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Abstract: The early loss of dental implants can be avoided with systemic antibiotics, however there
are potentially significant side effects. Consequently, the use of local drug administration techniques
is necessary to make dental implant therapy more practical. In this study, Y-branched nanotubes
were prepared by non-expensive and simple anodization in two steps. Tests were performed to
highlight their potential for local antibiotic administration. Y-branched nanotubes were able to
incorporate a dose of Tetracycline and ensure its electrochemical stability. The presence of tetracycline
significantly enhanced antibacterial efficacy, resulting in an increase of up to 55% for Escherichia coli
and Pseudomonas aeruginosa and 50% for Staphylococcus aureus. The comparable antibacterial effects of
the nanostructured surfaces highlight the potential of tetracycline in promoting antimicrobial action.
Moreover, the addition of tetracycline does not influence the structural, morphological and stability
properties of the nanostructured deposited TiO2 films.
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1. Introduction

One of the implant failures, peri-implantitis, could be developed because of an immune
response to oral cavity microbes. Once peri-implantitis has manifested, the focus should
be on cleaning the implant surfaces, addressing swelling, and preventing additional bone
loss [1].

Titanium and its alloys are commonly employed materials in the medical field due
to their advantageous properties, including biocompatibility, corrosion resistance, and
mechanical strength. However, titanium lacks intrinsic antibacterial properties, leading to
limited osseointegration. Therefore, surface modification becomes essential to stimulate
osteogenesis and establish favorable interfacial microenvironments at the implant-bone
tissue interface [2–4].

Nanotechnology has made significant improvements in the creation of antimicrobial
coatings that could be employed to prevent implant infection [1]. Various novel nanomate-
rials and drug carriers, including polymer micelles, liposomes, multifunctional dendritic
polymers, nanocapsules, nanospheres, and TiO2 nanostructures have been created as a
result of advancements in nanotechnology [5,6].

TiO2 nanotubes (NT) have drawn a lot of attention in recent years as a potential
material to enhance osseointegration and as a potential medication delivery method [7]. The
clinical therapeutic effect of medical implants can be enhanced by titanium nanotubes arrays
produced on Ti surface by an easy electrochemical anodizing technique [5]. Biocompatibility
investigations of TiO2 nanotubes have predominantly centered on their application in
dentistry, orthopedics, and cardiovascular surgery. Notably, NT implants have exhibited
a strong affinity for bone cell adhesion and differentiation. Initial studies revealed that
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NT surfaces promote bone cell growth and enhance osteoblast activity. Many researchers
demonstrated the favorable effects of NT surfaces on the growth and differentiation of bone
marrow stromal cells, presenting the potential for controlling nanotopography to enhance
osteoblast activity. Other studies highlighted increased proliferation of osteosarcoma and
MC3T3-E1 cells on NT surfaces. It was also used as a protozoan cell model to predict NT
coating toxicity in biological systems, concluding that NTs did not adversely affect esterase
activity or cell growth rate. In vivo studies, involving NT implants in pigs, demonstrated
improved osteoblast functions and resistance to shear forces during implant insertion,
highlighting positive bone formation characteristics. Other researchers reported increased
chondrocyte adhesion on NT surfaces, with in vivo biocompatibility studies in rats showing
no chronic inflammation or fibrosis upon subcutaneous implantation. Moreover, in vivo
studies on rabbit tibiae, confirmed that NT implants significantly enhanced the strength of
the bone bond with surrounding tissues [8–12].

Furthermore, double-layer nanotube arrays were created, featuring branching nan-
otubes growing beneath the trunk nanotubes through the anodization process [13]. Benefits
of these structures include an enhanced specific surface area and biocompatibility [14,15].
Also, mouse bone marrow stromal cells adhered to, multiplied, and differentiated on the
surfaces of double-layered titania nanotubes [15]. Titanium nanotubes have not been ob-
served to generate inflammation or fibrous vesicles in vivo, demonstrating that they do
not elicit a potent immunological response [16]. Notably, the reagent itself and its local
concentration determinate the toxicity brought by the loading of the reagent. Controlling
the release of reagent become essential [16]. However, there does not seem to be agreement
yet on the ideal nanotube morphology to encourage cellular adhesion and proliferation as
well as efficient drug delivery [17]. NT surfaces offer the benefit of loading drugs or active
agents for localized delivery. These tubular structures play a direct role in interactions with
cells, and their biocompatibility and capacity to differentiate into specific cell types can be
enhanced through the incorporation of specific growth factors [3]. Hence, the advancement
of antimicrobial implants is vital to ward off dental infections and mitigate the risk of early
treatment failure. In the effort to combat infections, NT surfaces can be loaded with an
array of antibacterial agents such as antibiotics, metal oxides or ions, and antimicrobial
peptides, facilitating localized action [18].

