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which follows the underlying o and § phase distribution, therefore in-
fluences how much of each species is incorporated, leading to a barrier
layer that is variably doped (see Fig. 6a).

Due to the very high V concentration in the beta phase, thermal
oxidation of the latter can bring to the formation of highly doped TiO»
responsible of optical transition at very high wavelength. Since in this
case incorporation of V> or V** can occur, there are localized states
close to the valence band edge that induce a shift toward more positive
value of the flat band potential and thus explaining that the measured
photocurrent becomes zero close to ~ 0.4 V vs Ag/AgCl. However, less
doped phase containing lower amount of vanadium have a more nega-
tive flat band potential and thus while the contribution to the measured
photocurrent is almost zero from V rich oxide, we start to see the
contribution of the less doped oxide, whose flat band potential is around
~ —0.6 V vs Ag/AgCl as already reported for Al and V free TiOy NTs
grown in the same conditions [51]. Notably, this assumption also ex-
plains the trend in the differential capacitance. The measured capaci-
tance is the sum of contribution of two parallel capacitance, i.e. the one
form the less doped TiO5 and the one from the more doped TiO, (Fig. 6).
The latter is expected to be higher due to the high doping level that
makes the space charge region very thin. When the potential is shifted in
the negative direction, the capacitance raises at least until the potential
is higher than the flat band potential (depletion layer), but when as the
Fermi level at the interface approaches the band edge levels, the ca-
pacity of the space charge layer becomes independent of the electrode
potential because the Fermi level is pinned in the conduction band. In
the meantime the same trend but shifted by the difference in the flat
band potentials was observed. We also measure the contribution of the
other parallel capacitance, associated with the less doped oxide, which
becomes comparable with that of the other parallel capacitance (related
to the more doped oxide) and thus we can appreciate it.

Photoelectrochemical results demonstrate that the NTs grown on
Ti6Al4V possess localized electronic states within the band gap that
facilitate charge transport through the nanostructured oxide. These
findings are in good agreement with recent studies reporting that
alloying elements in Ti-based substrates can significantly influence the
electronic structure and photoelectrochemical behaviour of the result-
ing anodic oxides [28].

3.4. Electrochemical measurements

The insights obtained from the photoelectrochemical characteriza-
tion provide a solid framework to interpret the electrochemical behav-
iour of both bare Ti6Al4V and NTs-modified surfaces in simulated
physiological environments: Hanks’ balanced salt solution (HBSS),
representing normal biological conditions, and simulated inflammatory
conditions solution (SICS), reproducing oxidative inflammatory envi-
ronments, whose composition is reported in Table 1.
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According to the EIS spectra (Fig. 7a, b, d and e), the NTs exhibit an
overall impedance approximately more than one order of magnitude
lower than that of the bare, chemically etched alloy in HBSS. This
marked difference between NTs and bare samples is also observed under
inflammatory conditions (SICS), where the oxide layer is exposed to
highly oxidizing species such as H202. Moreover, the NTs display phase
angles of approximately 40° in HBSS and 30° in SICS, compared to the
higher phase values of the bare alloy. This behaviour is consistent with
the enhanced electronic conduction through the nanostructured oxide.
It should be noted that the lower impedance values observed for NTs in
the EIS measurements should not be directly interpreted as reduced
corrosion resistance. This behavior can be attributed to the high elec-
trochemically active surface area of the nanotubular structure, which
enhances interfacial charge transfer processes. In addition, the doped
nature of the oxide, as suggested by the low-energy optical transitions,
contributes to increased electronic conductivity compared to stoichio-
metric anatase. As a result, both anodic (oxide growth/repair) and
cathodic (oxygen reduction) reactions can occur more readily at open
circuit conditions without necessarily leading to material degradation.
EIS spectra in Nyquist representation at the corresponding open circuit
potential has been included in the Supporting Information (see Fig. S3)

The EIS spectra were modelled using appropriate equivalent elec-
trical circuits (EECs). For the bare Ti6Al4V alloy, which is naturally
covered by a thin air-grown passive oxide layer, the experimental data
were satisfactorily fitted using a simple single time-constant circuit
(Fig. 8a). This model consists of the electrolyte resistance (Rer) in series
with a parallel combination of the polarization resistance (Rp,) and a
constant phase element (Q,x), which accounts for the non-ideal capac-
itive behaviour of the passive oxide film.

