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Abstract
Chemical stability, anticorrosive properties and photocatalytic activity of titanium dioxide  (TiO2) are among the most 
important characteristics for industrial and environmental applications. It is well known that titanium biomaterials’ proper-
ties and response depend significantly on the synthesis method. This work reports the sol–gel synthesis of  TiO2 particles, 
followed by the studies of their structure, thermal analysis and antimicrobial properties. The main issues were to evaluate the 
chemical structure of the particles by Fourier transform infrared spectroscopy, the thermal behavior by thermogravimetric 
analysis and the particle size of the  TiO2 by SEM and BET experiments. In particular, this characterization aims at verify-
ing the possibility to use these materials to prevent infections after implantation. The antibacterial activity of  TiO2 particles 
was assessed using Escherichia coli and Enterococcus faecalis. Finally, the bioactivity of TiO2 particles were estimated by 
soaking them for 21 days in simulated body fluid with the view to evaluate their biological properties.
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Introduction

Several synthetic routes have been considered in the past to 
prepare titanium dioxide  (TiO2) nanoparticles, which have 
been widely considered for many years due to their potential 
impacts on human life and environment [1]. Titanium diox-
ide nanomaterials are studied for their several applications, 
like sunscreens, photovoltaic cells and more other environ-
mental and biomedical applications. The medical appli-
cations of  TiO2 are promising, because this material may 
improve significantly the development of health care [2].

It has been recognized that different synthesis techniques 
may provide titanium biomaterials with different response 
and properties [3]. Worth noting among them are ultra-
sonic spray pyrolysis method [4], semi-batch/batch two 
stage mixed method [5], microemulsion method [6] and 
the sol–gel process [7], being the last one the most appro-
priate one because of the low-temperature condition used 
[8]. The sol–gel technique is very often selected to produce 
bulk gels, films, powders and nanoparticles. Furthermore, 
the structural properties of the so-obtained material are usu-
ally affected by different parameters involved in the sol–gel 
procedure, like the choice of the precursors, the catalysts 
adopted, the molar ratios of reactants, the solvent composi-
tion and the aging and drying conditions [9]. In particular, 
the versatility, the high degree of purity of the products and 
the possibility to obtain a fine control of the microstructure 
of the final product by modulation of the synthesis param-
eters [10, 11] are the most important advantages of this 
method.

A growing problem in orthopedics is due to bacterial 
infection of implantable medical devices, and antibiotic 
drugs are selected in many patients as the most appropri-
ate therapy after their initial surgery. The antimicrobial 
resistance and the formation of a biofilm are increasingly 
prevalent and caused the development of new strategies [12]. 
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Photocatalysis is one of the promising methods of disinfec-
tion, and several semiconductors have been used as photo-
catalysts, and among them in particular titanium dioxide, as 
reported by Guillard et al. [13] and Wu et al. [14]. In fact, 
the semiconductor properties as well as the excellent photo-
catalytic activity of  TiO2 are well known and often used in 
elimination of environmental pollutants [15], antibacterial 
dopes and self-clean buildings [16]. In addition, this material 
is a valuable candidate for applications in medical devices 
and sanitary ware surfaces because of its incomparable anti-
bacterial properties [17].

It is well known that  TiO2 irradiated by UV light produces 
hydrogen peroxide, hydroxyl radical and superoxide anions 
(namely reactive oxygen species denoted as ROS) that can 
be responsible of cell death caused by the decomposition of 
the cell wall first layer, followed by the decomposition of 
the cell membrane [18, 19]. Furthermore, the lethal effects 
exerted by the  TiO2 photocatalytic reaction have also been 
set up in other kind of cells like as fungi, yeasts, viruses or 
cancer cells [18].

This investigation aims at preparing (via sol–gel) and 
characterizing  TiO2 particles in order to evaluate their use 
to prevent infections after implantation.

Fourier transform infrared (FTIR) spectroscopy and 
thermogravimetry (TG) were used to evaluate the chemical 
structure and to interpret the thermal behavior of the par-
ticles, while the morphology and their particles have been 
investigated by scanning electron microscopy (SEM) and 
Brunauer–Emmet–Teller (BET) analyses. Some years ago 
the thermal behavior of titania nanoparticles prepared by 
precipitation from aqueous solutions was investigated [20]. 
In this previous study, the authors focused their attention 
on characterizing the materials obtained [using TG–DTA, 
emanation thermal analysis (ETA), MS detection, FTIR and 
X-ray diffraction (XRD)] to test their suitability as photocat-
alysts, neglecting the evaluation of any possible antibacterial 
property or bioactivity, which are among the main aims of 
the present investigation. So, the biological properties of 
the  TiO2 particles with particular reference to their bioac-
tivity were evaluated by soaking them for 21 days in simu-
lated body fluid (SBF). Moreover, the antibacterial activity 
of  TiO2 particles was assessed using Escherichia coli and 
Enterococcus faecalis.

