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Highlights

What are the main findings?

• Successful growth of TiO2 nanotubes is obtained by anodization on the Ti-407 alloy.
• The nanotube diameter, length, and density can be controlled by the applied

anodization voltage.
• Higher antibiotic loading capacity is achieved in TiO2 nanotubes at higher voltages.
• Antibacterial activity is observed in ceftriaxone-loaded anodized Ti-407 alloy.

What are the implications of the main findings?

• A new functional surface from Ti-407 alloy is obtained by a simple anodization process.
• Nanotube geometry allows estimation of the drug-loading capacity.
• The drug quantity can be increased by increasing the anodization voltage.
• This functional surface can be used as a new platform for drug delivery.

Abstract

Titanium-based implants are widely used in orthopedic and trauma surgery; however, post-
operative infections remain a major cause of implant failure due to early bacterial adhesion.
Localized antibiotic delivery from surface coatings offers a promising strategy to prevent
initial colonization during the critical postoperative period. In this study, a self-organized
TiO2 nanotubular oxide layer was fabricated on Ti-407 by electrochemical anodization
in a glycerol/NH4F electrolyte at 40–60 V. SEM revealed vertically aligned single-walled
nanotubes with diameters and lengths of ~80 nm and ~10 µm respectively. XPS analysis
verified TiO2 formation with Al–O, V–O, and fluorine incorporation. Ceftriaxone was
successfully loaded into the nanotubular structure, as identified by FT-IR. UV–Vis measure-
ments showed a biphasic release profile consisting of an initial burst followed by sustained
release determined by nanotube geometry. In vitro antibacterial activity was evaluated
against Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli using optical
density, CFU quantification, and an agar diffusion assay. Unloaded surfaces showed no
inhibition, whereas ceftriaxone-loaded nanotubes significantly reduced bacterial growth up
to ~6% and generated clear inhibition zones. These findings demonstrate, for the first time,
that TiO2 nanotubular coatings derived from Ti-407 support drug loading and demonstrate
effective in vitro antibacterial activity, highlighting their potential for infection-resistant
orthopedic implants.
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1. Introduction
Orthopedic and trauma device-related infections (ODRIs) remain among the most

serious complications in musculoskeletal surgery, leading to substantial postoperative
morbidity, implant failure, and increased healthcare costs [1,2]. These infections are also
an important cause of surgical reintervention and prolonged hospital stays, imposing
a significant clinical and economic burden worldwide [3]. Infection rates vary widely
depending on the type of procedure and patient-related risk factors, with substantially
higher incidences consistently reported in complex trauma cases, open fractures, and
resource-limited clinical settings [4–6]. Contamination of the implant surface typically
occurs intraoperatively or within the first hours after implantation, a critical period during
which the local immune response is transiently suppressed. Opportunistic pathogens such
as Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli can readily adhere
to metallic substrates and undergo phenotypic transitions that initiate biofilm formation.
This process markedly decreases antimicrobial susceptibility, limiting the effectiveness
of systemic antibiotic prophylaxis and often necessitating prolonged therapy, repeated
debridement, or even implant removal [7–9].

Titanium and its alloys are widely used in orthopedic implants due to their high
strength-to-weight ratio, corrosion resistance, and biocompatibility [10]. However, the
naturally formed TiO2 passive layer, under those conditions, is biologically inert and lacks
intrinsic antibacterial activity, allowing early bacterial colonization [11]. On the other
hand, Ti–6Al–4V remains the current biomedical standard alloy; however, concerns have
arisen regarding the potential biological effects of wear or corrosion products containing
aluminum and vanadium. In addition, this alloy exhibits high processing costs and limited
machinability, restricting its efficiency in manufacturing complex components. These
limitations have driven the search for alternative titanium alloys with greater long-term
stability, improved biocompatibility, and more cost-effective processing [12–14].

Ti-407 (Ti–3.9V–0.85Al) has recently attracted attention as an advanced titanium al-
loy developed for applications requiring high ductility, fracture toughness, and fatigue
resistance. In addition to its favorable mechanical performance, Ti-407 offers better machin-
ability and lower processing costs than Ti–6Al–4V, making it an appealing candidate for
biomedical use [15,16]. Nevertheless, its biomedical properties and surface behavior remain
insufficiently explored, and its potential for developing functional coatings to enhance
biological performance and reduce bacterial colonization remains largely unexplored [17].
Investigating these aspects could expand its applicability as a next-generation biomaterial
that combines mechanical performance with surface-driven functionality.

Among surface-engineering strategies, electrochemical anodization has proven to be
an effective and highly controllable method for modifying titanium surfaces to produce
ordered TiO2 nanotubular oxide layer [18–20]. This process, based on field-assisted oxi-
dation and chemical dissolution in electrolytes containing fluoride, allows precise control
over nanotube diameter, length, and wall thickness, yielding hollow, uniform structures
with a high surface area [21]. The organized morphology resulting from anodization pro-
duces a uniform and structurally stable surface that improves coating adhesion to the
metallic substrate [22,23]. At the same time, the oxide layer formed increases corrosion
resistance and limits the release of potentially cytotoxic metallic ions in physiological
environments [24]. The incorporation of fluoride during the process also contributes to
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forming a protective barrier against electrochemical degradation, while simultaneously
imparting antibacterial effects by interfering with bacterial adhesion and viability at the
material interface [25]. Collectively, these structural and chemical characteristics make the
TiO2 nanotubular oxide layer a stable and versatile platform for the design of protective
and bioactive coatings [19,26].

Numerous studies have demonstrated the effectiveness of TiO2 nanotubes as drug-
delivery systems for antimicrobial agents. Anodized titanium and Ti–6Al–4V surfaces
loaded with antibiotics such as vancomycin and gentamicin have shown significant re-
ductions in bacterial adhesion and biofilm formation in vitro [27–29]. Similarly, the in-
corporation of antimicrobial metal ions (e.g., silver or zinc) and bioactive molecules such
as antimicrobial peptides and catalytic oxides has been shown to enhance bactericidal
performance and extend the protective effect of the coatings [30–34]. The release profile,
typically consisting of an initial burst followed by sustained release, is a key factor in main-
taining therapeutic concentrations at the implantation site during the early postoperative
period [35,36].

Given the complex and often polymicrobial nature of postoperative infections, it is
essential to employ broad spectrum antibiotics capable of acting against both Gram-positive
and Gram-negative pathogens [37,38]. In this regard, ceftriaxone, a third-generation
cephalosporin widely used in perioperative prophylaxis for orthopedic and trauma surgery,
represents an appropriate model antibiotic for this type of coating [39,40]. It provides broad
antimicrobial coverage against the main pathogens implicated in ODRIs. Unlike previous
studies that relied on narrow spectrum antibiotic models, the use of ceftriaxone in this work
more accurately reflects the clinical reality of implant infections. Localized and sustained
release of ceftriaxone from a nanotubular surface could achieve therapeutic concentrations
directly at the implant–tissue interface during the critical early postoperative window,
minimizing systemic exposure and reducing the risk of antimicrobial resistance [41–43].

Despite advances in the surface functionalization of conventional titanium alloys, only
a limited number of studies have addressed the anodization of Ti-407 or explored its ability
to generate TiO2 nanotubes capable of antibiotic loading and release, there is a lack of the
understanding of its biomedical potential [17,29,44].

In this context, the results of this work highlight that a controlled growth of TiO2

nanotubes can be achieved by an anodization process, with the applied voltage directly cor-
relating with the diameter, length, and density of the developed nanotubes. Consequently,
these organized TiO2 nanotubular oxide layers exhibited the capacity to load and release
ceftriaxone in a regulated manner, thereby inhibiting the in vitro proliferation of clinically
relevant Gram-positive and Gram-negative bacteria associated with ODRIs.

This work represents a first approach to evaluating the feasibility of functionalizing
Ti-407 through TiO2 nanotubular coatings loaded with antibiotics, thereby bridging the
gap between emerging titanium alloy development and antimicrobial surface engineering
aimed at creating next-generation, infection-resistant implant materials.

