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ABSTRACT  

A series of sol-gel derived silicon based coatings were developed to improve the osseointegration 

of commercial titanium dental implants. The osseointegration starts with a positive interaction 

between the implant surface and surrounding tissues, which is facilitated by the adsorption of 

plasma proteins onto the biomaterial surface immediately after implantation. It is likely that the 

enhancement of protein adsorption to titanium implants leads to a better implant/tissue integration. 

In addition, silica based biomaterials have been shown to promote osteoblast differentiation. To 

improve the protein adsorption and the osteogenesis, methyltrimethoxysilane (MTMOS), 

tetraethoxysilane (TEOS), 3-glycidoxypropyltrimethoxysilane (GPTMS) and gelatin were 

selected to coat titanium surfaces. Compared with non-coated titanium, the functionalized coatings 

enhanced the adsorption of adhesive proteins such as fibronectin and collagen. The Si release was 

successfully modulated by the control of the chemical composition of the coating, showing a 

higher dissolution rate with the gelatin and GPTMS incorporation. While the roughness of 

commercial implants seemed to promote the adhesion of mesenchymal stem cells (MSC), the 

osteogenic differentiation was greater on surfaces with Si-coatings. In this study, an improved 

osteogenic surface has been achieved by using the siloxane-gelatin coatings and such coatings can 

be used in dental implants to promote osseointegration. 
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INTRODUCTION 
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The number of dental implant procedures used worldwide has been steadily increasing over the 

past few decades. According to the American Dental Association, dental implants are placed in 

two million people each year in the USA.[1] Titanium is the most widely used metal to 

manufacture dental implants due to its many advantages over other materials such as superior 

mechanical properties and biocompatibility.[2] However, titanium is relatively inert due to the 

spontaneously formed oxide layer on its surface, and hence it cannot directly bind to bone. 

Therefore, osseointegration via this oxide layer can be slow.[3] The reported healing time range 

from 3-4 month in lower jaw to 5-6 months in upper jaw,[4,5] what might be a greater limitation 

for patients with poor bone regeneration ability. To overcome this problem, most of the recent 

investigations on titanium implants are focused on optimizing surface composition and topography 

to increase the bone-to-implant contact (BIC) ratio and thus enhance cell-implant interaction and 

consequently promote the osseointegration.[6-8] 

New titanium surfaces with controlled characteristics are being developed to enhance and 

accelerate the osseointegration process by the control of the processes that occur at the implant 

tissue interface. Sol-gel technique is a promising route for the fabrication of versatile materials for 

very different applications. It provides high purity homogeneous coatings in substrates with large 

and complex shapes, and the strong covalent bonds between the coating and the metallic surface 

prevents delamination.[9-11]  

Silicon alkoxide precursors have been extensively used to prepare inorganic-organic hybrid 

coatings for corrosion protection of metallic substrates[12,13] and for biomedical applications.[14-

16] These coatings are resorbable in aqueous media, which is beneficial considering the widely 

recognized role of Si stimulating the activity of bone-forming cells.[17] Even though the 

mechanism by which Si promotes bone formation is not clear, soluble orthosilicic acid is known 
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to stimulate collagen type I (Col I) synthesis in human osteoblastic-like cells and promote 

osteoblastic differentiation.[18-20]  

Li et al. showed the ability of pure silica gels obtained by the sol-gel process of tetraethoxysilane 

(TEOS), to induce the formation of bone-like apatite on its surface when soaked in simulated body 

fluid.[21] However, the use of organically modified silicon precursors has gained more interest 

due to the improvement of some characteristic of the resulting material, such as the reduction of 

the brittleness of the film and the possibility of introducing functionalized groups into the siloxane 

network. Juan-Díaz et al.[22] found an improvement of the corrosion protection ability for coatings 

synthesized combining TEOS with methyltrimethoxysilane (MTMOS). Beganskiene et al.[23] 

assessed cell proliferation of this type of methyl modified silica coatings, obtaining better results 

for the organically modified material than for the pure SiO2. One of the most interesting 

organoalkoxysilane precursor is 3-glycidoxypropyl trimethoxysilane (GPTMS) due its epoxide 

ring, which provides corrosion protection of metals[24,25] and is useful in the synthesis of 

scaffolds for biomedical applications.[26-27] 

In this context, a variety of sol-gel coatings were designed starting from different MTMOS, TEOS 

and GPTMS molar ratios. This relatively inexpensive inorganic polymerization process allows the 

use of low temperature during almost all stages of the reaction making possible the incorporation 

of different biomolecules. Hence, gelatin was also introduced into the siloxane network due to its 

well-known biocompatibility and capacity to facilitate cell adhesion and proliferation.[28,29]  

Since the first event taken place at the tissue-implant interface after implantation is the formation 

of a layer with blood proteins, the first aim of this work was to assess the preference of different 

plasma proteins to be adsorbed on developed surfaces. There are many proteins in human blood 

plasma and among them the most prominent, well-known and extensively studied ones are albumin 
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(Alb), fibrinogen (Fbg), fibronectin (Fn) and Col I. Alb is the major protein component in blood, 

which acts as a multifunctional transporter of different nutrients and metabolites, and it is also 

known to eliminate cell attachment and block non-specific binding.[30] Fbg is a large plasma 

protein that plays a predominant role in mediating platelet adhesion.[31] Fn is a large non-

collagenous adhesive protein presented in extracellular matrix (ECM). It plays important roles in 

organizing the ECM and possesses arginine-glycine-aspartic acid (RGD) domains which are of 

particular importance since are recognized by the respective cell-surface receptors enabling cells 

to attach to it.[32,33] Col I, the most abundant fibrous ECM protein, also presents this RGD 

sequence. It has structural functions and interacts with cells via integrin receptors and with other 

ECM proteins, e.g. Fn.[34] The adsorption behavior of these proteins were correlated with surface 

properties such as wettability, topography and functionality that are known to affect biological 

response.[35-38]  

The second aim was to test the effectiveness of the released Si from the sol-gel coatings promoting 

osteogenic differentiation of hMSCs on the surface of the materials and to verify if their 

performance is better than the one of a commonly used commercial dental implant treatment. For 

this purpose, real time quantitative reverse transcription polymerase chain reaction (qRT-PCR) 

was used to determine the expression of various differentiation markers of the osteogenic pathway. 