Tetracycline, a protein synthesis inhibitor, attaches to the bacterial ribosome subunit
and prevents the interaction of tRNA and mRNA. Notably, tetracycline has shown that, in
addition to being a potent broad-spectrum antibiotic against bacteria linked to periodontitis
and periimplantitis, it also increases the proliferation of fibroblastic cells and inhibits colla-
genase activity [19]. Thus, bacteria, such as Prevotella intermedia/nigrescens, Fusobacterium
sp. Bacteroides forsythus, and Campylobacter rectus are less frequently developed when this
chemical is present [19]. Because of its beneficial effects on bone graft materials, ability
to regenerate bone in extraction sockets, and other mentioned properties, tetracycline is
frequently employed in the regeneration process [20]. Moreover, considering cell inter-
actions, literature studies indicate that loading tetracycline into TiO2 nanotubes does not
have adverse effects on cell adhesion, proliferation, and differentiation [15,21].

Systemic antibiotics are effective in preventing the early loss of dental implants,
but studies point out serious shortcomings related to restricted drug solubility, short
circulating time, lack of selectivity, side effects varying from diarrhea to potentially fatal
allergic responses, and unfavorable pharmacodynamics [5,15]. Additionally, there is a
general agreement that systemic antibiotics are overused in dental care. Research into
local drug administration methods has shown demonstrable efficacy in reducing infection
rates [7,22]. The interaction between antimicrobial coatings and bacteria is a topic of
extensive research, especially for developing antibacterial surfaces and materials to reduce
the risk of infections [1].

This research aimed to investigate Y-branched titanium nanotubes for use in com-
mercial orthopedic implants with strong antibacterial qualities. Immersion drug loading
was used in this study to incorporate Tetracycline into Y-branched TiO2 nanotubes, which
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were then examined using in vitro techniques on two Gram negative bacteria, (Escherichia
coli and Pseudomonas aeruginosa) and one Gram positive, (Staphylococcus aureus). Further
research was completed to see whether the treated tube layers had better antibacterial
effectiveness and longer drug release.

2. Materials and Methods
2.1. Reagents

Ethylene glycol—anhydrous (EG—99.8% purity), ammonium fluoride (NH4F), sulfuric
acid (H2SO4), dimethylsulfoxide (DMSO) and natrium chloride (NaCl) were provided by
Sigma Aldrich.

2.2. Fabrication of Two Layered TiO2 Nanotube Arrays

Two-layered anodic titanium dioxide (TiO2) nanotubes with a ‘Y’ branched structure
were produced through a two-step anodization process of Ti samples. Before anodization,
the Ti samples with a thickness of 1 mm and a 99.6% purity, provided by Good Fellow Ldt.,
were polished using abrasive papers of different granulometry (Carbimet, Buehler) and then
were cleaned in distilled water and degreased in ethanol, and acetone, respectively [18,23,24],
at room temperature.

The anodization process was performed in an electrochemical cell with two-electrode,
with Ti electrode as anode and a Pt electrode as cathode. Using a MATRIX MPS-7163
source, the voltage was increased from 0 to the final value specified in Table 1, with
2 V/10 s and then kept constant at room temperature for 2 h. A digital multimeter (from
V&A International, model VA18B, with PC-Link version 7 software) connected to the
computer was used to record the evolution of the current during anodization.

Table 1. The parameters used for obtaining the “Y” branched TiO2 nanotubes.

Sample Steps Electrolyte
Composition Voltage (V) Time (h) Sample Name

Anodization to obtain
simple nanotubes 1 NH4F (0.5% wt) +

distilled water (2% v) + EG 50 2 NT_1s

Anodization to obtain “Y”
branched nanotubes

1 Aqueous solution:
H2SO4 1 M + 0.16 M HF 20 2

NT_2s

2 NH4F (0.5% wt) +
distilled water (2% v) + EG 20 2

The parameters of the anodization process are presented in Table 1. The sample
anodization in one step used an organic electrolyte based on ethylene glycol. Conversely,
the two-step process involved initial anodization in a non-organic, followed by anodization
in an organic electrolyte.

The anodized titanium samples were sonicated with deionized water and then dried
in the ambient atmosphere. These were named NT_1s and NT_2s.

2.3. Tetracycline Loading

For antibiotic embedding into TiO2 nanotubes, firstly, a tetracycline solution of with
a 2 g/L concentration was prepared. Due to the low stability of this antibiotic in water, a
solubilization protocol was employed using a mixture of ethanol and distilled water in a
3:1 ratio.

The anodized samples (NT_1s and NT_2s) were immersed in 10 mL of tetracycline
solution for 48 h at room temperature. Tetracycline loaded samples were named NT_1s/TE,
NT_2s/TE.

The entrapment efficiency of tetracycline (EE) was calculated using the equation:

%EE =
Wa − Ws

Wa
× 100 (1)
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where Wa = weight of total drug used for immersion solution (20 mg); Ws = analyzed
weight of solution after loading.

The quantity of tetracycline unencapsulated was determined using a calibration
curve with a correlation coefficient (R2) of 0.9998 and a linear regression equation of
y = 0.0345 × −0.0013 with a concentration between 4–20 mg/L tetracycline. All the tests
were executed in triplicate (n = 3).