Experimental

Materials

Titanium(IV) butoxide (TBT, Sigma-Aldrich), pure ethanol 
(99.8% Sigma-Aldrich) were used as received as well as 
ammonia solution (25% Sigma-Aldrich) and distilled water.

Sol–gel synthesis

In order to prepare  TiO2 particles by the sol–gel method, 
titanium(IV) butoxide (TBT), precursor of the titanium 
matrix, was preliminarily added to a solution obtained by 
mixing pure ethanol and distilled water. The solution con-
taining TBT and ethanol was left under stirring for 15 min, 
and then, ammonia solution  (NH3H2O) was added drop 
by drop. The final molar ratio in the solution was TBT
:EtOH:H2O:NH3 = 1:20.2:1.5:1. Once ammonia solution 
 (NH3·H2O) was added, precipitation was clearly visible, 
and the product formed was left in an oven at 60 °C for 
72 h.

Fourier transform infrared (FTIR) spectroscopy

The chemical structure of  TiO2 particles was evaluated by 
FTIR analysis using a Prestige 21 (Shimadzu, Japan) system 
in the 400–4000 cm−1 range, with a resolution of 4 cm−1. 
A DTGS KBr (deuterated triglycine sulfate with potassium 
bromide windows) detector and 2 mg of sample were used 
(in the form of pelleted disks diluted with KBr according 
to a 1:100 sample-to-KBr mass ratio). FTIR spectra were 
analyzed by Prestige software.

Thermal analysis

TG experiments were carried out using a PerkinElmer 
TGA7 Thermobalance (Massachusetts, USA) equipped with 
platinum crucibles. Samples of size of about 3–5 mg were 
heated up to 1173 K at 10 K min−1 (as the best resolution 
rate) under a pure nitrogen atmosphere at 100 mL min−1. 
Temperature calibration was carried out by considering the 
Curie point transition of very pure standard metals or alloys 
(endpoint temperatures of Ni and alumel at 436 and 627 K, 
in this study), according to the equipment recommenda-
tions. TG data were checked and acquired by Pyris software 
(Thermo Fisher Scientific Inc., Waltham, MA, USA), and 
ASCII files were processed by V-JDSU Unscrambler Lite 
(Camo software AS, Oslo, Norway). Optimal evaluation of 
initial and final temperatures of each step was obtained by 
calculating the first order derivative of the TG curve (DTG) 
as a function of temperature.

Scanning electron microscopy (SEM) and Brunauer–
Emmet–Teller (BET) analysis

SEM analysis was performed using an AURIGA Zeiss 
High Resolution Field Emission instrument (HR-FESEM, 
JEOL JSM-7000F, Japan). An energy-dispersive X-ray 
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(EDX) unit was used to investigate the morphology of the 
titania material prepared.

Before performing the SEM analysis, ethanol suspen-
sions of the particles were prepared and then centrifuged 
for few minutes to obtain a homogeneous suspension. The 
particle suspension was transferred on the stub of the SEM 
using clean glass capillaries. The drying of the sample’s 
suspension on the stub of the SEM occurred very quickly 
because of the high evaporation rate of ethanol that avoids 
the agglomeration of particles. Then, micrographs were 
taken at a number of random locations on the grid.

Porosity and specific surface area of  TiO2 particles were 
evaluated by BET (Fisons Instruments) analyses at liquid 
nitrogen temperature. Gaseous nitrogen was used to evalu-
ate the specific surface of powders.

Bioactivity test

A Kokubo test was carried out to evaluate the bioactivity 
of the  TiO2 particles [21]. The particles were soaked in 
a simulated body fluid (SBF) for 21 days using ion con-
centrations approximately equal to those found in human 
blood plasma. In order to keep the SBF solution tempera-
ture quite constant at 37 °C, the samples were transferred 
in polystyrene bottles and fully immersed in a water bath. 
Furthermore, in order to avoid depletion of the ionic spe-
cies caused by the formation of biominerals the SBF solu-
tion, in which the particles were soaked, was exchanged 
every 2 days. After each soaking period, the samples were 
removed from the SBF, air-dried in a desiccator. Finally, 
after 24 h they were subjected to FTIR, EDX and XRD 
analyses in order to evaluate how they are able to form an 
apatite layer on their surfaces.

