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Current development of hybrid and bioactive materials based on consolidated metallic substrates, 
such as titanium and its alloys, combined with polymeric and ceramic additives has been promoted. 
These materials, with an emphasis on hydroxyapatite and polycaprolactone, have a high applicability in 
tissue replacement and regeneration. Since bacterial contamination and biofilm formation are the main 
causes of post-surgical complications involving implants, the present work proposes a hybrid coating 
to address these issues. It incorporates Melaleuca alternifolia essential oil as a natural bactericide, 
into a polymeric PCL layer. This layer was applied over a bioceramic coating on a commercially pure 
titanium substrate. The surface evolution of the apatite layer was verified through bioactivity tests in 
simulated body fluid, verifying a homogeneous layer with appreciable globular morphology. In the 
microbiological assays by disk-diffusion against Staphylococcus aureus and Escherichia coli, the 
formation of small halos was observed for both cultures. As a result, it is suggested that the proposed 
hybrid coating may improve the osseointegration process and biocompatibility, indicating the potentiality 
of prosthetic application in orthopedic medical devices.
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1. Introduction
Several forms of natural or synthetic biomaterials have 

been noted as potentially relevant for boosting the tissue 
regeneration effectiveness of traditional metallic substrates, 
such as titanium and its alloys, applied in the manufacture 
of medical devices. Among them, the bioceramic material 
hydroxyapatite (HA) is remarkable because it is highly 
accepted by biological systems and effective in repairing 
bone defects, the polycaprolactone (PCL), a biodegradable 
synthetic polymeric material recognized for versatility and 
the formation of biocompatible coatings1-9.

One of the major challenges of any medical procedure 
is the prevention and control of infection, especially for 
replacement surgeries, which are considered the most invasive 
and vulnerable to contamination. So the main causes of 
post-operative problems in implant operations are bacterial 
adherence to implants and biofilm formation10-17.

Up to 80% of human bacterial infections, according to 
the National Institutes of Health (NIH), are driven on by 
bacterial biofilms. Treatment can be difficult if implants are 

involved because of the hard diagnosis. The most common 
protocol treatment in these situations involves giving high 
doses of antibiotics or implanting another device, both 
of which are ineffectual and have a strong probability of 
reinfecting the new implant10-12,18.

Bacterial biofilms are notoriously difficult to treat 
because they are highly resistant to both antibiotics and the 
human immune system. Despite this, synthetic antibiotics, 
which can have serious negative side effects, are still used in 
conventional processes of infection prevention and treatment. 
Thus, treatments based on non-conventional antibiotics are 
attractive due to their multiple actions against microorganisms 
and less adverse effects than synthetic medicines, reducing 
the development of drug-resistant bacteria10,12,18-22.

A promising strategy that can prevent the first adhesion 
of pathogens to the implant surface is the incorporation of 
bactericidal and antibiofilm agents in the coatings of the 
materials to be implanted. Beyond the consolidated metallic 
nanoparticles, the use of essential oil-based antimicrobial 
coatings is a desirable method for greatly improving their 
biocompatibility and preventing microbiological growth on *e-mail: carolcruzf@gmail.com
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implant surfaces, once the biocidal activity of such coatings 
seems to be restricted to bacteria, allowing mammalian cells 
to attach and proliferate well12-17,21.

Compared to synthetic medications, essential oils can 
work at the same time on several target molecules, in addition 
to being natural and biodegradable. Melaleuca alternifolia 
essential oil, generally known as tea tree essential oil (TTO) 
has been explored as a potential antibacterial and antifungal 
additive to be included in polymeric coatings. Terpinen-4-ol 
and 1,8-cineol, which make up the majority of its complex 
mixture of terpene hydrocarbons and tertiary alcohols, are 
the compounds responsible for its documented analgesic 
and anti-inflammatory effects, as well as the exceptional 
antimicrobial activity of TTO across a wide spectrum, both 
in vitro and in vivo23-29.