2. Materials and Methods
2.1. Processing of Ti-407 Alloy Samples

Flat plates of Ti-407 titanium alloy, previously thermomechanically studied [45],
(TIMETAL®407, TIMET, Warrensville Heights, OH, USA) were cut into 1 × 1 cm specimens
with a thickness of 3 mm using a precision diamond saw (VC-50, LECO Co., St. Joseph,
MI, USA). The surfaces were ground using silicon carbide (SiC) abrasive papers up to
2400 grit and subsequently polished with a 3 µm alumina suspension on a microcloth pad
until a mirror-like finish was obtained. Samples were ultrasonically cleaned for 10 min
in deionized water, acetone, and ethanol (96%), to remove contaminants. Cleaned speci-
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mens were air-dried and stored in a vacuum desiccator until anodization. The processing
parameters reported in this work were selected from a broader range of conditions evalu-
ated in preliminary studies [17,29,44], with the final parameters chosen to ensure surface
homogeneity and reproducible anodization behavior.

2.2. Electrochemical Anodization

A self-organized nanotubular oxide layer was produced on Ti-407 using a two-
electrode anodization system with the alloy as the anode (1 cm2 exposed area) and a
platinum plate as the cathode. Both electrodes were connected to a DC power supply
9110 (BK Precision Co., Yorba Linda, CA, USA) and separated by 20 mm. The electrolyte
consisted of 98 mL glycerol, 2 mL distilled water, and 0.1 M NH4F (total 100 mL, pH 6.4).
Anodization was performed at 40, 50, and 60 V for 30 min at room temperature (25◦C).
After treatment, samples were rinsed with deionized water, acetone, and ethanol; then they
were dried at room temperature, and stored in a desiccator until use.

2.3. Structural and Chemical Characterization

Nanotube morphology was examined using a FEI Nova NanoSEM™ 200 (FEI, Eind-
hoven, The Netherlands) scanning electron microscope. Imaging was performed in high-
vacuum mode with a through-lens detector (TLD) at 10.0 kV accelerating voltage, 5.0 mm
working distance, 4.0 spot size, and magnifications up to 240,000×. Cross-sectional and
rear views were obtained by fracturing anodized samples.

Surface chemical composition was analyzed using a Thermo Scientific K-Alpha XPS
(Thermo Fisher Scientific Inc., Waltham, MA, USA) system equipped with an Al Kα

monochromatic source (1486.6 eV). High-resolution spectra were acquired in CAE mode
using a pass energy of 50 eV, an energy step size of 0.10 eV, a 400 µm spot size, and
10 accumulated scans. Charge correction was applied by setting the C 1s peak to 284.8 eV.

Drug-loaded and unloaded coatings were analyzed by ATR-FTIR (Frontier,
diamond/KRS-5 ATR, PerkinElmer, Waltham, MA, USA). Spectra were collected from
4000 to 400 cm−1 with 4 cm−1 resolution and 64 scans per sample under a constant ATR
force of 100 N.

2.4. Drug Loading and Release

A ceftriaxone solution (1% w/v) was prepared in deionized water. Prior to loading,
the anodized Ti-407 samples were rinsed with deionized water and dried at room tem-
perature. For drug loading, 100 µL of the ceftriaxone solution was applied dropwise onto
the anodized TiO2 nanotubular surface to ensure complete wetting, followed by vacuum
drying at a pressure of 2 × 10−3 mbar for 30 min at room temperature.

To achieve a substantial amount of antibiotic loading, the loading–drying cycle was
repeated five times under identical conditions, resulting in a total applied volume of 500 µL
per sample. This iterative process looks for drug penetration within the nanotubular
structure. After the final drying step, any excess antibiotic remaining on the surface was
gently removed using compressed air.

Drug release was evaluated by immersing each loaded sample in 1.5 mL of phosphate-
buffered saline (PBS, pH 7.0) and incubating at 37◦C under static conditions. At prede-
termined time intervals ranging from 5 min to 24 h, 2 µL aliquots of the release medium
were withdrawn and replaced with equal volumes of fresh PBS to maintain constant vol-
ume. The ceftriaxone concentration in each aliquot was determined by measuring the
absorbance at 241 nm using a NanoDrop™ 2000 UV–Vis spectrophotometer (Thermo Fisher
Scientific Inc., USA). Quantification was performed using a calibration curve prepared in
PBS (5–100 µg/mL), and cumulative release profiles were calculated from the measured
concentrations and expressed as the percentage of total drug released over time.
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2.5. Antibacterial Evaluation

Antibacterial performance of the unloaded and ceftriaxone-loaded nanotubular Ti-407
surfaces was assessed against Staphylococcus aureus ATCC 29213, Pseudomonas aeruginosa
ATCC 27853, and Escherichia coli ATCC 25922 by three complementary assays: turbidity
measurements, colony-forming unit (CFU) quantification, and an agar diffusion test to
determine inhibition zones. Ti-407 specimens of 1.0 × 1.0 cm and 3.0 mm thick were
UV-sterilized at 302 nm for 2.5 h prior to each antibacterial assay to ensure complete
surface sterility.

2.5.1. Bacterial Activation

Each strain was activated through daily subculturing in Brain Heart Infusion (BHI)
broth for five consecutive days at 37◦C prior to testing.

2.5.2. Turbidity Assay (Optical Density Measurement)

Anodized samples (unloaded or ceftriaxone-loaded) were placed in sterile tubes
containing 5 mL of BHI broth. Tubes were inoculated with 100 µL of bacterial suspension
adjusted to 106 CFU/mL (equivalent to a 0.5 McFarland standard prior to dilution). After
incubation at 37◦C for 24 h, optical density at 635 nm was measured using a Jenway 6320D
spectrophotometer (Thermo Fisher Scientific Inc., Madrid, Spain).

The following controls were used: bacteria only, medium only, non-anodized Ti-407,
and unloaded nanotubular samples.

2.5.3. Colony-Forming Unit (CFU) Quantification

Following turbidity assessment, 1 mL of culture was transferred into 9 mL of sterile
saline (0.85%) and serially diluted from 10−1 to 10−12. Aliquots of dilutions 10−8 to 10−12

were mixed with molten BHI agar maintained at about 45◦C and poured in Petri dishes.
After incubation at 37◦C for 24 h, viable colonies were counted and expressed as CFU/mL.

2.5.4. Agar Diffusion Test

Anodized Ti-407 samples (with or without ceftriaxone) were placed on BHI agar plates
previously inoculated with each bacterial strain, standardized at 0.5 McFarland. The plates
were incubated at 37◦C for 24 h, and the diameter of the inhibition zone (di) was measured
using digital calipers.

Bacterial susceptibility was interpreted as follows: di ≤ 12 mm, resistant;
12 < di < 15 mm, intermediate; and di ≥ 15 mm, sensitive [46]. Non-anodized Ti-407
alloy plates (1 cm2) were included as material controls.

2.6. Statistical Analysis

Quantitative data were obtained from three independent experiments, each performed
in triplicate, and expressed as mean ± standard deviation (SD). Statistical significance
among groups was determined using one-way analysis of variance (ANOVA) followed
by Tukey’s post hoc test, with p < 0.05 considered statistically significant. All graphs were
performed using OriginPro 8.5.

3. Results and Discussion
3.1. Formation and Electrochemical Behavior of the TiO2 Nanotubular Layer

Figure 1 shows the evolution of current density (Figure 1a) and electrical resistance
(Figure 1b) during the anodization of Ti-407 at 40, 50, and 60 V in glycerol/water (98:2 v/v)
+ 0.1 M NH4F electrolyte for 30 min at 25◦C. Across all applied voltages, the electrochemical
response displayed the three stages associated with the formation of self-organized TiO2
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nanotubular layers, indicating that the selected conditions fall within a nanotube-forming
regime rather than compact oxide growth [47].

 
Figure 1. (a) Current density–time curves and (b) electrical resistance evolution recorded during
anodization of Ti-407 at applied voltages of 40, 50, and 60 V in glycerol/NH4F electrolyte.

At the beginning of anodization (Stage I), a steep decrease in current density is ob-
served in Figure 1a: from 62 to 4 mA/cm2 at 40 V, from 75 to 6 mA/cm2 at 50 V, and from 83
to 10 mA/cm2 at 60 V. This rapid decay corresponds to electrochemical passivation, where
titanium at the metal–electrolyte interface reacts with oxygen from the electrolyte to form a
dense, insulating TiO2 barrier layer. The growth of this barrier oxide increases the electrical
resistance of the system, restricting ionic and electronic transport and thereby reducing the
current flowing through the circuit [47,48]. Comparable current-drop patterns have been
reported for anodized commercially pure Ti and Ti–6Al–4V in fluoride-containing media;
in the present case, the higher initial current values observed here may reflect enhanced
ionic mobility associated with the microstructural composition of Ti-407 [22,49,50]. This
suggests that Ti-407 responds efficiently to field-assisted oxidation processes despite the
lack of previous anodization studies on this alloy.