2.4. Samples Characterization

The samples were morphological, structural and electrochemical characterized. Sur-
face morphology was analyzed using scanning electron microscopy (SEM). Top and cross-
sectional views were obtained with a FEI/Philips XL-30 QUANTA 650 in high vacuum,
at HV 30 kV, WD 10 mm (FEI Company, Hillsboro, OR, USA), at different magnifications.
Cross-sectional images were performed by mechanically scratching the anodized electrodes
with a scalpel to crack the nanotube layer.

Information about crystallinity and functional groups was obtained using Raman
technique. The Raman spectra for nanotube samples was obtained at a wavelength of
514 nm and 785 nm for samples loaded with tetracycline.

Surface wettability was investigated using a CAM 100 Optical Contact Angle Meter
(KSV Instruments Ltd., Helsinki, Finland), employing the Sessile Drop method in three
different solvents (water, EG and DMSO). The contact angle value was measured three
times in different areas on the sample surface at room temperature and under daylight
conditions. The surface energy was calculated using the model of Owens DK and Wendt R,
as described in the literature [25].

The electrochemical characterization of the samples was performed in a cell with three
electrodes (working electrode—simple Ti or coated Ti electrode; reference
electrode—Ag/AgCl/3M KCl; counter electrode—Pt). Electrochemical measurements
were carried out with a potentiostat/galvanostat device model PGSTAT 302N (Autolab),
using Nova 1.10 software.

Tafel polarization curves were recorded in the range ± 150 mV compared to the open
circuit potential, in 0.9% NaCl solution, under ambient conditions. The scanning rate was
2 mV/s. From Tafel plots, corrosion parameters were determined using Nova 1.11 software
and protection efficiency was calculated using the following equation:

Protectionefficency =
(I 0

corr − Icorr

)
I0
corr

·100 (2)

where I0
corr is the corrosion current of the Ti substrate and Icorr corrosion current of the

modified samples.
Moreover, electrochemical impedance spectra (EIS) were recorded, with an amplitude

of 10 mV, in the range 0.1–105 Hz, at free potential value and room temperature. The data
were processed using Nova 1.11 to determine the equivalent electrical circuits and generate
Nyquist diagrams. Cyclic voltammetry curves were recorded in the range (−1.5 V; 1 V),
with a step of 2.44 mV and a scanning rate of 100 mV/s.

2.5. Tetracycline Release Evaluation

For release studies, NT_1s and NT_2s samples were immersed in tetracycline solution
at a concentration of 2 g/L for 48 h.

Following that, the samples were immersed in a 10 mL phosphate buffer (pH = 7.4).
Each time, 0.5 mL of solution was extracted from the medium and replaced with an equal
volume of PBS. The concentration of drug released over time in the buffer solution was
assessed via UV–VIS spectroscopy at a wavelength (λ) of 363 nm, according to the method
described in point 2.3.
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To study the release kinetics and determine the mechanism of drug release, the results
of the in vitro tetracycline release study were adjusted using several kinetic models. All the
tests were executed in triplicate (n = 3).

2.6. Bacterial Culture

Bacteria were grown at 37 ◦C [26] on autoclaved Luria Bertani Agar (LBA) acc. Miller
plates. A quantitative method was used to assess the tested samples’ antibacterial activity
against test bacteria, and the result was the percentage inhibition of growth (or Bactericidal
ratio), or PI%. [27]:

PI % = [(M18 − M0) − (S18 − S0)]/(M18 − M0) × 100, (3)

where PI represent the growth inhibition percentage, M18 is the optical density at 600 nm
(OD600) that has been blank-compensated, M0 is the blank-compensated OD600 of the
organism’s positive control at 0 h, S18 is the OD600 of the organism that has been negatively
corrected for the presence of a test sample at 18 h, and S0 is the negatively corrected OD600
of the organism at 0 h.

In summary, sterile samples were incubated in a Laboshake Gerhardt shaker at 37 ◦C
and 200 rpm for 18 h using 5 mL of Luria–Bertani broth (the sterile medium was inoc-
ulated with bacteria at an amount of 1%). Using a UV–VIS spectrophotometer (Jenway
Spectrophotometer), the optical density of the samples and the control (a bacterium culture
without sample) was measured at 600 nm to evaluate the bacterial growth.

Antibacterial assay was performed against three pathogenic bacteria: two Gram nega-
tive, (Escherichia coli and Pseudomonas aeruginosa) and one Gram positive, (Staphylococcus
aureus) for the reasons mentioned in the Section 1. The method used is a quantitative one
and is described in the paper [28]. All reagents were purchased from VWR International
(Graumanngasse, Vienna).