In this regard, the current work proposes a surface-
modifying of commercially pure titanium (Ti c.p. grade 4) 
by the incorporation of TTO as a bactericidal agent into a 
PCL-based dip coating applied to the metallic substrate, 
as well as the effect of prior HA coating on the titanium 
surface. With the selected compounds, aim to develop a 
hybrid functional material with higher bioactivity while 
simultaneously lowering the risk of post-surgical contamination, 
making them promising coatings components and potential 
for use in prosthetics manufacture.

Despite preliminary work21, the hybrid coating was 
structurally characterized previously, demonstrating that 
them improve implant surface protection against bodily fluid 
attack. In order to verify the effects of proposed coatings on 
bioactivity, the apatite-forming capacity was examined by 
immersing the samples in simulated body fluid (SBF) for up 
to 4 weeks and following up with inspection by employing 
a Scanning Electron Microscope (SEM), Energy Dispersive 
Spectroscopy (EDS), and Fourier Transform Infrared 
Spectroscopy (FTIR). Antimicrobial activity of the proposed 
system has been tested using the disk-diffusion method 
against gram-positive Staphylococcus aureus (S. aureus) 
and gram-negative Escherichia coli (E. coli). The resulting 
hybrid coatings created on Ti c.p. surfaces displayed good 
bioactive capabilities and antimicrobial activity, suggesting 
that they are a viable strategy for enhancing titanium-substrate 
implant properties and, simultaneously, minimizing implant-
associated infections and promoting osteointegration of 
orthopedic devices.

2. Materials and Methods
Titanium alloy samples previously coated with HA 

by the biomimetic method were used, followed by PCL 
coating containing incorporated TTO, according to the steps 
described below.

2.1. Materials
Samples of Ti c.p. disks grade 4 (3 mm in diameter 

and 5 mm in thickness) were used as metallic substrate. 
Table 1 presents the chemical composition of the samples, 
determined by inductively coupled plasma optical emission 
spectrometry (ICP-OES), together with the values ​​stipulated 
by ASTM F67-063030.

For the polymeric coating, PCL (Sigma Aldrich; Mn 
70000–90000, density 1.145 g/mL at 25ºC) was employed, 

together with TTO (Phytoterápica; Lote POM17.05). 
The acellular solution of simulated body fluid (SBF) applied 
in the steps of biomimetic coating and in the bioactivity assay 
was prepared as stated in the standard ISO 23317:201431, 
according to the concentrations shown in Table 2.

2.2. Sample preparations
The surface of the Ti c.p. substrate was prepared passing 

through a 180 mesh sandpaper. Then, the samples were 
placed in an ultrasonic bath with detergent, distilled water 
and isopropyl alcohol, for 15 minutes in each solution, for 
the removal of impurities. Previous works has shown that 
such sample preparation conditions favor the creation of 
surface defects, enabling the adhesion of coatings20-22,32,33.

Subsequently, it was immersed in a 5M NaOH solution 
(alkaline treatment) and placed in an oven at 60ºC for 24 h. 
After the alkaline treatment, the disks were washed with 
distilled water, dried and subjected to thermal treatment in an 
oven at 600ºC for 1 hour and cooled at room temperature in a 
desiccator. These pretreatments help to increase the substrate’s 
surface’s bioactivity by modifying its roughness, creating 
nucleation sites, and depositing a thin coating of Na2O-TiO2, 
which stimulates the formation of a denser apatite34.

2.3. Biomimetic coating
By using the two-stage (nucleation and growth) biomimetic 

technique, some samples were coated with HA. The samples 
were immersed in a solution of 2x10-3 mol/L of sodium 
silicate during the nucleation stage at 36.5 °C for seven days 
before being dried in a desiccator at ambient temperature. 
During the growth phase, the samples were submerged in 
SBF solution (previously prepared) for seven days at 36.5 °C, 
replacing it with a fresh solution every 48 h to ensure medium 
supersaturation and promote the creation of the HA layer. 

Table 1. Chemical composition of Ti c.p. (in % wt).

