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ABSTRACT: Anodic titanium dioxide (TiO2) nanotubes (NTs)
are well-established implant coatings owing to their nanoscale
tunability, osteogenic support, and long-term biocompatibility.
However, reproducible approaches that directly link NT geometry
with controlled antibacterial functionality and tunable ion release
remain limited. Here, we present a spatially selective, geometry-
defined copper (Cu) decoration strategy for morphology-defined
spaced NTs with an intertube spacing of 70−214 nm and a
diameter of ∼145 nm. These NTs were fabricated via fluoride-
containing diethylene glycol-based anodization. Directional sputter-
ing was used to deposit Cu as either conformal wall coatings, the
common physical vapor deposition configuration, or as discrete top
caps, perpendicular to the sputtering target configuration, thus
enabling precise control of the Cu metal localization on/in the spaced NTs. Morphology−composition correlations, confirmed by
scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS), and
focused ion beam scanning electron microscopy (FIB-SEM), revealed a clear depth confinement for the cap-decorated NTs versus
an extended distribution in the case of the conformal coatings. Inductively coupled plasma atomic emission spectroscopy (ICP-AES)
showed that ∼1 atom % Cu, the antibacterial/cytocompatibility threshold in the literature, generated sustained ion release with early
bacterial suppression. Higher loadings accelerated Cu2+ release but produced variable long-term inhibition, which can be correlated
with the Cu configuration type. This geometry-directed sputtering approach provides a reproducible route for spatially controlled Cu
placement, with a link between NT geometry, Cu localization, and antibacterial behavior, thus applicable for designing future
multifunctional implant surfaces with controlled therapeutic release. It also provides a reproducible strategy for designing future
multifunctional, release-tunable implant surfaces.
KEYWORDS: spaced TiO2 nanotubes, copper decoration, controlled ion release, antibacterial implant surfaces,
electrochemical anodization

1. INTRODUCTION
Titanium (Ti) and its alloys are widely used in orthopedic and
dental implants due to their mechanical durability, corrosion
resistance, and long-term biocompatibility. To further improve
tissue integration, anodically formed titanium dioxide (TiO2)
nanotubes (NTs) have emerged as a leading surface engineer-
ing strategy. They provide vertically aligned arrays with a high
surface area, controllable nanoscale dimensions, and reprodu-
cible fabrication.1−3 Such architectures enhance osseointegra-
tion and direct cell guidance, and they also serve as versatile
platforms for therapeutic functionalization. This enables the
incorporation of bioactive agents directly within the nanotube
structure.3−5

Among nanotopographical design parameters, the spacing
between TiO2 nanotubes (NTs) has emerged as a critical
factor influencing cellular behavior and subsequent function-
alization.6,7 Spaced NTs, defined by controlled separations

between neighboring tubes, facilitate direct access for nano-
particle deposition or ion loading and mitigate the clogging
effects often observed in close-packed architectures.8,9 In
biomedical contexts, nanoscale spacing influences focal
adhesion formation and integrin clustering, both central to
osteogenic differentiation.3−5 Thus, spacing is a structural
parameter of equal importance to tube diameter. Despite their
proven advantages for biointegration and surface modification,
spaced NTs have been scarcely investigated as scaffolds for
antibacterial surface design.
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Nanostructured implant surfaces can modulate bacterial
adhesion through a combination of physical and biochemical
mechanisms.10,11 At the submicron scale, the interfeature
spacing dictates how bacteria position themselves, whether by
bridging gaps or adhering to individual nanostructures. This, in
turn, influences membrane tension and mechanosensitive
signaling. Spacings of ∼100−200 nm have been shown to
induce localized mechanical stress and stimulate exopolysac-
charide (EPS) production. In some cases, these spacings can
lead to membrane rupture, particularly in Gram-negative
bacteria.10 Additional factors, such as surface wettability and
geometry-driven rinsing, also influence bacterial retention.11

Thus, spaced TiO2 NTs offer structural advantages and
provide an open architecture that is ideally suited for
incorporating antibacterial agents, such as metal ions, for
localized therapeutic release.
Postsurgical infection is a critical complication in implantol-

ogy that frequently results in chronic inflammation, compro-
mised osseointegration, and eventual implant failure. Although
silver (Ag) coatings are widely used due to their potent, broad-
spectrum antibacterial activity, their clinical use is limited by
high cytotoxicity at elevated release levels, poor long-term ion
stability, and increasing reports of bacterial resistance.12,13

