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Organic-Inorganic Films with Anticorrosive and Bactericidal Properties for Titanium Implants
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This study seeks to synthesize, by the sol-gel method, an organic-inorganic hybrid coating of 
polyurethane, siloxane and silver nanoparticles to cover titanium prostheses, aiming to act as an 
anticorrosive protection barrier, inhibiting the release of metallic ions in the human body. In this context, 
a hybrid based on the TEOS (tetraethyl orthosilicate) alkoxide precursor was used to carry out the acid 
hydrolysis/condensation process. Then, silver nanoparticles were added, and the mixture was done with 
the incorporation of polycaprolactone diol, followed by the addition of hexamethylene diisocyanate, 
to form polyurethane. The hybrid coatings were applied on titanium plates, and morphological, 
physical-chemical and electrochemical characterizations were carried out, as well as the evaluation 
of bactericidal and antifungal activity, in order to evaluate the performance of the coatings and the 
influence of diferente concentrations of silver nanoparticles (10 mL, 20 mL and 40 mL). The results 
showed that although Híbrido 10 (lowest concentration of silver nanoparticles, 10 mL) presented the 
best morphological characteristic without cracks and with satisfactory roughness to obtain the best 
bacterial behavior, the Híbrido 20 sample presented the best electrochemical performance.
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1. Introduction
Polyurethanes are polymers that have very diverse 

applicability. They can be foams, elastomers, paints, 
coatings, varnishes, adhesives and sealants. These polymers 
have enough flexibility to generate materials with different 
physical and chemical properties, consequently making them 
synthetic polymers with high performance and versatility. 
Studies demonstrate that polyurethane can be used to obtain 
hybrid coatings, and that fillers have been used to improve 
the different properties of polyurethane-based coatings1,2.

Studies reveal that organic-inorganic hybrid coatings 
prepared via the sol-gel process are possible substitutes for 
some current protective coatings, since they act as corrosion 
inhibitors by forming a chemically inert barrier against the 
diffusion of species that initiate corrosive processes3. Silanes 
are generally used as hybrid coating precursors, because 
when applied to metallic surfaces, they form a reticulated 
film that inhibits or delays the corrosion process4,5.

In addition, the strict control of the parameters of 
the sol-gel formation reactions allows the design of new 
materials with interesting properties for many applications, 
with emphasis on the retardation of the corrosive process6.

Among the many polymeric materials for use in the 
preparation of resins via the sol-gel process, polyurethanes can 
be highlighted, which are widely used in coatings, dressings, 
textiles, leather, adhesives, liquid crystals and nanobiomaterials. 
Cross-linked siloxane-polyurethane for example, are widely 
used in marine coatings as a scale inhibitor7.

Another important factor regarding metal surfaces 
is that they are an appropriate environment for bacterial 
adhesion and proliferation, enabling the formation of biofilm. 
Infections caused by biofilm-forming microorganisms are 
a major problem in the medical field. The main sources of 
transmission of bacterial pathogens in hospitals are related 
to the contact with contaminated surfaces and medical 
equipment. Consequently, with the contamination of hands, 
gloves and prostheses, these pathogenic microorganisms 
are transmitted to hospitalized patients8-10. Antibacterial 
agents have been used to control the number of infections 
in the hospital environment, since they are able to slow 
down the growth of certain bacteria or even cause their 
death. Surface modification has been widely used to provide 
antibacterial properties to material surfaces. Among the 
surfaces that have a bactericidal effect are those with silver 
in their composition11-13.

Since ancient times, silver has been known for its 
antibacterial properties. Its antibacterial property results 
from the constant and prolonged release of silver ions. *e-mail: lugoes.soares@gmail.com
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When they are at a nanometric scale, their properties are 
enhanced, as their reduced size and greater surface/volume 
ratio favor penetration through the membrane of bacterial 
cells, thus improving their performance as a bactericidal 
agent14,15. Polyurethanes are also a great option for use 
in antimicrobial coatings, due to their good mechanical 
properties and biocompatibility16,17.

2. Experimental

2.1. Materials
The reagents were used as received and are commercially 

available, they are: polycaprolactonediol (Sigma Aldrich), 
N,N-dimethylformamide (DMF, Synth), 1,6-hexamethylene 
diisocyanate (Sigma Aldrich), dibutyl tin dilaurate (Sigma 
Aldrich), tetraethoxysilane (Sigma Aldrich), ethyl alcohol 
(Modern Chemistry), deionized water, hydrochloric acid 
(Dinâmica) and sodium borohydride (Home of Chemistry).

Table 1 presents the technical information of the reagents 
used in this work. The silver nitrate used was a 0.05 M 
solution available at Feevale’s Laboratory for Advanced 
Studies in Materials.