Chemical Element ASTM F67-0630 Ti c.p.
N 0.030 (max) 0.006
C 0.100 (max) 0.090
H 0.015 (max) 0.013
Fe 0.200 (max) 0.110
O 0.180 (max) 0.140
Ti balance balance

Table 2. Ionic concentrations of SBF solution (mmol.dm-3).

Ion Concentration

Na+ 213.00

K+ 7.50

Ca2+ 3.75

Mg2+ 2.25

HCO3
- 6.30

HCl- 221.70

HPO4
2- 1.50

SO4
2- 0.75



3Multilayer Strategies Incorporating Natural Bactericide for Titanium Surface Functionalization

Following this time, the Ti disks were cleaned with distilled 
water and dried in a desiccator at 25ºC .

2.4. PCL coating containing TTO
Afterward, the coating with PCL containing the essential 

oil was performed by the dip coating method. A polymeric 
solution at the concentration of 5% (m/v) was prepared 
dissolving the polymer in chloroform under magnetic agitation. 
Then, the TTO was incorporated in a concentration of 2% 
in relation to the polymer mass, dripping it in the solution 
still under magnetic agitation, at 800 rpm in a magnetic 
stirrer . The samples were coated with PCL containing TTO, 
by the immersion in the polymeric solution for 3 seconds, 
repeating the process 3 times, and then they were dried at 
25ºC in the desiccator for 24 h. So, the uncoated condition 
was named Ti c.p., the samples containing previously HA 
coating were named Ti+HA+PCL+TTO, while the others 
without HA coating were named Ti+PCL+TTO.

2.5. Bioactivity assays
The apatite-forming ability of the implant material 

was evaluated using the bioactivity test, following the ISO 
23317:201431 standard. This test measures the formation of 
apatite over four weeks and serves as a preliminary method 
to predict the material’s in vivo bone-bonding potential. 
Ti c.p. coated samples were immersed in SBF solution for 
four weeks at 36.5 °C, with weekly evaluations conducted 
throughout the test. After this time, the samples were cleaned 
with distilled water and dried in a desiccator.

In order to determine the growth of apatites, the surface of 
the samples was evaluated by scanning electron microscopy 
(SEM) and energy dispersive spectrometry (EDS), performed 
in the microscope (FEI, model Inspect S50) coupled to an 
EDA detector (EDAX, model Apollo X), with the samples 
fixed with carbon tape. The functional groups present in 
the samples were analyzed by Fourier transform infrared 
spectroscopy (FTIR), using a spectrometer (Perkin Elmer, 

model Spectrum 100 FTIR Spectrometer) with attenuated 
total reflectance accessory (ATR), employing a zinc selenide 
(ZnSe) crystal. The spectra were performed in the range 
from 450 to 4000 cm-1, with 32 scans and “background” 
of the measures employing the crystal without the sample.

2.6. Bacterial assays
To evaluate the antimicrobial potential of the samples, 

the disk diffusion method was used, testing the proposed 
conditions for the bacterial strains Staphylococcus aureus 
(ATCC 6538) and Escherichia coli (ATCC 8739). Bacteria 
were suspended in a 0.9% NaCl solution up to scale 0.5 of 
McFarland (108 cells mL−1) and seeded on the surface of 
Muller-Hinton agar plates with the aid of sterile swabs. 
Samples were placed under bacterial culture and incubated 
for 24 h at 37º C. Each Petri dish received a filter paper 
disk containing chlorhexidine as the positive control, 
filter paper disk as the negative control, Ti c.p. uncoated 
(without any coating, only pre-treated) and Ti c.p coated 
disks. The diameter of the halo formed around the disks 
was measured according to the Clinical and Laboratory 
Standards Institute (CLSI)35 guidelines for disk-diffusion 
sensitivity tests. Statistical analyses were performed using 
analysis of variance (ANOVA) and Tukey post hoc test to. 
Values were expressed as the mean±standard error with 
n=3 and P<0.05 as significant level.

