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Sol-Gel Si0,-Ca0-P,0, Biofilm with Surface Engineered for Medical Application
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Sol-gel film in the Si0,-CaO-P,O; system was prepared from TEOS, TEP, alcohol and hydrated calcium
nitrate in an acidic medium. The coatings were deposited on stainless steel using the dip-coating technique.
After deposition, the composite was submitted to heat treatment, at different temperatures and exposure times
to investigate the influence of such parameters on the surface morphology of the composite. The coated surfaces
were characterized by AFM, SEM and FTIR. The present study showed that the formation of different textures
(an important parameter in implant fixation) could be controlled by temperature and time of heat treatment.
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1. Introduction

The increase in the average lifespan of a human being, brought
about by continuous improvements in the quality of modern life, is
directly associated with the progressive deterioration of the muscu-
loskeletal system. To keep the quality of life, scientists have been
constantly searching for materials, which are able to repair defects,
correct deformities, and replace damaged tissues'~.

A great number of materials are used today to replace damaged
bones and tissues, including metallic materials due to their excellent
mechanical properties, such as strength and hardness. Unfortunately,
these materials have two main disadvantages: 1) the tendency to re-
lease metallic ions when exposed to body fluids and 2) the formation
of a non-adherent fibrous capsule around implant®'®. Considering
these disadvantages, ceramic materials (bioactive materials) have
been successfully used to coat metallic materials for decades. Lit-
erature! %112 shows that the importance of ceramic materials is due
largely to their excellent behavior against corrosion and its capacity to
spontaneously bond to and integrate with bones in the living tissue.

The sol-gel method involves hydrolyzing an alkoxide to produce
a sol, which then undergoes policondensation to form a gel. This
process allows one to engineer multicomponent oxide systems on
a molecular level and manipulate process parameters to achieve
desired products with specific properties. This process is character-
ized by hydrolysis, condensation reactions, as well as its potential to
apply a uniform coating on complex shapes using different methods,
including dip-coating, spin-coating and spray'>'>. Because of its low
processing temperature, higher purity, and homogeneous materials,
the sol-gel method has been intensely studied as an alternative process
for preparing ceramic and glass materials for a wide variety of applica-
tions, such as in the field of bioceramics (bioactive glass)!>1¢18,

The high specific surface area is beneficial toward medical appli-
cations as it can accelerate surface reactions and promote the growth
of living tissue. The larger the surface area is, the larger the reactivity
of the material. It has been reported on the literature'”*> numerous
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methods used to improve the surface area, such as pore control and
the use of mechanical equipment pressed against the surface, which
is coated with a thin layer to form protuberances, which in turn will
act as the sites promoting implant/tissue interaction.

Therefore, the aim of this study is to prepare a SiO,-CaO-P,0O,
biofilm whose surface area could be determined using a sol-gel route.
The as-prepared solution was used to coat stainless steel with the
intention of exploring its mechanical properties for a bioprothesis
application. In this manner, the final composite could then be advan-
tageously and successfully applied as a biomaterial implant.

2. Materials and Methods

Prior to coating, to improve the adhesion of films on metal surfaces,
the metal surface must be prepared. In the present study, the sample,
a stainless steel AISI 409, was cut in pieces of 2.0 X 2.0 cm, polished
until 600 mesh to a higher surface finishing, washed with detergent,
deionized water, and degreased with acetone. Finally, the sample was
placed in an ultrasonic bath with acetone and dried in hot air.

The ternary film SiO,-CaO-P,0O, preparation synthesis followed
similar procedure to one used by Zhong et al.”* and was as follows:
the solution was prepared by mixing water, ethanol, and nitric acid,
followed by the addition of TEOS (tetraethyl orthosilicate), TEP
(triethylphosphate) and tetra hydrated calcium nitrate. Subsequently,
the solution obtained was vigorously stirred for at least 50 minutes.
The initial pH of the solution was 2 and the molar ratio of TEOS:
H,O: TEP: Ca = 1: 4: 0.03: 0.08. After stirring the mixed solution
at room temperature the as-prepared solution was ready to coat.
The substrate was lowered into the coating solution and withdrawn
at speeds ranging between 3 and 5 cm/min at room temperature to
ensure the elimination of organic residues as well as to develop a
thin film. Following the deposition, samples were transferred to an
oven for curing, using two heating schedules to set and solidify the
Si0,-CaO-P O, biofilm: a) the temperature was maintained at 200 °C
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and the time processing changed from 15 minutes to 1 hour; b) the
time processing was maintained at 15 minutes and the temperature
increased to 400 °C. After heat treatment, the samples were removed
from the oven to cool in open air, at which time the coating was found
to be clear and free of any visible defects.

FTIR spectroscopy was employed to register the presence of
specific chemical groups on the deposited SiO,-CaO-P,O; biofilm. A
Variable Angle Specular Reflectance (VASR) accessory was used and
the angles of incidence were 75°, 45°, and 25°. The variation of the
incidence angle in the infrared spectroscopy allows an investigation
of the film in layers of depth. The spectra were recorded between
4000 and 400 cm™', with a 4 cm™' resolution and 64 scans.