 

 

MATERIALS AND METHODS 

Materials  



 6 

The selected silicon precursors for the synthesis of the organic-inorganic hybrid coatings were 

trimethoxymethylsilane (MTMOS), 3-glycidoxypropyltrimethoxysilane (GPTMS) and tetraethyl 

orthosilicate (TEOS), all of them purchased from Sigma-Aldrich and employed without further 

purification. Gelatin from porcine skin, Type A was also purchased from Sigma-Aldrich. 

Sample preparation  

Hybrid coating, identified as MT, was made by mixing MTMOS and TEOS precursors in a molar 

ratio of 70:30. The coating identified as MTg was prepared in the same manner as MT but with 

the incorporation of 0.9 wt% gelatin. A third hybrid coating, MGTg, is a ternary hybrid of 

MTMOS:GPTMS:TEOS (35:35:30 molar ratio), and a 0.9 wt% of gelatin (Table 1). 

In the case of the MT coatings 2-propanol (Sigma-Aldrich) was used as solvent, while for hybrids 

with gelatin an isopropanol:water 1:1 (v:v) mixture was used as solvent which was found to fulfill 

all the requirements to ensure the miscibility of the system and obtaining a homogeneous and 

transparent sol. The volume ratio among precursors and solvent was 1:1 in all the cases. A 

stoichiometric amount of hydrochloric acid (HCl, 0.1 N) was added drop-wise as the catalyst of 

the reaction. For the synthesis of the MTg sol, gelatin was added dissolved in the HCl, and for 

MGTg hybrid a pre-hydrolysis step was incorporated for the chemical anchorage of gelatin with 

the epoxy ring of GPTMS. After the addition of the catalyst, solutions were kept under stirring for 

2 h. Once the sol was obtained different substrates were coated depending on the assay for which 

they were intended.  

For the protein adsorption study gold-sensors (fundamental frequency of 5 MHz) purchased from 

Q-sense (Sweden) were spin coated with the three different types of sols and, subsequently, a heat 

treatment of 80 ᵒC for 2 h was applied allowing obtaining condensed and solid films of about 100 

µm thickness. Titanium sensors (QSX 310) were also purchased from Q-sense (Sweden) and used 
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as received. These sensors consisted of gold-coated quartz crystals covered using physical vapor 

deposition with a 120 nm thick Ti layer. 

Grade 4 titanium discs measuring 10 mm in diameter and 1.2 mm in thickness provided by 

Illerimplant S.L. (Spain) were used for the silicon release test, the study of the roughness and the 

in vitro evaluation. They presented a heterogeneous rough surface produced by a blasting with 

corundum (Al2O3) particles and an acid-etching with nitric acid and sulfuric acid solution (ADS® 

Surface Treatment), the same treatment as the one applied to commercial titanium dental implants. 

Discs were dip-coated with the different sols and the same curing treatment as mentioned before 

was applied. 

Surface characterization  

The chemical composition of the surface was assessed with an X-ray photoelectron spectrometer 

(K-alpha XPS Instrument, Thermo Scientific). Survey spectra were recorded with a pass energy 

of 200 eV, a binding energy range from -10 to 1350 eV, and a scan size of 400 µm. Resulting 

spectra were analyzed (Advantage Data Spectrum Processing Software) and peaks areas were used 

to calculate the elemental composition. 

The wettability was determined by the measurement of the contact angle of deionised water on the 

different surfaces using an automatic goniometer (DataPhysics OCA 20). Test was carried out at 

room temperature and a sessile drop of 10 µL of deionised water was placed on the coated surfaces. 

The given value is the mean of at least 11 measurements. 

Surface topography was studied by atomic force microscopy (AFM). The nanoscale surface 

roughness of the coating was characterized by the non-contact tapping mode AFM (Nanoscope III 

Multimode AFM, Bruker). For the measurements etched silicon TESP-V2 tips with a force 

constant around 42 N/m and a resonance frequency of 320 Hz were used. Images were collected 
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with a frequency of 1 Hz and an angle of 0°. Five randomly distributed areas were analyzed per 

surface using NanoScope Analysis 1.5 Software. Roughness was reported as the mean roughness 

(Ra). 

Qualitative changes in the topography of the titanium discs after coating them by the sol-gel 

process were investigated by the scanning electron microscopy (SEM; Amray 1830I; acceleration 

voltage of 20kV). Cell morphology was also analyzed at different periods of time of the assay. For 

this, cells were fixed in 4 % paraformaldehyde phosphate buffer solution (PFA, pH 7.4) at room 

temperature, cleaned with DPBS and dehydrated stepwise in a series of ethanol solutions of 50 %, 

65 %, 75 %, 85 % and 100 % (v/v %). Finally, the samples were critical point dried (CPD 0202) 

and sputter-coated with gold/palladium (SCD 004, 30 milliAmps for 120 s). Images were recorded 

at 100X, 250X, 500X and 1000X. 

Protein Adsorption  

Protein solutions. Bovine serum albumin (BSA; Sigma-Aldrich), human Fbg (Merck Millipore), 

human Fn (Sigma-Aldrich) and Col I (Sigma-Aldrich) were used at different concentrations 

established to match human blood plasma ratios. BSA was used at 5 mg/mL in a phosphate-

buffered saline solution (PBS; Sigma), Fbg at 500 µg/mL in PBS, Fn at 50 µg/mL in PBS and Col 

I at 10 µg/mL in acetate buffer (0.1 M, pH 5.6). 