As anodization proceeds, Stage II begins, and a gradual increase in current density
can be seen in Figure 1a, reaching approximately 13 mA/cm2 at 40 V, 19 mA/cm2 at 50 V,
and 29 mA/cm2 at 60 V after about 800 s. This rise in current is associated with the onset of
pore nucleation and field-assisted dissolution of the oxide. The continuous migration of
fluoride ions towards the oxide/solution interface promotes localized thinning and defect
formation within the barrier layer, decreasing its effective electrical resistance and allowing
current to increase again [22,50,51]. This process leads to the development and enlargement
of pores due to acidification at the pore base and oxidative dissolution of titanium under
the applied electric field. The fact that higher voltages produce higher current values in
this stage indicates more aggressive dissolution and faster pore deepening, consistent with
reports that anodization voltage strongly influences pore growth kinetics and ultimately
nanotube dimensions [52,53].

In Stage III, the current–time curves in Figure 1a reach a steady-state regime, with
plateau values of approximately 8 mA/cm2 at 40 V, 15 mA/cm2 at 50 V, and 21 mA/cm2

at 60 V. This stabilization reflects a dynamic equilibrium between oxide formation at the
metal/oxide interface and chemical dissolution at the pore bottom. Under these condi-
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tions, the balance between growth and dissolution sustains the elongation of nanotubular
structures rather than further thickening of a compact film [22,52,53]. The higher steady
state currents observed at higher voltages suggest more active growth–dissolution kinetics
and point to the development of nanotubes with larger internal volume and surface area,
aspects that are particularly relevant for drug-loading applications and will be examined in
subsequent sections.

The electrical resistance curves in Figure 1b complement these observations and
provide additional insight into the evolution of the oxide layer. At the initial stage of
anodization (Stage I), the electrical resistance increases sharply due to the rapid formation
of a compact TiO2 barrier layer, consistent with the current decay observed in Figure 1a. As
anodization progresses into Stage II, pore nucleation and field-assisted dissolution lead
to a partial decrease in the effective resistance, reflecting the development of conductive
pathways within the porous oxide layer. Finally, during Stage III, the resistance reaches a
quasi-steady regime, in agreement with the stable current plateaus observed in Figure 1a.
The fact that higher voltages lead to higher final resistance values and longer stabilization
times suggests that thicker or more complex oxide architectures are formed at 60 V than at
40 or 50 V [52,54,55].

Overall, the combined analysis of current density and electrical resistance in
Figure 1a,b confirms that Ti-407 can be anodized under the selected conditions to pro-
duce TiO2 nanotubular layers via a fluoride-assisted mechanism analogous to that reported
for titanium alloys [19]. The voltage-dependent differences observed in the three electro-
chemical stages indicate that the applied potential is a key parameter governing the growth
kinetics of the oxide layer. In particular, the more dynamic and delayed stabilization be-
havior at 60 V is consistent with the formation of nanotubular architectures with increased
internal volume and accessible surface, features that are expected to enhance antibiotic
loading and controlled release which will be explored below.

3.2. Morphological and Dimensional Architecture of the TiO2 Nanotubular Layer

Figure 2 shows the SEM micrographs of the anodized Ti-407 alloy processed at 40, 50,
and 60 V. All anodized specimens exhibited a well-defined nanotubular architecture, con-
firming that the electrochemical parameters used enabled the formation of self-organized
TiO2 nanotubes on this alloy. The top view images (Figure 2a,d,g) reveal a homogeneous
porous oxide surface with circular pore openings (yellow arrows), without evidence of
microcracks, peeling, or discontinuities. This morphology aligns with nanotube formation
mechanisms previously reported for anodized commercially pure titanium and Ti–6Al–4V
under similar fluoride-containing electrolyte conditions [56–58], indicating that the alloying
elements in Ti-407 do not hinder nanotube self-organization.

The cross-sectional images (Figure 2b,e,h) display vertically aligned hollow cylindrical
nanotubes with continuous single-wall morphology (blue arrows). The tubes maintain
uniform inner diameter along their length without collapse or deformation, suggesting
a stable balance between field-assisted oxide growth and fluoride-induced dissolution
during anodization. This behavior is consistent with established morphological evolution
models in anodized titanium oxide systems [59–61].

Rear view images (Figure 2c,f,i) show the shape of the nanotubes extracted from
the surface by fracturing the anodized samples. These images confirm the presence of
closed-end tube terminations (white circles), which are consistent with those commonly
reported in the literature for anodically formed TiO2 nanotubes [62,63].
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Figure 2. SEM micrographs showing top-view (a,d,g), cross-sectional (b,e,h), and rear-view
(c,f,i) morphologies of TiO2 nanotubular layers formed on the Ti-407 alloy by anodization at room
temperature for 30 min under applied voltages of 40, 50, and 60 V, respectively. Yellow arrows
indicate the circular pore openings observed on the nanotubular surface. Blue arrows highlight
the vertically aligned hollow nanotubes with continuous single-wall morphology in the cross-
sectional views. White circles mark the closed-end terminations of the nanotubes observed in the
rear-view images.

Quantitative dimensional analysis is presented in Figure 3. Nanotube measurements
were performed using calibrated SEM image-processing software (ImageJ, version 1.54g),
evaluating at least 100 nanotubes per voltage condition across five non-overlapping regions
of each sample. The average nanotube diameter increased slightly with applied voltage,
from 81.4 ± 6.5 nm at 40 V to 82.6 ± 7.1 nm at 50 V and 83.1 ± 7.8 nm at 60 V. The
observed dispersion in diameter values reflects the inherent heterogeneity of nanotube
arrays formed by anodization in viscous glycerol-based electrolytes, where pore nucleation
and subsequent growth occur simultaneously across the surface [64,65]. Similarly, the
average nanotube length increased from 10.18 ± 1.26 µm at 40 V to 10.81 ± 2.43 µm at 60 V.
This behavior is consistent with variations in average nanotube length reported for anodic
TiO2 nanotube systems under different anodization potentials [66,67]. Resulting aspect
ratios (defined as the length-to-diameter ratio, AR = L/D) also showed a voltage-dependent
trend. At 40 V, the average AR was 125 ± 18, increasing to 128 ± 21 at 50 V, and 130 ± 27 at
60 V. These values confirm that even at the lowest voltage condition, the nanotube geometry
falls within the high-aspect-ratio regime typically associated with enhanced internal surface
area, prolonged diffusion path length, and improved drug-retention behavior in TiO2

nanotube systems. High-AR architectures (>100) have been reported to delay the outward
diffusion of loaded molecules, support gradient-controlled release kinetics, and reduce
the probability of uncontrolled burst release compared with shorter structures [20,47].
In practical terms, a higher aspect ratio increases the internal contact surface available
for physical adsorption, hydrogen bonding, or electrostatic interaction with antibiotic
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molecules, while simultaneously extending the diffusion pathway, contributing to sustained
therapeutic release rather than rapid depletion. Therefore, the aspect ratios obtained in
this study position the nanotubular structure within the dimensional range recognized as
optimal for drug-delivery applications.

 
Figure 3. Variation in TiO2 nanotube length (blue line) and diameter (black line) as a function of
anodization voltage. Inset: corresponding aspect ratio (L/D) of Ti-407 nanotubes.

These dimensional trends support the selection of the anodization window used in
this study. The voltage range of 40–60 V was chosen because preliminary anodization
trials showed that lower voltages (<30 V) resulted in poorly defined or partially devel-
oped pore structures, whereas voltages above 70 V led to excessive chemical dissolution,
instability of the oxide layer, or collapse of the nanotubular morphology. Previous stud-
ies have reported that glycerol-based electrolytes require higher voltage thresholds than
aqueous systems to sustain field-assisted oxide growth, due to increased viscosity and
reduced ionic mobility [64,65]. Within this processing window, between 40 and 60 V con-
sistently produced ordered and mechanically stable nanotubes with closed-end geometry
and dimensions falling within the optimal range reported for drug delivery TiO2 nanotube
systems, where aspect ratios exceeding 100 and diameters between 70 and 110 nm are con-
sidered advantageous for sustained release [19,20]. Therefore, this voltage range represents
a practical balance between structural stability, reproducibility, and functional performance
requirements for antibiotic-loaded biomedical coatings.

