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functional titanium surfaces with
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Early bone formation around implants depends on both the chemical composition and the

micro-, nanoscale architecture of the implant surface. Nanoscale modifications can accelerate
osseointegration, and laser processing offers a versatile method of creating such features. In this study,
titanium substrates were modified using a single-step nanosecond laser treatment at two energy
regimes (1.95 mJ/pulse for P_0.5; 4.00 mJ/pulse for P_0.4). The resulting surfaces were characterized
by SEM, EDS, XRD, Raman spectroscopy, ToF-SIMS, contact angle, and topography measurements,
with biological assessment performed using a mouse preosteoblast cell line. Analyses revealed various
titanium oxo clusters (TiO,, TiO,", TiO") and moderate oxidation levels (25-31 at% O). Both laser
regimes produced rough, hydrophobic surfaces. Cytotoxicity tests confirmed that the materials were
non-toxic, and proliferation assays showed increasing preosteoblast numbers over time, indicating
that both surfaces supported cell division. Good adhesion of preosteoblasts was observed on P_0.4

and P_0.5. This work demonstrates that nanosecond laser processing alone can generate micro-,
nanostructured titanium implant surfaces with favourable biocompatibility, achieving performance
comparable to more complex femtosecond methods while offering a cost-effective and scalable surface
engineering strategy.

Keywords Laser surface modification, Nanosecond laser, Biocompatibility, Cell adhesion, Roughness,
Wettability

Titanium and its alloys are widely used for load-bearing implants due to their good tissue tolerance and ability
to support robust osseointegration!. However, long-term clinical success is not always achieved; early implant
failure from insufficient osseointegration occurs in about 1-2% of cases, with late failure rates around 5%. Implant
osseointegration involves an initial mechanical anchorage (primary stability) that transitions to a biological bond
(secondary stability), during which a transient decrease in stability may be observed. Enhancing implant material
performance remains critical due to growing clinical demand. Successful osseointegration depends on balancing
bone resorption and formation during remodelling, which is influenced by the implant surface’s micro- and
nanoscale topography and chemistry®?. The micro- and nanoscale topographical characteristic, as well as the
chemical composition, of the implant surfaces are fundamental determinants of initial bone formation at the
implant-bone interface®®. Engineered nanoscale features enhance protein adsorption and promote osteoblast
attachment, thereby facilitating and accelerating osseointegration process’. Laser surface treatment offers
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precise, reproducible modification of surface morphology while minimizing processing time and cost!-!%. By
adjusting laser parameters, surface characteristics can be tuned without altering bulk properties.

Both femtosecond (fs) and nanosecond (ns) lasers enable precise control over surface roughness, topography,
and chemical composition, which are critical for regulating cell adhesion, proliferation, and differentiation.
Femtosecond lasers can create well-defined microgrooves, ripples (LIPSS), and hierarchical textures with
minimal thermal damage, enabling precise control over cell orientation and migration. These structures promote
osteoblast adhesion and differentiation, often outperforming polished!*!°.

Nanosecond laser-ablated titanium alloys often show high surface free energy, and at a given chemistry,
moderate roughness on such surfaces is beneficial for cell adhesion'®. Nanosecond laser-textured Ti and Ti alloys
generally exhibit increased osteoblast or mesenchymal stem cells adhesion on appropriately rough, high-energy
surfaces, and several studies report promoted proliferation and osteogenic differentiation relative to machined
or polished references, although responses may plateau or decline if roughness or melt-recast is excessive!”.
Direct comparisons suggest nanosecond laser-treated surfaces can give stronger early attachment but lower
cell numbers or different differentiation profiles than femtosecond laser-treated ones. Achieving consistent
results across different batches and implant geometries is difficult due to variations in laser parameters, material
properties, and processing conditions'®. Standardization of protocols is essential for reliable clinical translation.
Addressing the issues in crack formation, consistency, long-term stability, and large-scale manufacturing is
essential for translating these advances into clinical practice.