A different equivalent circuit was adopted for the NTs-coated sam-
ples (Fig. 8b), reflecting the more complex structure of the anodic oxide
layer. The proposed model comprises a constant phase element (Qype),
which represents the non-ideal capacitive behaviour of the nanotube
walls, arranged in parallel with a series between the Rype, the electro-
lyte resistance inside the nanotubular channels, and a parallel (R, Qp),
element attributed to the compact barrier oxide layer located at the
bottom of the pores. The resulting fitting parameters are summarized in
Table 4.

Polarization curves (Fig. 7c,f) reveal that, in SICS, the bare alloy
undergoes a significant shift of E., toward more positive values (due to
the presence of oxidative agents) accompanied by a decrease in both
corrosion current density (icor) and passive current density (ipass)
compared with HBSS. In contrast, the NT-modified surfaces show
significantly higher iy and ipass relative to the bare substrate in both
media. Moreover, the passive region of the polarization curve of the NTs
is significantly reduced, as oxygen evolution begins at relatively low
anodic potentials. This behaviour reflects the higher electronic con-
ductivity of the nanotubular anodic oxide layer, which facilitates
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Fig. 6. a) Schematic illustration of the Ti6Al4V surface after anodization; b) Schematic representation of the band structure of oxide films grown on Ti6Al4V,
illustrating donor (Al-related) and acceptor (V-related) defect states within the band gap and the position of the Fermi level E.
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Fig. 7. EIS spectra in Bode representation (at corresponding open circuit potential Eocp) and polarization curves related to bare Ti6Al4V and NTs grown on Ti6A14V

recorded in HBSS (a, b, ¢) and SICS (d, e, f).
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Fig. 8. Schematic representation of the equivalent electrical circuits used to model the EIS spectra shown in Fig. 7, for bare Ti6A14V (a) and Ti6A14V-NTs (b) in the

two simulated solutions.

Table 4

Fitting parameters used to model the EIS spectra shown in Fig. 7, recorded for bare Ti6Al4V and Ti6Al4V-NTs in the two simulated solutions.
Sample R / Q cm? Rpot / @ em? Qox / F cm™ n %2 max
Bare HBSS 22,0+ 1.3 3.2.10° + 8.6-10* 41107 + 2.0-107° 0.92 + 0.06 1.9-1072
Bare SICS 23.0 + 3.2 1.410* + 1.7-.10° 5.5107 + 8.6:107° 0.93 + 0.01 1.1.107°
Sample Rei / Q cm® Riupe/ Q cm? Quube / F ecm™ n Rp, / Q em? Q,/Fem n x? max
NTs HBSS 28.6 + 1.1 1.8.10% + 1.3-10% 1.8:10™ + 3.9-10° 0.72 + 0.01 1.2.10* + 3.4.10° 1.2.10° +3.3.10™ 0.53 + 0.06 2.2.107
NTs SICS 21.6 + 3.8 8.3:10% + 1.5.10% 15107 + 6.9-10° 0.87 + 0.04 1.1-10* + 8.3.10% 9.3107" + 1.4.10° 0.38 + 0.05 1.7.107°

electrochemical reactions at the oxide-electrolyte interface and is
consistent with the modifications in its electronic structure observed in
the photoelectrochemical characterization.

It is noteworthy that for the NTs the corrosion potential (Ecq) in
HBSS lies below the potential at which the photocurrent vanishes in the
photocharacteristic curves (Egg ~ 0.4 V vs Ag/AgCl). This implies that
the anodic oxide operates under forward bias conditions, thereby
exhibiting a less blocking, more conductive behaviour that promotes
redox activity at the interface.

Taken together, these electrochemical results are fully consistent
with the photoelectrochemical findings. The incorporation of Al** and
V** into the oxide during anodization introduces localized donor and
acceptor states, which enhance charge transport within the barrier layer.
This modified electronic structure results in increased interfacial

conductivity and explains the higher passive and corrosion currents, as
well as the resistive EIS response, observed for the NTs in both HBSS and
SICS.

