters of the dielectric 

properties of the oxide layer. Rox increased during the early stages of exposure (Fig. 8a). At the same time, 

CPEox decreased, except for the bare substrate (Fig. 8b). This might be due to the passivation of steel by 

the formation of chrome oxides as a result of the presence of dissolved oxygen in the electrolyte [33]. At 

longer exposure times Rox and CPEox values remain nearly constant, showing that the oxide layer becomes 

quite stable. An increase of Rox and a decrease of CPEox are observed respect to the bare steel substrate 

when the coating is applied, showing an increase of the steel passivation.  



14 

 

 

 

Fig. 8. Evolution of Rox (a) and CPEox (b) versus time of contact with electrolyte (3.5 % wt. NaCl) for 

Stainless steel, 50M50G, 45M45G10T, 35M35G30T, 25M25G50T, 15M15G70T and 5M5G90T coatings. 
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Table 4. Parameters n1 and n2 of CPEcoat and CPEox elements, respectively, for each formulation and 

measuring time. 

Material n 0 h 1.5 h 3 h 4 h 6 h 8 h 10 h 24 h 48 h 

Stainless steel n2 0.89 0.91 0.91 0.92 0.92 0.92 0.92 0.92 0.93 

50M50G n1 0.95 0.94 0.94 0.93 0.93 0.93 0.92 0.92 0.90 

n2 0.81 0.85 0.86 0.87 0.87 0.88 0.88 0.89 0.89 

45M45G10T n1 0.94 0.94 0.94 0.94 0.93 0.93 0.92 0.91 0.89 

n2 0.83 0.86 0.86 0.87 0.87 0.87 0.88 0.89 0.90 

35M35G30T n1 0.93 0.91 0.91 0.91 0.91 0.91 0.90 0.87 0.86 

n2 0.81 0.85 0.86 0.86 0.87 0.87 0.87 0.90 0.90 

25M25G50T n1 0.95 0.93 0.92 0.92 0.91 0.93 0.93 0.90 0.89 

n2 0.78 0.81 0.82 0.82 0.86 0.83 0.83 0.85 0.87 

15M15G70T n1 0.93 0.90 0.90 0.91 0.91 0.90 0.90 0.90 0.89 

n2 0.79 0.80 0.81 0.81 0.81 0.82 0.82 0.83 0.84 

5M5G90T n1 0.91 0.85 0.82 0.81 0.80 0.78 0.77 0.74 0.73 

n2 0.80 0.80 0.81 0.81 0.81 0.83 0.83 0.84 0.84 

 

Hydrolytic degradation 

The polysiloxane network degrades in contact with water by hydrolysis following the reaction [11,14], 

SiO2 (s) + 2H2O ↔ Si(OH)4 (aq)        (2) 

In Fig. 9, the evolution with time of the degradation curves (weight loss) is shown. It is observed that in all 

cases the materials degrade, however, the kinetics of degradation depends on the composition. 

 

Fig. 9. Weight loss versus time during the hydrolytic degradation for 50M50G, 45M45G10T, 35M35G30T, 

25M25G50T, 15M15G70T and 5M5G90T coatings. 
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Incorporating TEOS to the sol-gel network increases the number of Si-O-Si bonds, as a result, the materials 

present higher degree of degradation after 63 days for higher TEOS content. For the case of 25M25G50T 

and 35M35G30T compositions, a similar response occurs (it should be noted that error bars overlap). 

Coatings with a 10 % TEOS showed a 12.88 % weight loss after 62 days of exposure to water, this degree 

of degradation is just slightly higher than 50M50G material, which showed a 10.22 % value, so the variation 

is not significant. However, both 35M35G30T and 25M25G50T coatings show a similar rate of degradation 

(around 20 %) after 62 days, whereas compositions 15M15G70T and 5M5G90T reached values of weight 

loss around 30 % after 62 days in contact with water. These higher variations respect to the 50M50G 

material can be more beneficial if higher release kinetics is needed.  

4. Discussion 

Hybrid sol-gel materials from the triple mixture of alcoxysilanes: MTMOS, GPTMS and TEOS were 

successfully synthesized. Furthermore, it has been possible to obtain homogeneous, transparent and well 

adhered coatings to the metal substrate, showing adequate properties for implants handling requirements. 

Sol-gel network condensation process has been demonstrated using 29Si solid NMR (Fig. 1). Thus, the 

chemical characterization showed that the addition of TEOS promotes the sol-gel reticulation of MTMOS 

and GPTMS molecules, probably due to the small size and higher functionality of TEOS molecules, which 

favor the access and binding to the silicon atomic positions that do not react in the 50M50G composition. 