Traditionally, optimal titanium implant surfaces have been engineered toward maximum oxidation
and superhydrophilicity - typically achieved only with complex, high-cost femtosecond lasers - to promote
protein adsorption and osteoblast adhesion. This work overturns that dogma by demonstrating that a single-
step nanosecond laser process, producing only moderate oxidation (25-31 at% O) and hydrophobic surfaces
(contact angles >90°), can achieve equivalent preosteoblast adhesion and proliferation. This finding represents a
fundamental re-evaluation of the relationship between surface properties and biological efficacy, demonstrating
that achieving optimal cellular response is not mandatorily dependent on maximal surface oxidation or inherent
superhydrophilicity.

Materials and methods

Materials

The material utilized in this study comprised grade 4 titanium disc samples, which represent the most commonly
employed titanium grade for dental implants, and conformed to the ASTM B348 and EN10204/3.1 standards.

Surface preparation

Titanium rod was sectioned into discs measuring 6 mm in diameter and 2 mm in height, followed by mirror
polishing to achieve flat surfaces suitable for laser treatment. Laser processing was conducted in an ambient
air atmosphere using an Nd: YAG fiber laser (Shandong Reaying Machinery Co., Ltd., Jinan, China) operated
at 30% of its nominal 30 W power output, with a wavelength of 1064 nm. The laser emitted pulses with a full
width at half maximum duration of approximately 120 ns, at a repetition rate of 70 kHz, and a scanning speed of
7000 mm/s. The laser spot size was approximately 20 pm, and the line spacing during scanning was set to either
40 pm (P_0.4) or 50 pm (P_0.5. ). The laser parameters are summarized in Table 1.

Physicochemical, morphological and microstructural surfaces characterisation

Surface morphology images of the prepared samples were obtained using a Helios NanoLab 650 field emission
scanning electron microscope (FESEM) (FEI, Hillsboro, Oregon, USA). The instrument was operated at
accelerating voltages of 5 kV and 30 kV, employing an Everhart-Thornley detector (ETD) for secondary electron
imaging (SE mode). Additionally, elemental composition analysis was performed via Energy-Dispersive X-ray
Spectroscopy (EDS) using an EDAX detector (AMETEK, Berwyn, PA, USA). The analyses encompassed the
full surface area of each sample. The analysis of crystalline structure of surfaces was conducted by an X-ray
diffractometer (XRD) (D8 Advance, Bruker, Germany) with 0.15406 nm Cu K radiation.

Surface roughness was measured using Olympus OLS5100 LEXT 3D confocal laser microscope (Olympus
Co., Tokio, Japan). The samples were analysed at a magnification of 421x. Ten different areas of each sample were
examined, and 5 measurements of roughness profile were taken for each area.

Raman spectra were acquired using an inVia Micro Raman spectrometer (Renishaw, Wotton under Edge,
Gloucestershire, UK) coupled with a Leica DM 2500 M microscope (Leica Microsystems GmbH, Wetzlar,
Germany), employing a 633 nm laser for excitation. Measurements were conducted in both spot metering and
mapping modes.

The wettability study was conducted using a DSA 30 goniometer. Contact angle measurements were made
by depositing an ultrapure water droplet on the biomaterial surface. Eight measurements were taken for each
sample.

Energy per pulse, | Repetition rate, | Step, | Scanning speed, | Pulse duration,
Sample | Ep (m]) RR (kHz) (um) | Vs (m/s) T (ns) Polarisation
P_04 4.00 70 40 7 120 1
P05 |1.95 70 50 |7 120 L

Table 1. Laser process parameters.
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Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) analyses were performed using a TOF SIMS V
spectrometer (ION TOF GmbH) under ultra-high vacuum conditions (~ 1 x 1071 mbar). ToF-SIMS analysis was
used for qualitative identification of oxide clusters and assessment of their distribution over the studied surfaces.
Data acquisition and processing utilized SurfaceLab 6.8 software. Positive and negative ion mass spectra were
collected from 500 pm x 500 pm sample areas using a pulsed 30 keV Bi* primary ion source at a current of 1.27
PA over 500 scans, ensuring a total fluence of less than 5x 10'2 Bi** ions/cm? under static mode. Depth profiling
was conducted in dual-beam mode; the analysis beam consisted of a rastered pulsed 30 keV Bi* ion source (1.27
PA) over a 100 um x 100 um area, while sputtering employed a 2 keV, 80 nA Cs* ion beam rastered over 300 pm
x 300 um. Both beams impinged on the sample surface at 45° relative to the surface normal. Corresponding mass
spectra and depth profiles are detailed in the Supplementary Material.