2.2. Synthesis of silver nanoparticles
To synthesize the AgNPs, a chemical reduction of AgNO3 

was performed, using sodium borohydride as reducing/
stabilizing agent18. A 4.0 x 10-3 M solution of sodium 
borohydride and a 2.0 x 10-3 M solution of silver nitrate 
were prepared. Silver nanoparticles were synthesized at three 
different concentrations. Different volumes of AgNO3 solution 
were added drop by drop at a rate of 1 drop per second: 10, 
20 and 40 mL. This addition was carried out in 50 mL of 
sodium borohydride, with constant stirring. The three prepared 
solutions were named, respectively, solution 1, 2 and 3. Thus, 
assuming the complete reduction of the Ag+1 ion to Ag0 
particles (AgNPs), the final concentrations of solutions 1, 
2 and 3 were 3.0 x 10-4 M, 5.71 x 10-4 M and 8.88 x 10-4 M, 
respectively. These solutions showed a yellowish color, 
and their electronic spectra were immediately obtained to 
confirm the formation of nanoparticles. Remembering that 
electronic spectrum is a set of transitions, absorptions or 
emissions, between electronic states.

2.3. Synthesis of the siloxane-polyurethane-silver hybrid
The synthesis of the siloxane-polyurethane-silver hybrid 

was divided into three steps. In the first stage, a silica network 
was formed via the hydrolysis and condensation reactions 

of TEOS (Tetraethyl orthosilicate) by acid catalysis. In this 
step TEOS (2.5 mL, 11.3 mMol) was mixed with ethanol 
(6 mL, 103 mMol) at room temperature using magnetic 
stirring. Afterward, water (1.5 mL, 83 mMol) was added 
in small amounts, and the pH of the mixture was adjusted 
with hydrochloric acid to pH = 2. The mixture was stirred 
constantly for 10 minutes, obtaining a transparent solution19.

In the second stage, the synthesis of the hybrid was 
performed20. To synthesize the organic-inorganic hybrid using 
the sol-gel process, polycaprolactone diol was first dissolved 
using DMF (N,N-Dimethylformamide). The pre-hydrolyzed 
TEOS mixture was added, then the system was kept at 70°C 
using constant agitation for 1 hour.

Then the third stage began, when the polyurethane 
formation reaction occurred by the in-situ polymerization 
method. In this step, the slow addition of HDI (Hexamethylene 
disocyanate) was performed in the presence of DBTL 
(Dibutyltin dilaurate). The reaction occurred for 1 hour and 
30 minutes under inert nitrogen atmosphere using reflux. 
The NCO:OH ratio used in this synthesis was 1.7:1, and the 
molar amount of TEOS was added to the excess of NCO, 
i.e. 0.7 mol of TEOS. Using this methodology, a hybrid 
coating was obtained, which was named “Pure Hybrid”. 
Three more coatings containing silver nanoparticles were 
synthesized by the same methodology. In this sense, 3 mL of 
solution 1 were added to 10 mL of the translucent siloxane 
solution prepared in the first stage of synthesis resulting in 
a siloxane/Ag solution containing 6.92 x 10-5 M of AgNPs, 
which was added to the polycaprolactone diol/DMF solution 
during the second stage of synthesis. Then, the synthetic 
pathway was followed as for Pure Hybrid. The same strategy 
was applied with solutions 2 and 3, resulting in 1.32 x 10-4 
M and 2.03 x10-4 M of AgNPs solutions, respectively. The 
PU/siloxane hybrids containing AgNPs were named “Hybrid 
10”, “Hybrid 20” and “Hybrid 40”.

2.4. Deposition on the substrate
This study used CP titanium samples (plates), graded 

2 and measuring approximately 2x3 cm. The plates were 
pickled in a 60:40% HNO3:HF solution for 10 seconds, then 
rinsed with deionized water. A milled sheet of c.p. titanium 
grade 2 was acquired from the company Titânio Brasil Ltda 
with a thickness of 1 mm and roughness of 31.6 ± 0.41 nm. 
The samples were cut from the plate, in a rectangular shape, 
with a width of 4.5 cm and a length of 5.1 cm (anodized area 
of 45.9 cm2). After pickling, the hybrids was deposited on 
the titanium plates using dip coating at room temperature. 

Table 1. Technical information of the reagents used.

Reagents Acronym P. M. (g/mol) Purity (%) Supplier
Polycaprolactonediol PCL ~2000 - Sigma Aldrich

N,N-Dimethylformamide DMF 73.09 99.8 Synth
1,6 – Hexamethylene diisocyanate HDI 168.19 ≥98.0 Sigma Aldrich

Dibutyl tin dilaurate DBTL 631.56 95.0 Sigma Aldrich
Tetraethoxysilane TEOS 208.33 98.0 Sigma Aldrich

Ethyl alcohol CH3CH2OH 46.07 99.5 Modern Chemistry
Hydrochloric acid HCl 36.46 - Dynamics

Sodium borohydride NaBH4 37.83 97.0 Home of Chemistry
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Each titanium plate was immersed in a hybrid at a speed of 
14 cm/min for 1 minute. They were dried for 30 minutes at 
60°C. After drying, each titanium plate was immersed in a 
hybrid again, under the same conditions used previously. 
Finally, the materials were cured for 30 minutes at 150 ºC.

