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1. Introduction

There are many kinds of materials with different applications. In this context, biomaterials
stand out because of their ability to remain in contact with tissues of the human body.
Biomaterials comprise an exciting field that has been significantly and steadily developed
over the last fifty years and encompasses aspects of medicine, biology, chemistry, and
materials science. Biomaterials have been used for several applications, such as joint
replacements, bone plates, bone cement, artificial ligaments and tendons, dental implants
for tooth fixation, blood vessel prostheses, heart valves, artificial tissue, contact lenses, and
breast implants [1]. In the future, biomaterials are expected to enhance the regeneration of
natural tissues, thereby promoting the restoration of structural, functional, metabolic and
biochemical behaviour as well as biomechanical performance [2]. The design of novel,
inexpensive, biocompatible materials is crucial to the improvement of the living conditions
and welfare of the population in view of the increasing number of people who need
implants [3]. In this sense, it is necessary that the processes employed for biomaterials
production are affordable, fast, and simple to carry out. Several methodologies have been
utilized for the preparation of new bioactive, biocompatible materials with
osteoconductivity, and osteoinductivity [4 - 13]. New biomaterials have been introduced
since 1971. One example is Bioglass 4555, which is able to bind to the bone through
formation of a hydroxyapatite surface layer [14]. The sol-gel processes are now used to
produce bioactive coatings, powders, and substrates that offer molecular control over the
incorporation and biological behavior of proteins and cells and can be applied as implants
and sensors [15 - 17]. In the literature there are several works on the use of the sol-gel
process for production of biomaterials such as nanobioactive glass [18], porous bioactive
glass [19], and bioactive glass [20 - 22], among others.

Hybrid inorganic-organic nanocomposites first appeared about 20 years ago. The sol-gel
process was the technique whose conditions proved suitable for preparation of these
materials and which provided nanoscale combinations of inorganic and organic composites
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4 Biomaterials Science and Engineering

[23]. Natural bone is an inorganic-organic composite consisting mainly of
nanohydroxyapatite and collagen fibers. Hybrid materials obtained by the sol-gel route
combine the advantages of both organic and inorganic properties. Several kinds of
organofunctional alkoxysilanes precursors have been studied for the production of silica
nanoparticles. The sol-gel offers advantages such as the possibility of obtaining
homogeneous hybrid materials under low temperature, thereby allowing for the
incorporation of a variety of compounds [23 - 29].

The sol-gel process is based on the hydrolysis and condensation of metal or silicon alkoxides
and is used to obtain a variety of high-purity inorganic oxides or hybrid inorganic-organic
materials that are simple to prepare [30]. This process can be employed for the synthesis of
functionalized silica with controlled particle size and shape [31 - 38].

Apart from the several applications mentioned in the first paragraph of this chapter, more
recently, biomaterials have been utilized as drug delivery systems (DDSs). In this sense,
polymers and biodegradable polymers emerge as potential materials, since they promote
temporal and targeted drug release. Indeed, biomaterials have had an enormous impact on
human health care. Applications include medical devices, diagnosis, sensors, tissue
engineering, besides the aforementioned DDSs [39]. In the latter field, an ideal drug
deliverer should be able to lead a biologically active molecule at the desired rate and for the
desired duration to the desired target, so as to maintain the drug level in the body at
optimum therapeutic concentrations with minimum fluctuation [1, 40]. The use of DDSs
overcomes the problems related to conventional administration routes, such as oral and
intravenous administration.

Several biomaterials have been applied as DDSs. This is because they are biocompatible
and/or biodegradable, which allows for consecutive administrations. Hydroxyapatite-based
materials, natural and synthetic polymers, silica, clays and other layered double hydroxides,
and lipids are some examples of biomaterials that have been employed for the delivery of
active molecules through the body. Liposomes, solid lipid nanoparticles, polymeric nano
and microparticles, micelles, dendrimers, metallic nanoparticles, and nanoemulsion are
currently utilized as DDSs.

Special attention has been given to DDSs comprised of biodegradable polymers and silica.
In polymeric DDSs, the drugs are incorporated into a polymer matrix. Since biodegradable
polymers are degraded to non-toxic substances, they do not have to be removed after
implantation. So they have become attractive candidates for DDS applications. The rate of
drug release from polymeric matrices depends on several parameters such as the nature of
the polymer matrix, matrix geometry, drug properties, initial drug loading, and drug-
matrix interaction. Moreover, the drugs can be effectively released by bioerosion of the
matrices. [40]. Thus, both natural, frequently polysaccharides, and synthetic biodegradable
polymers, usually aliphatic polyesters such as PLA, PGA, and their copolymer (PLGA), are
the most extensively investigated biodegradable materials for drug delivery applications [1].
Inorganic materials, like silica, can offer the necessary properties for a nanoparticle to be
applied as DDS, especially nontoxicity, biocompatibility, high stability, and a hydrophilic
and porous structure. The drug release rate from the silica structures could be controlled by
adjusting particle size and porous structure [41 - 45].