However, when the percentage of TEOS is higher than 30%, it becomes more difficult to reach these free 

positions for condensation and the cross-linking becomes slightly lower.  

It should be mentioned that despite the lower curing temperature of 45M45G10T with respect to 50M50G 

(see Table 2), a higher degree of condensation is obtained for 45M45G10T. This shows that the differences 

observed in the NMR results have a minor dependency on the curing temperature and are more significantly 

influenced by composition. FT-IR results corroborate that the condensation reactions have been properly 

produced and the Si-O-Si network successfully formed, demonstrating the feasibility of the sol-gel process 

in all cases. As can be seen in Fig. 2, the processing has been able to incorporate organic moieties in the 

structure, and the integrity of these functional groups has been maintained.  

Contact angle results (Fig. 3) show that the moderate addition of TEOS to the sol-gel network increases 

hydrophilicity, reaching the maximum hydrophilic behavior for the 30% TEOS composition. After that, a 

higher percentage of TEOS in the composition supposes an increase of contact angle. This behavior is not 

completely understood and further experiments should be needed for a clear understanding. However, we 

believe that the initial increase in hydrophilicity could be due to the opening of the GPTMS epoxy rings, 

which produces an increase of silanol groups in the structure [18], and is enhanced by the presence of 

TEOS. Nevertheless, despite the further increase of TEOS content, a decrease of hydrophility takes place 

due to the more dominant reduction of GPTMS species. Hydrophilicity values are important for the cells 

behavior and the values found are in the optimal range (60º - 90º) for an adequate cell attachment [34,35]. 

Furthermore, a maximum roughness value was measured for the composition 35M35G30T.The biomaterial 

surface roughness is a critical parameter to obtain suitable tissue regeneration. Wirth et al. found in cell 

culture with rat osteoblasts that cell proliferation activity is modulated by roughness [36]. Consequently, it 
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is possible to produce a better bone fixation with rough surfaces than employing smooth surfaces [37]. 

Hence, the coating with 30% TEOS is the material with the most suitable roughness. 

EIS tests show that the impedance values decrease when TEOS is added in the sol-gel network (Fig. 5). 

This behavior was reported before in VTES:TEOS coatings [11] and for MTMOS:TEOS materials [14]. 

From the analysis of Rcoat and CPEcoat parameters (Fig. 7), it has been clearly shown that the presence of 

TEOS in the material reduces its capability as a protective coating, but increases its degradability. 

Furthermore, weight loss results (Fig. 9) are in agreement with the EIS results. Thus, 50M50G sol-gel 

network has the lowest rate of degradation from the weight loss analysis, which is in agreement with the 

higher pore resistance and lower capability of water absorption observed by EIS. Moreover, the higher 

degradability of coatings with more TEOS can be due to the increase of the porosity and the presence of 

higher quantities of water in the coatings. Since hydrolytic degradation of these sol-gel networks leads to 

the release of Si compounds with positive properties on bone regeneration [19], this behavior is considered 

crucial for the purpose of these coatings. 

Therefore, for applications in implants, a compromise between degradation (silicon release) and protection 

of the metal during the early stages of the curing process is very important. In this work, it has been 

demonstrated that the use of different compositions allows tuning the balance between the adequate 

protective character and the gradual coating degradation kinetics. Finally, considering all the results 

obtained, the materials with 30% and 50% TEOS show an interesting intermediate compromise between 

degradation and protection. Besides, as 35M35G30T coating showed the highest roughness, it could be a 

good candidate for being used in the proposed application too. However, in a next step, biological 

assessments will be needed to shed more light on what is the optimal composition as biomaterial.  

5. Conclusions 

In this study it was possible to obtain homogeneous and well bonded hybrid coatings from a triple mixture 

of alkoxysilanes by the sol-gel technique, achieving high degrees of condensation. Furthermore, it has been 

found by electrochemical impedance spectroscopy and hydrolytic degradation tests that the variation of 

TEOS percentage in the composition allows regulating the degradation of the material without impairing 

other properties such as wettability. Adding TEOS to the reference composition (50 % GTPMS and 50 % 

MTMOS) improved the roughness of the material. These results suggest that the increment achieved in the 

degradation could significantly improve the in vivo behavior of the reference composition 50M50G, and 

coatings with this new series of materials could be used in metal implants to improve their osseointegration. 

As the next step in this work, testing these materials in biological assays will be very interesting to confirm 

their promising properties. 
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