3. Results and Discussion

3.1. Bioactivity assays
The micrographs obtained by SEM for the coated 

samples before the bioactivity test are shown in Figure 1. 
It is possible to observe that the coating was carried out 
homogeneously over the entire surface of the metallic substrate, 
as reported in previous works21. For the Ti+PCL+TTO 
sample (Figure 1a), the presence of bubbles resulting from 

Figure 1. Micrographs obtained by SEM of the samples: (a) Ti+PCL+TTO e (b) Ti+HA+PCL+TTO.
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the evaporation process of the solvent used in the polymeric 
solution is noted as observed by Ferreira et al.21, while for 
the Ti+HA+PCL+TTO condition (Figure 1b) it is possible 
to visualize a porous granular region and homogeneous 
layers with small globules characteristic of the presence of 
HA. As previously observed by Ferreira et al.21, there was 
no influence on the performance of the samples in corrosion 
tests using SBF, despite the bubbles present in the coating.

The semiquantitative microanalysis by EDS carried out 
in region A identified the atomic percentage of the chemical 
elements for each condition. The composition (in at%) of 
the samples is shown in Table 3. The presence of C and O 
refers to the existence of PCL and TTO coating, Ca and P 
components indicate the HA layer, while Na and Cl derives 
from the reagents (NaOH, NaCl, KCl, MgCl2.6H2O, CaCl2.
Na2SO4, NaHCO3 and HCl) used in the preparation of the 
biomimetic coating, according to Table 2.

The essential condition for implants to bond to bone 
under in vivo conditions is the formation of a surface layer 
of biologically active apatite like the bone component. When 
the bioactive material is implanted, a series of biochemical 
and biophysical reactions are triggered between the implant 
and the contact tissue, resulting from a strong interfacial 
interaction associated with the superficial formation of a thin 
layer with a high concentration of Ca and P36,37. In addition, 
surface porosity is also a desired property for bone tissue 
substitute devices, as it favors the transfer of nutrients, 
endogenous cell migration and, consequently, promotes 
bone growth38,39.

The characteristics of the bioactivity of the Ti+PCL+TTO 
samples are shown in micrographs obtained by SEM (Figure 2) 
during the four weeks of the assay. Through them, it is 
possible to observe the metallic substrate matrix (darker 
region), together with the formation of porous mineralization 
nodules (lighter region). It is possible to visualize that the 
apatite grows from the first week, presenting a rounded 
globular structure favorable to the osseointegrative process.

At the end of the 4 weeks of testing, it is possible to 
verify the presence of overlapping layers of apatite, filling 
a large portion of the metallic substrate and forming larger 
clusters than those observed in the first week. Furthermore, 
it is observed that the bubbles resulting from the drying 
of the polymeric coating as well as the metallic substrate 
are more evident in the first week micrograph (Figure 2a), 
suggesting the possible degradation of the PCL+TTO coating 
simultaneously with the growth of the apatite layers.

The surface evolution of the Ti+HA+PCL+TTO samples 
over the four weeks of bioactivity is depicted in Figure 3 through 
the micrographs obtained by SEM. For this condition, it 
was possible to observe that the apatitic growth occurs 
faster than in the Ti+PCL+TTO system. After immersion 
in SBF solution for a week, it is already possible to verify 
the formation of larger compact clusters than observed for 
the previous system, favored by the previous presence of 
HA coating.

There is also an overlapping of layers over the weeks, so 
that the inner layers have globules with a smaller diameter 
than those present in the outer layers, since their growth 
will be constrained by the subsequent layers. In addition to 
the evident stacking, it was possible to observe the globular 
morphology of the apatite coating, which is a notable aspect 
of the osseointegrative process.

The structure of the systems coated after immersion 
in SBF can be seen in greater detail in Figures 4 and 5. 
To confirm the chemical composition, microanalysis by EDS 
was carried out in regions B. For the Ti+PCL+TTO sample, 
the composition (in %at) after the first week and the fourth 
week of testing is shown in Table 4. The presence of Ca, 
and P components denote the apatite layer, while Mg, Na, K 
and Cl descends from the reagents used in the preparation of 
the SBF (NaOH, NaCl, KCl, MgCl2.6H2O, CaCl2.Na2SO4, 
NaHCO3 and HCl), according to Table 2.