The sol-gel technology is also employed in the preparation of inorganic ceramic and glass
materials. This technique was first used in the mid 1800s, when Ebelman and Graham
carried out studies on silica gels [46]. Initially, the sol-gel process was utilized in the
preparation of silicate from tetraethylorthosilicate (TEOS, Si(OC2Hs)4), which is mixed with
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water and a mutual solvent, to form a homogeneous solution. Recently, new reagents have
appeared, so novel inorganic oxides and hybrid organic-inorganic materials can be
synthesized using this methodology. Another process known as non-hydrolytic sol-gel has
been developed by Acosta et al [47], who used the condensation reaction between a metallic
or semi-metallic halide (M-X) and a metallic or semi-metallic alkoxide (M"-OR) to obtain an
oxide (M-O-M’). The hydrolytic and non-hydrolytic sol-gel processes as well as their
mechanisms are well discussed in the literature [46, 48, 30]. The sol-gel route is well-known
for its simplicity and high rates. It is the most commonly employed technique for the
synthesis of nanoparticles, and it involves the simultaneous hydrolysis and condensation
reaction of the alkoxide or salt. The obtained materials have several particular features. The
importance and advantages of nanoparticles have been scientifically demonstrated, and
these particles have several industrial applications; e.g., in catalysis, pigments, biomaterials,
phosphors, photonic devices, pharmaceuticals, and among others [36, 49 - 54].

In this chapter, we propose a brief review on materials prepared by the hydrolytic and non-
hydrolytic sol-gel methodologies and their possible bioapplications.

2. Results and discussion

In the next topics, 2.1 and 2.2, the results and discussion about all the research developed in
our laboratory using hydrolytic and non-hydrolytic methodologies in the synthesis of
materials for bio applications such as glass ionomers, bioactive materials, coating on
scaffolds obtained by rapid prototyping (RP), and materials for drug delivery are shown.

2.1 Preparation of biomaterials by the hydrolytic sol-gel process

In this topic the materials prepared by the hydrolytic sol-gel methodology and their
characterization are described. We aimed to obtain materials whose properties would enable
their application as biomaterials.

In a first work, materials containing Ca-P-Si were prepared by the sol-gel route by mixing
TEOS, calcium alkoxide, and phosphoric acid [55]. The resulting materials were immersed
in Simulated Body Fluid (SBF) [56], pH = 7.40, for 12 days. The sample was characterized
before and after contact with SBF.

Transmission electron microscopy (TEM) can provide structural information about materials,
such as particle shape, size, and crystallinity. Figures 1a, b, ¢, and d show TEM images of the
Ca-P-Si matrix obtained by the sol-gel methodology before and after immersion in SBF.

The TEM images in Figure 1a reveal the formation of small particles with an average size of 20
nm. Electron diffraction gives evidence of an amorphous phase. The bright and dark fields in
Figures 1b and ¢ demonstrate that the materials contain crystalline and amorphous phases.
Figure 1d displays the electron diffraction of the crystalline phase. The electron diffraction
pattern shows planar distances of 2.86 A and 1.88A, which, according to Bragg’s law, indicates
that these distances correspond to 26 = 31.2° (211) and 48.6° (320). This peak can be ascribed to
hydroxyapatite (JCPDS - 9-0432) [57]. The EDS spectra of the amorphous phase reveal large
quantities of Si and O, indicating the presence of amorphous silicate. The crystalline phase,
whose composition contained Ca and P, has been ascribed to hydroxyapatite crystallization.

In another work, samples with different Ca/P molar ratios were prepared by the sol-gel
methodology, by mixing TEOS, calcium ethoxide, and phosphoric acid. The samples were
analyzed before and after contact with SBF [50].
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Fig. 1. TEM images of the Ca-P-Si matrix before (a) and after (b) immersion in SBF, bright (b)
and dark field (c), and electron diffraction (d) of the sample’s crystalline phase after
immersion in SBF.

Figures 2 and 3 depict the X-ray diffraction patterns for the samples prepared with different
Ca/P molar ratios, before and after contact with the SBF solution, respectively.

The three starting powders present crystalline and amorphous phases, with well-defined
diffraction peaks. The crystalline phase displays peaks at 20 = 26.5, 32.5, 33.0, 49.2, and 53.1,
which can be ascribed to hydroxyapatite (HA), whereas the peaks corresponding to calcium
triphosphate (TCP-B) appear at 20 = 26.5, 30.2, and 53.1. [58]. Several other peaks due to
other phosphate silicates, such as Cas(PO4)2Si0O4 and (Cax(SiOs))s(Cas(POs)2), can also be
observed.