2.5. Evaluation of bactericidal and antifungal activity
For the evaluation of biofilm formation on metallic mini 

plates, bacterial strains (Escherichia coli ATCC 25922, 
Pseudomonas aeruginosa ATCC 27853, Staphylococcus 
aureus ATCC 12598) and a fungal strain (Candida albicans 
ATCC 10231) were cultured in blood agar. In the following 
24 hours, the strains were used to prepare the inoculum for 
the formation of the biofilm; these inocula were prepared 
with Mueller Hinton agar, with a McFarland standard 
close to 0.5, which is equivalent to 1.5 X 108 CFU/mL 
(colony forming units). Metal plates were fixed on sterile cell 
culture plates covered with 400 μL Mueller Hinton agar, and 
approximately 30 min later 400 μL of inoculum were added, 
covering the upper surface of the metal plates. The plates 
were then incubated in an oven (36°C) for 24h. Afterwards, 
the metal plates were flexible using sterile tweezers to new 
cell culture plates, where they were uncovered by 500 μL of 
Mueller Hinton Broth and remained in an oven for 72 hours. 
When the 48 hours of incubation were completed, the metal 
plates were stained with crystal violet. To this end, 400 μL 
of 4% formaldehyde were added for fixation during 15 min. 
Then, using a micropipette, the liquid part was removed, 
and the dye was added using various volumes so that the 
surface of the miniplates covered around 400-600 μL, for 
30 min. After this period, excess crystal was removed using 
absorbent paper, and the miniplates were placed externally in 
other cell culture wells. For solubilization, 300 μL of absolute 
ethyl alcohol were added and analyzed at a length of 580 nm 
by a spectrophotometer. Considering that the fixed violet 
dye sets on the cell membranes, the intensity of their color 
is directly proportional to the number of microorganisms 
present on the metal plates.

2.6. Characterizations
Infrared vibrational spectroscopy was performed 

at room temperature, using a Perkin Elmer Spectrum 
spectrophotometer, version 10.4.2. Each spectrum was obtained 
by the accumulation of 4 scans, with beam incidence in the 
infrared region in the range of 4000 to 450 cm-1. Samples 
were analyzed for morphology in a top view perspective, and 
EDS (energy dispersive spectroscopy) and chemical mapping 
was performed. The equipment used for these analyzes was 
a SEM, model JEOL JSM-6510LV. To obtain the images 
by atomic force microscopy (AFM), a Park Systems XE7 
microscope was used in contact mode, with a non-contact 
cantilever tip (model PPP-NCHR) 10M and a scanning area 
of 10 x 10 μm. The evolution of surface roughness was 
evaluated by mean roughness measurements (Ra). Before 
the electrochemical potentiodynamic polarization assay, the 
OCP (open circuit potential) was monitored for 5 minutes. 
The electrochemical potentiodynamic polarization assay was 
performed with a 1 mV/s sweep, starting at -200 mV and 
reaching +400 mV, with respect to OCP in a simulated body 
fluid (SBF) electrolyte (pH 7.4) and at room temperature. 

Samples were tested in triplicate and the equipment used 
was a Potentiostat PGSTAT302, AUTOLAB.

3. Results and Discussion

3.1. Structural analysis
The hybrids, pure and with the addition of different 

concentrations of silver nanoparticles, were analyzed by 
infrared spectroscopy. Figure 1 shows the spectra of the 
superimposed films. The bands were assigned in relation to 
the values of the characteristic frequencies existing in the 
literature regarding the groups.

Evaluating the spectra presented in Figure 1, it can be seen 
that polyurethane was formed without excess diisocyanate 
in the medium, since no absorption happened in the region 
from 2280 cm-1 to 2000 cm-1, showing that there is no 
cumulative double bond typical of the cyanide group (NCO). 
Furthermore, it can be confirmed that PCL was converted 
into polyurethane due to the presence of the band in the 
1700 cm-1 region, which is characteristic of the carbonyl 
group (C=O). The absorption occurring between 3200 and 
3700 cm-1 is characteristic of the axial deformation of the 
OH, which can arise due to the presence of non-condensed 
silanol groups (Si-OH) during the curing of the films. The 
peaks in the 2900 cm-1 region are representative of the axial 
deformation of the C-H bond of the CH2 and CH3 groups. 
Between 1000 and 1200 cm-1, intense bands attributed to 
the Si-O-Si bond can be noticed, which are the main bonds 
of the film structure based on the alkoxy-silanes responsible 
for barrier protection21,22. The bands in the region from 
900 to 960 cm-1 indicate the presence of Si-OCH2CH3 resulting 
from the incomplete hydrolysis of the TEOS silane. Assessing 
the spectra, it can be stated that a hybrid with TEOS was 
formed. The bonds of the siloxane with the polymer were 
confirmed by infrared analysis. TGA studies have shown that 
increasing the siloxane crosslinking increases the thermal 
stability of the resulting films, which is evidenced by the 
activation energy values. Contact angle studies showed that 
it had an increase in its hydrophobicity23.