Analysis of variance (one-way ANOVA) and the Tukey test were used to examine
statistical significance of the results obtained by triplicate determinations (described for each
method). Significant differences between means were found. At p < 0.05, differences were
considered significant. The findings displayed for the calculations are the mean ± standard
error of the mean (SE) of separate calculations. All of the graphic representation was created
using OriginPro 2010 Data Analysis and Graphing Software v. 8.5 (OriginLab Corporation,
Northampton, MA, USA).

Nosocomial infections are an important aspect of the infectious potential of the bac-
terium and may include any of the pathologies already listed but have the characteris-
tic spread in hospitals and health institutions, with frequent involvement of multidrug-
resistant strains.

3. Results and Discussion
3.1. Anodization curve

Titanium surface modification with nano-architectural structures, specifically in the
form of nanotubes, is highlighted by observing changes in current intensity over time.
Figure 1 shows these curves corresponding to each type of sample, NT_1s and NT_2s.

In literature studies [29], it has been demonstrated that by gradually increasing applied
voltage from the beginning of anodization process, the destabilization of the equilibrium
state inside the pores is avoided, by galvanostatic method. Thus, all anodized samples
were made using a current source, with a gradual increase in applied voltage of 2 V/10 s.

Figure 1 shows the mechanism by which nanostructures are formed under different
conditions. The chronoamperometric curve, corresponding to the nanotube’s growth in
both one-step and two-step methods, comprises distinct stages. The behavior is typical
for electrolytes with F− ions, like that described in the literature [30]. The kinetic trend
is composed of three stages, regarding to the current variation: an initial rapid decline
(stage A), a gradual increase (stage B), and a quasisteady state current density (stage C).
During stage A, the anodizing process initiates, causing a rapid decrease in current to a
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minimum value. This reduction is a result of the formation of a high-resistance compact
oxide layer on the surface, which occurs through the interaction between Ti4+ ions and
oxygen O2− ions in the electrolyte. During stage B, the current presents a steady increase
to a maximum level as the process of pore formation advances. This is attributed to the
chemical dissolution of the oxide layer facilitated by fluoride ions, which is favored by
an electric field generated between the cell electrodes. Small pits emerge on the compact
layer surface, leading to the development of a nanoporous structure. In the final stage, the
current density stabilizes at a constant value as a steady state is achieved, indicating the
formation of TiO2 nanotubes [31].
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For one-step anodization (Figure 1a), the recorded currents are lower than in two-step
sample anodization (Figure 1b,c). For two-step anodization, where an oxide layer is already
present on the Ti surface, the currents corresponding to stage 2 (Figure 1c) are notably lower.
Also, in Figure 1c, between 180–3600 s, the current increases and decreases, in accordance
with the mechanism described in the literature [30]. This behavior corresponds to the
second layer, where pits form at the bottom part of the nanotubes obtained in the first layer,
followed by their random dissolution.

By integrating the area under the time—current intensity curve for the entire an-
odization process, using the OriginPro 8.5 software, the load values were obtained. When
anodization process was performed to obtain the monolayer nanotubes (NT_1s), the result-
ing load was about 7 Coulombs (C). For multilayer nanotubes (NT_2s), in the 1st stage the
resulting load was 3 C and in the second one, 2 C, resulting in a total of 5 C. Although the
titanium surface subjected to anodization was the same, the difference obtained is due to
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different parameters of anodization. This difference is in accordance with literature data,
describing different mechanisms for the two types of anodization process [13].

3.2. Structure and Morphology of Samples

Figure 2 shows the SEM images of the anodized samples: in one step with and without
tetracycline (NT_1s and NT_1s/TE). Before the SEM images were recorded, the samples
were scratched to see the nanotubes in the section. In Figure 2b, the cross-section layer of
NT_1s is visible. In Figure 2a, can be seen the inner diameter of the nanotubes with a value
of about 67 nm and the outer diameter, with values approximately 90 nm. It is also observed
that nanotubes are ordered, vertically aligned and uniformly distributed. Viewed from
above, these nanotubes have a porous structure, with ordered pores, like “honeycombs”.
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Figure 2. SEM images of anodized samples: (a,b) NT_1and (c,d) NT_1s/TE.

Figure 2c,d shows the SEM images of the NT_1s samples in which tetracycline was
loaded, resulting NT_1s/TE sample. It is visible that tetracycline does not influence the
morphology of nanotubes. Tetracycline incorporation slightly reduces the inner diameter of
the nanotubes, 57 nm, (Figure 2c) compared to the SEM images described above in Figure 2a
(67 nm), indicating that it was successfully attached to the nanostructured surface.

In Figure 3a–c, the branched morphology of NT_2s can be observed, with values of
outer diameters between 98–155 nm and the inner diameter, with values of approx. 60 nm.
These morphological changes are also visible in the anodizing curve (according to Figure 1).
The difference between the two types of nanotubes (NT_1s and NT_2s) manifests itself
also at the level of the nanotubes wall thickness: NT_1s has values of 20 nm (Figure 2b)
versus NT_2s, that is 35 nm (Figure 3b), being visibly thicker. From these images, the
nanotubes are self-organized and oriented vertically, being open at the top part and closed
at the bottom. The length of the nanotubes is closely related to the working conditions.
In the literature it has been shown that the length of the obtained nanotubes increases
proportionally to the applied voltage [32]. In both cases, the length of the nanotubes is in
the order of micrometers.
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Figure 3. SEM images of tetracycline samples: (a–c) NT_2s and (d,e) NT_2s/TE.