Antibacterial properties

The antibacterial properties of the  TiO2 particles were 
evaluated using Escherichia coli, Gram-negative (ATCC 
25922), and Enterococcus faecalis, Gram-positive (ATCC 
29212). E. coli was inoculated in TBX Medium (Tryptone 
Bile X-Gluc) (Liofilchem, Italy) with the particles for 24 h 
at 44 °C, whereas E. faecalis was inoculated in Slanetz 
Bartley Agar Base (Liofilchem, Italy), with particles for 
48 h at 36 °C. 10 × 105 CFU mL−1 bacterial cell suspen-
sions were obtained by diluting the bacterial culture in 
distilled water. The antibacterial activities were evaluated 
by observing the different bacterial growths and by meas-
uring the diameter of the inhibition halos (ID) [22]. The 
values so determined in three replicas are presented as 
mean standard deviations (SDs) of measurements.

Results and discussion

FTIR analysis

Figure 1 shows the comparison of the FTIR spectrum of 
 TiO2 particles (pretreated at 60 °C) (namely curve b) and 
those of ethanol and TBT precursor (curves a and c, respec-
tively). The bands at about 1400 cm−1 can be attributed to 
the bending of –CH2 and –CH3 of the TBT precursor. Fur-
thermore, the bands at 2956 and 2868 cm−1 are ascribed 
to the asymmetric and symmetric stretching modes of the 
methyl groups [23, 24]. By comparing the spectra of  TiO2 
and ethanol, the typical bands related to the C–O group of 
ethanol at 1126, 1097 and 1037 cm−1 are detected [25], 
while the broad intense band at 3307 cm−1 can be due to 
the stretching of the OH group. According to the results of 
previous studies [7, 24], the signals in the region spectrum 
between 1000 and 400 cm−1 can be attributed to the bending 
vibrations of Ti–OH, Ti–O and O–Ti–O bonds.

The results derived by the analysis of the FTIR spectra 
suggest that the thermal treatment at 60 °C is not able to 
completely remove the water adsorbed on the materials dur-
ing the synthesis process. Finally, a confirmation of water 
weakly bound in the material is obtained by the presence of 
the band at 1635 cm−1 [23].

Thermal analysis

The TG and DTG curves of  TiO2 recorded under inert gas 
atmosphere (black and gray lines, respectively) are reported 
in Fig. 2 from ambient temperature to 1123 K. Four steps of 
mass loss were recorded in the temperature range explored 
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(corresponding to four downwards peaks of the DTG curve) 
with a total residue of 31.1%. The first step takes place up to 
440 K and can be attributed primarily to the loss of 17.0% of 
water, without discrimination between physically and chemi-
cally bound water, thus confirming the finding of a previous 
study [20]. In the mentioned study, where  TiO2 was obtained 
by precipitation from aqueous solutions, a total residue of 
31.7% was found, which is in very good agreement with our 
results. The release of some alcohol (residue of the synthe-
sis and not completely removed) in the first step cannot be 
excluded, as already found in the case of similar or hybrid 
materials prepared by the sol–gel method [26, 27].

The second step occurs between 440 and 550 K with 
a mass loss of 6.7% may be ascribed to the thermal 

decomposition of ammonium salt (residue of the synthesis 
that remained in the sol and then in the sample), similarly 
to what has been found in [20]. The third step that occurs 
in the range 570–750 K is given by dehydroxylation, which 
represents the thermal release of water obtained by conden-
sation of hydroxyl groups, as detected in the same tempera-
ture range for several glass and hybrid materials [28]. It is 
worth noting that no mass loss was observed at temperature 
higher than 800 K.

SEM and BET analysis

The SEM micrographs of the  TiO2 particles are shown in 
Fig. 3, which show a non-uniform distribution of the parti-
cle size (Fig. 3a). Nevertheless, the SEM images also show 
average particle size of about 700 nm, while the presence of 
both water molecules and hydroxyl group may explain the 
fact that no aggregate particles are clearly visible [26–30]. 
Energy-dispersive X-ray microanalysis (EDX) showed the 
characteristic peaks of Ti, O and C elements that make up 
the particles (Fig. 3b). The presence of the peak of carbon 
is explained by the presence of residual solvent, not com-
pletely released by the thermal treatment at 60 °C, as also 
demonstrated by FTIR analysis.

It is known that the specific surface area (BET) decreases 
with increasing the particle size of the samples and the 
degree of agglomeration [26]. In this study, BET testing 
results indicate that the BET specific surface area of the 
 TiO2 particles dried at 60 °C for 72 h is about 7.9 m2 g−1. 
Comparing these results with those reported by Viana et al. 
[31] and Wetchakun et al. [32], it can be stressed that the 
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thermal treatment adopted in this study (i.e., 60 °C for 72 h) 
negatively affected the size of the particles due to aggrega-
tion. In fact, it is reported [33, 34] that the specific surface 
area and porosity systematically decrease with increasing 
the temperature of the thermal treatment, thus demonstrat-
ing the occurrence of sample densification, followed by a 
consequent increase in the average particle size. In conclu-
sion, it is possible to obtain smaller particle size avoiding 
their aggregation using a drying process occurring at low 
temperature.