After four weeks of testing, there is a reduction in the 
percentage of Ti, corroborating what was observed by the 
micrographs since the layers of apatite formed overlap, 
extending throughout the metallic substrate. The reduction 
in the amounts of Ca and P can be explained by the presence 
of additional elements deposited on the surface, which may 
be in higher concentration at the point where the analysis 
was performed. The evaluation of the Ca/P ratio of the 
Ti+PCL+TTO samples after the bioactivity test will be further 
discussed in a later section, after the presentation of the SEM 
micrographs and EDS microanalysis, in order to facilitate 
the comparative analysis with the other conditions studied.

For the system containing HA (Ti+HA+PCL+TTO), 
through EDS microanalysis in the C region, the composition 
(in %at) after the first week and the fourth week of testing is 
shown in Table 4. Larger globules are seen in this condition 
during the first week (Figure 5a). Despite the slight variation 
between the amount of Ti detected after the first and fourth 
weeks, there is a decrease of approximately 50% compared to 
the composition before the bioactivity assay (Ti = 0.12%at), 
justified by the density of the apatite layer formed.

The bioactivity of uncoated Ti c.p was analyzed by por 
Coelho et al.33, in which the authors reported that the formation 
of HA did not occur in the first week, with the development 
of apatite globules occurring only in subsequent weeks, 
in contrast to what was obtained for the coated materials 
proposed in the present work.

To compare the effect of TTO, a bioactivity assay was 
performed on the Ti c.p. covered only with PCL, and the 
micrographs obtained by SEM and the spectra by microanalysis 
by EDS are shown in Figure 6. The composition (in %at) 
obtained by means of the microanalysis by EDS performed 
in region D was C (9.52), O (56.54), Na (4.81), Mg (1.08), 
P (2.17), Ca (10.01), and Ti (15.87) for the first week, and C 

Table 3. Chemical composition (%at) obtained by EDS microanalysis 
in the A region.

Chemical Element Ti+PCL+TTO Ti+HA+PCL+TTO
Ti 1.01 0.12
C 86.92 35.88
O 12.07 19.96
Ca N/A 21.87
P N/A 13.02

Na N/A 1.23
Cl N/A 7.92

Ca/P ratio N/A 1.68
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Figure 2. Micrographs obtained by SEM for the Ti+PCL+TTO sample, after bioactivity assay. (a) first week, (b) second week, (c) third 
week, and (4) fourth week.

Figure 3. Micrographs obtained by SEM for the Ti+HA+PCL+TTO sample, after bioactivity assay. (a) first week, (b) second week, (c) 
third week, and (4) fourth week.
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Figure 4. Micrographs obtained by SEM and EDS microanalysis spectra in the B region, for bioactivity assay of the Ti+PCL+TTO sample 
after (a) first week; (b) fourth week.

Figure 5. Micrographs obtained by SEM and EDS microanalysis spectra in the C region, for bioactivity assay of the Ti+HA+PCL+TTO 
sample after (a) first week; (b) fourth week.
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(5.72), O (52.18), Na (3.02), Cl (3.31), Mg (1.55), P (12.88), 
Ca (17.76), and Ti (3.57) after the fourth week of testing.

Without TTO, apatite growth is detected to occur in the 
first week, but with needle-like structures, as observed by 
Coelho et al.33 that are unfavorable to subsequent bone-implant 
integration. After the fourth week of testing, the presence of 
a primary apatite layer at the bottom is noted, superimposed 
by thicker layers. However, the globules in the upper layers 
changed in morphology, with loss of pore limitations and 
contour definition, as observed by Costa et al.40 in sheep 
tibia samples implanted to repair a proximal bone defect.

A similar apatite structure was observed by Ferreira et al.20 for 
the coating containing PCL+AgNO3. It is therefore suggested 
that TTO also acts on the growth of apatites, favoring 
their morphology for the osteointegrative process. Studies 
conducted by Alves et al.41 confirmed the cell viability of 
scaffolds containing TTO for osteoblast-like MG-63 cells. 
This effect is possibly due to the presence of components 
such as 1,8-cineol, α-pineno, α-terpineol e γ-terpineno, 
also found in essential oils used in studies conducted by 
Sabbieti et al.42 and Elbahnasawy et al.43, which had positive 
effects on Ca absorption and osteoblast proliferation.