In Figure 2, this can be verified due to the reaction that 
takes place during the curing process of the hybrid coatings.

Figure 1. Infrared spectra of hybrids.
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All synthesized samples showed a very small band 
referring to the axial O-H deformation of the Si-OH group, 
which attests to the condensation of the groups. Thus, 
theoretically, the synthesized hybrids have good stability 
and barrier function. A researcher has developed hybrid 
siloxane-poly (methyl methacrylate) (PMMA) coatings 
via the copolymerization between the methacrylate groups 
of Methacryloxy Propyl Trimethoxy Silane and methyl 
methacrylate, followed by the acid hydrolysis/polycondensation 
of the tetraethoxy-silane systems and the addition of different 
concentrations of molybdenum. Using Fourier-transform 
infrared spectroscopy (FTIR), the author verified that the 
inclusion of molybdenum in the hybrid made the band around 
1150 cm-1 more intense, suggesting that the addition of 
molybdenum salt improves the barrier protection of the film24. 

In this study, the addition of silver nanoparticles decreased 
the intensity of the band between 1000 and 1200 cm-1. 
In Figure 1, it can be observed that the Pure Hybrid has 
a much higher intensity in the 1000-1200 cm-1 band than 
the hybrids containing silver nanoparticles. Some authors 
report that higher concentrations of siloxane bonds lead to 
improved corrosion protection25-27.

In addition to polyurethane and siloxane, the AgNPs are 
added to three different concentrations. The FTIR results 
show that the presence of silver nanoparticles did not alter 
the structural composition of the hybrid, but it considerably 
reduced the peak intensity between 1000 and 1200 cm-1 
attributed to the Si-O-Si bond, as previously mentioned. 
Researchers studied a silver hydroxyapatite coating for 
application to stainless steel to improve corrosion resistance 
and antibacterial properties. The functional groups of the 
coatings without and with added silver were studied using 
FTIR, and the results showed that the presence of silver 
nanoparticles did not alter the structural composition 
of hydroxyapatite28,29. Palza30 studied the mechanism of 
antibacterial activity of metallic nanoparticles incorporated 
into dense polymeric matrices such as thermoplastics and 
concluded that the release of ions is the main mechanism 
behind the antimicrobial activity. A study carried out using 
X-ray photoelectron spectroscopy (XPS) showed that 
nanoparticles are not present on the surface of the material, 
but rather in its bulk (i.e., being connected to the property 
of material volume). Afterward, the material was placed in 
contact with water, and metallic ions were verified on the 
surface, demonstrating that only the ions were diffused. Even 
highly nonpolar matrices, such as polyethylene, allow the 
diffusion of water molecules. Therefore, the only adequate 
mechanism for the release of metallic ions is the leaching 
present in the polymer bulk, due to the diffusion of water 
molecules from the bacterial environment to the surface of 
the nanoparticles.

3.2. Scanning electron microscopy and chemical 
mapping analysis (top)

Figure 3 presents the micrographs obtained by SEM of 
the CP titanium (CP Ti) and hybrid film samples, at 500x, 
1000x and 5000x magnifications, respectively. Figure 3a 
shows the surface of the CP titanium, where some irregularities 
can be seen, which result from the manufacturing process 
of the titanium plate. In addition, these imperfections may 
also be associated with the surface oxide of the metal, 
which is a natural and unstable oxide that forms on pure 
titanium when exposed to oxygen at room temperature. This 
oxide layer formed on the surface of pure titanium grows 
spontaneously, consisting mainly of TiO2 and Ti3O5. This 
layer is a few nanometers thick and follows the topography 
of the metal, which has an irregular surface31. However, 
when CP titanium is applied to joints and/or prostheses, 
this oxide layer is not effective enough to protect CP Ti in 
some aggressive environments, due to its thin layer with low 
wear resistance32. The speed at which titanium oxidation 
and, consequently, the formation of the oxide layer occur 
depends on the conditions of the environment, and can take 
place in anaerobiosis, where the oxidizing agent is water, 
and in aerobiosis, where the oxidizing agent is oxygen. 