The functionalization of TiO2 nanostructures with copper
(Cu) is a promising alternative that offers strong antibacterial
activity and lower cytotoxicity risks when optimally dosed.
Reported strategies for Cu incorporation include electro-
chemical (e.g., electrodeposition), chemical (e.g., solution-
based, photochemical, etc.), and physical vapor deposition
(PVD) on anodic TiO2 NTs of different morphology (e.g.,
close-packed anodic NTs,14−18 or spaced NTs19) or Cu−Ti−O
nanotubes from TiCu sputtered layers.20 TiCu cosputtering
can be applied to both thicker and thinner layers.20,21

Hydrothermally grown NTs,22 nanorods modified by ion
implantation,23 and porous TiO2 layers formed via microarc
oxidation (MAO), with Cu introduced either during24,25 or
after26 the MAO process.
Typical copper (Cu) decoration techniques, particularly

electrochemical and chemical deposition routes on close-
packed nanotubes (NTs), often result in uncontrolled Cu
nucleation. This usually produces bottom-initiated filling, large
agglomerates, or patchy particle distributions.14−18 This occurs
because deposition is dictated by local conductivity, surface
defects, or solution chemistry rather than geometric selectivity.
Consequently, Cu often accumulates inside the tubes and clogs
the interior of nanotubes, preventing spatial confinement to
specific regions. Overall, these decoration methods offer
limited control over the spatial distribution of Cu within the
nanostructure. Few, if any, establish quantitative links between
Cu localization, release kinetics, and antibacterial performance.
Usually, sputtering approaches employed to decorate TiO2

NTs lead to either a minimal decoration at the tube mouth or
top27 (which depends on the sputtered material and follow-up
annealing treatment, as under some specific conditions the
sputtered material can coalesce and/or dewet to a nano-
particulate form),28 or to a conformal tube wall decoration to a
certain degree.29 Only recently, sputtering was used as a
conformal coating with higher Au loading for plasmonic
application on spaced NTs.30 In contrast to close-packed NTs,
the open architecture of spaced NTs reduces shadowing by
increasing the lateral spacing between nanotubes. Combined
with directional sputtering, this enables true, geometry-defined

copper (Cu) location. This allows for either discrete caps at
the tube openings or controlled, conformal wall coatings.
In this study, we present a directional sputtering strategy

that enables geometry-defined Cu decoration of spaced TiO2
NTs. This decoration can be achieved as either a conformal
wall coating or discrete top caps at the tube openings. This
spatial selectivity allows for the precise modulation of Cu
content, localization, and dissolution behavior in a single-step
process. Unlike prior electrodeposition- or MAO-based
approaches on close-packed NTs or porous TiO2,

14,15,19,22

our method achieves controlled Cu placement without
aggregation, while preserving the nanotubular architecture.
By correlating deposition geometry with Cu2+ ion release
kinetics and antibacterial response, we demonstrate a
geometry-dependent relationship between NT morphology
and surface performance. This reproducible approach can be a
foundation for future engineering of multifunctional implant
coatings with tunable antibacterial activity and long-term
structural stability.

2. RESULTS AND DISCUSSION
Scheme 1 illustrates the process of forming the directional Cu
layer decoration of spaced TiO2 nanotubes. Anodic TiO2

nanotube layers with varied morphologies and a fixed outer
diameter of ∼145 nm were fabricated through electrochemical
anodization. For spaced NTs, the intertube spacing (S) was
tuned across three distinct regimes: S ≈ 70, S ≈ 135, and S ≈
210 nm (Figure 1a). These morphologies were obtained by
adjusting the water content in diethylene glycol (DEG)-based
hydrofluoric acid (HF) electrolytes, resulting in systematically
controlled spaced (SP) NTs (see the Section 4 ). For
reference, a close-packed (CP) NT layer was produced by
anodizing in a conventional fluoride-containing, organic-based
electrolyte (70% glycerol and 30% water). High-resolution
scanning electron microscopy (SEM) imaging confirmed the
formation of vertically aligned, open-top TiO2 nanotubes with
homogeneous coverage across the substrates (Figures 1a and
S1). Subsequent annealing at 400 °C in air for 1 h converted
the amorphous layers to anatase (Scheme 1).
Figure 1b shows a quantitative comparison of SP NT

morphologies, including tube diameter, intertube spacing, and

Scheme 1. Schematic Illustrating the Process of
Directionally Decorating Spaced TiO2 Nanotubes with
Copper (Cu)a

aFirst, anodic compact or spaced TiO2 nanotubes are formed through
electrochemical anodization. Then, they are annealed to form an
anatase crystalline structure. Second, directional Cu decoration was
achieved by aligning the sample vertically or horizontally to the
sputtering target, whether on the top or for a conformal wall coating.
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tube length as a function of electrolyte water content. These
values were obtained through a statistical evaluation of
multiple scanning electron microscopy (SEM) measurements
across each sample. Although all anodization experiments were
carried out for 20 h, the applied potential was adjusted for each
condition (i.e., electrolyte composition) to maintain a
comparable tube diameter of ∼145 nm. As an overview, ∼70
nm spaced NTs have a tube diameter of ∼144 ± 17 nm and
spacing of ∼69 ± 23 nm, ∼135 nm spaced NTs have diameters
of ∼148 ± 14 nm and spacings of ∼134 ± 31 nm, and ∼215
nm spaced NTs have diameters of ∼142 ± 23 nm and spacings
of ∼213 ± 79 nm. As intertube spacing increased, tube length
increased moderately, likely due to different growth rates
resulting from differences in electrolyte composition and
conductivity (due to the lower water content) (Figure S1).31