The surface topography of the sol-gel derived thin films on stain-
less steel was investigated, at room temperature, with an atomic force
microscope (Shimadzu Scanning Probe Microscope, SPM-9500-J3).
Images were taken in dynamic tapping mode and the establishment of
profile of roughness was done using the online application software,
program licensed for SPM-9500 series.

Raman spectra were collected, at room temperature, in backscat-
tering geometry using a Jobin Yvon/Horiba (model LABRAM-HR
800) instrument. An He-Ne laser (20 mW) was employed as the excit-
ing radiation. Experimental conditions included 10 to 120 seconds
for acquisition time.

Sol-gel ternary film surface morphology was analyzed by scan-
ning electron microscopy (SEM) (JEOL, JSM-6360LV), using a
secondary electron detector. Prior to SEM analysis, the surface sample
was carbon coated to reduce charging in the samples.

3. Results and Discussion

Figure 1 shows the infrared spectra of three sol-gel heat treated
films at 200 °C for 15 minutes in the range of 1500 to 400 cm™, ob-
tained with a 75° angle of incidence. Figure 1'shows: a) unary film
(only SiO,), b) binary film (SiO,-Ca0) and c¢) ternary film SiO,-CaO-
P,O;. The first two a) and b), obtained in the same manner and under
the same conditions as the SiO,-CaO-P,0,, are illustrated only to
point out the differences between the unary and binary films when
compared to the ternary biofilm. Comparing the three spectra, it can
be seen that the peak around the 1050 cm!, in the unary film which is
associated with the transverse optical vibration mode corresponding
to the asymmetric stretching of the intertetrahedral oxygen atoms in
the Si-O-Si linkage®?%, had in fact shifted toward larger wavenumbers
(~1060 cm™) in the ternary film. This shift has been associated to the
incorporation of phosphorus into the unary sol-gel film*-*. In addition,
on the binary film, the addition of phosphorus also led to a shift in the
Si-O-Si band from 1050 to 1060 cm!, as illustrated in Table 1.

Figure 1b and c, show additional weak bands located around
1420-1340 cm’. These bands are assigned to the presence of the
nitrate group on the film structure®*2. However, these peaks are ab-
sent in the unary film, as shown in fig. 1a. The peak located around
932 cm! (unary film), attributed to the stretching vibrations of SIOH
or SiO" groups®*¥34, shifted toward a large wavenumber (~938 cm™)
in the ternary film; its intensity, however, decreased. It is important to
recognize that the peak of around 1238 cm!, which has been attributed
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to the corresponding longitudinal optical (LO) vibration mode of the
Si-O-Si linkage®* in Figure 1, has the highest intensity, because of
the large angle of incidence used, which is in accordance with that
reported in prior literature®. For the ternary films the bands at the
900-1200 cm! range were attributed to the Si-O and P-O stretching
vibrations. Literature shows that there is a superposition of bands
located close to one another**3.

As can be seen in Figure 2, when a small incident angle (25°)
was used in the FTIR experiment, the peak located around 1230 cm™
diminished its intensity, which supports that reported in the literature
for all three spectra®. It is clear that the nitrate group is also present on
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Figure 1. FTIR spectra of a) unary film; b) binary film; c) ternary film at
200 °C for 15 minutes at 75° of incidence.
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Figure 2. FTIR spectra of a) unary film; b) binary film; c) ternary film at
200 °C for 15 minutes at 25° of incidence.

Table 1. Shift in the Si-O-Si peak (cm™) caused by addition of phosphorous in unary, binary, and ternary sol-gel films.

Sol-Gel film 200 °C, 15 minutes 200 °C, 1 hour 400 °C, 15 minutes 400 °C, 1 hour

75° 45° 25° 75° 45° 25° 75° 45° 25° 75° 45° 25°
Unary 1050 1052 1052 1048 1050 1044 1046 1046 1046 1048 1042 1044
Binary 1050 1048 1045 1050 1049 1047 1036 1026 1024 1036 1032 1032
Ternary 1060 1054 1052 1052 1052 1050 1054 1048 1050 1054 1052 1052
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the inner layer next to the substrate of SiO,-CaO-P,0, and SiO -CaO
sol-gel films. Comparing Figures 1 and 2, one can observe that the
intensity of the peaks due to calcium nitrate tends to diminish, from
the external surface (Figure 1c) to the inner surface (Figure 2c).

Figure 2 also illustrates the presence of the nitrate group located
at 1408-1342 cm™! in the inner layer, next to the metallic substrate.
Comparing the spectra (c) in Figures 1 and 2, we can consider that as
the intensity of peaks located around 1408-1342 cm! tends to diminish
from the external surface (75°) to the inner surface (25°), in the case of
the ternary film, when using the incidence angle of 25°, it is possible to
observe a tendency of decreasing the amount of nitrate groups on the
inner layer of the film. Another important feature of the Si0,-CaO-P,0,
film is that the intensity of the peak located at 938 cm™, due to its Si-
OH/ Si-O-Ca vibration mode®, tends to diminish in comparison with
unary and binary sol-gel films. This result suggests that the change in
this band is attributed to P-containing species®.