Figure 2. Cross-Linked Structures7.
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At the same time, the surface of titanium implants and their 
alloys can form favorable environments for bacterial 
adhesion and proliferation, facilitating the development 
of a drug-resistant biofilm33,34. Figure 3b shows the pure 
hybrid coating on a titanium plate. This coating had good 
homogeneity and covered the imperfections of the titanium. 
When comparing all tested coatings, it can be observed 
that the pure hybrid had the most regular surface with no 
microcracks in the film, covering only the imperfections of 
the titanium surface, suggesting that the coating promoted 
good adhesion35. When the coating has good coverage and 
adhesion to the substrate, the surface morphology changes 
after the film is applied, as the film covers the entire surface 
evenly, and grooves or markings on the surface of the substrate 
are smoothed out, as evidenced by the pure hybrid coating36. 
Figures 3c-e show the micrographs obtained from the Hybrid 
10, Hybrid 20 and Hybrid 40 coatings, respectively. The 
addition of a small amount of silver (Hybrid 10) results in 
the formation of a homogeneous film, without recesses and 
with slight discontinuities. However, it is observed that the 
Hybrid 20 and Hybrid 40 samples have cracks on the surface 

of the layer. That is, at higher silver concentrations, a lack 
of interactions between the first and second coating layers 
was observed. This may be associated with the long interval 
between the two immersions (30 minutes at 60°C), this sample 
preparation can be adjusted to allow for a higher concentration 
of silver nanoparticles without weakening the film. However, 
due to the fragility of the thicker layers, microcracks can be 
observed in its morphology and, consequently, this film will 
have a decrease in corrosion resistance. Furthermore, the 
formation of an irregular first layer prevents the formation of 
a second layer20,37: as shown in Figure 3d, the second layer 
of Hybrid 20 failed to adhere to the first layer. Kayani et al.38 
studied the effect of different silver concentrations on ZnO 
(zinc oxide) thin films prepared by the sol-gel process. 
According to the morphological analysis of the films, the 
authors observed that the increase in the percentage of silver 
generates a film with a surface with greater irregularities and 
with silver agglomerates, when compared to a film with a 
lower concentration of silver. This is consistent with the 
surface of the Hybrid 40 sample, where there is a higher 
concentration of silver and clusters can be observed39.

Figure 3. Micrographs obtained by SEM in top view of the titanium samples under the following conditions: a) CP titanium; b) Pure hybrid; 
c) Hybrid 10; d) Hybrid 20; e) Hybrid 40.
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Figure 4 shows chemical mapping of the hybrid. The 
chemical mapping analysis of the surface of the pure hybrid 
film indicates the presence of oxygen, carbon, silicon and 
titanium. In the hybrid films with inserted silver nanoparticles – 
Hybrid 10, Hybrid 20 and Hybrid 40 –, the presence of oxygen, 
carbon, silicon and titanium in addition to silver was also 
detected, as shown in Figure 4.

Among these materials, the one with the highest amount 
of silicon was Hybrid 20, and it was the system with the 
highest number of cracks in its coating. This is due to the 
fact that the TEOS-based silane precursor tends to form a 
compact three-dimensional network, generating new networks 
to the detriment of polyurethane (PU). In this way, the PU is 
completely encapsulated by various forces (hydrogen, Van 
der Waals or covalent bonds), restricting the mobility of small 
branches of the film40 that is necessary for the absorption of 
mechanical energy. This results in a brittle film, as is shown 
in Figure 4c. When evaluating the silver distribution of the 
samples, it can be noticed that Hybrid 10 has a homogeneous 
distribution over its entire surface, which indicates that the 
silver incorporation process was efficient despite having 
a lower amount of silicon Figure 4b, which may impair 
anti-corrosion performance. However, the higher the silver 
concentration, the worse its distribution in the film. According 
to researchers, the insertion of silver nanoparticles occurs 
preferentially in rough surfaces. In addition, the concentration 
of AgNO3 used in the synthesis of nanoparticles has a direct 
influence on the size, distribution and amount of the silver 
nanoparticles that were incorporated into the coating. The 
use of a smaller amount of AgNO3 in the synthesis of AgNPs 
generates a surface with silver nanoparticles more uniformly 

distributed on the surface compared to samples in which 
silver nanoparticles with a higher amount of AgNO3 were 
used. Furthermore, the greater the amount of silver nitrate, 
the greater the probability of forming a coating with an 
agglomerated surface41.

3.3. Roughness analysis by atomic force microscopy
Figure 5 presents the three-dimensional images obtained 

by atomic force microscopy (AFM) for the pure hybrid, 
Hybrid 10, Hybrid 20 and Hybrid 40, respectively, and Table 2 
show the mean roughness values of all tested coatings. The 
roughness of CP titanium surface can be attributed to the 
stability of the oxide there42. The application of the Pure 
Hybrid allowed the reduction of surface roughness, even 
if not significantly. Thus, the Pure Hybrid coating was 
able to smooth out the titanium substrate grooves. Some 
authors denote that surface roughness can interfere with the 
behavior of materials against corrosive processes. Generally, 
the higher the surface roughness parameter of a system, 
i.e. the rougher it is, the lower its resistance to corrosion, since 
surface roughness increases the contact area of the coating 
for the solutions that cause chemical attacks – in the case of 
biomaterials, body fluids –, thus accelerating the possible 
corrosion process and initially deteriorating the surface of 
the substrate43. The electrochemical potential of a metallic 
implant varies according to the roughness of its surface, 
therefore, a rougher surface is less restrictive in relation to 
the release of electrons, resulting in a lower electrochemical 
potential44. According to Figure 5 and Table 2, it can be 
observed that as the concentration of nanoparticles in the 
coating increases, the surface roughness also increases. 