Histograms for the tube diameter and spacing for the selected
morphology with 135 nm spacing for spaced NTs are shown in
Figure S2. The as-prepared CP and spaced NTs are
superhydrophilic, as detailed in Supporting Information and
the shown water contact angles of Figure S3.
More importantly, the decoupling of spacing from tube

diameter isolates the effect of lateral geometry, enabling a
direct comparison of how identical-diameter and comparable
length NTs with varied spacing influence Cu deposition depth
and subsequent release kinetics. This is particularly relevant
because in earlier Cu-decorated TiO2 systems, tube geometry
and functionalization were often codependent.14,15,19,22

To evaluate the influence of deposition geometry on Cu
distribution within the NTs, Cu was sputtered onto spaced
NTs with 135 nm intertube spacing under two distinct
orientations at a nominal thickness of 100 nm. When the
substrate was aligned parallel to the target (Scheme 1, top
route), a conformal coating was obtained with Cu distributed
uniformly along the tube walls (Figures 1c and S4a). In

contrast, perpendicular sputtering, i.e., the sample aligned
perpendicular to the substrate (Scheme 1, bottom route),
produced discrete Cu caps localized at the tube openings,
reflecting the line-of-sight nature of the deposition process (see
Figures 1d and S4b).
In the conformal case, the metallic Cu layer extended from

the top of the NT into the tube’s depth (Figures 1c and S4a).
In contrast, the cap morphology produced sharp, well-defined
features confined to the tube’s surface (Figures 1d and S4b).
SEM and energy-dispersive X-ray (EDX) mapping corroborate
this distinction (Figures 1c,d and S5−S7). These analyses
confirmed the spatial confinement of Cu in the cap
configuration and demonstrated the directional selectivity of
the sputtering process. For the CP NT architecture, however,
the contrast between the two morphologies was markedly
reduced (Figure S5). This is likely due to the limited intertube
spacing, which restricts directional flux penetration and
promotes the lateral scattering of sputtered species.
Adjusting the sputtering angle is a consistent and

straightforward way to control the depth and location of Cu
within the NT geometry, allowing for selective functionaliza-
tion. This control over the loading architecture directly affects
the surface’s antibacterial performance. To visualize the
distribution, focused ion beam (FIB) cross sections with
corresponding scanning electron microscopy (SEM)-energy
dispersive X-ray spectroscopy (EDX), elemental maps were
obtained for 100 nm Cu (nominal mass thickness as obtained
by the quartz crystal microbalance) deposition in both
configurations on the 135 nm spaced TiO2 NTs (Figure 2).

In the conformal case, the Cu penetrated the tubes up to a
depth of ∼1.9 μm with a gradual decrease from top to bottom
(Figure 2a). In contrast, in the cap morphology, the Cu was
primarily confined to the uppermost ∼0.35 μm of the tubes,
which is consistent with depth-limited perpendicular sputtering
(Figure 2b).

Figure 1. (a) High-resolution scanning electron microscopy (SEM)
images showing the top morphologies of close-packed (CP) and
spaced (SP) nanotubes, with spacings ranging from 70 to 210 nm for
the latter; (b) overview of the feature sizes (diameter and spacing)
and lengths for the spaced nanotubes; (c) and (d) Cu conformal
coatings and Cu caps, with a schematic and SEM images showing the
nominal of 100 nm thick sputtered Cu and SEM-EDX Cu maps.

Figure 2. (a, b) FIB-SEM mapping of 100 nm Cu conformal (∼10.5
atom % Cu) and cap (∼7 atom % Cu coatings (FIB-SEM image and
maps of Ti, O, and Cu, respectively) on 135 nm S nanotubes. (c)
EDX spectra of nanotube layers with a nominal thickness of 100 nm
Cu decoration (caps or conformal). (d) Atom % of Cu for different
nominal thicknesses of Cu in a conformal (parallel) or cap
(perpendicular) configuration.
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This fabrication strategy yielded a reproducible platform of
NTs with tunable intertube spacings. This enabled a systematic
evaluation of how architecture influences Cu deposition
geometry. Figure S8 shows SEM images of the different SP
NTs with 100 nm nominal thickness of Cu sputtered in either
conformal or capped conditions. The morphology with ∼135
nm spacing was selected as the working configuration, because
it offers optimal accessibility for directional Cu loading while
maintaining spacing. Therefore, all subsequent Cu decoration
and antibacterial assays were performed on this morphology,
enabling controlled comparisons between cap and conformal
geometries at different Cu loadings.
To correlate the nominal mass thickness of Cu sputtering