Adsorption from monoprotein solutions. A QCM-D system (Q-sense Model E4, Biolin 

Scientific, Sweden) was used to monitor protein adsorption study by measuring the frequency and 

dissipation values during the process. Experiments were conducted at 37 °C and with a constant 

flow rate of 25 µL/min. After a stable baseline was reached with PBS, each of the protein solution 

was individually introduced into the QCM-D module, and the flow was maintained until reaching 

saturation. Then, PBS was again introduced into the chamber to remove the reversibly adsorbed 
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proteins on the surface and to obtain a new plateau. QCM-D data were analyzed using the Q-Tools 

Software using the Voight model.[39,40]  

Silicon release test 

Si released during the degradation of the coating was monitored using inductively coupled plasma 

mass spectrometry (ICP-MS, Agilent 7700). Test was performed by sinking coated titanium discs 

into 50 mL of phosphate buffer saline (PBS, Sigma-Aldrich) and keeping them at 37 °C for 8 

weeks. Aliquots of 500 µL were taken at 1, 2, 4 and 8 weeks after immersion. Each data point is 

an average of three individual measurements. 

In vitro test with hMSCs  

Cell culture. Human mesenchymal stem cells (hMSC) (passage 2-4) were purchased from (Texas 

A&M University) and cultured in α-Minimal Essential Medium (αMEM; Gibco, Life 

Technologies) supplemented with 10 % (v/v) fetal bovine serum (FBS) and gentamicin (25 µg/mL, 

GIBCO, Life Technologies) at 37 ᵒC in a 5 % CO2/ 95 % air atmosphere with 100% humidity.   

For the differentiation studies, cell culture medium was changed to an osteogenic medium, 

consisting of complete α-MEM medium supplemented with 20mM β-glycerophosphate, 50 µg/mL 

ascorbic acid and 100 nM dexamethasone (all chemicals were from Sigma-Aldrich). 

Cell attachment and proliferation. Cells (passage 2-4) were seeded onto coated and uncoated 

grade 4 titanium disks at a density of 104 cells per sample in 0.50 mL of medium. Uncoated 

titanium discs with a commercial surface treatment were used as control. Cell attachment was 

assessed after 24 h of incubation and proliferation was studied up to 14 days. Discs were cleaned 

with DPBS (Gibco, Life Technologies) and transferred to a new 48 well plate at each time point, 

to avoid interferences of non-adherent cells. Subsequently 200 µL of 1X Lysis Buffer (Cell 

Signaling Technology) were added to each well and cells were incubated at RT on the orbital 
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shaker for 30 min. The total DNA amount was quantified using the fluorometric Quant-iT™ 

PicoGreen® dsDNA Assay Kit (Invitrogen). After adding the PicoGreen stain, samples were 

incubated in dark for 5 min and then the fluorescence was measured at 480 nm excitation and 520 

nm emission using a microplate fluorescence reader (Tecan). 

qRT-PCR analysis for osteogenic differentiation. Cells were seeded onto coated and uncoated 

titanium discs at a density of 104 cells per sample and incubated for 24 h, after which they were 

rinsed with DPBS, transferred to a new 48 well plate and incubated up to 14 days in 0.50 mL of 

osteogenic medium. 

To assess the ability of each material to promote the differentiation, gene expression of runt related 

transcription factor 2 (RUNX2), alkaline phosphatase (ALP) and bone gamma-carboxyglumate 

protein (BGLAP) was determined using a real time quantitative reverse transcription polymerase 

chain reaction (qPCR) assay. The qPCR assay was performed as described elsewhere.[41] Briefly, 

total RNA was isolated from the samples using a SV 96 Total RNA Isolation Kit (Promega) and 

RNA concentration was measured with a NanoDrop spectrophotometer (Thermo Scientific). RNA 

was transcribed to cDNA using the Reverse Transcription reagents (Promega) and a T-Gradient 

Thermocycler (Biometra). Real time PCR was performed using the SYBER Green PCR kit 

(Roche) and LightCycler 480 (Roche). The primers used for the detection of the osteogenic 

differentiation were purchased from QIAGEN: RunX2 [QT00020517], ALP [QT00211582] and 

BGLAP [QT00232771]. GAPDH [QT00079247] was used as internal control. Relative gene 

expression was normalized to the expression in the experimental control. 

 

Statistical Analysis 
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All the experiments were performed at least in triplicate. Results are expressed as the mean ± 

standard deviation (SD). One-way analysis of variance, followed by a Tukey’s post hoc test was 

employed as appropriate to determine the statistical significance observed. Statistical significance 

was defined as having p≤0.05. 

RESULTS  

Surface characterization 

Prior to the study of protein adsorption and cell differentiation, the surfaces under study were 

characterized.  The study of the chemical composition of the Ti-crystal surface by XPS analysis 

revealed the presence of Ti, O, C and N; obtained values are consistent with those in literature 

(Table 2).[42] Oxide film, mainly the stable oxide TiO2, is known to grow spontaneously on the 

surface of titanium metal in contact with air, thus resulting in a O/Ti ratio ~ 2. The O/Ti ratio in 

our samples was ~ 2.6. This difference and the presence of C and N can be attributed to a 

contamination layer formed by the rapid adsorption of molecules,[43] most likely from solvents 

used in the cleaning protocol or air. As shown in Table 2, synthesized sol-gel coatings are 

characterized by a predominant amount of Si and O due to the formation of the siloxane network. 

The C signal at the surface of MT and MTg coatings corresponds to the presence of the methyl 

group of the MTMOS precursor. The increase of the atomic percentage of C for the MGTg coating 

can be explained by the insertion of an epoxide group along with the addition of the GPTMS 

silicon precursor. 

The wettability of developed surfaces was studied by means of contact angle measurements. 

Results are shown in Table 3. It is observed that the more hydrophilic surface is Ti, obtaining a 

contact angle value of 15.8°, while the less hydrophilic one is MT coating, 70.0°. The addition of 
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both gelatin and GPTMS precursor into the formulation decreases the contact angle, being more 

significant for the MTg material. 

As shown in Figure 1 and summarized in Table 3, the topography of all the studied material was 

in the nanolength scale. On the basis of the AFM data (Ra values) the substrates were categorized 

by decreasing the roughness in the order Ti ˃ MT ˃ MTg ˃ MGTg, where the main differences 

are between the Ti-crystal and the sol-gel coatings. 

Protein adsorption.  