3.5. Hydroxyapatite growth

Osteoinduction is the process by which stem cells differentiate into
osteoblasts, promoting the regeneration of damaged bone tissue. This
property depends on the bioactivity of the biomaterial, specifically its
ability to form a hydroxyapatite (HA) layer when in contact with body
fluids. HA [Ca10(OH)2(POa4)e], a calcium phosphate with a Ca/P ratio of
1.67, acts as a natural scaffold that supports cell adhesion, proliferation,
and differentiation. Owing to its stability and excellent biocompatibility
at physiological pH, HA provides ideal conditions for bone growth. To
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replicate the physiological environment in vitro, simulated body fluids
such as HBSS are commonly used.

To assess surface bioactivity, Ti6Al4V substrates with TiO- nanotube
(NTs) arrays were immersed in HBSS solution for 28 days. SEM analysis
of the surfaces (Fig. 9a-d) revealed a substantial transformation
compared to the as-prepared implants. A homogeneous mineral layer
uniformly covered the entire surface: characteristic “mud” structure is
visible, consisting of a cracked layer of corrosion products [57-59].
Fig. S4 shows the NTs cross-sections after the immersion in HBSS solu-
tion. EDX analysis confirmed the presence of Na, Mg, Cl, C, and O (from
the HBSS medium), along with a significant increase of Ca and P
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corresponding to a calcium phosphate coating (see Fig. 9e). Raman
spectroscopy further confirmed the presence of HA, with characteristic
vi symmetric stretching (P-O) at 960 cm™ (see Fig. 9f) [60].

The high conductivity of TiO-. NTs enhances localized electro-
chemical reactions that induce surface alkalinization, thereby acceler-
ating HA formation and providing a bioactive, osteoconductive
interface. The less blocking character of the NTs array grown on Ti6Al4V
alloy leads to oxygen reduction reaction, that occurs in a confined
environment (the pore of the NTs) inducing a local alkalinization. The
local alkalinization inside the nano-pores promote the formation and
precipitation of HA, see Eqs (6-8) [61].
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Fig. 9. Characterization of TiO- nanotube (NTs) samples after 28 days of immersion in HBSS: (a-d) SEM micrographs at different magnifications showing surface
morphology and precipitate formation; (e) EDX elemental analysis performed on the NTs surface, corresponding to the area shown in Fig. 9b; (f) Raman spectrum
confirming the presence of anatase (A) and hydroxyapatite (HA) phases on the NTs surface.
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0, + 4e~ + 2H,0— 40H" (6)
10Ca*" + 80H™ + 6HPOF — Caio(P04)¢(OH), + 6H,0 %)

10Ca** + 20H™ + 6PO;”— Caio(PO4)s(OH), €)

The consumption of phosphate ions due to HA precipitation shifts the
dissociation equilibrium of HPO.* toward PO.*", thereby promoting
their replenishment.

Although Hanks’ solution is a buffered electrolyte and does not
exhibit measurable pH variations in the bulk, local alkalinization cannot

TN
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be excluded at the nanotube/electrolyte interface . In particular, the pH
can change by several units within a very short time (on the order of
seconds) due to half-cell reactions that produce or consume H* ions (in
this work H" is consumed due to the oxygen reduction reaction) ac-
cording to non-stationary Fick’s law [62]. This effect is expected to be
even more pronounced in the present system (even under open circuit
conditions), where mass transport is hindered by the confined geometry
of the NTs.

The confined microenvironment of the NTs pores contributes to a
rapid and uniform mineralization process, supporting the potential of
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Fig. 10. SEM micrographs of samples after 168 h of immersion at 37 °C: a-b-c) Bare Ti6Al4V in HBSS, d-e-f) NTs in HBSS, g-h-i) Bare Ti6Al4V in SICS, j-k-1) NTs

in SICS.
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NT-modified Ti6Al4V implants for improved osseointegration because
the HA layer observed on the NTs can provide a bioactive interface that
promotes direct bone fixation without the need for bone cement.

Positively charged calcium ions first bind to the negatively charged
Ti—OH groups on the surface. Then, phosphate (PO4*-) and carbonate
(COs™) ions attach to the adsorbed calcium, forming a Ca/P-rich layer
that gradually crystallizes into bone-like apatite [15]. This crystalliza-
tion is enhanced by the surface’s high energy, microporosity, and ir-
regularities, which promote ion nucleation [63]. Moreover,
hydroxyapatite formation proceeds faster when driven by ion exchange
between the surface and the simulated body fluid [15].