Nanotube density and enclosed internal volume trends are shown in Figure 4a. Nan-
otube density decreased progressively with increasing voltage, from 192 ± 11 tubes/µm2

at 40 V, to 187 ± 12 tubes/µm2 at 50 V, and 181 ± 14 tubes/µm2 at 60 V, reflecting the
lateral widening of nanotubes at higher anodization potentials. In contrast, the internal
enclosed volume per nanotube increased with voltage, from 0.053 ± 0.006 µm3 at 40 V,
to 0.056 ± 0.007 µm3 at 50 V, and 0.059 ± 0.008 µm3 at 60 V, indicating that higher volt-
ages promote larger storage capacity per tube. The opposing trends between nanotube
density and enclosed internal volume intersect theoretically near 50 V, suggesting that this
value represents a geometrical equilibrium point where drug-loading capacity and release
uniformity may be jointly optimized, depending on the desired functional outcome.
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Figure 4. (a) Evolution of nanotube density (black line, left axis) and enclosed volume per individual
nanotube (blue line, right axis) as a function of anodization voltage for Ti-407. The dashed line
indicates the voltage region where the opposing trends intersect, suggesting a balance between
nanotube density and individual tube volume. (b) Total enclosed volume per unit surface area as a
function of anodization voltage, highlighting the progressive increase in theoretical drug-loading
capacity at higher voltages.

Figure 4b shows that the total enclosed volume per unit surface area increased pro-
gressively with voltage, from 10.2 ± 1.5 µm3/µm2 at 40 V, to 10.5 ± 1.6 µm3/µm2 at
50 V, and up to 10.9 ± 1.7 µm3/µm2 at 60 V, demonstrating that samples fabricated
at higher potentials provide a larger theoretical drug-loading capacity. Similar rela-
tionships between anodization voltage, nanotube volume, and drug-loading potential
have been documented for vancomycin, gentamicin, and cefazolin-loaded TiO2 nanotube
systems [27,29,68].

The nanotube dimensions obtained in this study (≈81–83 nm diameter and
≈10–11 µm length with aspect ratios > 120) fall within the functional range previously re-
ported for drug-delivery TiO2 nanotubes, where typical performance-optimized geometries
span 70–110 nm in diameter and exhibit aspect ratios above 100 [19,20]. Collectively, these
observations demonstrate that anodization voltage primarily governs nanotube length and
total enclosed volume rather than pore diameter, establishing voltage as a reliable tuning
parameter for maximizing drug-loading capacity. This nanotubular architecture forms the
structural foundation for ceftriaxone incorporation and release performance, which are
examined in the following section.

3.3. Chemical Composition and Drug Confirmation of the TiO2 Nanotubular Layer
3.3.1. X-Ray Photoelectron Spectroscopy (XPS) Analysis of the TiO2 Nanotubular Layer

The surface chemical composition and oxidation states of the Ti-407 alloy were ana-
lyzed before and after anodization using high-resolution X-ray photoelectron spectroscopy
(XPS). Figure 5a–c correspond to the non-anodized Ti-407 alloy (control), while Figure 5d–f
correspond to the anodized Ti-407 surface (representative condition at 50 V), as all anodized
samples processed in the 40–60 V range exhibited equivalent chemical features. The O 1s
regions of the control and anodized surfaces are shown in Figure 5g and h, respectively,
whereas Figure 5i presents the F 1s region, detected exclusively after anodization.
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Figure 5. High-resolution XPS spectra of Ti-407 before and after anodization. (a–c) Non-anodized
surface: Ti 2p, V 2p, and Al 2p regions showing metallic and oxidized contributions associated with
the native oxide. (d–f) Anodized surface (50 V): Ti 2p, V 2p, and Al 2p regions evidencing complete
titanium oxidation and strong attenuation of vanadium and aluminum beneath the nanotubular
oxide layer. (g,h) O 1s spectra of the non-anodized and anodized surfaces, showing an increased
contribution of hydroxylated oxygen species after anodization. (i) F 1s spectrum detected exclusively
after anodization, confirming fluoride incorporation from the NH4F-containing electrolyte. Solid
black lines correspond to fitted envelopes.

The Ti 2p spectrum of the non-anodized Ti-407 alloy (Figure 5a) exhibits a multicom-
ponent envelope indicative of a chemically heterogeneous native surface. A low-binding-
energy contribution at 453.18 eV is assigned to metallic titanium (Ti0, Ti 2p3/2). The dom-
inant oxidized titanium component appears at 458.38 eV (Ti4+ 2p3/2), with its spin–orbit
counterpart at 464.08 eV (Ti4+ 2p1/2), yielding a splitting of ∆E ≈ 5.70 eV, characteristic
of TiO2. In addition, a weak intermediate contribution centered at 460.48 eV is attributed
to sub-stoichiometric titanium species (Ti3+/TiOx), commonly associated with defect-rich
native oxides formed under ambient conditions [62,69]. After anodization (Figure 5d), the
Ti 2p region is composed exclusively of the Ti4+ doublet, with peaks located at 458.64 eV
(2p3/2) and 464.33 eV (2p1/2), maintaining a spin–orbit splitting of ∆E ≈ 5.69 eV. The com-
plete disappearance of Ti0 and Ti3+ contributions confirms full surface oxidation and the
formation of a continuous TiO2 nanotubular oxide layer that fully covers the underlying
alloy within the XPS information depth [70–73].

The V 2p spectrum of the non-anodized alloy (Figure 5b) can be described by two spin–
orbit doublets, indicating the coexistence of subsurface/metallic and oxidized vanadium
contributions beneath the thin native oxide. A low-binding-energy doublet at 511.86 eV
(V 2p3/2) and 519.40 eV (V 2p1/2), with ∆E ≈ 7.54 eV, is consistent with metallic or subsur-
face vanadium detectable through the native oxide layer [74,75]. A higher-binding-energy
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doublet at 515.05 eV (V 2p3/2) and 522.41 eV (V 2p1/2), with ∆E ≈ 7.36 eV, is attributed to
oxidized vanadium species at the naturally oxidized alloy surface. Due to the overlap of
binding energies among different vanadium oxidation states, these oxidized components
are conservatively interpreted as mixed V–O environments rather than a uniquely defined
valence state [74,75]. Following anodization (Figure 5e), the V 2p signal is strongly atten-
uated. Only weak residual peaks at 515.95 eV (V 2p3/2) and 523.85 eV (V 2p1/2) remain
detectable, with an apparent ∆E ≈ 7.90 eV, slightly broadened due to reduced signal-to-
noise ratio and minor charging effects associated with the thick oxide nanostructure [76–78].
The pronounced attenuation of the vanadium signal seems to indicate that vanadium does
not form a surface oxide phase within the TiO2 nanotubular layer. Instead, the residual
contribution originates from subsurface vanadium species located beneath the anodic oxide,
likely associated with interfacial V–O environments at the metal/oxide interface.

The Al 2p spectrum of the non-anodized Ti-407 alloy (Figure 5c) displays an oxi-
dized aluminum doublet with peaks at 74.57 eV and 76.08 eV, consistent with Al3+ species
in aluminum oxide or oxyhydroxide environments [79]. After anodization (Figure 5f),
the Al 2p signal becomes strongly attenuated, reflecting burial of aluminum beneath the
TiO2 nanotubular layer. Two weak residual components at 75.06 eV and 76.41 eV are
detected, corresponding to oxidized aluminum in a modified chemical environment [80].
The higher-binding-energy component may suggest partial interaction with fluoride incor-
porated during anodization (e.g., Al–O–F or Al–Fx-like environments); however, given the
low aluminum content of Ti-407 and the limited probing depth of XPS, the formation of
stoichiometric aluminum fluoride phases cannot be unambiguously confirmed [80].