with elemental incorporation, energy dispersive X-ray (EDX)
analysis was performed (Figures 2c, S9, and S10). The Cu L
peaks were confirmed at approximately 8.0 and 8.9 keV. Both
the conformal and cap configurations exhibited a nearly linear
increase in Cu content (atomic and weight percent) with
nominal mass thickness (R2 = 0.99 and 0.98, respectively; see
Figures 2d and S10a). For equal nominal mass thickness, the
cap configuration consistently contained less Cu than the
conformal coating, e.g., 100 nm caps with ∼7 atom % Cu and
100 nm conformal with ∼10.5 atom % Cu. The distribution of
Cu can also be observed in the high-resolution SEM images of
the cross sections (Figure S11 shows this for a 70 nm Cu
thickness).
Due to their large surface area, superior corrosion resistance,

biocompatibility, and bioactivity, titanium dioxide nanotubes
have drawn substantial attention as a potential platform for
biomedical applications. However, to be applicable, the NTs
must be carefully fabricated to ensure strong adhesion to the
underlying metal substrate. Here, the mechanical properties of
the bare NTs were studied quantitatively using the nano-
indentation technique (Figure S12).7 Hardness values (Figure
S12a) measured at shallow indentation depths (∼80 nm, i.e.,
<10% of the NT height, to minimize substrate influence)32

were ∼0.04 GPa. CP TiO2 NTs exhibited the highest hardness
among the different geometries, while the 210 nm SP NTs
showed the lowest, indicating that increased intertube spacing
reduces mechanical resistance, as expected. The corresponding

elastic modulus values at a depth of 100 nm ranged from 1 to
2.5 GPa, with the CP NTs exhibiting the highest values
(Figure S12b). These values are consistent with the porous,
nanostructured nature of the layers and are far lower than bulk
Ti (≈120−150 GPa).7
As a next step, both the CP and SP plain TiO2 NT

architectures were initially screened for their antibacterial
performance. Although all SP morphologies exhibited similar
levels of bacterial coverage, the 135 nm intertube spacing TiO2
NTs, prepared with 5 wt % H2O resulted in the least observed
bacterial adherence (Figure S13). Thus, the 135 nm spaced
TiO2 NT morphology served as the standard platform to
enable direct comparison across loading strategies for Cu
deposition. In the cap configuration, sputtered thicknesses of
13, 45, and 100 nm of Cu corresponded to ∼1, ∼3.3, and ∼7
atom % (atom % Cu), respectively. Additionally, a 36 nm
conformal coating (∼3.5 atom % Cu) was included for direct
comparison of similar Cu content delivered via different
geometries (conformal vs. caps). The corresponding top-view
morphologies are shown in Figure 3a. These Cu levels are
consistent with antibacterial activity thresholds reported in the
literature (e.g., ∼1 atom % for minimal cytotoxicity) and
enable the dose-dependent evaluation of ion release and
bacterial inhibition. Both the conformal and cap geometries
ultimately degrade through Cu2+ ion release; however, their
kinetics differ markedly, which can affect antibacterial
functionality.
The presence and chemical state of Cu were further

confirmed by X-ray photoelectron spectroscopy (XPS, Figures
3b and S14). The Cu 2p spectrum verifies the Cu
incorporation in the decorated NTs, and the Ti 2p and O 1s
spectra verify the TiO2 matrix. Additional C 1s and O 1s
contributions appeared after Cu decoration, with increased C−
C, C−O, and C=O components, as well as suppressed Ti 2p/
O−Ti signals (see the Supporting Information and Figure
S14). Given the surface sensitivity of XPS, which is constrained
to a maximum of 10 nm, and the sputtered nominal thickness
of Cu, a Ti 2p signal was not observed in the XPS spectra, as it
is covered by the sputtered Cu. More importantly, analysis of
the Cu 2p and Cu LMM spectra (Figure 3b) revealed that the

Figure 3. (a) High-resolution SEM images of the selected Cu decorations with the following nominal thicknesses: on spaced nanotubes with 135
nm spacing (caps configuration: 13, 45, and 100 nm, namely, ∼1, ∼3.3, and ∼7 atom % Cu; and conformal coating 36 nm Cu with ∼3.5 atom %).
(b) High-resolution XPS spectra of bare NTs (reference) and of NTs with 45 nm Cu caps or 36 nm Cu conformal coating, showing the Cu 2p and
the Cu LMM spectra.
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outer surface of the deposited Cu is predominantly of a
Cu(OH)2 thin layer (or a thin native CuO layer).33−35