The adsorption behavior of four key serum blood proteins on Ti, MT, MTg and MGTg substrates 

was studied. The data summarized in Table 4 shows that with Fbg, Fn and Col I, for all the studied 

surfaces, the changes in dissipation upon protein adsorption (ΔD) is greater than a 5 % of the 

corresponding changes in frequency (Δf), ΔD/Δf ≥ 5 %. In addition, there were significant 

differences between overtones (data not shown). This behavior indicates that the adsorbed protein 

forms a viscoelastic layer.[40] Therefore, Voigt model, with data from the 3rd to the 9th 

harmonics, was used to calculate the adsorbed mass density and the results are reported as mass 

per area (g/cm2). For BSA, in contrast, ΔD was close to zero, between 1.2 and 0.8 (1E-6) (Table 

4), denoting the formation of a rigid layer and allowing the use of the Sauerbrey Equation.[39] 

Examples of the adsorption kinetics for the four studied proteins, plotted as frequency and 

dissipation curves, are shown in Figure 2 for titanium surface. The behavior was similar in all the 

cases regardless the substrate type; there were differences in the amount of adsorbed protein mass 

but not in the adsorption kinetics; in all cases, there is a rapid decrease in frequency after the 

introduction of each protein in all surfaces. However, the time to achieve saturation is different for 

each protein because of its size and complex shape and structure. For instance, Col I takes more 
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time to saturate the surface because of its fibrous structure whereas albumin, a globular protein, 

saturated much faster. 

Figure 3 shows the adsorbed protein mass density for each different substrate. BSA was the least 

adsorbed protein on all the surfaces, reaching values three folds smaller than the ones for Fbg, Fn 

and Col I. MGTg showed the highest Fbg adsorbed mass, where no significant differences were 

found between Ti, MT and MTg. A similar behavior was obtained for the study of Fn and Col I. 

Nevertheless, in these cases, the three developed Si-based coatings gave higher protein mass 

density compared with Ti control. This performance was even better in the case of MGTg due to 

the functionalization of the surface by the epoxide groups. 

Silicon release  

The polysiloxane network degrades in an aqueous media by hydrolysis releasing Si compounds. 

As shown in Figure 4, there was a progressive increase in Si release over time for all the materials 

up to 8 weeks of assay. In the same way, gelatin makes the coating more soluble, as can be seen 

by the detection of more Si in the media with MTg coating than with MT coating. Nevertheless, 

the highest Si values were obtained with coatings prepared using GPTMS precursor, MGTg 

hybrid.  

Cell attachment and proliferation 

In order to determine the osteogenic activity of the developed siloxane hybrids coatings, hMSCs 

were cultured and differentiated on MT, MTg and MGTg-coated discs in comparison with 

uncoated Ti discs with a commercial surface treatment. 

Firstly, the attachment of cells was evaluated. As shown in Figure 5A, there was a significant 

decrease in hMSC adhesion for all the coated Ti discs when compared to the uncoated control. 

This observation was unexpected because an enhanced protein adsorption was detected on Si-
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based coatings (Figure 3). However, the coating of MT, MTg or MGTg changed the topography 

of the Ti discs by smoothing the roughness of uncoated Ti discs decreasing the affinity of cells 

toward these coated Ti discs, where they present a more extended shape and more filopodia bound 

onto uncoated-Ti discs compared with the coated ones (Figure 5B and C). On the other hand, 

among the coated surfaces, hMSC cells adhered better to MGTg coated Ti discs compared with 

MT or MTg coated ones. Despite the initial lower cell attachment, cells showed higher 

proliferation on coated surfaces than on uncoated titanium (Figure 6). 

Osteogenic differentiation  

For the evaluation of the osteogenic differentiation qRT-PCR technique was used. The expression 

of three different genes corresponding to the osteogenic pathway was quantified. Gene expression 

of the transcription factor RunX2 was evaluated 7 and 14 days after the addition of the 

osteoinductive medium. Results plotted in Figure 7A shows an increase of the expression level of 

this gene over time for all the materials. The highest values for the both studied periods of time 

were obtained with the MGTg surface, being four folds higher in some cases. 

The expression of ALP in hMSCs also increased with time on all the studied surfaces (Figure 7B). 

At short cell culture times (Day 7), siloxane-gelatin coatings did not have an effect on ALP 

expression and no statistically significant differences were found between the different surfaces. 

In contrast, after 14 days of culture, cells on treated Ti discs with MT, MTg and MGTg coatings, 

exhibited significantly higher levels of ALP gene expression than cells on uncoated Ti. 

Finally, the expression of BGLAP gene was quantified. As shown in Figure 7C, lower expression 

values were obtained for this gene compared with RunX2 and ALP since is a marker of the last 

stages of the differentiation. Comparing the values obtained for the four studied surfaces, the 

expression was significantly higher when cells were cultured on MGTg coating.  
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DISCUSSION  

The surface chemical composition, wettability and roughness of biomaterials determine the 

biological response at the biomaterial/tissue interface. Therefore, prior to the protein adsorption 

evaluation, XPS analysis, contact-angle measurements and AFM study were carried out on the 

four materials under study: Ti-sensor, and spin-coated MT, MTg and MGTg.  

According to the XPS study, sol-gel coatings with homogeneous surface composition were 

obtained. Moreover, this study allowed confirming the effective incorporation of gelatin into the 

hybrid network according to the presence of a small atomic percentage of N in MTg and MGTg 

coatings (see Table 2). 

The surface wettability is known to be influenced by the surface chemistry and the 

topography.[44,45] Based on obtained contact angle and roughness data (Table 3), a rougher and 

more wettable surface is obtained by the vapor deposition of titanium in contrast with the spin-

coated sol-gel materials where surfaces are smoother and with higher contact angle values. Silica 

based materials are usually distinguished by a smooth nanostructured surfaces.[46] These 

parameters will determine the interaction of developed materials with biological fluids. It is widely 

accepted that surfaces with contact angle values below 90° can closely interact with biological 

fluids allowing the interaction with serum proteins and cells;[35,36] studied materials fulfill this 

requirement and can be categorized as hydrophilic materials. Moreover, sol-gel hybrids with an 

intermediate hydrophilicity of around 70° have been reported to promote cell growth.[47] The 

incorporation of gelatin to the formulation of the coatings is translated into a decrease of the contact 

angle value, an increase of the wettability, from 70.0° in the case of MT surface, to 58.2° for MTg, 