The O 1s spectrum of the non-anodized alloy (Figure 5g) consists of a dominant lattice
oxygen component at 529.88 eV, attributed to O2− in metal oxides, and a higher-binding-
energy contribution at 531.65 eV associated with surface hydroxyl groups, adsorbed water,
and defect-related oxygen species [81]. For the anodized surface (Figure 5h), the lattice
oxygen component remains near 530.10 eV, while the higher-binding-energy component
increases in relative intensity and shifts to approximately 532.21 eV, reflecting the hydroxyl-
rich and defect-dense nature of the TiO2 nanotubular architecture [81].

A single, well-defined F 1s peak at 684.48 eV is detected exclusively after anodization
(Figure 5i). This binding energy is characteristic of fluoride species incorporated into anodic
titanium oxides, such as Ti–F or F–Ti–O environments, providing direct chemical evidence
of fluoride participation in the nanotube formation process [29,82].

Table 1 summarizes the representative surface elemental composition of the Ti-407
alloy before and after anodization, as determined by X-ray photoelectron spectroscopy
(XPS). The anodized composition corresponds to the sample treated at 50 V, which is taken
as representative of the surface chemical behavior of anodized Ti-407.

Table 1. Representative surface elemental composition of Ti-407 before and after anodization deter-
mined by X-ray photoelectron spectroscopy (XPS) (at.%).

Element Non-Anodized Ti-407 Anodized Ti-407 *

O 1s 41.5 ± 1.5 36.5 ± 1.5
Ti 2p 14.0 ± 1.0 13.8 ± 1.2
C 1s 28.5 ± 3.5 30.0 ± 4.0
V 2p 10.0 ± 2.0 0.25 ± 0.10
Al 2p 1.2 ± 0.3 0.45 ± 0.15
F 1s — 4.0 ± 1.0

* The anodized values correspond to the sample anodized at 50 V and are presented as representative of the
surface chemical behavior of all anodized Ti-407 samples (40–60 V), which exhibited comparable XPS trends.
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For the non-anodized Ti-407 control, the surface is dominated by oxygen (41.5 ± 1.5 at.%)
and titanium (14.0 ± 1.0 at.%), confirming the presence of a thin native oxide layer primarily
composed of TiO2. A substantial carbon contribution (28.5 ± 3.5 at.%) is also detected and
attributed to adventitious carbon contamination, which is commonly observed on metallic
surfaces exposed to ambient conditions before XPS analysis [83].

Vanadium (10.0 ± 2.0 at.%) and aluminum (1.2 ± 0.3 at.%) are clearly detected on the
control surface. This behavior is consistent with the limited thickness of the native oxide
layer and the high surface sensitivity of XPS, which allows alloying elements from the
substrate to contribute significantly to the detected signal [84].

Following anodization, a pronounced modification of the surface composition is ob-
served, representative of the anodized Ti-407 surfaces. Oxygen remains the most abundant
element (36.5 ± 1.5 at.%), consistent with the formation of a TiO2 nanotubular oxide layer.
The titanium content remains essentially unchanged (13.8 ± 1.2 at.%) across all anodized
samples, indicating that the near-surface chemistry is dominated by fully oxidized titanium
species, in agreement with the absence of metallic Ti contributions in the high-resolution Ti
2p spectra [70–73].

A key observation is the strong attenuation of vanadium and aluminum signals
after anodization. Vanadium is reduced to trace levels (0.25 ± 0.10 at.%), while alu-
minum remains at slightly higher but still minor concentrations (0.45 ± 0.15 at.%). The
slightly more pronounced attenuation of vanadium relative to aluminum is consistent
with the preferential burial of V beneath the anodic TiO2 layer and with the tendency of
Al to exhibit limited residual surface contributions. This behavior indicates that both ele-
ments are covered beneath the anodic oxide, whose thickness exceeds the XPS information
depth [19,69,84].

Fluorine is detected exclusively on the anodized samples, with an average surface
concentration of 4.0 ± 1.0 at.%. This observation provides chemical evidence of fluoride
incorporation from the NH4F-containing electrolyte during anodization. The F 1s sig-
nal is commonly associated with Ti–F and/or F–Ti–O bonding environments reported
for anodically grown TiO2 nanotubes, while the observed variability is consistent with
voltage-dependent differences in oxide growth and field-assisted dissolution kinetics dur-
ing nanotube formation [85,86].

The combined quantitative analysis (Table 1) and high-resolution spectral deconvolu-
tion (Figure 5) confirm a clear chemical transformation of the Ti-407 surface induced by
anodization. The non-anodized alloy exhibits a chemically heterogeneous surface com-
prising metallic Ti, TiO2, sub-stoichiometric TiOx species, and oxidized alloying elements,
whereas the anodized surfaces are dominated by fully oxidized TiO2, with strong attenua-
tion of V and Al signals, increased hydroxylated oxygen contributions, and the exclusive
presence of fluorine. The fitted peak positions and characteristic spin–orbit separations for
Ti 2p (~5.7 eV) and V 2p (~7.3–7.5 eV) support the physical reliability of the deconvolution
and validate the assignment of the observed chemical states. These results confirm the
formation of a continuous and chemically stable TiO2 nanotubular layer that governs the
anodized Ti-407 interface and provides a robust platform for subsequent drug-loading and
antibacterial functionalization.

3.3.2. ATR-FTIR Confirmation of Ceftriaxone Incorporation

Figure 6 shows the ATR-FTIR spectra of ceftriaxone-loaded TiO2 nanotubular lay-
ers anodized on Ti-407 at applied voltages of 40, 50, and 60 V, recorded in the range of
4000–400 cm−1. The spectra exhibit vibrational features associated with both the TiO2 nan-
otubular oxide matrix and the incorporated antibiotic, consistent with the behavior reported
for anodized titanium-based nanotubular systems used as drug-delivery platforms.
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Figure 6. ATR-FTIR spectra of ceftriaxone-loaded TiO2 nanotubular layers anodized on Ti-407 at 40,
50, and 60 V. Inset: ATR-FTIR spectrum of the anodized Ti-407 surface (50 V), showing TiO2-related
vibrational modes and the absence of ceftriaxone-related absorption bands.

In the high-wavenumber region, a broad absorption band extending approximately
from 3500 to 1600 cm−1 is observed for all samples. This band is attributed to O–H
stretching and H–O–H bending vibrations associated with surface hydroxyl groups and
adsorbed or hydrogen-bonded water molecules [20,87]. The presence of these features is
characteristic of anodically formed, non-annealed TiO2 nanotubular layers synthesized in
fluoride-containing electrolytes and reflects the highly hydrophilic and defect-rich nature
of the nanostructured oxide surface.

Alongside the oxide related contributions, distinct absorption bands characteristic of
ceftriaxone (C18H16N8Na2O7S3) are clearly identified in all loaded samples. The band lo-
cated at approximately 3432 cm−1 is assigned to N–H stretching vibrations of amide groups
involved in hydrogen bonding. A pronounced band at ~1748 cm−1 corresponds to C=O
stretching vibrations of the β-lactam ring, while the absorption observed in the ~1592 cm−1

region is attributed to C=N stretching vibrations associated with the oxime functional group
of ceftriaxone [88]. The simultaneous presence of these bands provides direct spectroscopic
evidence of successful antibiotic incorporation within the TiO2 nanotubular architecture.

In the mid- and low-wavenumber regions, bands associated with the titanium oxide
framework are also observed. Absorptions near 901–918 cm−1 correspond to O–Ti–O
vibrational modes, while bands at approximately 679 cm−1 and 485 cm−1 are attributed to
Ti–O and Ti–O–Ti lattice vibrations, respectively. In addition, a band around 1380 cm−1 is
assigned to flexional vibrations of O–Ti–O bonds [89]. These features are in good agreement
with FTIR spectra reported for anodically formed TiO2 nanotubular layers and confirm that
the underlying oxide structure remains intact after drug loading. Minor absorption bands
detected near ~2930 cm−1 and in the 1100–1050 cm−1 region are attributed to residual
species originating from the glycerol/NH4F anodization electrolyte and do not interfere
with the identification of the antibiotic [89–91].
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The overall similarity of the spectra obtained at different anodization voltages indi-
cates that, within the investigated range (40–60 V), the applied voltage does not significantly
alter the chemical nature of the TiO2 nanotubular oxide layer or the vibrational features
associated with ceftriaxone. This observation is consistent with the XPS results and sup-
ports that anodization voltage primarily governs nanotube morphology rather than the
fundamental chemical structure of the oxide or the incorporated drug.