Table 4. Chemical composition (%at) obtained by EDS microanalysis for bioactivity assay of the samples after first and fourth week.

Chemical Element
Ti+PCL+TTO Ti+HA+PCL+TTO

1st week 4th week 1st week 4th week
Ti 1.35 0.46 0.06 0.05
C 20.16 42.33 17.17 12.31
O 46.56 39.83 49.61 54.06
Ca 18.68 8.99 18.68 20.75
P 13.35 5.70 13.20 14.01

Na 0.37 1.02 0.42 0.86
Mg 0.27 0.57 0.86 0.97
K N/A 0.33 N/A N/A
Cl N/A 0.78 N/A N/A

Ca/P ratio 1.40 1.58 1.41 1.48

Figure 6. Micrographs obtained by SEM and EDS microanalysis spectra in the D region, for bioactivity assay of the Ti+PCL sample 
after (a) first week; (b) fourth week.
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The association of PCL with calcium phosphates (CaP) 
to create a hybrid material is one of the approaches applied to 
improve the bioactive properties of the polymeric matrix, since 
it was verified that the similarity with the mineral composition 
of the bone tissue and the osteoconductive properties of the 
CaP can promote cell attachment and proliferation in vitro, 
as observed by Gorodzha et al.44.

From a commercial point of view, there are several CaPs 
applicable in bone replacement that have a Ca/P molar ratio 
between 0.5 and 2.045,46. Like synthetic CaP, biogenic apatite 
from bone tissue also presents stoichiometric deviations in 
the Ca/P molar ratio, ranging from 1.33 to 1.77, as a result 
of possible ionic incorporation45-47.

Evaluating the Ca/P ratio of Ti+PCL+TTO samples 
after the bioactivity assay (Table 4), there was an increase 
in this ratio from 1.4 to 1.58 from the first to the fourth 
week, resulting in an HA deficient in calcium (Ca/P between 
1.5 and 1.67)45,46.

According to previous studies21, it is suggested that the 
development and growth of the apatite layer in the coated 
material is a dynamic process and that it occurs simultaneously 
with the degradation process of the polymeric coating. 
Once the PCL+TTO layer is solubilized, the metal substrate 
becomes more exposed to the SBF solution, triggering the 
formation of surface Ti–OH groups that stimulate apatite 
nucleation. Once the apatite nuclei are formed, growth occurs 
spontaneously, consuming positive calcium ions (Ca2+) and 
negative phosphate ions (PO3−) from the SBF fluid, which 
will spontaneously transform into hydroxyapatite9,48. It is 
then suggested that the Ca/P ratio of the Ti+PCL+TTO 
samples will increase over time, reaching the stoichiometric 
HA ratio of 1.6745,46.

The Ca/P ratio (1.68), obtained prior to immersion 
of the samples Ti+HA+PCL+TTO in SBF medium for 
the bioactivity assay, confirms the presence of HA in the 
coating. Nevertheless, over the weeks of the bioactivity test 
(Table 4), this ratio changes, reducing to 1.41 after the first 
week, followed by an increase to 1.48 at the end of the fourth 
week. Such results suggest that the initial HA will undergo 

partial replacement of Ca in the apatite structure by Mg 
present in the SBF solution, as reported by Ferreira et al.21, 
transforming into tricalcium phosphate (TCP), with a Ca/P 
molar ratio close to 1.545,46.

The β-phase of tricalcium phosphate (β-TCP) has 
been extensively investigated and used clinically due to 
its chemical composition similar to the apatite naturally 
present in bone tissue47,49,50. The combination of β-TCP 
with PCL has been considered a promising strategy for 
application in bone grafting because it is effective in bone 
regeneration in in vivo models, as reported by Lee et al.51 for 
mandibular reconstruction in dogs and Chen et al.49 for a 
rabbit bone defect model. Furthermore, as studies conducted 
by Helaehil et al.52 demonstrated, the combination of β-TCP 
with PCL provides improved application to the PCL-HA 
association for long-term applications in relation to the bone 
regenerative process of critical size bone defects.