Figure 3d,e shows the SEM images of the NT_2s samples in which tetracycline was
loaded, resulting in the NT_2s/TE sample. The morphology of nanotubes remains unaf-
fected by the presence of tetracycline, as it can be observed in the images. The inclusion
of tetracycline results in a slight reduction in the inner diameter (41 nm) of the nanotubes
(Figure 3d) when compared to the SEM images detailed in Figure 3a (63 nm). This suggests
successful tetracycline attachment to the nanostructured surface.

For each sample, 20 nanotube diameters were measured using the ImageJ program.
Then, the average value and standard deviation for all sample diameters was calculated us-
ing Excel. The values obtained for the samples are: NT_1s-67.90 ± 2.21, NT_2s-61.17 ± 2.94,
NT_1s/TE-56.61 ± 3.81 and NT_2s/TE-42.75 ± 4.00. Considering these small values for the
standard deviations, it is evident that all the samples have uniform TiO2 nanotube surfaces.

3.3. Raman Characterization

Figure 4 shows the Raman spectra of the samples: (a) TiO2 A, (b) TiO2 R, (c) NT_1s,
(d) NT_2s, (e) TE, (f) NT_1s/TE, (g) NT_2s/TE. Compared to controls (Figure 4a,b), the
anodized samples have both anatase and rutile peaks. The representative peaks of the
TiO2—rutile are found at 108.33 cm−1, 239 cm−1, 440 cm−1, 602 cm−1 and at 693 cm−1,
and for TiO2—anatase are around 144 cm−1, 394 cm−1, 514 cm−1 and 637 cm−1 [33]. Four
distinct Raman active modes of anatase TiO2, characterized by symmetries Eg, B1g, A1g,
and Eg, were identified at 141, 392, 511, and 635 cm−1, respectively. The presence of these
characteristic vibrational frequencies and their intensity ratios serves as confirmation of the
phase-pure anatase TiO2. Conversely, rutile TiO2 exhibited stretching peaks at 110, 436, and
590 cm−1, corresponding to the symmetries of B1g, Eg, and A1g, respectively. Additionally,
a broad compound vibrational peak at 233 cm−1, arising from multiple phonon scattering
processes, was distinctly observed [34].
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For NT_1s (Figure 4c), the values of the peaks are comparable to those of the rutile
(Figure 4b), the same situation being observed for the NT_2s sample (Figure 4d). The peak
intensity for NT_2s is lower than for NT_1s.

In Figure 4e, tetracycline shows Raman spectral peaks at 1619, 1450, 1317, 1275, 1137,
943, 856, 710, 597, 497, 403, 372 and 254 cm−1 [35,36]. Raman spectra corresponding for
anodized samples immersed in the tetracycline solution are presented in Figure 4f,g. These
show characteristic peaks for both tetracycline and TiO2 allotropic forms. It can be observed
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that the NT_1s/TE, NT_2s/TE and TE powder present similar peaks, thus indicating that
tetracycline was incorporated on the NT_1s and NT_2s surfaces.

3.4. Wettability

Wettability and surface chemistry are important features for tissue-implant interaction.
Thus, all samples underwent wettability testing using three different solvents, as seen in
Table 2. Ti sample exhibits the lowest hydrophilicity, as indicated by a contact angle value
of 84◦ in water, which is below the threshold of 90◦. The anodization process and formation
of the nanotubular structure on the Ti surface leads to a decrease in the contact angle. The
contact angles values using water as solvent are almost similar since, they present similar
top surface morphologies. This correlation is consistent with the observations made in SEM
images. Regarding the surface chemistry there are no differences as in the second step the
electrolyte solutions are the same for both anodized samples. NT_1s is 29◦, and NT_2s is
24.5◦. The tetracycline encapsulation in the two samples leads in both cases to the decrease
in the contact angle. These have the following values: 17.6◦ for NT_1s/TE and 23.4◦ for
NT_2s/TE, slightly lower values after embedding the tetracycline.

Table 2. Values for contact angle and surface energy.

Samples
Contact Angle (◦) Surface Energy

mJ/m2Water Ethylene Glycol DMSO

Ti 84 ±1.5 43.9 ± 2 33.7 ± 0.1 39.76
NT_1s 29.5 ± 1 22.6 ± 0.5 16.6 ± 2 63.25
NT_2s 24.5 ± 0.08 14.7 ± 1 10.7 ± 0.2 66.25

NT_1s/TE 17.6 ± 0.4 16.6 ± 0.1 14.8 ± 0.2 73.43
NT_2s/TE 23.4 ± 0.1 19.1 ± 0.2 14.3 ± 0.1 67.11

The surface energy increases for the modified samples. Tetracycline samples (NT_1
s/TE and NT_2s/TE) show the highest surface energy.