Figure 4. Chemical mapping of the hybrid coatings: a) Pure hybrid; b) Hybrid 10; c) Hybrid 20; d) Hybrid 40.
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Silver nanoparticles have always been a great candidate 
for inducing surface roughness, thus this behavior was 
expected. Longhi et al.45, developed a superhydrophobic 
and antibacterial coating based on polydimethylsiloxane 
(PDMS) and silver phosphate. Anderson et al.46 evaluated 
the influence of silver concentration, preparing coatings with 
1% (1.58 x 10-4 M), 3% (4.74 x 10-4 M), 5% (7.90 x 10-4 M), 
4 M) and 7% (1.11 x 10-3 M) silver content based on a 1 wt% 
polydimethylsiloxane (PDMS) solution. They found that 
the surfaces of the coatings became rougher as the silver 
nanoparticle content increased from 1 to 7% by weight. 
As the silver concentration increases, the nanoparticles 

are more likely to adhere to each other, forming an 
interconnected, compact structure on the surface of the 
coating. The agglomeration of nanoparticles in the surface 
layer leads to the creation of cavities and grooves, reducing 
the solid/liquid contact area. Greater roughness does not 
increase protection against corrosive processes; however, 
when it comes to biomaterials, greater roughness allows 
for better biocompatibility. A smooth surface, without 
roughness, does not allow for good biocompatibility, since 
the in vivo integration of implants into bone tissue is related 
to an increase in the roughness of the implant surface, given 
that human osteoblasts adhere better to rough surfaces than 
to smooth ones47. In view of this, from the point of view 
of biocompatibility, all coatings with silver nanoparticles 
have a rougher surface than CP titanium, i.e. they have a 
smaller contact area and, consequently, osseointegration 
is facilitated48. In this context, a biomaterial with balanced 
aspects is sought, which has good resistance to corrosion 
due to the characteristics of its barrier film and has a surface 
roughness superior to that of CP titanium, therefore being 
able to improve the biocompatibility and osseointegration of 
implants, consequently reducing the rejection rate of these49.

Figure 5. 2D AFM images of the surfaces of (a) Pure hybrid and (b) Hybrid 10 40.

Table 2. Mean roughness values obtained by AFM analysis.

Sample Roughness (nm)
CP Titanium 31.6± 0.41
Pure Hybrid 30.0± 0.32
Hybrid 10 49.5± 0.37
Hybrid 20 57.2± 0.43
Hybrid 40 124.4± 0.81
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3.4. Potentiodynamic polarization
The results of the potentiodynamic polarization 

curves for c.p. titanium, as well as for hybrid coatings, 
are represented in Figure 6.

According to Figure 6, it is possible to identify that for 
potentials greater than the corrosion potential, an activation 
zone occurs with subsequent passivation for all samples. 
Furthermore, all hybrid coatings provided superior protective 
performance to c.p. titanium. For better interpretation of the 
potentiodynamic polarization results, the corrosion current 
density (icorr) values were determined by the intersection of 
the anodic Tafel straight line with the cathodic Tafel straight 
line. Table 3 contains simulation data for the corrosion 
potential (Ecorr), corrosion current (icorr) and polarization 
resistance (Rp) of c.p. titanium and hybrid coatings.

The potentiodynamic polarization curve of the titanium 
c.p. sample shows the highest corrosion potential (-184.9 mV), 
corrosion current density of 6.99x10-6 A/cm2 and polarization 
resistance of 5.85x10-2 Ω/cm2, Table 3. Passivation of c.p 
titanium occurs in a potential range from -0.1V to close 
to 0.1V at a passivation current density of approximately 
10-4 A/cm2.

When comparing the pure hybrid sample with cp 
titanium, Table 3, it is observed that the pure hybrid sample 
presents a variation of 3 orders of magnitude, with lower 
corrosion current density (6.32 x 10-9 A/cm2) and higher 
polarization resistance (4.06 x 105 Ω/cm2), demonstrating 
better anti-corrosion performance. This occurs because the 
pure Hybrid has a more homogeneous surface, as shown 
in the micrographs in Figure 3b. The corrosion protection 
mechanism for alkoxy-silane-based films is relatively 
simple, as it does not involve electrochemical protection. 
The protection of this type of film occurs through a physical 
barrier. The good barrier properties of the coatings are due to 
the development of a dense Si-O-Si network, which results in 
a compact and uniform film. This film slows down corrosion, 
preventing the passage of ions from the medium to the 
metal substrate, making it difficult for aggressive species to 
penetrate. In this way, the film acts as a hydrophobic barrier50. 
The same electrochemical performance of the silane coating 
was verified on carbon steel. Rêgo et al.51 synthesized and 
evaluated, using electrochemical techniques, a hybrid coating 
of tetraethylorthosilicate/methacryloxypropyltrimethoxysilane/
methyl methacrylate (TEOS/MPTS/MMA), obtained by the 
sol-gel process, with the purpose of delaying or reducing the 
corrosion process of a metallic surface . The hybrid coating 
was applied to carbon steel and presented a lower corrosion 
current density and more noble potential compared to uncoated 
carbon steel. The authors also attributed this behavior to the 
crosslinking of the silane film.