The high percentages of phosphate ions (40%) in the present samples were crucial to the
precipitation of crystalline phosphate nanoparticles in the silica matrix. However, according
to literature reports, the double P=O bond favors phosphate phase formation in the silica
network, thus increasing the tendency toward crystallization [59]. The peak broadening of
the XRD reflection can be used to estimate crystallite size in a direction perpendicular to the
crystallographic plane, using the Scherrer equation [60]. On the basis of the XRD data, the
average crystallite size was calculated as being approximately 2 nm, which indicates the
formation of calcium phosphate nanoparticles.
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Fig. 2. X-ray diffraction of the samples (a) = HA, (b) HA-, and (c) HA+ before contact with
SBF.

The technology based on RP is a processes employed for assemblage of materials in the
powder, filament, liquid, or slide form, which in turn are stacked in successive thin layers until
a three-dimensional structure is achieved. The process begins by designing a mold for the
scaffold using computer-aided design (CAD) software. The mold can possess a branching
network of shafts that will define the microchannels in the scaffold [61 - 65]. The layer-by-layer
building approach allows for the preparation of highly complex structures that cannot be
obtained by technologies based on material subtraction, which is the most frequently
employed procedure nowadays. RP has several important applications in a number of areas,
including aircrafts, automobiles, telecommunications, and medicine [66 - 68].

In our following works 3D piece prepared by RP on ABS and polyamide (nylon) was used,
and the properties of this piece were modified by the sol-gel methodology. To this end, the
sols were prepared by stirring TEOS and calcium alkoxide in ethanol. Two sols were
synthesized, namely one containing phosphate ions (Si-Ca-P) and another without
phosphate (Si-Ca) [69]. The sols were deposited onto ABS by using the dip-coating, as
described in the literature [70, 71]. This technique consists in immersing a substrate directly
into the prepared sols. The crystallization of phosphates was accomplished by immersing
the samples into SBF for 15 days. The SBF treatment was performed in the static condition.
The samples were then dried at 50°C and characterized.

www.intechopen.com
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Fig. 3. X-ray diffraction of the samples (a) = HA, (b) HA-, and (c) HA+ after contact with
SBF.

Figure 4 displays the XRD patterns obtained for the ABS substrate and for the AcP and AsP
samples.

XRD analysis of the ABS substrate and of the samples coated by sol-gel revealed the
presence of broad peaks between 10 and 30¢, characteristic of amorphous materials. Figures
5 and 6 illustrate the XRD patterns of the samples AcP and AsP before and after contact with
SBF, respectively.

After contact with SBF, the XRD patterns of the samples AcP and AsP clearly displayed
peaks, which is evidence of initial crystallization. Peaks at 20 = 10.6, 21.6, 31.6, and 45.2 were
detected for the AcP sample after it was placed in SBF for 15 days, whereas the XRD pattern
of the sample AsP displayed two peaks only, namely at 20 = 31.6 and 44.9. The latter peaks
correspond to a mixture of calcium phosphate silicates (JCPDS 21-0157; 11-0676). This
observation is very important since it shows that the coating interacts with SBF to form a
calcium phosphate, which is the main component of hydroxyapatite. Infrared spectroscopy
of the ABS substrate presented peaks at 1077 and 465 cm-!, ascribed to the Si-O-Si vibration
mode. These peaks were also verified in the spectrum of the sample AcP after contact with
SBF, indicating that the silicate coating is still present on the ABS substrate. New peaks
appeared at 3360 and 1653 cm-, related to water vibrations, and at 610 and 550 cm-,
ascribed to the P-O vibration [72], thereby corroborating the observations from the X-ray
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Fig. 4. XRD analysis of the ABS substrate and the ABS-coated samples AcP and AsP.
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Fig. 5. XRD of the sample AcP before and after contact with SBF.

analysis and evidencing formation of the calcium phosphate silicate. The FTIR-ATR
spectrum recorded for the sample AsP after contact with SBF displayed peaks characteristic
of crystalline phosphate at 600 and 560 cm-, and carbonate hydroxyapatite, at 1451, 1408,
and 874 cm! [72]. This suggests that these materials can be used for bioapplications.
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Fig. 6. XRD of the sample AsP before and after contact with SBF.

Changes in the properties of macroporous (pore size = 500pm) samples of the polymers
polyamide 12 (nylon) and ABS, obtained by RP, were investigated herein. Sols containing
silicon and calcium alkoxide, with or without phosphate anions, were deposited onto the
polymers by the dip-coating technique [73]. The goal of this work was to coat the organic
polymer materials with macroporous compounds and verify whether the resulting materials
can be used as biomaterials. If the homogeneous composition of a coating can transform an
organic polymer into a biocompatible material, then the latter can be applied in bone
implant. RP promotes the building of pieces with different and complex forms. Figure 7 is a
representation of the substrates based on the organic polymers polyamide 12 (nylon) and
ABS prepared by RP, with a pore size of 500pum.