3.5. Electrochemical Characterization
3.5.1. Tafel Diagrams

To assess the resulting modified Ti biocorrosion resistance, electrochemical tests were
conducted on it in the 0.9% NaCl solution. Tafel polarization curves were recorded using
Nova software, version 1.11 and are presented in Figure 5. This figure depicts the formation
of passive films for all the anodized samples.
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By analyzing these curves with specific software, the corrosion parameters were
determined: corrosion potential (Ecor), corrosion current (Icor), corrosion current density
(icor), corrosion rate (vcor). The results are presented in Table 3.

Table 3. Values obtained from measurements from the Tafel analyses.

Parameters
Samples

Ti NT_1s NT_2s NT_1s/TE NT_2s/TE

Ecorr (V) −0.398 −0.221 −0.167 −0.174 −0.161
Icorr (A) 6.54 × 10−7 2.25 × 10−7 1.48 × 10−7 1.10 × 10−7 0.43 × 10−7

Corrosion rate (mm/year) 7 × 10−3 3 × 10−3 2 × 10−3 10−3 4 × 10−4

Protection Efficiency (%) - 66 77 83 93

Ecorr is an important parameter when corrosion is evaluated. The anodized samples
provide enhanced corrosion protection, displaying reduced susceptibility to corrosion
compared to Ti samples. This improvement is attributed to the surface modification with
nanotubes, causing a shift in the corrosion potential towards higher electropositive values.
The obtained values and observed behavior align with the results from our previous studies
on titania nanotubes [3]. Additional research revealed that the nanotube layer form a robust
ceramic barrier that protect the metallic substrate from corrosive environments [37]. The
NT_2s/TE sample is passivizing demonstrates at more electropositive potential values
compared to Ti substrate and bare nanotubes. This indicates its enhanced thermodynamic
stability. Thus, it can be stated that tetracycline does not disturb the corrosion behavior
of nanotubes.

Higher corrosion current (Icorr) values imply a weaker corrosion resistance, while
lower corrosion resistance is often indicated by lower corrosion current (Icorr); Icorr values
being directly proportional to the corrosion rate. The modified samples show a much lower
corrosion current. For the NT_2s/TE sample, it is one order of magnitude lower than Ti.

As seen from Table 3, Ti has the highest value of corrosion rate, 0.007 mm/year. The
corrosion rate decreases by about an order of magnitude. This can be explained by the
semiconductor nature of titanium oxide. This oxide acts as a protective layer on titanium,
creating a thick shield that stops the diffusion of titanium ions and oxygen ions.

The protection efficiency is high—above 60%, having the highest value for Y-branched
nanotubes (77%). Once tetracycline is added to anodized samples (NT_1s/TE and NT_2s/TE),
the corrosion rate values decreased while the protective efficiency increased by 80%.

3.5.2. Impedance Diagrams

Electrochemical impedance spectroscopy (EIS) is an additional method for evaluating
a material’s corrosion resistance and corrosion mechanism in addition to polarization.
The processes at the Ti/NT/electrolyte interface are illustrated in the EIS spectra. The
Nyquist diagrams corresponding to the analyzed samples are shown in Figure 6. A smaller
semicircle diameter in a Nyquist plot denotes a material with less corrosion resistance. The
smallest semicircle is for unmodified Ti sample. NT_2s/TE sample showed the highest
resistance to corrosion, possessing a higher semi-circle diameter compared to the remaining
specimens. These observations are in accordance with Tafel polarization results.
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The EIS diagrams were processed with the assistance of Nova 1.1 software, utilizing
the equivalent circuits illustrated in Figure 7. For the substrate (titanium), a simple circuit
consisting of the solution resistance (Rs) and a circuit corresponding to the barrier oxide
layer were used (Figure 7a). This circuit is composed of a resistance (Roxide) in parallel
with a constant phase element (CPEoxide) corresponding to the electrical double layer at the
Ti/NaCl 0.9% interface. When immersed in solutions, an oxide layer, known as a barrier
oxide, is formed on the surface of titanium. For the modified samples, the circuit from
Figure 7b was used. This is made of the solution resistance (Rsolution), a specific circuit
for the oxide layer and a specific circuit for the coating. The produced chi-square value
was within the range of 0.01–0.07 for almost all the samples, signifying that the proposed
circuits are a sufficient representation of the processes by fitting the data effectively.
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The equivalent circuit parameters for the analyzed samples are represented in Table 4.
It is observed that for the solution (0.9% NaCl), similar resistance values were found. The
modified samples exhibit a higher resistance (Roxide) in the barrier oxide layer compared to
that of titanium. This layer has a pseudocapacitive character because N has values lower
than 1. The NT_ 2s sample has a higher resistance compared to NT_1s, due to the slightly
different morphology of the nanotubes, visible in the SEM images. The nanotube layer
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increases its resistance (Rcoating) after immersion in tetracycline, observed for both NT_1s
and NT_2s samples. The value of N indicates a pseudocapacitive behavior for this layer as
well. Increasing Rcoating creates an extra diffusion barrier against corrosion and prevents
the solutes ions from discharging.