Specifically, the Cu 2p3/2 region shows a split, with peaks at
932.5 and 934.7 eV, corresponding to metallic Cu and
Cu(OH)2, respectively. There is also a characteristic satellite
peak at ≈940−950 eV, which matches Cu(OH)2 (for
Cu(OH)2, CuO, or Cu with native CuO. The peak-shape
and the separation between the main peak to shakeup peak are
quite different between the different chemical states.34−36 The
Cu LMM spectra further support this assignment by showing a
peak position and shape consistent with Cu(OH)2 or a native
Cu oxide, rather than CuO or metallic Cu.36 More
importantly, the Cu chemistry is also confirmed from the O
1s peak (Figure S14b), where for the Cu decorated samples, no
signal is detected for O from TiO2 (see also Ti 2p in Figure
S14c), but a shift in the O 1s peak to 531.5 eV is observed.
This peak position is attributed to OH bonds to Cu, with a
small shoulder at 530.5 eV corresponding to Cu−O bonds.35
The dissolution kinetics of Cu across loading strategies were

then studied, and the results are summarized in Figure 4. As

shown, the cap geometry minimized burst release. ICP-AES
analysis showed lower Cu levels for the smaller cap (<2 mg L−1

after 48 h, see Figure 4a). The release rates followed the
following order: conformal 36 > caps 45 > caps 100 > caps 13
nm (Figure 4b). This trend highlights the role of deposition
geometry in controlling surface exposure and dissolution

kinetics. The water contact angle (CA) and atomic force
microscopy (AFM) imaging confirm that in the cap
configuration, the reduced surface area exposed at the tube
openings limited dissolution and promoted slower, sustained
release (Figure S15a,c). This contrasts with the broader
coverage of the conformal coating (Figure S15b,d). Evaluating
Cu2+ release rates over time confirmed that thicker caps (45 or
100 nm) produced lower, yet sustained, release rates, which is
consistent with their spatial confinement. In contrast, the lower
release rate from the 13 nm caps reflects both reduced Cu mass
and smaller exposed area.
A direct comparison with literature values is challenging due

to variations in Cu2+ release conditions (e.g., sample area and
solution volume).14,23 For reference, our 135 nm SP TiO2 NTs
released approximately 1−1.5 mg L−1 Cu2+ after 24 h and 1.4−
1.9 mg L−1 after 48 h (with a sample area ≈3 cm2 immersed in
6 mL of water at 37 °C), whereas previous reports describe
0.06 mg L−1 at 7 days and 0.161 mg L−1 at 24 h. Importantly,
the measured release values remain well below the reported
safe threshold for Cu2+ in vivo (∼10 mg L−1),37,38 ensuring
noncytotoxicity while maintaining antibacterial efficacy.
SEM-EDX mapping of the 45 nm caps before and after 48 h

immersion (Figure 4c,d), revealed morphological changes
consistent with progressive Cu2+ release. Some caps remained
visible, and approximately 33% of the initial sputtered copper
was still detected. Notably, there was no evidence of
delamination or structural damage, as the nanotube morphol-
ogy remained intact and clearly discernible in the EDX maps
(see Figure S16).
XPS analysis after 48 h release confirmed the partial

dissolution of the metallic Cu caps (Figure 4e,f). The 45 nm
conformal and 36 nm caps coatings exhibited reduced Cu 2p
intensity relative to the as-prepared samples. The reappearance
of Ti 2p and O 1s signals from the underlying TiO2 (Figure
S17) clearly indicates the partial release of Cu. For both
morphologies, (i) the Cu 2p3/2 at a lower binding energy of
934.2 eV indicated CuO (typically 933.8−964.0 eV),33,34 and
(ii) the shape of the Cu 2p3/2 satellite peak further
corroborated CuO (Figure S18).33,34 This assignment was
consistent with the observed decrease and shift to lower
binding energies in the Cu LMM peaks (569.3 eV)35 and with
the EDX findings.
The gradual reduction of Cu features is an intended

outcome of the spatial decoration strategy and reflects
controlled release rather than material failure. This sustained
consumption under physiological exposure ensures long-term
antibacterial efficacy while maintaining the nanotube archi-
tecture. These results indicate that nanotube geometry,
through its influence on Cu localization, dictates the release
kinetics: the cap configuration confines ion diffusion to the
surface, whereas the conformal coating enables a slower, depth-
dependent release. This geometry-controlled dissolution
behavior explains the subsequent differences in antibacterial
performance.
To assess the antibacterial effects of spaced TiO2 NTs with

different Cu loadings and configurations, we monitored
bacterial growth of Escherichia coli (E. coli) by measuring the
optical density at a wavelength of 600 nm (OD600 nm) (Figure
5a), starting from an initial OD600 nm of 0.5 (∼5 × 107 CFU).39
There was some effect on bacterial proliferation. A reduction in
proliferation was evident, with the order of inhibition at 8 h
being: 13 nm caps < 36 nm conformal/45 nm caps < 100 nm
caps. These results suggest that higher Cu loading and a