behavior consistent with those in literature.[29,48] 
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Protein adsorption study with QCM-D showed an adsorption profile dependant with the protein 

type and the surface chemistry. In terms of mass density, BSA was the least adsorbed protein on 

all the studied surfaces, while Fbg, Fn and Col I are uniformly higher (Figure 3). BSA’s lowest 

adsorbed mass density, in spite of it being the most abundant protein, is due to its low molecular 

weight (66 kDa) and rigid packed globular shape that undergoes little reorganization once adsorbed 

onto the surface.[49] In contrast, Fbg is a rod-like protein with a higher molecular weight (340 

kDa), that may undergo a multistage adsorption process where the protein is initially adsorbed 

with its long axis parallel to the surface and then undergoes a rearrangement resulting in the long-

axis perpendicular to the substrate that increases the adsorbed mass.[49] Similarly, the compact 

conformation of Fn, with a molecular weight (440 kDa) six-fold higher than that of BSA, may be 

disturbed when it is adsorbed onto a surface, perhaps leading to the formation of a more hydrated 

increasingly viscoelastic layer. In both instances, higher ΔD/Δf results are obtained (Table 4). Col 

I, despite its concentration being the lowest one, gave the highest adsorbed mass values. This is 

most likely because Col I self-assembles to form collagen fibrils in overlapping rows.[50] Such an 

arrangement traps a significant amount of solvent, that manifests in high dissipation, with spread 

of overtones and a slower adsorption kinetic; Col I took much longer to reach saturation, ~ 250 

min, compared with the other proteins (Figure 2). Additionally, at low concentrations, proteins 

like collagen Fbg and Fn are able to spread and reach a conformation that minimizes the energy 

after adsorption.  

Among the four substrates that were studied here, the highest surface mass adsorbed for almost all 

the proteins was observed for MGTg coating (Figure 3). For BSA the adsorbed mass density 

decreased as Ti ˃ MT ≈ MTg ˃ MGTg. This trend follows the roughness (Table 3). This may 

suggest that this protein has not specificity to any given surface and it adsorbs equally onto any 
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substrate forming a compact monolayer where the only decisive parameter is the available surface 

area for the adsorption. While BSA, because of its non-specific adsorption, displays lower affinity 

towards coated surfaces, Fbg and Fn do not.[45] Opposite effect was observed for the adsorption 

profile of Fbg, Fn, and Col I, where MGTg in spite of being slightly smoother than the other 

surfaces, adsorbed higher amounts of protein. More interestingly, the proteins involved in the 

subsequent cell attachment process due to their cell binding domains, such as Fn and Col I, 

adsorbed preferably onto developed siloxane coatings compared to Ti control. This behavior was 

enhanced in the case of MGTg substrate due to the presence of epoxide groups on the surface 

which may mediate the binding of these proteins. These findings show that the functional groups 

can selectively increase the adsorption of proteins, and corroborates the previously reported 

results.[45,49] Moreover, studies with QCM-D have revealed that an increase in the viscoelastic 

properties of the adsorbed Fn layer correlates to the unfolding of the molecule once is adsorbed on 

the surface, increasing the exposure of the RGD cell binding sites and in consequence enhancing 

the bioactivity of the protein.[51,52] In this case an increase of D and ΔD/Δf values (Table 4), 

from 4.0 to 5.5 and from 6.8 to 9.4 respectively, was observed in the cases where protein was 

bound to silicon-based coatings compared to Ti; this indicates the formation of a more viscous 

layer, what may suggest an open conformation of the Fn molecule. 

No correlation was found between water contact angle values and protein adsorption levels. 

Furthermore, there was no noticeable effect of gelatin content as can be seen from the similar mass 

density values obtained for the MT and MTg coatings (Figure 3). The most significant difference 

is found in the functionalization of MGTg coatings through the epoxide groups, suggesting the 

specific effect of surface chemistry. However, this increase of adhesive protein adsorption on sol-

gel coatings compared with Ti was not translated into an improvement of hMSCs’ adhesion. As 
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shown in Figure 5, more cells were attached to uncoated Ti discs. Since both the protein and cell 

attachment are complex processes where different variables converge: surface chemistry, 

wettability, topography or competitive adsorption of proteins and their conformation;[36,56] the 

protein adsorption alone may not be the predictor of cell adhesion. However, when studying the 

proliferation rate (Figure 6) cells were able to proliferate without detriment onto developed 

coatings, and apparently (not statistically significant differences) with a higher rate. 

As previously mentioned, there is evidence that Si affects the bone density by increasing bone 

matrix synthesis, ALP activity, osteoblastic differentiation and mineralization.[18,53,54] Despite 

exact biological role of Si is still not clear, a number of possible mechanism have been suggested 

including the synthesis of collagen and/or its stabilization, and matrix mineralization.[19,55] For 

that reason, it was important to study the dissolution kinetic of developed sol-gel siloxane coatings 

to test their ability to release this element; where it was found that MGTg was the one that released 

the highest amount of Si to the media and also the one that induced earlier the osteogenesis of 

hMSCs. 

As previously stated, one of the main goals of this work was to assess if the developed Si-coatings 

promote the osseointegration by inducing an earlier osteoblastic differentiation of hMSCs. To that 

end, the expression of three genes involved in the osteogenic differentiation of hMSC was 

evaluated. According to obtained values, showed in Figure 7A, there was a significant increase in 

RunX2 expression for cells cultured in the presence of MGTg coating, the same material that 

released the highest amounts of Si at shorter periods of time (see Figure 4). Thus, since RunX2 is 

essential for the initiation of the osteogenic differentiation and bone formation, the obtained data 

suggest that the MGTg surface promotes the earlier osteogenic differentiation of hMSCs compared 

with Ti control. 
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In the case of ALP gene expression there are not statistically significant differences among the 

three sol-gel coatings (Figure 7B). At short cell culture times (Day 7), siloxane-gelatin coatings 

did not have an effect on ALP expression and differences were not statistically significant between 

the different surfaces. In contrast, after 14 days of culture, cells on treated Ti discs with MT, MTg 

and MGTg coatings, exhibited significantly higher levels of ALP gene expression than cells on 

uncoated Ti. Not statistically significant differences were obtained between the siloxane coatings. 