The evolution of HA presence can be verified through 
infrared analysis of absorption bands corresponding to the 
vibrations of phosphate, carbonate, and hydroxyl groups. 
Figure  7 compares the spectra obtained after the first 
and fourth weeks for the Ti+PCL+TTO (Figure  7a) and 
Ti+HA+PCL+TTO (Figure 7b) samples. The main peaks of 
interest were identified, to obtain a clearer visualization of 
the evolution of the bands over the bioactivity assay period.

Bands associated with OH- group stretching were observed 
between 3670 and 3570 cm-1, whereas bands associated with 
CO3

2- group stretching were observed between 1514 cm-1 and 
1412 cm-1. Bands related to the phosphate group were identified 
at 1196 and 1022 cm-1 (stretching) and at 563 cm-1 (vibration). 
Comparing the intensity of the bands observed in the first and 
fourth weeks, a greater intensity is observed after the fourth 
weeks of testing, corroborating the HA growth observed by 
the micrographs for both proposed systems.

The characteristic bands of PCL and TTO were identified 
in the spectra, and also reported by Ferreira et al.21,32. The bands 
that correspond to the C=C bond in the aromatic ring 
(1670 cm-1) and the elongation of the C-O bond (1160 cm-1) 
are related to the presence of TTO in the coating. The bands 

Figure 7. Infrared spectra obtained after the first and fourth weeks of bioactivity assay for the samples (a) Ti+PCL+TTO and (b) 
Ti+HA+PCL+TTO.
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related to the asymmetric and symmetric elongation of the 
CH2 bonds can be observed at 2900 cm-1, while the elongation 
vibration of the carbonyl group (C=O) of the PCL ester 
function is observed at 1736 cm-1. The wavelengths 1233, 
1107, 1042, and 731 cm-1 are associated with the asymmetric 
vibrations of the C-O-C bonds, present in the amorphous 
phase of the polymer.

For both conditions, it is possible to observe that the 
bands associated with the existence of the PCL+TTO 
coating remained present after the four weeks of testing, 
suggesting that the coating was still adherent to the surface 
of the material.

Comparing the results obtained, it is noted that the samples 
previously coated with HA present faster growth during the 
bioactivity test, due to the presence of HA on the surface of 
the material. This was also observed by Valente et al.53, who 
compared the efficacy of pure PCL and HA+PCL composites 
containing or not containing alendronate in the repair of 
bone defects in rabbit olecranon. Although all conditions 
studied showed biocompatibility and biodegradation 
capacity simultaneously with the formation of bone tissue, 
the response of composites containing bioceramic material 
(HA) was more evident.

3.2. Bacterial assays
The antibacterial activity of uncoated Ti c.p., Ti+PCL+TTO, 

and Ti+HA+PCL+TTO samples against E. coli and S. 
aureus, as examples of gram-negative and gram-positive 
bacteria, was investigated using the disk diffusion technique. 
The results obtained are displayed in Figure 8. Although it 
has drawbacks for the evaluation of liposoluble substances 
with a high degree of volatility, such as essential oils, the 
disk diffusion method can be used as a preliminary step for 
evaluating the antimicrobial activity of these substances54.

According to the analysis of the curves, it is observed that the 
inhibition halos obtained for the Ti+HA+PCL+TTO condition 
in both evaluated bacteria are similar, with mean inhibition 
diameters of 6.67±0.058 mm (S.aureus) and 6.367±0.151 mm 
(E.coli). The Ti+PCL+TTO system expressed the highest 
inhibition halo against S.aureus strains (mean inhibition 
diameter of 7.70±0.142 mm), while the antibacterial activity 

against E.coli was slightly lower (mean inhibition diameter 
of 6.135±0.078 mm) than for the sample containing HA.