AIRS LY SO0 um

NYLON - SLS - 500um

a b
Fig. 7. Porous materials prepared by RP: (a) polyamide 12 and (b) ABS.
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The SEM micrographs show that the polymers exhibit different surfaces. Polyamide 12 is
rough, whereas ABS is smooth. Surface features can affect adherence of the coating to the
polymer. Figure 8a, b, ¢, and d depict the SEM micrographs of polyamide 12 and ABS after
coating with Si-Ca-P and Si-Ca, respectively.

2aKU xie@eea

Fig. 8. SEM micrographs of the coated polymers: (a) polyamide 12 + Si-Ca-P, (b) polyamide
12 + Si-Ca, (c) ABS + Si-Ca-P, and (d) ABS + Si-Ca.

SEM furnishes information about the homogeneity, shape, size, and adherence of materials,
which aids explanation about the change in the properties of the coated polyamide 12 and
ABS. The polyamide 12 polymer has an initial pore size of 500 pm, which is reduced to 300
um after coating and RP. This leads to the conclusion that the coating has a thickness of 200
um. The coating prepared by combination of the sol-gel methodology with the dip-coating
technique produces films with sizes in the nanometer range [74, 75]. In the present case, the
compositions of both the sol and the polymer promote an increase in thickness. The
thickness of the coating in polyamide 12 and ABS polymers influences the decomposition
temperature, and thicker coatings lead to higher decomposition temperatures. This
observation is corroborated by the SEM technique. The same coating was prepared on a 3D
piece, represented in Figure 9.
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Fig. 9. 3D piece of the polyamide structured by RP.

Bioactivity tests in SBF and fibroblast cell cultures were performed. There was growth of
differentiated cells in the fibroblast culture for both functionalized polyamide and ABS.
Figures 10 a, b, ¢, and d correspond to the results obtained with polyamide 12 without and
with coating and ABS without and with coating after 4 days, respectively. It was possible to
observe that the cells were not affected by the coating, showing that the materials present
potential future applications for use in biomaterials.

Polyamide 12 _ : Polyamide
' % functionalized
with acid
tratment

ABS
functionalized
with acid
tratment

C e

Fig. 10. Polyamide and ABS without and with coating after immersion into fibroblast cell
culture for four days.
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Formation of calcium phosphate on the polyamide substrate obtained by RP can be achieved
by means of the sol-gel process. So a sol containing tetraethylorthosilicate, calcium alkoxide,
phosphoric acid, and alginate was prepared. Figures 11 a and b depict the micrograph of the
resulting substrate.

Fig. 11. Polyamide substrate functionalized with Si-Ca-P-alginate.

From Figure 11a it can be seen that calcium phosphate was formed on the alginate fibers. In
Figure 11b, the alginate fibers and the red square corresponding to the calcium phosphate
crystals can be observed. The EDS spectrum confirms the presence of the Si-Ca-P elements
in the crystals. This material is a candidate for use in bone implant.

Silica nanospheres were prepared in order to test their use as DDS. In addition, a factorial
design was developed, so that the influence of hydrolytic base-catalyzed sol-gel parameters
and surfactant (Tween 80 or Pluronic F68) concentration over the nanoparticles morphology
could be analyzed.

SEM characterization showed that the two surfactants employed herein provided very

p ——— bym

UFSCar - DEMa - LCE - FEG

a

Fig. 12. SEM images of the particles prepared by the hydrolytic sol-gel using (a) Pluronic F68
and (b) Tween 80 as surfactants.
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different results. In general, the particles prepared using Tween 80 were more spherically
shaped compared to those prepared with Pluronic F68. Figure 12 displays two examples of
particles obtained from the factorial design, prepared under the same conditions, but with
different surfactants.

The spherical and nanometric particles presented in Figure 12b meet the requirements of the
morphology desired for a DDS. This morphology allows for different administration routes,
including the intravenous route.

2.2 Preparation of biomaterials by the non-hydrolytic sol-gel process

The non-hydrolytic sol-gel process is another route for the production of materials for
bioapplications such as dental and osseous substitutes. Here the preparation and
characterization of the glass ionomer by this methodology is described. Calcium
fluoroaluminosilicate glass containing phosphorus and sodium (Ca-FAISi) consists of an
inorganic polymeric network (mixed oxide) embedded in an aluminum and silicon matrix,
comprising an amorphous structure. This material is currently employed in dentistry as
restorative  designated glass ionomer cement [76, 77]. Firstly, the calcium-
fluoroaluminosilicate glass was prepared in oven-dried glassware and AlICl;, SiCly, CaF,
AlF;, NaF, AIPO,, and ethanol were reacted in reflux under argon atmosphere [53]. The 27Al
NMR results revealed the coordination of aluminum. Figure 13 shows the NMR spectrum of
the calcium-fluoroaluminosilicate glass dried at 50°C and submitted to heat treatment at
1000°C.