All coatings containing silver nanoparticles, Hybrid 
10, Hybrid 20 and Hybrid 40, performed better than c.p 
titanium, since they obtained lower corrosion current density. 
Comparing the Hybrid coatings without and with silver 
nanoparticles, Table 3, Hybrid 10 (1.19x10-8A/cm2) and 
Hybrid 40 (1.18x10-8A/cm2) presented 1 order of magnitude 
higher, while Hybrid 20 (4.55x10-10A/cm2) presented 
1 order of magnitude lower compared to the pure Hybrid 
(6.32x10-9A/cm2) with respect to corrosion current density.

According to Figure 4, the Hybrid 10 and Hybrid 40 samples 
have a higher concentration of titanium compared to silicon, 
which would justify the similar current density. The Hybrid 
20 sample presents more of a barrier effect behavior, since 
the chemical mapping (Figure 4c) indicates greater silicon 
coverage compared to titanium. This indicates better barrier 
protection for this system, which consequently reduces the 
release of metal ions leached from the surface, which are 
associated with adverse reactions and cytotoxic effects on 
the human body52. Furthermore, it is worth noting that there 
is an optimal amount of silver concentration that favors the 
barrier effect of the hybrid film. This may be related to the 
better distribution of silver in the hybrid film. corrosion 
and helps maintain antibacterial activity for long periods 
of immersion in SBF, which means that in real situations 
silver reduces the probability of prosthesis rejection53. On 
the other hand, excess silver can lead to saturation of the 
solution, since to reach approximately 80% of the amount 
of saturation in the solution, a certain time is required 
for the stability of the silver ions. However, after this 
saturation time, the silver ion release process may not be 
controlled, resulting in greater release and consequently 
reducing its electrochemical performance and causing 
contamination of the human body with silver residues. 

Table 3. Simulation values for extrapolation of Tafel lines.

Sample Ecorr (mV) icorr (A/cm2) Rp (Ω/cm2)
Titanium c.p. -184 6.99 x 10-6 5.85 x 102

Pure Hybrid -348 6.32 x 10-9 4.06 x 105

Hybrid 10 -218 1.19 x 10-8 2.75 x 105

Hybrid 20 -349 4.55 x 10-10 1.20 x 107

Hybrid 40 -338 1.18 x 10-8 2.12 x 105

Figure 6. Potentiodynamic polarization curves of c.p. titanium and 
hybrid coatings.
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The concentrations used in this work were shown not to be 
excessive to the point of reducing corrosion resistance and 
causing contamination of the human body54.

Authors found that the presence of silver increases 
corrosion resistance and helps maintain antibacterial activity 
for long periods of immersion in SBF, which means that in 
real situations silver reduces the probability of prosthesis 
rejection55. On the other hand, excess silver can lead to 
saturation of the solution, since to reach approximately 80% 
of the amount of saturation in the solution, a certain time is 
required for the stability of the silver ions. However, after 
this saturation time, the silver ion release process may not 
be controlled, resulting in greater release and consequently 
reducing its electrochemical performance and causing 
contamination of the human body with silver residues. 
The concentrations used in this work were shown not to 
be excessive to the point of reducing corrosion resistance 
and causing contamination of the human body56. The 
electrochemical information presented here should not be 
taken as absolute, for the following reasons: biomaterials, 
when inserted into the human body, may be susceptible 
to different voltages, making the situation more critical in 
terms of corrosion. Corrosion rate values may change due 
to conditions in the human body close to the implant, such 
as inflammatory processes. The biomaterial used in the 
implant may have a different chemical composition and 
manufacturing process than the material used in this work. 
The SBF solution only simulates a bodily fluid, but can be 
distinguished from the real solution.

3.5. Analysis of bactericidal and antifungal activity
Figure 7 shows the results of the bactericidal activity 

of the CP titanium, Pure Hybrid, Hybrid 10, Hybrid 
20 and Hybrid 40 samples against Escherichia coli, 
Staphylococcus aureus, Pseudomonas aeruginosa and 
their antifungal activity against Candida albicans. These 
pathogens were selected due to their usual presence in 
surgical ward environments, and thus their coexistence 
with the titanium devices used in surgeries55-60.