Bioactivity test

As stated above, the bioactivity of the particles was evalu-
ated via the Kokubo’s test [21] after treatment for 21 days in 
SBF. According to the studies of Kokubo and his colleagues 
[21, 35, 36], good performances of a biomaterial require the 
formation of apatite on its surface after implantation in the 
human body. A preliminary analysis of this formation was 
carried out by using FTIR spectroscopy. In particular, the 
 TiO2 spectra recorded before and after being soaked in the 
solution are reported in Fig. 4 (plots a and b, respectively). 
After 21 days in SBF, it is possible to observe the changes of 
some bands. The stretching of –OH groups of hydroxyapa-
tite and the vibrations of the PO4

3− groups [37], caused by 
the interaction among the hydroxyapatite precipitate and 
the matrix [36], are responsible of the change in the shape 
and the broadening of the bands at about 500 cm−1 [33, 38, 

39]. The formation of hydroxyapatite can be revealed by 
the characteristics bands of PO4

2− groups (1000–1100 cm−1 
asymmetric stretching vibration and 580 cm−1 asymmetric 
bending vibration) and CO3

2− (1380 cm−1 stretching vibra-
tion) [40].

Nucleation of hydroxyapatite on the surface of the par-
ticles is stimulated by the presence of Ti–OH groups [41]. 
In particular, these groups attract the  Ca2+ ions present in 
the fluid, thus provoking an increase in the surface positive 
charge. Subsequently, an interaction with the negative charge 
of the phosphate ions is allowed. Finally, amorphous phos-
phate is formed and spontaneously suddenly converted into 
hydroxyapatite  [Ca10(PO4)6(OH)2] [42, 43].
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FTIR data about the formation of the hydroxyapatite layer 
on the surfaces of titania particles were confirmed by SEM/
EDX analysis (Fig. 5). In EDX microanalysis of  TiO2 after 
exposure to SBF, mean element peaks are found related to 
hydroxyapatite formation (Ca and P) with an atomic ratio 
Ca/P equal to 1.3. Furthermore, the formation of crystalline 
hydroxyapatite was confirmed by the intense peaks in the 
XRD spectrum (Fig. 6). In addition, the XRD results sug-
gested that the hydroxyapatite layer on the material’s surface 
was very thick.

Antibacterial properties

Incubation of titania particles has been carried out with 
Gram-positive and Gram-negative bacterial strains to evalu-
ate their growth. Figure 7a shows the images of E. coli and 
E. faecalis, while Fig. 7b shows the progress of bacterial 
growth. Comparing the results of different bacteria, the inhi-
bition halo (ID) was not observed.

The viability of both bacteria exposed to  TiO2 particles 
was very similar to that of bacteria unexposed to any materi-
als, used as control. In fact, the results suggest that the parti-
cles had no antibacterial property and supported the prolif-
eration of bacteria, regardless of the bacterial strain [44–47]. 
Therefore, the  TiO2 particles prepared and characterized in 
the present study may be considered as non-toxic material, 
suitable for different applications in the biomedical field.

Conclusions

In the present investigation,  TiO2 particles were synthesized 
by the sol–gel method. The physicochemical and morpho-
logical characterization, carried out using FTIR, SEM and 
BET analyses, revealed that even though the particle size 
is non-uniform, an average value is found corresponding 
to about 700 nm. Aggregation of particles is not clearly 
visible, because of the presence of both water molecules 
and hydroxyl group, confirmed also by FTIR analysis. 

Furthermore, both the FTIR spectra and TG experiments 
suggest that the thermal treatment at 60 °C does not com-
pletely remove the water and residue solvents. As a confir-
mation, the EDX analysis showed both the peaks of Ti and 
O, as well as those of Carbon. TG experiments revealed 
that in spite of the thermal pretreatment at 60 °C, a sig-
nificant mass of water physically or weakly bound to the 
material was released at low temperature. The occurrence 
of processes accompanied by mass losses can be excluded 
at temperature higher than 800 K.

As far as the biological characterization is concerned, the 
Kokubo test confirmed that the formation of hydroxyapatite 
layers occurs after 21 days in SBF, thus suggesting that the 
 TiO2 particles synthesized in this study are bioactive.

Finally, during the incubation of particles with two bacte-
rial strains, namely Gram-positive and Gram-negative, the 
inhibition halo (ID) was not observed. So, in conclusion it 
can be stressed that the  TiO2 particles prepared in the present 
study support the proliferation of bacteria, regardless of the 
bacterial strain. Therefore, they may be used as non-toxic 
materials for different biomedical applications.
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