3.6. Immersion tests and ions release evaluation

To evaluate the corrosion resistance of the modified surfaces under
inflammatory-like conditions, long-term immersion tests were per-
formed in HBSS and SICS at 37 °C for 168 h, reproducing both physio-
logical and severe inflammatory environments. These tests mimic the
early post-implantation inflammatory phase, typically lasting about one
week, and simulate the oxidative stress conditions where reactive oxy-
gen species (ROS) such as hydrogen peroxide and free radicals are
produced by immune cells.

During inflammation, leukocytes release highly reactive species,
including Hz202, HOe, and HOze radicals, that can compromise the sta-
bility of the protective TiO- layer. When coupled with mechanical
stresses, this process can trigger the release of metallic ions and
detachment of nanoscale debris, leading to the accumulation of corro-
sion products in surrounding tissues. Such phenomena can aggravate the
inflammatory response and, in severe cases, contribute to implant
loosening or failure.

SEM analysis revealed no significant morphological differences be-
tween the bare Ti6Al4V surface before immersion (Fig. 1) and after 168
hin HBSS (Fig. 10a—c) and the surface maintained its characteristic a +
microstructure. For the NT-modified samples, immersion in HBSS
resulted in the formation of small surface deposits containing Mg, Ca,
and P, indicative of early calcium phosphate precipitation, while the
overall nanotubular morphology remained intact (Fig. 10d-f). These
findings confirm that both bare and anodized samples exhibit good
stability in HBSS, with no significant degradation. In contrast, pro-
nounced differences were observed under SICS exposure. Bare Ti6Al4V
surfaces exhibited selective dissolution of the p-phase, resulting in the
initiation of micro-pits and cracks along p-phase boundaries (Fig. 10g-i).
This preferential attack is consistent with literature reports showing that
the B-phase, enriched in vanadium, displays lower corrosion resistance
in oxidative environments, leading to localized thinning and oxide-
induced stress corrosion cracking [5,64]. Moreover, a slight increase
in roughness was observed locally on the a-phase, where nanoporous
features appeared, leading to a mildly more textured surface (Fig. 10i).

In contrast, TiOz nanotube (NTs) surfaces maintained their structural
integrity even after 168 h of immersion in SICS. The nanotube
morphology remained well-defined, with no evidence of collapse or
detachment (Fig. 10j-1). These results demonstrate that the NTs act as a
robust and stable barrier, minimizing direct exposure of the alloy sub-
strate to the aggressive solution and preventing localized dissolution.

ICP-OES results confirmed the morphological observations. The
concentrations of Ti, Al, and V detected in the HBSS solutions were
negligible for both sample types, indicating good chemical stability in
neutral conditions (quantitative data are reported in Supporting Infor-
mation, Fig. S5).

In contrast, under SICS exposure, ICP-OES analysis showed that ions
release from NTs samples was lower than that from the bare alloy at all
immersion times. The calculated average values of released ions are
reported in Table 5 and Fig. 11. In particular, after 168 h of immersion in
SICS at 37 °C, the NTs-modified samples reduced the release of Ti, Al,
and V by 47.4%, 57.9%, and 52.6%, respectively, compared to the bare
alloy.
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Table 5
The average concentration values and standard deviation (ug-cm) of metallic
ions released into SICS solution at 37 °C after different immersion times (n = 3).

Sample Immersion Concentration of metallic ions / pg-cm™
time / h T Al v
Bare SICS 24 31.8+18.8 222+1.9 49+35
72 79.0 + 23.9 53+33 13.7 £ 9.2
168 173.0 + 4.6 11.9 + 4.2 31.4 +18.4
NTs SICS 24 345+ 2.6 5.0=+0.9 81+28
72 129.7 + 20.9 13.5 + 3.8 29.1£11.5
168 328.8 + 37.6 28.3 +8.1 66.2 + 23.58

The relatively high vanadium concentration detected in SICS solu-
tions for bare samples supports the hypothesis of preferential $-phase
dissolution, in agreement with SEM findings. In contrast, the absence of
selective p-phase dissolution in nanotubular surfaces under conditions
specifically designed to promote it highlights their potential in miti-
gating phase-dependent degradation mechanisms.