The inset of Figure 6 presents a representative ATR-FTIR spectrum of the anodized Ti-
407 nanotubular layer without antibiotic loading (50 V). The spectrum is characterized by a
weak and broad O–H-related absorption extending approximately from 3600 to 3000 cm−1,
which is attributed to surface hydroxyl groups and physically adsorbed water commonly
present on non-annealed TiO2 nanotubular surfaces. In contrast to the ceftriaxone-loaded
samples, no well-defined absorption bands are detected in the 1800–1400 cm−1 region that
can be attributed to organic functional groups. The bands observed in this range are instead
associated with adsorbed molecular water and atmospheric CO2-derived carbonate species
on the hydroxylated TiO2 surface, confirming the absence of ceftriaxone or other organic
residues on the unloaded oxide layer [20,87].

In the low-wavenumber region, a pronounced and broad decrease in transmittance is
observed below ~800 cm−1, corresponding to Ti–O and Ti–O–Ti lattice vibrations charac-
teristic of anodically formed, non-annealed TiO2 [88]. The absence of ceftriaxone-related
absorption bands in the inset spectrum demonstrates that the additional vibrational fea-
tures observed in the loaded samples arise exclusively from the incorporated antibiotic and
are not intrinsic to the TiO2 nanotubular matrix.

The ATR-FTIR analysis corroborates the successful incorporation of ceftriaxone within
the TiO2 nanotubular layers while demonstrating preservation of the oxide framework.
The data supports a physical incorporation mechanism without evidence of chemical modi-
fication of either the antibiotic or the TiO2 matrix, providing a spectroscopic foundation for
interpreting the subsequent drug release and antibacterial performance.

3.4. Drug Release Profile and Mechanistic Interpretation

To evaluate the drug-release behavior of the TiO2 nanotubular layers anodized on
Ti-407, ceftriaxone release experiments were performed in triplicate for each anodization
condition (40, 50, and 60 V). Figure 7 shows the cumulative fraction release of ceftriaxone
as a function of immersion time in phosphate-buffered saline (PBS, pH 7.0) at 37 ◦C.
Quantification was carried out by UV–Vis spectroscopy, where all samples exhibited a
broad absorption band between 239 and 243 nm with a maximum at 241 nm, consistent
with the characteristic absorption of ceftriaxone in aqueous media [90].

For all anodized samples, the release profiles display a biphasic behavior, highlighted
in Figure 7 by the yellow and green dashed lines, indicating two distinct release stages.
During the initial stage, extending over approximately the first 40 min of immersion, a
pronounced burst release is observed. At this time point, anodized samples prepared
at 40 and 50 V released 49.8% and 45.2% of the loaded antibiotic, respectively, whereas
the samples anodized at 60 V exhibited a lower release fraction of 40.5%. This initial
burst is commonly attributed to the rapid dissolution of ceftriaxone molecules weakly
adsorbed on the external surface of the nanotubular layer or located near the tube open-
ings, a behavior widely reported for drug-loaded TiO2 nanotube systems [92]. From a
clinical perspective, the combination of an early burst release followed by sustained de-
livery is consistent with the therapeutic requirements of the immediate postoperative
period, where rapid bacterial suppression and prolonged local antibiotic availability are
desirable [35,42].

https://doi.org/10.3390/coatings16020203

https://doi.org/10.3390/coatings16020203


Coatings 2026, 16, 203 16 of 26

The lower burst release observed for the 60 V samples indicates a more effective
retention of the antibiotic within the nanotubular structure during the early release stage.
This behavior is consistent with the morphological characteristics discussed in Section 3.2,
where nanotubes formed at higher anodization voltages exhibit larger dimensions, higher
aspect ratios, and increased total enclosed volume. These features favor deeper drug
confinement within the nanotubes and reduce the fraction of the antibiotic readily accessible
for rapid desorption.

Figure 7. Cumulative ceftriaxone release profiles from TiO2 nanotubular layers anodized on Ti-407 at
40, 50, and 60 V, measured in PBS (pH 7.0) at 37◦C. The yellow dashed lines and label (1) indicate the
initial burst-release stage, while the green dashed lines and label (2) denote the subsequent sustained
diffusion-controlled release stage.

The second release stage begins immediately after the burst phase and extends up
to approximately 280 min, as indicated by the green dashed line in Figure 7. During this
period, a sustained and progressively slower release kinetics is observed, ultimately leading
to nearly complete antibiotic release for all anodization conditions. This stage is associated
with diffusion-controlled release of ceftriaxone molecules confined within the nanotube
interior, where the release rate is governed by nanotube geometry, internal volume, and
diffusion path length, as well as by the solubility of the antibiotic in the surrounding
medium [92,93]. The attainment of complete release without abrupt discontinuities further
suggests that the nanotubular architecture remains structurally stable during immersion
under the tested conditions.

A clear dependence of the sustained-release behavior on nanotube morphology is
evident. As summarized in Table 2, nanotubes synthesized at 60 V exhibit the lowest tube
density but the largest total enclosed volume per unit surface area (≈10.6 µm3/µm2). This
structural configuration provides a higher storage capacity and longer diffusion pathways,
resulting in a slower and more controlled release profile (Figure 7, blue triangles). In
contrast, nanotubes formed at 40 and 50 V, which present higher tube densities and smaller
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enclosed volumes, display faster release kinetics during both the burst and sustained-
release stages (Figure 7, black squares and red circles, respectively).

Table 2. Morphological parameters of TiO2 nanotubular layers anodized on Ti-407 at different applied
voltages and their relation to ceftriaxone release behavior. Values are reported as mean ± standard
deviation (n ≥ 100 nanotubes per condition).

Parameter 40 V 50 V 60 V

Length (µm) 10.2 ± 1.3 10.6 ± 2.1 10.8 ± 2.4
Diameter (nm) 81.4 ± 6.5 82.6 ± 7.1 83.1 ± 7.8

Aspect ratio (L/D) 125 ± 18 129 ± 21 130 ± 27
Nanotube density (µm−2) 192 ± 11 187 ± 12 181 ± 14

Total enclosed volume (µm3/µm2) 10.2 ± 1.5 10.5 ± 1.6 10.9 ± 1.7
Ceftriaxone release at 40 min (%) 49.8 45.2 40.5

Taken together, these results demonstrate that nanotube density, length, diameter, and
total enclosed volume must be considered collectively to understand and tune drug-release
performance. No single morphological parameter alone dictates release behavior; rather,
the interplay between nanotube geometry and internal volume determines the balance
between initial burst release and prolonged diffusion-controlled release. From a practical
perspective, this tunability enables the rational design of TiO2 nanotubular arrays on Ti-407
with tailored release profiles, depending on whether rapid antibiotic delivery, extended
release, or a compromise between both is required.

In general, the release profiles obtained in this study confirm that anodized Ti-407
can support controlled antibiotic delivery through TiO2 nanotubular layers, with release
kinetics directly linked to anodization voltage-dependent morphological features. This
release behavior provides the mechanistic framework for interpreting the antibacterial
response discussed in the following section.

3.5. Antibacterial Performance of Ceftriaxone-Loaded TiO2 Nanotubular Layers

The antibacterial performance of unloaded and ceftriaxone-loaded anodized Ti-407
samples was evaluated against Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC
27853, and Staphylococcus aureus ATCC 29213 using three complementary in vitro assays:
turbidity assay (optical density measurement), colony-forming unit (CFU) quantification,
and agar diffusion test for inhibition zone determination. Figures 8 and 9, and 10 summarize
the results obtained from these assays, respectively. In all experiments, bacterial cultures
grown in the absence of material and ceftriaxone were used as the negative control (E. coli,
E.c-C; P. aeruginosa, P.a-C; and S. aureus, S.a-C), while a ceftriaxone solution (0.5 µg/mL)
was employed as the positive control (CEF-C). Non-anodized Ti-407 samples without
ceftriaxone (Ti407-U) and non-anodized Ti-407 samples subjected to the ceftriaxone loading
protocol (Ti407-CEF) were included as material controls to decouple the antibacterial effect
of the antibiotic from that of the nanotubular architecture. Anodized nanotubular samples
obtained at 40, 50, and 60 V were evaluated in both unloaded (40V-U, 50V-U, 60V-U) and
ceftriaxone-loaded (40V-CEF, 50V-CEF, 60V-CEF) conditions.