Table 4. Values obtained by EIS technique.

Parameters/
Samples

RS
(Ω)

Rcoating
(Ω)

CPEcoating
Roxide

(Ω)

CPEoxide

X2
Y0

(S × sn) N Y0
(S × sn) N

Ti 120 - - - 72 × 103 6.2 × 10−5 0.83 0.2
NT_1s 150 7.5 × 103 40 × 10−6 0.75 300 × 103 7.9 × 10−5 0.71 0.01
NT_2s 110 26.3 × 103 58 × 10−6 0.74 990 × 103 4.0 × 10−5 0.83 0.01

NT_1s/TE 120 29.8 × 103 32 × 10−6 0.80 984 × 103 11 × 10−5 0.85 0.02
NT_2s/TE 127 75.7 × 103 21 × 10−6 0.85 890 × 103 9 × 10−5 0.87 0.07

3.5.3. Cyclic Voltammetry

The cyclic voltammetry curves registered in 0.9% NaCl using the Autolab 302 N device
are shown in Figure 8. These were recorded using the Nova 1.11 software, between 1.5 V and
1 V with a scanning rate of 100 mV/sec. These curves indicate a strong corrosion resistance
for all the studied electrodes, consistent with observations from the Tafel diagrams and
impedance tests. The currents are higher for untreated titanium. On the return curve
(cathodic curve) the current has lower values than on the anodic curve. For samples with
modified surfaces, a peak at −0.75 V can be observed. This indicates that the samples are
oxidizing. In the case of one-step anodized samples, the peak is less pronounced. These
peaks could also be a consequence of Tetracycline antioxidant potential, mentioned in
literature [38].
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3.6. In Vitro Tetracycline Release

The quantity of drug absorbed in the samples was calculated as the difference between
the initial amount (20 mg) and the amount of tetracycline remaining in the immersion
solution. All measurements were performed in triplicate. UV–VIS analyses indicated that
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the NT_1s/TE sample incorporated 1.97 ± 0.007 g/L of the initial tetracycline quantity
(98.85%), while the NT_2s/TE sample incorporated 1.78 ± 0.015 g/L (98.94%).

According to the release studies, there is a rapid release in the first 1.5 days. In the
case of NT_1s/TE and NT_2s/TE samples, the release of tetracycline is 23% and 20%,
respectively. After 9 days, there is a slower release in the case of NT_2s / TE samples of
57% compared to NT_1s/TE samples of 88%.

The tetracycline release curves for the two samples over 9 days are seen in Figure 9.
The sample NT_2s ensures a slower release over time compared to the faster NT_1s system.
This behavior can be explained due to the different morphology of the TiO2 nanotubes
obtained after the anodization process. Thus, the release is similar in the first hours because
the drug is released from the upper part of the nanotubes. Thereafter, the release is slower
in nanotubes obtained in two steps due to the reduced diameter and branched structure.
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For fitting the tetracycline release data, three kinetic models were used: zero-order,
first-order, and the Higuchi model. Table 5 presents the kinetic parameters obtained for
each mathematical model: the correlation coefficient (R2) and the rate constant (k). The
mathematical model with the highest correlation coefficient (R2) was selected as the best
kinetic model for tetracycline release data.

Table 5. Kinetic parameters.

Sample Zero Order First Order Higuchi
R2 k0 R2 R2 k0 R2

NT_1s/TE 0.926 8.1781 0.919 0.198 0.947 29.482
NT_2s/TE 0.893 5.098 0.997 0.088 0.953 18.773

The release of tetracycline is carried out according to the Higuchi model in both
systems (according to R2). Therefore, encapsulating tetracycline in NT_2s is favorable due
to the drug’s lower dose. This ensures a decrease in side effects as well as a long-lasting
therapeutic effect.
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3.7. Antibacterial Activity

The microorganisms used in this study were chosen due to their high pathogenicity
and the fact that they are among the most common bacteria that give nosocomial infec-
tions [39,40]. Many of the infections in hospitals are those with Staphylococcus aureus (S.
aureus), a bacterium that can cause severe pneumonia, conjunctivitis, otitis or simply sepsis
and has become extremely resistant to antibiotics in recent years [41]. In addition to S.
aureus infections, Escherichia coli (E. coli) is responsible for many hospital infections. Fre-
quent respiratory tract diseases caused by E. coli infection are also common, pneumonia
may be secondary to intubation maneuvers (incorrectly manipulated orotracheal tube) or
poor oral hygiene (dental prosthesis, untreated dental infections) [42,43]. In addition to
the two bacteria mentioned above, Pseudomonas aeruginosa is a type of bacterium that is
commonly found in the environment, such as in soil and water. Usually, this bacterium
does not cause infections in healthy people or cause only mild infections, but people who
have a weakened immune system can develop serious infections. To overcome this kind of
problem, tetracycline is a commonly used solution. In the case of an implant, the drugs
should be locally delivered in a controlled manner.