ALP is an enzyme produced early during osteogenic differentiation and important for the 

mineralization step, therefore the greater expression of ALP gene on MT, MTg and MGTg surfaces 

suggested better osteogenic activities of these coated surfaces. Despite being widely accepted that 

rough surfaces lead to an increase on ALP activity,[57] the better osteogenic activities observed 

on the smooth coated surfaces may be attributed to the enhanced adsorption of adhesive proteins 

such a Co I and Fn.  

BGLAP gene encodes osteocalcin protein formation, which is an osteoblast-specific protein, and 

is a marker of late stage of osteogenic differentiation and maturation.[58] Maybe for that reason 

the study done by qRT-PCR showed low expression of BGLAP gene compared with that of RunX2 

and ALP (Figure 7), because a small number of cells has reached the last stage of the differentiation 

during the studied period of time. At Day 14, cells on MGTg surfaces expressed higher BGLAP 

mRNA than all the other surfaces (Figure 7C). This observation is correlated with the highest Si 

released from the MGTg coating.  

Although the beneficial effect of Si-based materials promoting bone formation is accepted, the 

exact role by which Si enhances cell differentiation and the specific needed dose is still unclear. 

Many conflicting results in literature can be found. Hench[59] demonstrated 20-40 ppm Si level 

to stimulate osteogenesis, while other authors obtained similar performance with lower values 
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around 4-8 ppm.[3,53] Moreover, it has been reported the decrease of cells’ proliferation or 

increase of cell apoptosis with a Si concentration higher than 200 ppm.[26,54,59] In our study, we 

developed siloxane based coatings to release the amount of Si not only nontoxic but promote the 

osteogenic differentiation of hMSCs. 

CONCLUSIONS 

Our study demonstrated that MT, MTg or MGTg coating enhanced the adsorption of serum 

proteins onto Ti surfaces. While the hybrid coatings seemed to inhibit the initial cell adhesion to 

coated discs, they equalized the proliferation rate of cells on uncoated Ti and in some cases 

improved osteogenic differentiation of hMSCs. Furthermore, we showed a positive correlation 

between the osteogenic activity and the Si released from the coated surfaces.  

MGTg coating stood out giving the highest Fn and Col I adsorption values, faster dissolution 

kinetic and promoting earlier the osteogenesis with significantly higher values than Ti control 

according to the RunX2, ALP and BGLAP genes expression. This suggests that functionalized 

sol-gel Si-based coatings are good candidates to be used as surface treatment to produce titanium 

implants with enhanced osseointegration ability. 

 

 

ACKNOWLEDGMENT 

M. M. I. thanks the Romano family for funding her internship at the New Jersey Center for 

Biomaterials (NJCBM) as a part of the NJCBM International Exchange Program and the Basque 

Government (Pre-doctoral grant) for the financial support during this work. This research project 

has been supported in part by the Ministerio de Economía y Competitividad (MAT2014-51918-

C2-2R, Govern of Spain)  and the University of the Basque Country (UFI 11/56; IT 611-13).  



 21 

 

 

 

REFERENCES 

(1) Ratner BD, Hoffman AS, Schoen FJ, Lemons JE. Biomaterials Science: An Introduction 

to Materials in Medicine. San Diego: Academic Press; 2013:pp xxxi. 

(2) Brånemark PI. Osseointegration and its experimental background. J Prosthet Dent 

1983;50:399-410. 

(3) Areva S, Ääritalo V, Tuusa S, Jokinen M, Lindén M, Peltolta T. Sol-Gel-derived TiO2–

SiO2 implant coatings for direct tissue attachment. Part II: Evaluation of cell response. J 

Mater Sci: Mater Med 2007;18:1633–1642. 

(4) Albrektsson T, Brånemark PI, Hansson HA, Lindström J. Osseointegrated titanium 

implants. Requirements for ensuring a long-lasting, direct bone-to-implant anchorage in 

man. Acta Orthop Scand 1981;52:155-170. 

(5) Adell R, Lekholm U, Rockler B, Brånemark PI. A 15-year study of osseointegrated 

implants in the treatment of the edentulous jaw. Int. J Oral Surg 1981;10:387-416. 

(6) Morra M. Biochemical modification of titanium surfaces: peptides and ECM proteins. 

Eur Cells Mater 2006;12:1–15. 

(7) Le Guéhennec L, Soueidan A, Layrolle P, Amouriq Y. Surface treatments of titanium 

dental implants for rapid osseointegration. Dent Mater 2007;23:844–854. 

(8) Abraham CM. A Brief Historical Perspective on Dental Implants, Their Surface Coatings 

and Treatments. Open Dent J 2014;8:50–55. 



 22 

(9) Milea CA, Bogatu C, Duta A. The influence of parameters in silica sol-gel process. Bull 

Transilvania Univ Brasov, Ser I 2011;4:59-66. 

(10) Collinson MM. Recent trends in analytical applications of organically modified silicate 

materials. TrAC, Trends Anal Chem 2002;21:31-39. 

(11) Zhu D, van Ooij WJ. Corrosion protection of metals by water-based silane mixtures of 

bis[trimethoxysilylpropyl]amine and vinyltriacetoxysilane. Prog Org Coat 2004;49:42-

53. 

(12) Balgude D, Sabnis A. Sol–gel derived hybrid coatings as an environment friendly surface 

treatment for corrosion protection of metals and their alloys. J Sol-Gel Sci Technol 

2012;64:124-134. 

(13) Figueira RB, Silva CJR, Pereira EV. Influence of Experimental Parameters Using the 

Dip-Coating Method on the Barrier Performance of Hybrid Sol-Gel Coatings in Strong 

Alkaline Environments. J Coat Technol Res 2015;12:1-35. 

(14) Ääritalo V, Areva S, Jokinen M, Lindén M, Peltola T. Sol-gel-derived TiO2–SiO2 

implant coatings for direct tissue attachment. Part I: design, preparation and 

characterization. J Mater Sci: Mater Med 2007;18:1863-1873. 