3.5.1. Bacterial Growth Inhibition Assessed by Turbidity (Optical Density)

Figure 8a–c show the percentage of bacterial growth determined by optical density
measurements at 635 nm after 24 h of incubation. All bacterial growth values are expressed
as percentages relative to the corresponding bacterial growth controls (E.c-C, P.a-C, and
S.a-C), which were defined as 100%. Negative controls for E. coli (Figure 8a), P. aeruginosa
(Figure 8b), and S. aureus (Figure 8c) showed the expected bacterial proliferation, confirming
the viability of the bacterial strains under the experimental conditions.
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Figure 8. Bacterial growth (%) determined by turbidity assay (OD at 635 nm) after 24 h of incubation
for (a) E. coli (E.c), (b) P. aeruginosa (P.a), and (c) S. aureus (S.a) in the presence of the positive control
(CEF-Ctrl), non-anodized Ti-407 (Ti407-U and Ti407-CEF), unloaded anodized TiO2 nanotubular
surfaces (40V-U, 50V-U, and 60V-U), and ceftriaxone-loaded anodized TiO2 nanotubular surfaces
(40V-CEF, 50V-CEF, and 60V-CEF). Values are normalized to the corresponding negative controls
(E.c-C, P.a-C, and S.a-C; 100%) and reported as mean ± SD (n = 3). * indicates a statistically significant
difference (p < 0.05).

Figure 9. Viable cell count determined by colony-forming unit (CFU/mL) quantification after 24 h
of incubation for (a) E. coli (E.c), (b) P. aeruginosa (P.a), and (c) S. aureus (S.a) in the presence of the
positive control (CEF-Ctrl), non-anodized Ti-407 (Ti407-U and Ti407-CEF), unloaded anodized TiO2

nanotubular surfaces (40V-U, 50V-U, and 60V-U), and ceftriaxone-loaded anodized TiO2 nanotubular
surfaces (40V-CEF, 50V-CEF, and 60V-CEF). Data are reported as mean ± SD (n = 3). * indicates a
statistically significant difference compared to the corresponding negative controls (E.c-C, P.a-C, and
S.a-C) (p < 0.05).

Non-anodized Ti-407 samples without ceftriaxone loading (Ti407-U) showed bacterial
growth values close to 100% for all tested strains, indicating that the base alloy itself does
not exert an inhibitory effect on bacterial proliferation.

On the other hand, non-anodized Ti-407 samples subjected to the ceftriaxone loading
protocol (Ti407-CEF) also showed bacterial growth values close to the negative controls,
confirming that, in the absence of a nanotubular oxide layer, the alloy is unable to retain
ceftriaxone and therefore does not display a measurable antibacterial effect. These two
conditions were included as material controls to differentiate the antibacterial effect of the
antibiotic from that of the nanotubular architecture.

Similarly, unloaded anodized TiO2 nanotubular samples (40V-U, 50V-U, and 60V-U)
exhibited high bacterial growth values, ranging from approximately 76%–85% depending
on the bacterial strain and anodization voltage (40–60 V). These results confirm that the
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TiO2 nanotubular oxide layer itself does not induce a substantial reduction in bacterial
growth in the absence of antibiotic loading.

In contrast, all ceftriaxone-loaded nanotubular samples (40V-CEF, 50V-CEF, and 60V-
CEF) showed a pronounced and statistically significant reduction in bacterial growth for
the three evaluated strains. For E. coli (Figure 8a), bacterial growth decreased from approxi-
mately 76%–100% in the unloaded samples to 0.9%–1.8% in the ceftriaxone-loaded samples.
In the case of S. aureus (Figure 8c), growth values were reduced from approximately
83%–100% to 3.0%–3.8%, while for P. aeruginosa (Figure 8b), bacterial growth decreased
from approximately 87%–100% to 5.0%–6.8%, consistent with the higher intrinsic tolerance
of this Gram-negative strain [93]. This overall antibacterial response observed across all
ceftriaxone-loaded nanotubular samples is attributed to the localized release of ceftriaxone
from the nanotubular architecture (40V-CEF, 50V-CEF, and 60V-CEF), which maintains an
effective antibiotic concentration at the bacteria–surface interface. By comparison, unloaded
nanotubular (40V-U, 50V-U, and 60V-U) and non-anodized Ti-407 samples (Ti407-U and
Ti407-CEF) did not exhibit antibacterial activity, confirming that the observed inhibition is
governed by controlled antibiotic delivery rather than by the oxide layer itself [27–29].

Among the anodization conditions, samples anodized at 60 V consistently exhibited
the lowest bacterial growth for all three strains, followed by those anodized at 50 and 40 V.
This trend correlates with the higher antibiotic loading capacity and the more sustained
release behavior associated with nanotubes fabricated at higher anodization voltages, as
discussed in Sections 3.2 and 3.4.

3.5.2. Bacterial Viability Evaluation by Colony-Forming Unit (CFU) Quantification

The results of the colony-forming unit (CFU) quantification assay are presented in
Figure 9a–c. After incubation, samples were serially diluted (10−1–10−12) and plated on BHI
agar, and CFU/mL was determined from countable plates by applying the corresponding
dilution factors.

Negative controls (E.c-C, P.a-C, and S.a-C) and non-anodized Ti-407 without samples
of ceftriaxone (Ti407-U) supported substantial bacterial proliferation for E. coli (Figure 9a),
P. aeruginosa (Figure 9b), and S. aureus (Figure 9c), yielding high viable cell counts. Similarly,
non-anodized Ti-407 samples subjected to the ceftriaxone loading protocol (Ti407-CEF)
did not exhibit a significant reduction in CFU values, confirming that, in the absence of
a nanotubular oxide layer, the alloy does not retain ceftriaxone at levels sufficient to in-
duce an antibacterial effect. Likewise, unloaded anodized nanotubular samples (40V-U,
50V-U, and 60V-U) did not exhibit a significant reduction in CFU values, confirming that
the TiO2 nanotubular oxide layer itself does not display intrinsic antibacterial activity
in the absence of antibiotic loading. In contrast, the positive control (CEF-Ctrl) resulted
in a marked and statistically significant reduction in viable cell counts for all three bac-
terial strains, confirming the expected bactericidal activity of the antibiotic under the
experimental conditions.

Consistently, ceftriaxone-loaded nanotubular samples (40V-CEF, 50V-CEF, and 60V-
CEF) induced a pronounced reduction in viable cell counts for all three strains. For
E. coli (Figure 9a), CFU values decreased from approximately 278–288 CFU/mL in the
unloaded samples to below 6 CFU/mL in the ceftriaxone-loaded samples, corresponding
to a reduction greater than 98%. In the case of S. aureus (Figure 9c), viable cell counts were
reduced from approximately 258–266 CFU/mL to 11–14 CFU/mL, indicating a reduction on
the order of 94%–96%. A less pronounced, yet still significant, reduction was observed for P.
aeruginosa (Figure 9b), where CFU values decreased from approximately 201–208 CFU/mL
in the unloaded samples to 85–94 CFU/mL, consistent with the higher intrinsic tolerance
of this Gram-negative strain [93].
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Among the anodization conditions, samples prepared at 60 V consistently exhibited
the lowest CFU values for all three bacterial strains, followed by those anodized at 50 V and
40 V. This behavior correlates with the higher total enclosed volume and the more sustained
release profile of ceftriaxone associated with nanotubes formed at higher anodization
voltages, as discussed in Sections 3.2 and 3.4. The strong reduction in CFU values confirms
that ceftriaxone remains biologically active after incorporation into and release from the
TiO2 nanotubular structure and that the antibacterial response is governed by controlled
local antibiotic delivery rather than by the nanotubular oxide layer itself [27–29].

3.5.3. Bacterial Susceptibility Assessment by Agar Diffusion Test

Figure 10 shows the inhibition zones obtained from the agar diffusion test used to eval-
uate bacterial susceptibility to ceftriaxone released from the anodized Ti-407 nanotubular
surfaces. For all three bacterial strains, unloaded anodized Ti-407 representative samples
(50 V) did not produce measurable inhibition zones for E. coli (Figure 10a), P. aeruginosa
(Figure 10e), or S. aureus (Figure 10i), indicating that the anodized oxide layer alone does
not interfere with bacterial growth or viability under the tested conditions.