For the interaction between bacteria and the new created surfaces with TiO2 nanotubes
with specific morphology that delay the release of drugs, it is necessary to consider the
surface energies. This parameter can significantly influence bacterial adhesion. The inter-
action between bacteria and surface energy is a crucial aspect in the field of microbiology,
especially concerning the adhesion of bacteria to various surfaces, which is fundamental to
biofilm formation and the spread of infections [44]. Surface energy is a measure of how
the surface molecules interact with the environment. High surface energy materials, like
glass or certain metals, tend to be hydrophilic and can have stronger interactions with
bacterial cells, which are generally hydrophilic due to their water-containing cytoplasm
and hydrophilic cell wall components [45]. The initial interaction between bacteria and
a surface is typically a physical process, where the bacteria are reversibly attached to the
surface. Over time, this can become a stronger, irreversible attachment as the bacteria
produce extracellular polymeric substances (EPS), leading to biofilm formation [46–48].

In the context of preventing bacterial growth and biofilm formation on medical devices,
surfaces are often engineered to modify the surface energy or are coated with materials that
modify the surface energy. Additionally, surface texture and chemistry can be manipulated
to create anti-adhesive or bactericidal properties.

The coating created in this study has been characterized by a high surface energy.
However, their antibacterial effect is amplified by the presence of tetracycline that is
progressively released from the nanotubes. The results are presented in Figure 10.

By the titanium surface nanostructuring, an increase in the antibacterial effect of up
to 15% is observed, this being also demonstrated in our previous study [4]. This can
be influenced by the surface morphology and surface energy, which change when TiO2
nanotubes are deposited on the surface.

Also, by incorporating tetracycline there is an increase in the antibacterial effect up
to 55%. This could be related to the antibiotic’s action. The antibacterial effect of the
nanostructured surfaces is similar, which can be attributed to the same release on the first
day. After 9 days, an increase in antibacterial effect for Y-branched nanotubes is expected.
Thus, the morphology and chemistry of the surface, as well as the presence of the antibiotic,
determine an improved antibacterial effect for implantable surfaces.
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4. Conclusions

This study demonstrates a method for fabricating open-ended Y branched TiO2 nan-
otubes by varying the anodization conditions, named NT_2s. They were created by two
anodization steps. They were compared with the ones prepared in one step. The first indi-
cation of a different nanotubes was current—time curves recorded during anodizing, where
the load values were higher for NT_2s. SEM images revealed that nanotubes had organized
pores, like “honeycombs”, were vertically aligned, and were uniformly dispersed. The
NT_2s trunks are made up of big sized nanotubes with outer diameters ~ 100 nm and the
inner diameter ~60 nm, while the branches are made up of small, very thin small sized
nanotubes. In both cases, the length of the nanotubes is in the order of micrometers. They
were loaded with Tetracycline by immersion.

According to Raman spectra, the anodized samples have both anatase and rutile
peaks. For NT_1s/TE and NT_2s/TE samples, both tetracycline and TiO2 allotropic forms
were found.

All samples had hydrophilic character. After embedding the tetracycline, NT_1s/TE
and NT_2s/TE had slightly lower water contact angle values and showed the highest
surface energy.

According to the electrochemical test, anodized samples had less susceptibility to
corrosion compared with Ti, the protection efficiency being above 60%, having the highest
value for Y-branched nanotubes (77%). Once tetracycline was added to anodized samples
(NT_1s/TE and NT_2s/TE), the corrosion rate values decreased while the protective
efficiency increased by 80%.
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The tetracycline release curves for the two samples were recorded over a period of nine
days. In both systems (NT_1s/TE and NT_2s/TE), tetracycline is released in accordance
with the Higuchi model. The sample NT_2s guarantees a slower release over time while
the NT_1s system operates faster. Tetracycline’s lower dose makes it advantageous to
encapsulate it in NT_2s. This guarantees both a reduction in adverse effects and a sustained
therapeutic benefit.

Tetracycline increased the antibacterial action by up to 55%. Due to the identical
release on the first day, the nanostructured surfaces had comparable antibacterial effects.
It is anticipated that the antibacterial activity of Y-branched nanotubes will rise after
nine days, and future studies will be performed. As future perspectives, investigations
will be performed to evaluate the stability and sustained drug release over an extended
period, particularly under the influence of electrical stimulation. Moreover, there are plans
for in vivo assessments using human cells to observe the formed interactions and gain
comprehensive insights into the biocompatibility of the newly developed surfaces. Future
research will also include the tetracycline release from various TiO2 nanostructures in
Fusayama simulant saliva, which has a pH of 5.5.
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