It should be noted that the trends observed in ion release do not al-
ways directly correlate with polarization resistance (Rp), as discussed in
Section 3.4. While R, reflects instantaneous interfacial electrochemical
processes, ICP-OES measurements account for the cumulative material
dissolution over time. In the simulated inflammatory environment,
dissolution is governed not only by electrochemical processes but also
by chemically assisted mechanisms. In particular, oxidative species
(H202) and complexing agents (e.g., lactic acid) can enhance metal ion
solubilization independently of the electrochemical response.

During inflammatory conditions, reactive oxygen species are
generated through enzymatic pathways. The oxidizing environment
simulated by SICS, containing 150 mM H-O:, is more aggressive than
typical physiological conditions but it was intentionally selected to
represent a worst-case scenario and to accelerate degradation processes
within experimentally accessible times. Indeed, milder conditions have
been reported in the literature, such as 0.1% H:0- in PBS [65], or 150
mM H:0: at moderately acidic pH (~5.2)) [30]. Therefore, the present
results should be interpreted as a comparative and mechanistic assess-
ment under highly oxidative conditions, and caution should be taken
when extrapolating them directly to clinical scenarios.

During such conditions, vanadium ions can catalyze Fenton-like re-
actions with hydrogen peroxide, producing highly reactive radicals that
further accelerate oxide degradation according to the following reac-
tion:

VA (V3 V) + Hy0, — VP (V¥ V®Y) + OH® + OH~ ©)]

This reaction mechanism mirrors the well-established Fenton
chemistry of iron and has also been described for other transition metals,
including titanium [5,66].

Indeed, the equilibrium potentials for the V**/V** and V*/V* redox
couples are 0.28 and 0.48 V vs. SHE, respectively, according to the
Pourbaix diagram [36]. These values are more cathodic than the equi-
librium potential of the H-0-/OHe couple, which is 1.025 V at pH 2 [67].
Therefore, the proposed mechanism is thermodynamically feasible.

The resulting hydroxyl and hydroperoxyl radicals intensify local
oxidative stress, perpetuating the inflammatory cycle: the inflammatory
environment promotes metal ion release, while the released ions cata-
lyze further ROS production, thus creating a self-sustaining feedback
loop.

Overall, the combined morphological and ICP-OES analysis demon-
strates that TiOz nanotube surfaces mitigate the potential biological risks
associated with vanadium and aluminium release under inflammatory
conditions.

4. Conclusions

The bimodal « + f microstructure of Ti6Al4V leads to distinct
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Fig. 11. Mean cumulative release of Ti, Al, and V determined by ICP-OES for (a) chemically etched (bare) Ti6Al4V and (b) NT-modified Ti6Al4V samples after 168 h

immersion in SICS at 37 °C.

behaviours during anodization, resulting in heterogeneous nanotube
formation. Nanotube layers form predominantly over the a-phase, while
the p-phase exhibits a more porous oxide without a well-defined
nanostructure.

Photoelectrochemical analysis revealed that the TiO. nanotube ar-
rays possess localized electronic states within the mobility gap,
enhancing electronic conduction through the nanostructured oxide. This
improved conductivity contributes to localized electrochemical re-
actions, which are relevant for both corrosion resistance and hydroxy-
apatite formation.

Long-term immersion tests combined with EIS and ICP-OES mea-
surements demonstrated that NT-modified surfaces exhibit superior
corrosion resistance compared to bare Ti6Al4V. SEM analysis confirmed
that the morphology of the NTs remained largely unchanged after 168 h
in simulated inflammatory conditions (SICS), whereas bare samples
showed preferential dissolution of the f-phase. Cumulative ions release
from NTs was approximately one order of magnitude lower than from
bare samples, highlighting the protective effect of the nanotube layer
against alloying element leaching.

HA precipitation tests further showed that NT surfaces effectively
promote apatite formation. Raman spectroscopy confirmed the presence
of hydroxyapatite, and SEM images revealed dense, well-adhered min-
eral layers that fill the nanotube pores. The high surface area, nanoscale
porosity, and conductive properties of NTs accelerate local alkaliniza-
tion and HA nucleation, suggesting that osseointegration can be facili-
tated without additional coatings.

Overall, Ti6Al4V substrates modified with TiO. nanotube arrays
demonstrate enhanced bioactivity, improved corrosion resistance, and
reduced ion release, providing a multifunctional surface that supports
both mechanical stability and biological integration. These findings
indicate that NT-modified implants have significant potential for long-
term clinical applications, combining favourable electrochemical per-
formance with accelerated bone-bonding capability.
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