Figure 4. (a) Cu2+ release (mg L−1) from ICP-AES for the tested Cu
decorated samples (caps: 13 nm∼1 atom % Cu, 45 nm∼3.3, and 100
nm∼7 atom % Cu; and conformal coating 36 nm Cu (36 nm (conf.)
with ∼3.5 atom %), and (b) corresponding Cu2+ release rate (mg L−1

h−1); Cu maps from EDX for the 45 nm Cu-decorated spaced
nanotubes, before (c) and after 48 h, (d) Cu release experiments. (e,
f) high-resolution XPS spectra for the bare NTs (reference) and Cu-
decorated NTs after 48 h release, namely, 45 nm Cu (caps) or 36 nm
Cu (conformal coating), showing the Cu 2p and the Cu LMM
spectra.
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greater exposed surface area promote stronger initial
antibacterial effects. Additionally, bacterial surface coverage
at 24 h was evaluated for selected samples (reference SP NTs,
13 and 100 nm caps), see Figure 5b. Interestingly, the 100 nm
cap-decorated NTs exhibited an increased bacterial presence
after 24 h, suggesting that long-term adhesion may be
influenced by a combination of Cu depletion and surface
reorganization. While detailed mechanistic biological assays
(e.g., cell viability or adhesion imaging) were beyond the scope
of this materials development study, the present results
establish a direct link between Cu morphology, release
dynamics, and early bacterial inhibition. This reinforces the
idea of a geometry-driven structure−function relationship.
Cu is well-known for its broad-spectrum antibacterial

activity through multiple, synergistic mechanisms. Once
released from the NT surface, Cu2+/Cu+ ions interact with
bacterial membranes, resulting in loss of permeability and
leakage of intracellular components. Simultaneously, Cu
participates in Fenton-like redox cycling, generating reactive
oxygen species that damage lipids, proteins, and nucleic acids.
Additionally, Cu ions can also bind to thiol-containing
enzymes, disrupting essential metabolic pathways. The
combined effects of Cu ions have been thoroughly researched
and documented in the literature,40,41 thus explaining the
observed reduction in bacterial proliferation. OD600 nm
measurements show that discrepancies in Cu localization
and, consequently, release kinetics between cap and conformal
coatings result in varied antibacterial activity.
Overall, these results emphasize the importance of

deposition geometry in determining Cu release and the
antibacterial response. Leveraging the open architecture of
spaced TiO2 NTs, directional sputtering enables spatially
selective Cu decoration, which dictates release kinetics and
thus antibacterial performance. This geometry-driven approach
offers a consistent option to adjust antibacterial function while
maintaining nanotube integrity, creating a flexible foundation
for designing multifunctional implant surfaces.

3. CONCLUSIONS
In this study, we present a spaced TiO2 nanotube (NT)
platform that is functionalized via geometry-controlled Cu
decoration. This enables structure-tuned antibacterial activity.
Through the combination of spaced, open-top NT architecture
and directional sputtering, we achieved the selective deposition

of either conformal wall coatings or discrete top caps. Cross-
sectional SEM and AFM images, and EDX mapping confirmed
this morphological control over Cu location, while ICP-AES
demonstrated that cap morphologies minimize burst release
and enable sustained Cu2+ delivery. With a loading of ∼1 atom
% Cu (13 nm caps) measurable release produced moderate
bacterial suppression at early time points. In contrast, higher
loadings (e.g., 100 nm caps) contained more Cu overall;
however, their cap geometry restricted dissolution, resulting in
stronger inhibition at early time points. These findings
highlight that the geometry of Cu distribution, in addition to
total Cu content, plays a key role in shaping the antibacterial
response. This approach prevents uncontrolled Cu aggregation
while preserving the spaced nanotubular structure. It provides
a scalable, reproducible method for antibacterial coatings with
tunable release dynamics. Overall, this directional Cu
decoration strategy establishes a design framework for
multifunctional implant surfaces where spatially controlled
metal deposition can be integrated with additional therapeutic
functionalities.