0.0 59.4

cps

T I T I T I T I T I T I T I T
200 -150 -100  -50 0 50 100 150 200
Chemical Shift / ppm

Fig. 13. 27A1 NMR spectrum of the sample dried at 50°C and treated at 1000°C.
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The central transition (CT) frequency of the spectrum of a quadrupolar nucleus of half
intereger spin, such as 27Al (I = 5/2), depends on the orientation of each crystallite in the
static magnetic field to the second order in the perturbation theory. The quadrupolar
interaction between the nuclear electric quadrupole moment (eQ) and the electric field
gradient of the nucleus (eq), arising from any lack of symmetry in the local electron
distribution, is described by the quadrupolar coupling constant Cq (e2qQ/h) and the
symmetry parameter 1. It should be noted that disordered materials such as glasses have
a wide range of interatomic distances and, consequently, CT line broadening occurs due
to the distribution of 8iso and quadrupolar interactions [78]. After the material was heat-
treated at 1000°C, a single peak corresponding to Al(VD predominated at 0.0 ppm,
indicating the structural change in the coordination state of aluminum. When Al atoms
are in tetrahedral coordination Al(V), their chemical shifts vary from 55 to 80 ppm.
Chemical shifts in the range of -10 to 10 ppm correspond to coordinated octahedral Al(VD
[79, 80, 47]. The spectra of the two samples prepared here presented three peaks at 10.4,
59.4, and 140.1 ppm, which are characteristic of AlV), Al(V), and spinning side bands [81],
respectively. Although some authors have reported the presence of AlY) atoms with
chemical shifts at 20 ppm [82], this peak was not detected. The dominant species in the
sample heat-treated at 50 °C corresponded to Al@V). The chemical shifts between 50 and 60
ppm corresponding to Al0V) depend on the Al/P molar ratio. Al@V) has been found at 60
ppm in model glasses based on SiO;Al,O3CaOCaF;, and at about 50 ppm in glasses
containing phosphate where the molar Al:P ratio was 2:1 [81]. In this study an Al/P molar
ratio of approximately 10 was achieved, which is higher than that present in commercial
glasses. In our case, this chemical shift was very difficult to observe because of the lower
incidence of Al-O-P bonds. The 2°Si NMR results allow for analysis of the chemical
environment around silicon atoms in silicates, where Si is bound to four oxygen atomes.
The structure around Si can be represented by a tetrahedron whose corners link to other
tetrahedra. The Qn notation serves to describe the substitution pattern around a specific
silicon atom, with Q representing a silicon atom surrounded by four oxygen atoms and n
indicating the connectivity [83]. Figure 14 presents the NMR spectrum of the sample dried
at 50°C.

The material displayed a peak at -100 ppm and a shoulder at -110 ppm, and the values in
this range were attributed to Si atoms Q* and Q* or 3, respectively. Figure 15 illustrates the
Q3 and Q4 structure.

As mentioned above, the chemical shift indicates the environment around the Si atoms in
the glass. The commercial calcium-fluoroaluminosilicate glass presents a broad peak
between -90 and -99 ppm [82]. On the basis of the results obtained here, our material
exhibits a vitreous lattice. The number of nearest neighbor aluminum atoms is given in
parentheses. Q* (3/4 Al) and Q*(1/2) [78] are the structures represented in Figure 16.

The chemical shift ranges overlap, so the resonances in Fuji II cement (commercial glass) at -
87,-92, -99, and -109 ppm may be due to Q* (3/4 Al), Q* (3 Al), Q* (1/2 Al), and Q* (0 Al),
respectively [78]. In our case, the chemical shifts at -110 and 100 ppm may be due to the Si
atoms Q* (1/2 Al) and Q* (0 Al), because of the molar ratio Al/Si < 1. Figure 17 illustrates
the 2951 NMR of the sample heat-treated at 1000°C for 4 hours.

In the present case, only one peak at -88 ppm was detected, which can be attributed to the
presence of a Q* (3/4 Al) site in Si atoms due to the structural rearrangement of the
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Fig. 14. 25i NMR spectrum of the sample dried at 50°C.
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Fig. 15. Schematic representation of the Q3 and Q* structures.
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Fig. 16. Schematic representation of the Q* (3/4 Al) and Q* (1/2 Al) structure.
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Fig. 17. 29Si NMR spectrum of the sample treated at 1000°C.

aluminosilicate crystalline structures. This is consistent with our X-ray data. The
nonhydrolytic sol-gel method has proved efficient for the preparation of materials with
glass properties, as shown in this work. This process enables reaction control and the use of
stoichiometric amounts of Al and Si reagents at low temperatures, near 110°C, thereby
reducing production costs.