 
Figure 10. Agar diffusion assay showing inhibition zones produced by ceftriaxone released from
anodized TiO2 nanotubular surfaces fabricated on Ti-407 at 40, 50, and 60 V against (a–d) E. coli,
(e–h) P. aeruginosa, and (i–l) S. aureus. The values indicated correspond to the inhibition zone diameter
measured across the complete halo.

In contrast, ceftriaxone-loaded anodized samples produced well-defined inhibition
zones against E. coli, P. aeruginosa, and S. aureus, as shown in Figure 10b–d, f–h, and j–l,
respectively. The diameter of the inhibition halo was measured as the total distance across
the zone of bacterial growth inhibition, from one edge of the visible halo to the opposite
edge, following the protocol described in Section 2.5.4. Measurements were obtained from
three independent specimens per condition, each measured in triplicate (n = 3).

For E. coli (Figure 10b–d), the inhibition zone diameter increased with anodization
voltage, from 38.8 ± 1.2 mm at 40 V, to 40.2 ± 1.4 mm at 50 V, and 43.1 ± 1.0 mm at
60 V. A comparable voltage-dependent trend was observed for P. aeruginosa (Figure 10f–h),
with inhibition zone diameters of 38.1 ± 1.2 mm, 41.7 ± 1.9 mm, and 46.7 ± 1.3 mm
for samples anodized at 40, 50, and 60 V, respectively. Similarly, S. aureus (Figure 10j–l)
exhibited inhibition zone diameters of 38.8 ± 1.6 mm at 40 V, 41.7 ± 1.8 mm at 50 V, and
45.3 ± 1.2 mm at 60 V.
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In general, the progressive increase in inhibition zone diameter with increasing an-
odization voltage indicates a higher effective antibiotic dose released into the surrounding
agar medium. This behavior is consistent with the higher antibiotic loading capacity and
sustained release characteristics associated with nanotubes fabricated at higher voltages,
as discussed in Sections 3.2 and 3.4. The presence of large and well-defined inhibition
zones for all tested strains confirms that ceftriaxone retains its antibacterial activity after
incorporation into and release from the TiO2 nanotubular layer.

It should be noted that, although the present results demonstrate effective antibacterial
performance under the tested conditions, the long-term stability and release behavior of
ceftriaxone-loaded TiO2 nanotubular coatings may be influenced by environmental factors
such as pH, ionic strength, and coating mass. A systematic evaluation of these parameters
was beyond the scope of this study and should be addressed in future work.

3.5.4. Integrated Interpretation of Antibacterial Performance and Release-Driven Mechanism

The combined results obtained from turbidity measurements, CFU quantification,
and agar diffusion assays demonstrate a consistent antibacterial response for ceftriaxone-
loaded TiO2 nanotubular coatings fabricated on Ti-407. Across all evaluated strains (E. coli,
P. aeruginosa, and S. aureus), unloaded anodized samples showed no measurable antibacte-
rial effect, confirming that the nanotubular TiO2 oxide layer itself does not exhibit intrinsic
bactericidal activity under the tested conditions.

In contrast, ceftriaxone-loaded nanotubular surfaces produced marked reductions in
bacterial growth in liquid culture and large inhibition zones in solid media. These effects
correlate directly with the release behavior of ceftriaxone from the nanotubular architecture,
as described in Section 3.4. Samples anodized at higher voltages exhibited enhanced
antibacterial performance, which is consistent with their larger enclosed nanotube volume
and higher antibiotic loading capacity.

The antibacterial activity observed against both Gram-negative (E. coli and P. aeruginosa)
and Gram-positive (S. aureus) strains is explained by the established mechanism of action of
ceftriaxone. The antibiotic inhibits bacterial cell wall synthesis through irreversible binding to
penicillin-binding proteins, thereby preventing peptidoglycan cross-linking and ultimately
leading to cell lysis [39,40]. The preservation of antibacterial efficacy following incorporation
into and release from the TiO2 nanotubular layer indicates that neither the anodization process
nor the loading procedure compromises the biological function of the drug.

Although all three strains were susceptible to ceftriaxone, differences in the magnitude
of the antibacterial response reflect both inter-group differences between Gram-negative
and Gram-positive bacteria and intra-group variability. Structural features of the bacterial
cell envelope contribute to the observed trends, such as the presence of an outer membrane
in Gram-negative bacteria, including E. coli and P. aeruginosa, compared with Gram-positive
bacteria such as S. aureus. However, the distinct responses observed between E. coli and P.
aeruginosa indicate that additional strain-specific factors, including membrane composition,
permeability, and intrinsic resistance mechanisms, also play a role. Together, these factors
explain why different levels of antibacterial inhibition were observed among the tested
bacterial strains in this study [93]. The antibacterial trends observed in this work are
consistent with previous reports on antibiotic-loaded TiO2 nanotubular systems, including
coatings incorporating gentamicin, vancomycin, and cefazolin [27–29,72,80]. In those
studies, enhanced antibacterial efficacy was likewise attributed to the combination of
high-aspect-ratio nanotube architectures, increased drug-loading capacity, and diffusion-
controlled release within the TiO2 nanotubular architecture. The present results extend
these structure–function relationships to ceftriaxone-loaded systems and demonstrate their
applicability to Ti-407-based nanotubular coatings, despite the alloy composition.
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Overall, the voltage-dependent trends in bacterial growth inhibition and susceptibility
reflect a structure–loading–release relationship, in which nanotube geometry governs antibi-
otic storage capacity and release kinetics, ultimately determining antibacterial performance.
These findings highlight the ability of anodized Ti-407 to serve as an effective platform for
localized antibiotic delivery, integrating controlled release with robust antibacterial activity.

4. Conclusions
In this study, the Ti-407 alloy was successfully anodized to generate self-organized TiO2

nanotubular oxide layers capable of functioning as localized antibiotic delivery platforms.
Electrochemical anodization in a glycerol/NH4F electrolyte produced vertically aligned,
single-walled, closed-end nanotubes with high aspect ratios and voltage-dependent mor-
phological features, confirming that Ti-407 exhibits anodic behavior analogous to conven-
tional biomedical titanium alloys.

Systematic control of anodization voltage (40–60 V) enabled modulation of nanotube
length, density, and total enclosed volume, which directly governed ceftriaxone loading
capacity and release behavior. The nanotubular layers exhibited a reproducible biphasic
drug-release profile, consisting of an initial burst followed by sustained diffusion-controlled
release, with higher anodization voltages yielding more controlled release kinetics due to
increased internal storage volume and longer diffusion pathways.

XPS and ATR-FTIR analyses confirmed the formation of a chemically stable TiO2 nan-
otubular layer and the successful incorporation of ceftriaxone without alteration of either
the oxide framework or the antibiotic structure. Importantly, it seems that vanadium and
aluminum originating from the Ti-407 substrate remained covered beneath the nanotubular
oxide, indicating effective surface isolation and chemical stability of the anodized layer.
However, to elucidate this, a deeper study of the crystal structure and composition of the
extracted, fractured nanotubes from the surface is necessary.

In vitro antibacterial evaluation demonstrated that unloaded TiO2 nanotubular coat-
ings did not exhibit intrinsic antibacterial activity, whereas ceftriaxone-loaded nanotubular
surfaces produced pronounced inhibition of Escherichia coli, Pseudomonas aeruginosa, and
Staphylococcus aureus. Antibacterial performance scaled consistently with anodization
voltage and correlated with the drug-release behavior, confirming a structure–loading–
release relationship. The observed strain-dependent responses were consistent with known
differences in bacterial cell envelope architecture and antibiotic permeability.

Overall, these findings establish anodized Ti-407 as a functional and effective platform
for TiO2 nanotubular drug-delivery coatings with controlled antibiotic release and ro-
bust in vitro antibacterial activity. This work bridges a critical knowledge gap in the
surface functionalization of emerging titanium alloys and highlights the potential of
ceftriaxone-loaded TiO2 nanotubular layers for the development of infection-resistant
orthopedic implants.

Finally, although the antibacterial efficacy of the ceftriaxone-loaded coatings was
clearly demonstrated, further studies are required to evaluate their biological perfor-
mance, including in vitro cell viability, adhesion, and differentiation assays using osteoblast-
like cells.
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