4. EXPERIMENTAL SECTION

4.1. Anodization Procedures and Annealing

A 0.125 mm thick, 99.6% pure titanium foil (Advent, Oxford, UK)
was used for the anodization process. The substrates were
ultrasonically cleaned in acetone and ethanol for 5 min each. Then,
the spaced nanotubes were prepared in an electrolyte containing
diethylene glycol (DEG, > 99.5% p.a. Roth, Karlsruhe, Germany) + 2
wt % HF (HF 40%, Sigma-Aldrich, Germany) and X wt % H2O,
where X varied from 1 to 10 wt %. Anodization was performed in an
O-ring cell with a diameter of 1 cm. A Pt mesh served as cathode, and
a Ti foil served as the anode. The working distance between
electrodes was 2 cm and 45 mL of electrolyte was used. As the
anodization conditions were varied to achieve a specific morphology,
they were adjusted as a function of the water content in the
electrolyte, as follows: 1 wt % H2O−47 V, 20 h; 5 wt % H2O−40 V,
20 h; and 10 wt % H2O−30 V, 20 h. The close-packed nanotubes
were grown by anodization in a glycerol (>99.7% p.a. Roth, Karlsruhe,
Germany):H2O (70:30 vol %) solution containing 0.5 wt % NH4F
(>98% p.a. Roth, Karlsruhe, Germany), at 27 V for 3 h (similarly, a
working distance of 1.5 cm and 45 mL of electrolyte were used). After
anodization, the spaced NT samples were immersed in ethanol for 1 h
to remove residual amounts of the anodization electrolyte. Then,
samples were rinsed with distilled (DI) water and dried under a
stream of N2. The close-packed NTs were similarly washed with DI
and dried. Both close-packed and spaced NTs were annealed at 400
°C for 1 h in air to convert the amorphous NTs into crystalline
anatase fully.

4.2. Cu Decoration of the TiO2 Nanotubes

Copper (Cu) was deposited onto the TiO2 NT layers using a high-
vacuum sputtering system (EM SCD500, Leica Mikrosysteme
Vertrieb GmbH). Prior to deposition, Ar gas was introduced to
reach an operating pressure of ≈10−2 mbar. The sputtering was
conducted at a constant discharge current of 16 mA. Depending on
the mounting orientation of the sample relative to the target, two
deposition geometries were obtained: (i) when the samples are
aligned parallel to the target (0° angle), a conformal Cu coating
formed along the NT walls, and (ii) when the samples are positioned
perpendicular to the target (90° angle), Cu accumulated preferentially
at the tube openings, producing discrete cap-like features. The
deposited Cu thickness was controlled by an integrated quartz crystal
film-thickness monitor. It should be noted that after Cu sputtering, no
postdeposition annealing treatments were carried out.

Figure 5. (a) Optical density (OD600 nm) measurements of the E. coli
proliferation up to 24 h for bare, spaced NTs and Cu-decorated NTs
with different morphologies and loadings (caps: 13 nm, ∼1 atom %
Cu; 45 nm, ∼3.3 atom % Cu; 100 nm, ∼7 atom % Cu; and conformal
coating 36 nm Cu (36 nm (conf.) with ∼3.5 atom %). (b)
Representative fluorescence images of bacterial surface coverage at 24
h for selected samples: reference, 13 and 100 nm caps.
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4.3. Morphology, Physical and Chemical Characterizations
The morphology of the nanotubular layers, including tube diameter,
spacing, and tube length, was evaluated using a scanning electron
microscope (SEM, FE-SEM 4800SEM, Hitachi, Japan) from three
different spots on each sample. Moreover, for the statistical analysis of
tube diameter and intratube spacing, the values were averaged across
3 distinct samples for each morphology, with 3 independent images
(×100k magnification) for each sample. For the Cu-decorated
samples, energy dispersive X-ray spectroscopy (EDX) coupled with
the SEM was used to evaluate the layer’s chemical composition.
The chemical composition was characterized using X-ray photo-

electron spectroscopy (XPS, PHI 5600, US), and we calibrated the
spectra with the C 1s peak at 284.8 eV. For samples, where a Ti 2p
signal was also visible, we checked the calibration with the Ti 2p peak
at 459.0 eV.
Surface and cross-sectional observations of Cu-decorated NTs were

performed using ZEISS FIB-SEM Crossbeam 550 system with high-
resolution. Focused ion beam (FIB) milling with a gallium ion source
was used to prepare cross sections of the samples. This procedure was
carried out in three sequential steps with an accelerating voltage of 30
kV and gradually decreasing beam currents of 700, 300, and 100 pA.
This minimizes the curtaining effect and achieves fine polishing of the
NTs’ surface and internal structure. The total dwell time for the FIB
cut was 12 min. To determine the presence and localization of Cu, an
energy-dispersive X-ray spectroscopy (EDX) analysis was performed
using an Oxford Instruments Ultim Max 170 Silicon Drift Detector,
integrated into the FIB-SEM system. Elemental mappings were
acquired on the top surface and the cross-sectional areas of the
samples to assess the spatial distribution of copper relative to the
TiO2 matrix. Measurements were conducted at an accelerating voltage
of 16 kV, sufficient for detecting and mapping the Cu Kα line. Data
acquisition and analysis were carried out using AZtecEnergy software.
Apparent water contact angle measurements were performed using