The preparation of aluminosilicate-based matrices by the nonhydrolytic sol-gel method,
using varying concentrations of the glass components, especially the element phosphorus,
has been accomplished by our group [84]. Figure 18 depicts the X-ray diffractograms for the
samples A2, A3.3, and A4, all dried at 50°C.

An amorphous structure predominates in sample A2. The A3.3 material displays an
amorphous structure with crystalline phases attributed to fluorapatite (Cas(PO4)sOH) and
mullite (3A1,0525i0»), according to Gorman et al. Sample A4 also presents an amorphous
phase and a crystalline phase, which is ascribed to mullite [85]. The X-ray diffraction
analysis revealed the influence of the phosphorus concentration on the structural formation
of the materials. The material prepared with the Wilson formulation has an amorphous
structure, while the one prepared according to Hill displays an amorphous structure with a
crystalline phase attributed to mullite. An increase in phosphorus in the Hill formulation
allows the formation of an amorphous material with crystalline phases attributed to mullite
and fluorapatite. The increase in phosphorus concentration affects the formation of the
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Inkarmity (8 u.)

Fig. 18. X-ray diffractograms of samples A2, A3.3, and A4.

material’s structure, since this increase leads to the formation of fluorapatite. The
difference between the Wilson and Hill formulations [86, 87] also account for the
formation of different materials: sample A2 material presents a structure devoid of
crystallinity, while the structure of glass A4 contains a crystalline phase attributed to
mullite. These are attractive factors in dental restorations. Calcium fluoroaluminosilicate
glasses containing sodium and phosphorus are materials that can be employed in
dentistry, as components of glass ionomer cement, and in medicine, as replacements for
bone implants.

In this work, the preparation and characterization of matrices based on aluminossilicates
obtained by the non-hydrolytic and hydrolytic sol-gel routes were investigated. Three
different routes, namely the non-hydrolytic sol-gel route and the hydrolytic sol-gel route
using either basic or acid catalysis, were employed in the preparation of three materials,
namely IC1, IC2, and IC3. The obtained materials were characterized by different physical
methods and antimicrobial activity tests. For evaluation of the antimicrobial activity, the
materials were examined against the microorganisms E. faecalis, S. salivarius, S. sobrinus, S.
sanguinis, S. mutans, S. mitis, and L. casie, using the double layer diffusion technique.
Scanning electron microscopy analysis coupled with energy dispersive spectroscopy
(MEV/EDS) of the material IC1 (Figure 19) mapped the elemental distribution and showed
that the silicon atoms are located in the same regions as the aluminum and oxygen atoms
distributed throughout the particle surface. This indicates the possible formation of
aluminosilicate, confirming the IR data. The presence of chlorine is evidence that this
material contains a large amount of residual groups from the reagent AIClz. The calcium
atoms are distributed over the IC1 matrix, but they appear as some clusters that coincide
with the fluoride clusters, thereby indicating the presence of CaF, crystals, as shown by
XRD.
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Fig. 19. Elemental distribution mapping of the material IC1 treated at 110 °C.

For the material IC2, the MEV/EDS analysis (Figure 20) revealed that the silicon atoms are
located in the same regions as the aluminum and oxygen atoms, pointing to the possible
formation of aluminosilicate. The smaller amount of chlorine in relation to IC1 indicates that
this material has fewer residues, probably originated from the catalyst (HCI). Also, it is
important to bear in mind that in this case the precursor AICl; was replaced with aluminum
isopropoxide, which may be contributing to the lower amount of residual Cl groups. The
phosphorus and calcium atoms are distributed over the matrix. This material contained no
calcium and fluoride clusters, corroborating the XRD findings, which had not indicated the
presence of CaFo.

Fig. 20. Elemental distribution mapping of the material IC2 treated at 110 °C.

In the case of the material IC3, the MEV/EDS (Figure 21) demonstrated that the silicon
atoms are present in the same regions as the aluminum and oxygen atoms. The smaller
amount of chlorine in relation to IC2 indicates that this material has few residual CIl. The
calcium atoms are distributed in the matrix and appear as clusters in the same regions as the
fluoride atoms, indicating the presence of CaF,, as previously detected by XRD.
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Fig. 21. Elemental distribution mapping of the material IC3.