Only in the case of S. aureus there was no inhibition of 
biofilm growth compared to the negative control. Regarding 
this bacterium, only the Hybrid 10 sample showed a 
slight inhibition when compared to the negative control. 
Furthermore, with respect to E. coli, the pure hybrid was 
not able to inhibit biofilm growth in relation to the negative 
control. The incorporation of silver nanoparticles seems to 
have favored the inhibition of biofilm growth in general. The 
great challenge in the development of coatings is to achieve 
an ideal performance balancing excellent biofunctionality 
and effective action against unwanted pathogens. In this 
context, as seen in Figure 7, it is evident that the Hybrid 
10 sample showed the best performance, since it hampered 
the growth of the biofilm of all evaluated bacteria and 
fungi in relation to the negative control. In addition, 
the Hybrid 10 sample has greater roughness compared 
to CP titanium, consequently its coating allows a better 
compatibility for animal cells, which needs surface points 
to anchorage. However, microorganism are 30 -60 times 
lesser than animal cells. Then, the same roughness 
can be used by bacterial as local for hide and growth. 

There are two groups of bacteria, gram positive and 
gram negative. Among the bacteria tested in this study, S. 
aureus is gram-positive, while E. coli and P. aeruginosa 
are gram-negative. WThese two groups of bacteria are 
distinguished by the composition of their cell walls57. The 
results of this study show that the bacteria most susceptible 
to the action of the silver nanoparticles in hybrid coatings 
are E. coli and P. aeruginosa, while S. aureus proved to be 
more resistant. In the literature, studies suggest that the effect 
of silver nanoparticles is more intense on gram-negative 
bacteria58,59. This occurs because the silver nanoparticles 
act by attacking the peptidoglycan present in the cell wall. 
Therefore, it is more difficult to attack gram-positive bacteria, 
as they have a cell wall with a rigid and thick structure of 
about 30 nm, which makes it difficult for silver nanoparticles 
to penetrate into the interior of the cell. Silver nanoparticles 
attack gram-negative bacteria more easily, since the latter 
have a very thin layer, consisting of about 2 to 3 nm of 
peptidoglycan, and a layer of lipopolysaccharide studied 
silver nanoparticles with different sizes, 29 and 89 nm. 
They observed that there is a need for a greater amount of 
silver to inhibit the growth of S. aureus (gram-positive), 
compared to E. coli (gram-negative), due to the fact that 
silver nanoparticles have a more intense effect against 
gram-negative bacteria. Regarding the suppression of the 
C. albicans fungus, the sample with the best performance 
was Hybrid 40. However, it cannot be said that the silver 
nanoparticles inhibited biofilm growth for this species, as 
it is evident that the CP titanium surface without coating 
already hinders the development of the C. albicans biofilm. 
The initial adhesion of C. albicans depends on the surface 
topography55. A smooth and homogeneous film makes it 
difficult for this fungus to adhere to the surface. On the other 
hand, a surface with deep cavities can stimulate the attachment 
of fungi and serve as an anchorage point for biofilm. That 
is, surface roughness may favor adhesion due to increased 
surface area56. Since CP titanium had the surface with the 
least roughness, fungal adhesion may have been hampered.

4. Conclusion
Based on the results discussed, this study concludes that 

the synthetic route developed allowed the preparation of a 
polyurethane-siloxane-silver hybrid film with a reticulated 

Figure 7. Evaluation of the biofilm growth of the coatings studied 
in relation to the percentage of the negative control.



Kayser et al.10 Materials Research

structure, and that the insertion of silver particles at the 
nanometric scale did not change the structural composition of 
the hybrid coatings. The SEM analyses of the pure samples 
and those with silver inserts revealed that the coating 
of the titanium using the Pure Hybrid generated a more 
regular surface with no microcracks in the film, covering 
the imperfections of the titanium surface. In the presence 
of small concentrations of silver (6,92 x 10-5 M of AgNPs 
(Hybrid 10), homogeneous a film was observed, without 
recesses and with slight discontinuities. However, when 
the concentration of silver nanoparticles was increased, a 
lack of interactions between the first and second layers of 
coating was observed. The results obtained by the roughness 
analysis using atomic force microscopy are consistent 
with the images obtained by SEM, with lower roughness 
indices for the pure sample in relation to the samples with 
the addition of silver nanoparticles. The data obtained from 
the potentiodynamic polarization process were also better 
when the titanium was covered with the coatings, since all of 
them provided a superior protective performance to the CP 
titanium. The Hybrid 20 sample presented lower corrosion 
current density and greater polarization resistance compared 
to the other samples, presenting a greater barrier effect due 
to the greater silicon coverage compared to titanium. The 
Hybrid 10 sample presented greater roughness compared to 
CP titanium, as well as a homogeneous film, resulting in a 
coating that allowed better compatibility and antibacterial 
activity. In relation to the results obtained, it can be concluded 
that, although Híbrido 10 presents better morphological and 
bacterial characteristics, the Híbrido 20 sample presented 
better electrochemical performance.
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