a KRUSS DSA25 drop shape analyzer. In the standard experiment, 5
μL of DI water was dispersed on the sample surface using a liquid
needle approach. The water droplet was allowed to rest on the surface
until it reached a constant shape. Consequently, the apparent water
contact angle was obtained using the Laplace−Young model fitting
with KRUSS ADVANCE software.
The morphology of the NT samples was obtained using a Park

NX20 atomic force microscope (AFM, Park Systems, Suwon, Korea).
Measurements were performed in noncontact mode with an AC-
160TS cantilever featuring a high resonant frequency of 300 kHz, a
force constant of 26 N m−1, and a tip radius of about 7 nm. All images
were acquired at a resolution of 1024 × 1024 pixels, with a scan rate
in the range between 0.05 and 0.5 Hz, and a scan range of 4 μm2. The
AFM images were analyzed using Gwyddion 2.68 software.
Nanoindentation measurements were performed in continuous

stiffness measurement (CSM) mode using a Nanoindenter XP
(Keysight, Colorado Springs, CO, USA) with a diamond Berkovich
tip (Synton-MDP, Nidau, Switzerland). Indentation depths of up to
900 nm were reached, based on the length of the NTs (as also
previously reported7). The samples were mounted on an aluminum
holder using Crystal Bond thermal adhesive after being cleaned with
isopropyl alcohol. The adhesive was melted by heating the holder to
150 °C and then positioning the sample. Measurements were
conducted at ambient conditions after 3 h of thermal stabilization,
achieving a drift rate of ≤0.05 nm s−1. To determine hardness and
elastic modulus, 10 indents were performed for each NT morphology
(adjacent indents were spaced 10 μm apart).
4.4. Cu2+-Ion Release Experiments
Inductively coupled plasma atomic emission spectroscopy (ICP-AES)
(Ciros CCD, Spectro Analytical Instruments GmbH, Germany) was
used to investigate the release of Cu2+ ions from various Cu-decorated
TiO2 NT layers, upon immersion in deionized water at 37 °C. Copper
ion concentrations were determined by monitoring the emission line
at 324.754 nm, with argon (Ar) serving as the internal standard at
430.010 nm. All measurements were performed in duplicate, and the
reported values represent the average Cu2+ concentrations, expressed

in mg L−1. Three identical samples of each of the investigated Cu-
decorated samples (each with an NT area diameter of 1.1 cm and a
surface area of 0.97 cm2) were immersed in 6 mL of ultrapure water,
and the cumulative ion release was assessed at 2, 6, 24, and 48 h at 37
°C.
4.5. Antibacterial Experiments
The antibacterial efficacy of Cu-decorated, space-packed TiO2 NTs,
as well as bare NT coatings, was evaluated against Gram-negative
Escherichia coli (E. coli) bacteria. Isolated bacterial colonies were
suspended in 5 mL of LB medium (Carl Roth, Karlsruhe, Germany)
and incubated overnight at 37 °C with agitation at 150 rpm using an
orbital shaker under approximately 80% humidity. The resulting
bacterial suspension was then diluted to an optical density (OD) of
approximately 0.5, as measured at 600 nm wavelength using a
Biophotometer Plus (Eppendorf AG, Hamburg, Germany), as also
detailed in previous works.42,43

Each sample was placed in an individual well of a multiwell plate
containing 5 mL of the diluted bacterial suspension, after which the
plate was incubated at 37 °C. Initial screening was performed using
close-packed and differently spaced NT layers. For the Cu-
functionalized nanotubes, bare spaced NT coatings (prepared using
DEG + 2 wt % HF + 5 wt % H2O) served as reference, while the
corresponding Cu-decorated samples represented the test group.
Optical density (OD600 nm) measurements were taken at 2, 4, 6, 8, 24,
and 48 h by withdrawing an aliquot from each well, measuring the
OD600 nm, and then returning the aliquot to its respective well to
maintain a consistent volume and set of conditions. To ensure
statistical relevance, three replicates were performed for each sample
type.
For selected experiments, fluorescently labeled E. coli strains were

used. To assess bacterial adhesion directly, the specimens were
removed after incubation. They were then gently rinsed with
phosphate-buffered saline (PBS) to eliminate any bacteria that were
loosely attached using an upright laser scanning confocal microscope
system (Leica, SP5) with a 20×/1.0 NA dip-in objective lens.
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