The presence of halos in the uncoated condition (Ti c.p.) 
may occur due to the presence of surface TiO2 naturally formed 
after alkaline and thermal treatments. For this condition, the 
mean diameter of the formed halos was 6.13±0.088 mm 
(S.aureus) and 6.067±0.058 mm (E.coli) were dimensionally 
similar to those obtained by Weng et al.55 for TiO2 samples.

TiO2 is among the inorganic substances with recognized 
antimicrobial activity, originally due to its excellent 
photocatalytic activity. Its excellent antifungal and antibacterial 
properties against a wide range of gram-positive and gram-
negative bacteria are reported by several authors55-57 and are 
strategically applied in the coating of biomedical devices, 
in addition to being able to be satisfactorily associated with 
other polymers, such as PCL9,48.

Mumu and Hossain58 comparing the antimicrobial activity 
of various essential oils and found that TTO has a greater 
ability to prevent pathogens, inhibited 99.92% of pathogens 
after 6 h of incubation, while the other oils inhibited between 
90.43 and 92.59%. Studies suggest that the mechanism of 
action of TTO results from an increase in the permeability 
of liposomal systems, causing lysis and loss of membrane 
integrity, denaturing the protein structure, and inducing the 
death of the bacteria28,58,59.

Tests conducted by Singh et al.59 demonstrated that TTO 
exhibits bacteriostatic behavior at low doses but develops 
bactericidal behavior at high concentrations. Differences in 
the susceptibilities of the tested organisms to TTO were also 
observed, and these are interpreted in terms of variations in 
the penetration rate of monoterpenes through the cell wall 
and cell membrane structures28,59.

The addition of TTO offered inhibitory activity against 
both bacteria, as shown in Figure 8, demonstrating that the 
proposed coatings were more efficient in controlling the 
bacterial growth of the S. aureus strains. The same was 
reported by Doudstar et al.28 in systems containing PCL+TTO, 
and this fact may be associated with the structure of E. coli, 
which has a lipid bilayer (cell membrane and specific external 
membrane) providing better protection of the bacterial cell 
against external antibacterial agents.

HA-coated titanium implants have been used as vehicles 
for drugs or other bioactive molecules that have been shown 
to promote osseointegration and bone growth, in addition to 
reducing the potential for bacterial infection60-63.

Dudek-Wicher et al.54 verified that the presence of intrinsic 
porosity in CaP favors the chemisorption of actives when they 
compared the adherence dynamics of terpinen-4-ol present in 
TTO to the HA or agar surfaces, confirming that the substance 
penetrates better in the channels of the porous HA-disks.

The same positive effect was observed by Alves et al.41 for 
bioceramic scaffolds based on β-TCP, in which the addition of 
TTO in the coatings provided significant antibacterial activity, 
in addition to a slow release of the active, as can be suggested 
for the systems proposed in this work (Ti+PCL+TTO and 
Ti+HA+PCL+TTO).

4. Conclusion
The proposed coatings increase the bioactivity of TiCP 

when compared to metallic substrate without coating. 
Figure 8. Mean of inhibition zone of samples against E. coli and 
S. aureus (disk-diffusion method).
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The micrographs obtained for the Ti+PCL+TTO and 
Ti+HA+PCL+TTO samples after the bioactivity test demonstrate 
the evolution of the apatite layer, with homogeneous growth 
during the four weeks for both conditions, although more 
accelerated for the condition with previous HA coating. 
Furthermore, the formed apatites presented an appreciable 
globular structure for the osseointegrative process. The TTO 
incorporated into the coating had a desirable effect on the 
morphology of the apatite granules formed during the 
bioactivity tests. The FTIR spectra revealed an increase in 
the intensity of the CO3

2- and PO4
3- bands, indicating the 

growth of the bioceramic layer as well as confirmation of 
a polymeric coating due to the presence of the PCL and 
TTO characteristic bands. The incorporation of TTO in the 
proposed coatings provided antimicrobial activity against the 
strains of bacteria used, being more efficient in controlling 
the growth of the S. aureus strain. In this way, the proposed 
systems present desirable characteristics for application in 
medical implants, supporting their potential to enhance the 
osseointegration process.
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