(15) Mahony O, Yue S, Turdean-Ionescu C, Hanna JV, Smith ME, Lee PD, Jones JR. Silica–

gelatin hybrids for tissue regeneration: inter-relationships between the process variables. 

J Sol-Gel Sci Technol 2014;69:288-298. 

(16) Connell LS, Romer F, Suárez M, Valliant EM, Zhang Z, Lee PD, Smith ME, Hanna JV, 

Jones JR. Chemical characterization and fabrication of chitosan-silica hybrid scaffolds 

with 3-glycidoxypropyl trimethoxysilane. J Mater Chem B 2014;2:668-680. 



 23 

(17) Reiner T, Kababya S, Gotman I. Protein incorporation within Ti scaffold for bone 

ingrowth using Sol-gel SiO2 as a slow release carrier. J Mater Sci: Mater Med 

2008;19:583-589. 

(18) Reffitt DM, Ogston N, Jugdaohsingh R, Cheung HFJ, Evans BAJ, Thompson RPH, 

Powell JJ, Hampson GN. Orthosilicic acid stimulates collagen type 1 synthesis and 

osteoblastic differentiation in human osteoblast-like cells in vitro. Bone 2003;32:127-135. 

(19) Jugdaohsingh R. Silicon and bone health. J Nutr, Health Aging 2007;11:99-110. 

(20) Qiu ZY, Noh IS, Zhang SM. Silicate-doped hydroxyapatite and its promotive effect on 

bone mineralization. Front Mater Sci 2013;7:40-50. 

(21) Li P, Ohtsuki C, Kokubo T, Nakanishi K, Soga N. Apatite formation induced by silica gel 

in a simulated body fluid. J Am Ceram Soc 1992;75:2094-2097. 

(22) Juan-Díaz MJ, Martínez-Ibañez M, Hernández-Escolano M, Cabedo L, Izquierdo R, Suay 

J, Gurruchaga M, Goñi I. Study of the degradation of hybrid sol–gel coatings in aqueous 

medium. Prog Org Coat 2014;77:1799-1806. 

(23) Beganskiene A, Raudonis R, Jokhadar SZ, Batista U, Kareiva A. Modified sol-gel 

coatings for biotechnological applications. J Phys: Conf Ser 2007;93:012050. 

(24) Conde A, Durán A, de Damborenea JJ. Polymeric sol–gel coatings as protective layers of 

aluminium alloys. Prog Org Coat 2003;46:288-296. 

(25) Voevodin NN, Kurdziel JW, Mantz R. Corrosion protection for aerospace aluminum 

alloys by Modified Self-assembled Nanophase Particle (MSNAP) sol–gel. Surf Coat 

Technol 2006;201:1080-1084. 



 24 

(26) Shirosaki Y, Tsuru K, Hayakawa S, Osaka A, Lopes MA, Santos JD, Costa MA, 

Fernandes MH. Physical, chemical and in vitro biological profile of chitosan hybrid 

membrane as a function of organosiloxane concentration. Acta Biomater 2009;5:346-355. 

(27) Mahony O, Tsigkou O, Ionescu C, Minelli C, Ling L, Hanly R, Smith ME, Stevens MM, 

Jones JR. Silica-Gelatin Hybrids with Tailorable Degradation and Mechanical Properties 

for Tissue Regeneration. Adv Funct Mater 2010;20:3835-3845. 

(28) Huang Y, Onyeri S, Siewe M, Moshfeghian A, Madihally SV. In vitro characterization 

of chitosan-gelatin scaffolds for tissue engineering. Biomaterials 2005;26:7616-7627. 

(29) Shi C, Yuan W, Khan M, Li Q, Feng Y, Yao F, Zhang W. Hydrophilic PCU scaffolds 

prepared by grafting PEGMA and immobilizing gelatin to enhance cell adhesion and 

proliferation. Mater Sci Eng C 2015;50:201-209. 

(30) Tagaya M, Ikoma T, Takemura T, Hanagata N, Yoshioka T, Tanaka J. Effect of interfacial 

proteins on osteoblast-like cell adhesion to hydroxyapatite nanocrystals. Langmuir 

2011;27:7645-7653. 

(31) Rodrigues SN, Gonçalves IC, Martins MCL, Barbosa MA, Ratner BD. Fibrinogen 

adsorption, platelet adhesion and activation on mixed hydroxyl-/methyl-terminated self-

assembled monolayers. Biomaterials 2006;27:5357-5367. 

(32) Baugh L, Vogel V. Structural changes of fibronectin adsorbed to model surfaces probed 

by fluorescence resonance energy transfer. J Biomed Mater Res, Part A 2004;69:525-534. 

(33) Zelzer M, Albutt D, Alexander MR, Russell NA. The Role of Albumin and Fibronectin 

in the Adhesion of Fibroblasts to Plasma Polymer Surfaces. Plasma Processes Polym 

2012;9:149-156. 



 25 

(34) Erat MC, Sladek B, Campbell ID, Vakonakis I. Structural analysis of collagen type I 

interactions with human fibronectin reveals a cooperative binding mode. J Biol Chem 

2013;288:17441–17450. 

(35) Rupp F, Gittens RA, Scheideler L, Marmur A, Boyan BD, Schwartz Z, Geis-Gestorfer J. 

A review on the wettability of dental implant surfaces I: theoretical and experimental 

aspects. Acta Biomater 2014;10:2894-2906. 

(36) Gittens RA, Scheideler L, Rupp F, Hyzy SL, Geis-Gerstofer J, Schwartz Z, Boyan BD. A 

Review on the Wettability of Dental Implant Surfaces II: Biological and Clinical Aspects. 

Acta Biomater 2014;10:2907-2918. 

(37) Wennerberg A, Albrektsson T. Effects of titanium surface topography on bone 

integration: a systematic review. Clin Oral Implants Res 2009;20:172-184. 

(38) Felgueiras HP, Sommerfeld SD, Murthy NS, Kohn J, Migonney V. Poly(NaSS) 

functionalization modulates the conformation of fibronectin and collagen type I to 

enhance osteoblastic cell attachment onto Ti6Al4V. Langmuir 2014;30:9477−9483. 