The Ca-FAISi used as a basis for glass ionomer almost always presents amorphous phase
separation. For instance, materials obtained by the usual methods are composed by distinct
regions with high Al and Si content as well as other regions containing Ca, P, and F. This
fact undermines the homogeneity of the Ca-FAISi material and impairs the setting reaction
of the cement, because regions rich in Ca, P, and F are less reactive, which in turn promotes
formation of inhomogeneous cement. This ruins the integrity of the restorative material and
affects its physical and chemical resistance. In our case, there was no clear evidence of phase
separation for the materials synthesized by the sol-gel methods, and the elements were well
distributed on the surface of materials. The material IC2 presented high homogeneity
compared to the other materials, since the elements were well distributed across the surface
of the particles.

For evaluation of the antimicrobial activity of the materials prepared here, the dual layer
diffusion technique was employed, using the microorganisms listed in Table 1.

The materials IC1 and IC2 presented antimicrobial activity similar to that of the commercial
glass ionomer Ca-FAlSi, so they can be applied in the oral environment and avoid damage
by microorganisms. In conclusion, the material IC2 can be used as a basis for glass ionomer
cement and the fact that it is synthesized at lower temperature and leads to greater
homogeneity compared with the Ca-FAISi produced by industrial methods makes it
advantageous over the commercially available materials.

The glass ionomer prepared in reference [84] was tested with respect to its biocompatible
properties and compared to the materials obtained by the industrial methodology.
Experimental and conventional GIC were analyzed in terms of morphology and of the
morphometric reaction induced by the cement in the subcutaneous tissue of rats.

The methodology described in [88] was used for the biocompatible test. Table 2 lists the
tested materials.

The experimental and conventional GIC powders were used to prepare the glass ionomer
cement. The surface of the obtained materials was examined by scanning electron
microscopy (Figures 22 a and b, respectively).
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microorganism/ Substance ( ) Extract ( ) Product (x) Mean (mm) + SD
ATCC
IC1 20.0
E. faecalis ATCC 1C22xd 155+21
4082 IC3 0.0
Gass ionomer (S.S. White Artigos Dentarios LTDA) 22.0+0.0
Periorgard mouthwash (positive control) 13.0£0.0
IC1 18.0
S. salivarius IC 22x d 120+14
ATCC 25975 IC3 0.0
Gass ionomer (S.S. White Artigos Dentarios LTDA) 255+0.7
Periorgard mouthwash (positive control) 19.0+0.0
IC1 19.0
S. sobrinuns IC 22x d 140+14
ATCC 33478 IC3 0.0
Gass ionomer (S.S. White Artigos Dentarios LTDA) 9.5+0.7
Periorgard mouthwash (positive control) 21.0+£0.0
IC1 14.0
S. sanguinis IC 22x d 12.0+238
ATCC 10556 IC3 0.0
Gass ionomer (S.S. White Artigos Dentarios LTDA) 10.5+0.7
Periorgard mouthwash (positive control) 18.0+ 0.0
IC1 20.0
S. mutans ATCC IC 22x d 10.0+2.8
25175 IC3 0.0
Gass ionomer (S.S. White Artigos Dentédrios LTDA) 10.0 £ 0.0
Periorgard mouthwash (positive control) 21.5+£0.7
IC1 20.0
S. mitis IC 22x d 13.0+2.8
ATCC 49456 IC3 0.0
Gass ionomer (S.S. White Artigos Dentarios LTDA) 14.0+0.0
Periorgard mouthwash (positive control) 18.5+ 0.0
IC1 19.0
L. casei IC 22x d 16.0+1.4
ATCC 11578 IC3 0.0
Gass ionomer (S.S. White Artigos Dentarios LTDA) 20.5+0.7
Periorgard mouthwash (positive control) 23.5+0.7

Table 1. Antimicrobial activity tests for the materials prepared in this work.

GIC Composition Source

Powd‘er': Calcium ﬂuoraluminiogilicates Sol-Gel Methodology
Experimental containing phf)sphorus and sgfimn} -

Liquid: Tartaric acid, polyacrilic acid, distilled

water

Powder: Sodium fluorosilicates, calcium SS White - Prima Dental
Conventional aluminium, barium sulphate, pigments. Group, Gloucester, UK
(Vidrion R) Liquid: Tartaric acid, polyacrilic acid,

destilled water

Table 2. Tested materials.
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Fig. 22. SEM micrographs recorded for the glass ionomer cements. (a) experimental and (b)
conventional

The micrographs revealed that the surface the conventional cement presents lower
homogeneity, compared to the experimental cement. The better homogeneity of the
experimental cement is due to the homogeneity of particle size, which promotes the same
physical-chemistry properties all over the cement surface.