Table 1 presents the results obtained after the phosphorous species
have been added to the unary and binary sol-gel films. In the case of
the ternary film (the aim of this work), it is clear that the addition of
phosphorous on unary or even on binary sol-gel film tends to cause
a shift from peaks near 1050 cm toward higher wavenumbers for
any heat treatment at any schedule of temperature and at any part of
the layer (75°, 45° or 25°). Another feature to point out is that peaks
assigned to Si-O-Si asymmetric stretching (~1050 cm™) tend to shift
slightly to lesser wavenumber, when moving from the external surface
to the inner surface of the ternary film. This can be correlated with
decreasing inorganic network density of this ternary film from the
external to the inner surface.

Figure 3 illustrates the SiO,-CaO-P,O; sol-gel film which was
heat treated at 200 °C for 1 hour. Peaks due to nitrate groups are still
present on the external layer of the ternary film. However, as shown
in Figure 4, for the ternary film (Figure 4c) heat treated at 400 °C
for 15 minutes, one can observe the absence of relative absorption
bands due to the nitrate groups (~1408-1342 cm™). These peaks are
still present, but only on the binary film (Figure 4b), suggesting that
the heat treatment of the films at 400 °C for at least 15 minutes leds
to the decomposition of the nitrate residue on the film surface?*3"-3%,

When calcium nitrate is decomposed by heat treatment at 400 °C
for 15 minutes, calcium ions remain present in the silica network, as
illustrated in Figure 5. Figure 5 is a Raman spectrum of the SiO,-CaO-
PO, film and shows a peak located at 1090 cm (stretching vibration)
assigned to calcium carbonate®#’. Figure 5 also illustrates the absence
of peaks around 1046 cm!, assigned to the symmetric stretching of the
nitrate groups. The absence of this absorption band confirms the total
decomposition of the nitrate’*. An additional peak, in Raman spectrum,
appears near 720 cm™! and is also assigned to carbonate groups*'.

The results shown up to now are in accordance with Figures 6
to 9. Figure 6 presents AFM image of samples coated with SiO,-
CaO-P,0; biofilm, which was heat treated at 200 °C for 15 minutes.
The AFM image shows distinct protuberances, which we suspect to
be due to calcium nitrate, consequently raising the surface area of
the sol-gel ternary film. In Figure 7, the AFM image of the sol-gel
ternary film heated at 200 °C for 1 hour is shown. From this image, it
can be observed that the protuberances on the ternary biofilm surface
decreased and its appearance changed.

When the temperature of the heat treatment was changed to
400 °C, maintaining the time (15 minutes), the density and size of
protuberances on the ternary biofilm drastically diminished on its
surface, as illustrated in Figure 8. Changing the time processing to
1 hour while the temperature of 400 °C was maintained resulted in
a low roughness surface.

Another important SiO,-CaO-P,0, biofilm feature to be empha-
sized from the AFM images is that the obtained ternary film conforms
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Figure 3. FTIR spectra of a) unary film; b) binary film; c) ternary film at
200 °C for 1 hour at 75° of incidence.
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Figure 4. FTIR spectra of a) unary film; b) binary film; c) ternary film at
400 °C for 15 minutes at 75° of incidence.

/ Carbonate

Intensity (u.a)

i N

T T T T T T T T T T T T 1
600 750 900 1050 1200 1350 1500

Wavenumber (cm™)

Figure 5. Raman spectrum of ternary sol-gel film heat treated at 400 °C for
15 minutes.
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Figure 6. AFM image of ternary SiO,-CaO-P,0; film heated at 200 °C for
15 minutes.

0.00

Figure 7. AFM image of ternary SiO,-CaO-P, 0, film heated at 200 °C for
1 hour.

0.00

Figure 8. AFM image of ternary SiO,-CaO-P,0, heated at 400 °C for
15 minutes.

closely to the metallic surface. In the analyzed area through AFM, there
is no suggestion of the macropores presence, cracks or any peelings
from the substrate. Moreover, Figures 6 to 9 suggest that just as ob-
tained ternary biofilm has a very small thickness, as can be seen from
the parallel grinding lines beneath the SiO,-CaO-P O, biofilm.
Figure 10 shows the SEM micrograph of the obtained SiO,-CaO-
P O, biofilm coated substrate, heat-treated at 200 °C. This result is
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Figure 9. AFM image of ternary SiO,-CaO-P,0, heated at 400 °C for
1 hour.
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Figure 10. SEM micrograph of obtained SiO,-CaO-P,O, biofilm coated
substrate at 200 °C.

in accordance with Figures 6 to 9 where, once again, the integrity
of the ternary film can be seen, through of its strong adherence with
the substrate.

4. Conclusion

The present study shows that it is possible to obtain a thin, uni-
form, pore/crack-free ternary biofilm in the SiO,-CaO-P,0, system
using the sol-gel method. It also indicates that the biofilm topology
can be altered, in relation to the presence (or absence) of protuber-
ances, simply by changing the processing time and the temperature
with the aim of designing its surface area.
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