(39) Q-Sense QCM-D. http://www.biolinscientific.com/q-sense/technologies/ (accessed July, 

2014). 

(40) Pegueroles M, Tonda-Turo C, Planell JA, Gil FJ, Aparicio C. Adsorption of fibronectin, 

fibrinogen, and albumin on TiO2: time-resolved kinetics, structural changes, and 

competition study. Biointerphases 2012;7:1-13. 

(41) Chen YC, Chen RN, Jhan HJ, Liu DZ, Ho HO, Mao Y, Kohn J, Sheu MT. Development 

and Characterization of Acellular Extracellular Matrix Scaffolds from Porcine Menisci 

for Use in Cartilage Tissue Engineering. Tissue Eng, Part C 2015;21:971-986. 

http://www.biolinscientific.com/q-sense/technologies/


 26 

(42) Brunette DM, Tengvall P, Textor M, Thompson P. Titanium in medicine. Berlin: 

Springer; 2001:178-197. 

(43) Lausmaa J. Surface spectroscopic characterization of titanium implant materials. J 

Electron Spectrosc Relat Phenom 1996;81:343-361. 

(44) Hitchcock SJ, Carroll NT, Nicholas MG. Some effects of substrate roughness on 

wettability. J Mater Sci 1981;16:714-732. 

(45) Felgueiras HP, Murthy NS, Sommerfeld SD, Brás MM, Migonney V, Kohn J. 

Competitive Adsorption of Plasma Proteins Using a Quartz Crystal Microbalance. ACS 

Appl Mater Interfaces 2016;8:13207-13217. 

(46) Chernev GE, Borisova BV, Kabaivanova LV, Salvado IM. Silica hybrid biomaterials 

containing gelatin synthesized by sol‐gel method. Cent Eur J Chem 2010;8:870-876. 

(47) Zolkov C, Avnir D, Armon R. Tissue-derived cell growth on hybrid sol–gel films. J Mater 

Chem 2004;14:2200-2205. 

(48) Van Vlierberghe S, Vanderleyden E, Boterberg V, Dubruel P. Gelatin Functionalization 

of Biomaterial Surfaces: Strategies for Immobilization and Visualization. Polymers 

2011;3:114-130. 

(49) Roach P, Farrar D, Perry CC. Interpretation of protein adsorption: surface-induced 

conformational changes. J Am Chem Soc 2005;127:8168-8173. 

(50) Kadler KE, Hill A, Canty-Laird EG. Collagen fibrillogenesis: fibronectin, integrins, and 

minor collagens as organizers and nucleators. Curr Opin Cell Biol 2008;20:495-501. 

(51) Dolatshahi-Pirouz A, Jensen T, Foss M, Chevallier J, Besenbacher F. Enhanced Surface 

Activation of Fibronectin upon Adsorption on Hydroxyapatite. Langmuir 2009;25:2971-

2978. 



 27 

(52) Molino PJ, Higgins MJ, Innis PC, Kapsa RMI, Wallace GG. Fibronectin and bovine 

serum albumin adsorption and conformational dynamics on inherently conducting 

polymers: A QCM-D study. Langmuir 2012;28:8433-8445. 

(53) Shirosaki Y, Tsuru K, Hayakawa S, Nakamura Y, Gibson IR, Osaka A. Effects of Si(IV) 

Released from Chitosan-Silicate Hybrids on Proliferation and Differentiation of MG63 

Osteoblast Cells. Bioceram Dev Appl 2011;1:1-4. 

(54) Kim EJ, Bu SY, Sung MK, Choi MK. Biol Trace Elem Res 2013;152:105-112. 

(55) Jugdaohsingh R, Pedro LD, Watson A, Powell JJ. Silicon and boron differ in their 

localisation and loading in bone. Bone Reports 2015;1:9-15. 

(56) Arima Y, Iwata H. Effects of surface functional groups on protein adsorption and 

subsequent cell adhesion using self-assembled monolayers. J Mater Chem 2007;17:4079-

4087. 

(57) Pegueroles M, Aguirre A, Engel E, Pavon G, Gil FJ, Planell JA, Migonney V, Aparicio 

C. Effect of blasting treatment and Fn coating on MG63 adhesion and differentiation on 

titanium: a gene expression study using real-time RT-PCR J Mater Sci: Mater Med 

2011;22:617-627. 

(58) Aubin JE. Bone stem cells. J Cell Biochem 1998;72:73-82. 

(59) Hench LL. A Genetic Theory of Bioactive Materials. Key Eng Mater 2001;192–195:575-

580. 

 

 

 

 



 28 

 

 

 

FIGURE LEGENDS 

Figure 1. Height images (5 x 5 µm) of (A) Ti, (B) MT, (C) MTg and (D) MGTg surfaces obtained 

by AFM. 

Figure 2. Example of the frequency and dissipation shifts, of the fifth harmonic, over adsorption 

time of BSA, Fbg, Fn and Col I onto Ti sensor. 

Figure 3. Adsorbed mass density of BSA, Fbg, Fn and Col I onto Ti, MT, MTg and MGTg after 

saturation at 37 ᵒC. Statistically significant differences between surfaces are indicated by asterisks 

(*, p ≤ 0.05). 

Figure 4. Cumulative Si released from MT, MTg and MGTg coatings in PBS at 37 ᵒC up to 8 

weeks. 

Figure 5. (A) Number of hMSCs attached on Ti control and MT, MTg and MGTg coatings after 

24 h in culture (expressed as µg DNA/disc). Statistically significant differences are indicated by 

asterisks (*, p ≤ 0.05). SEM image of hMSC cultured onto rough Ti disc (B) and Ti coated disc 

with MT material (C). hMSCs present a more extended shape with more filopodia bound to the 

substrate onto uncoated-Ti compared with MT coated Ti disc. 

Figure 7. (A) Runx2, (B) ALP and (C) BGLAP genes expression of hMSCs on Ti, MT, MTg and 

MGTg surfaces measured by qRT-PCR after 7 and 14 days of cell culture. Values are presented 

as ratios of each gene relative to the housekeeping gene (GAPDH) and normalized relative to the 

uncoated titanium. Statistically significant differences are indicated by asterisks (*, p ≤ 0.05).  
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