The biocompatible test was carried out on the basis of the response obtained with the tissue
stimulated by the experimental cement and compared to that achieved with the
conventional cement. These responses were analyzed by means of morphological and
morphometric analyses of the reaction caused by these cements in the subcutaneous tissue
of rats. Polyethylene tubes were obtained according to the methodology used by Campos-
Pinto et al. [89]. To this end, an urethral catheter with an internal diameter of 0.8 mm was
sectioned sequentially at 10 mm intervals. After sectioning, one of the tube ends was sealed
with cyanoacrylate ester gel (Super Bonder, Aachen, Germany), to avoid extravasation of the
material to be tested. The obtained tubes were placed in a metal box and autoclaved at
120°C for 20 min. [90].

The data obtained for all the histopathological events assessed in each period of study are
presented in Table 3.

Histopathological 7 days 21 days 42 days
Events

GGI GGII CCG GGI GGII CCG GGI GGl Ccca
Polymorphonuclear  +++  +++ +i +% £+ +< -- - 1
Mononuclear +++  ++++ ++ ++ ++ ++ - - —
Fibroblasts +++ +++ ++ ++ ++ ++ ++ ++ ++
Blood vessels +++  ++++ -+ A+t ++ ++ ++ ++ —
Macrophage ++ +++ ++ - ++ - - - -
Giant inflammatory  ++ ++ ++ — - - — - -
cells

Score: (-) absent; (+) slight; (++) moderate; (+++) intense.
CG - control group; GI - experimental cement; GII - conventional cement.

Table 3. Summary of the data obtained for the histopathological events observed in each
group at the different periods of study.
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Figures 23, 24, and 25 show the biocompatible tests after 7, 21, and 42 days, respectively.

i 1 1 L J i - L i ; 1
Flg 23. B10campat1ble tests after 7 days Control group (A), conventional GIC (B), and
experimental GIC (C) (100X. H.E.).

In the case of the control group (CG), connective tissue with delicate fibers, highly
cellularized with fibroblasts and several blood vessels adjacent to all the analyzed faces was
observed after 7 days (Figure 23A). A mild chronic inflammatory reaction was also detected.
As for the experimental cement group (GI) (Experimental GIC), a layer of cellularized
connective tissue with moderate chronic inflammatory reaction, predominantly formed by
lymphocytes and blood vessels, was observed after 7 days. Small areas of necrosis were also
noted (Fig. 23B). Few macrophages or foreign body multinucleated giant cells were seen.
Concerning the conventional cement (GII) (Conventional GIC), an intense chronic
inflammatory reaction, associated with hyperemic blood vessels and macrophages (Figure
23C) was detected after 7 days. Necrosis area was observed close to the dispersed material.
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Fig. 24. Biocampatible tests after 21 days. Control group (A), conventional GIC (B), and

experimental GIC (C) (100X. H.E.).

After 21 days, the CG group presented a mild chronic inflammatory reaction in this period
(Figure 24A). As for GI (Experimental GIC), there was a mild chronic inflammatory reaction,
with few lymphocytes and several fibroblasts, in the connective tissue adjacent to the open
end of the tube. Foreign body multinucleated giant cells and macrophages were not
observed (Figure 24B). In the case of GII (Conventional GIC), the connective tissue exhibited
a moderate chronic inflammatory reaction. Phagocytic activity and rare necrosis areas were
also observed (Figure 24C).

After 42 days, the CG presented no chronic inflammatory reaction (Figure 25A). Concerning
the GI group (Experimental GIC), connective tissue with mild to absent chronic
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Flg 25. Blocampatlble tests after 42 days. Control group (A), conventional GIC (B), and
experimental GIC (C) (100X. H.E.).

inflammatory reaction and residual dispersed cement was detected (Figure 25B), while
necrosis areas and other changes were absent. As for GII (Conventional GIC), there was a
mild to absent chronic inflammatory reaction, without foreign body giant cells or
macrophages. Some dispersed material was observed, but no necrosis areas or degenerative
changes were seen (Figure 25C).

In summary, both tested cements caused a mild to absent inflammatory response after 42
days, which is also acceptable from a biological standpoint.

3. Conclusion

Bioapplications that could provide better quality of life for humanity are desirable. It has
been demonstrated here that a series of materials prepared by sol-gel methodology
(hydrolytic and non-hydrolytic routes) present useful properties for application in biological
medium. Indeed, it was possible to obtain multifunctional materials by this methodology.
The combination of the different elements at molecular and atomic level affords potential
candidates for a variety of applications. The very interesting results obtained by us in the
present work indicate that this methodology can be applied for production of biomaterials
with potential application in several fields such as medicine, dentistry, veterinary,
engineering, chemistry, physics, and biology. Materials for use in the areas of bone implant,
restorative tooth coating, diagnosis, membrane permeability, biosensor, scaffolding, and
drug delivery can be prepared and transformed into biocompatible, bioactive, bioinducer
materials with different properties and composition, since this methodology allows for
production of materials with controlled stoichiometry and particle size.
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