Surface photocatalytic properties

Photocatalytic activity was evaluated by monitoring the degradation of methylene blue (MB). Titanium discs
(K, P_0.4, P_0.5) were immersed in MB solution (4 cm3, 5x 10~°> mol dm~3%, pH=6) in a quartz cuvette. An MB
solution without discs was irradiated under identical conditions to assess photolysis. Illumination was provided
by a custom blue diode lamp (455 nm, 8.78 W m™2, Peak Tech 5025 m) positioned 30 cm from the sample.
MB degradation was quantified spectrophotometrically (VWR UV-VIS 3100 PC) at regular intervals using
calibration standards (5x 107> —=5x 10~ mol dm™3).

Evaluation of material biocompatibility

Mouse calvaria-derived preosteoblasts (MC3T3-E1 Subclone 4, ATCC) were utilized for cell culture experiments.
Cells were maintained in Alpha Minimum Essential Medium (aMEM; GIBCO, Life Technologies, NY, USA)
supplemented with 10% fetal bovine serum (FBS; Pan Biotech GmbH) and antibiotics comprising 0.1 mg/mL
streptomycin and 100 U/mL penicillin (Sigma-Aldrich Chemicals, MO, USA). Cultures were incubated at 37 °C
in a humidified atmosphere containing 5% CO5 in air.

Cytotoxicity test

The cytotoxicity assessment was conducted using a direct-contact approach with the biomaterial samples.
Specimens were placed in 24-well plates and preincubated in complete culture medium for one hour prior to
cell seeding. MC3T3-E1 cells were then directly seeded onto the biomaterial surfaces at a density of 4 x 10*
cells per sample and cultured for 48 h. Tissue culture-treated coverslips (Thermanox Plastic Coverslips, Thermo
Scientific Nunc, NY, USA) were used as the control substrate. Following the incubation period, cell viability was
evaluated by measuring lactate dehydrogenase (LDH) release according to the manufacturer’s protocol (Roche
Diagnostics, Warsaw, Poland).

Additionally, cytotoxic effects were assessed qualitatively via Live/Dead fluorescent staining followed by
confocal laser scanning microscopy (CLSM) analysis (Olympus Fluoview FV1000, Olympus Polska Sp. z o.0.,
Warsaw, Poland). Cultures were prepared analogously, with cells seeded at 4 x 10? per sample and incubated for
48 h, then stained using the Live/Dead Double Staining Kit (Sigma-Aldrich Chemical, Warsaw, Poland) per the
manufacturer’s instructions before imaging.

Proliferation assay

Cell proliferation was evaluated through direct contact with the biomaterial samples, prepared as described in
the Cytotoxicity Test section. MC3T3-E1 cells were seeded onto the material surfaces at a density of 1 x 10* cells
per sample and cultured for 24, 48, and 96 h. Tissue culture-treated coverslips served as the control. The increase
in cell number over time was quantified using the colorimetric Cell Counting Kit-8 (WST-8 assay; Sigma-
Aldrich Chemicals) following the manufacturer’s protocol. Cell numbers were calculated based on a calibration
curve generated from known cell concentrations.

Additionally, cytoskeletal organization was examined at each time point (24, 48, and 96 h) using confocal
laser scanning microscopy (CLSM). Cells were fixed with paraformaldehyde, permeabilized with Triton-X, and
stained for actin filaments using Alexa Fluor 635-conjugated phalloidin (Invitrogen, Carlsbad, CA, USA), while
nuclei were counterstained with DAPI (Sigma-Aldrich Chemicals, Warsaw, Poland).

Statistical analysis

The results of all assays were expressed as mean values + standard deviation (SD). Each experiment was performed
in at least three independent repetitions. In each assay, all samples were tested in three independent technical
replicates. Statistical significance in the cytotoxicity assay between control cells and those cultured on the test
biomaterials was determined using one-way analysis of variance (ANOVA) followed by Dunnett’s post-hoc test,
with significance defined at p < 0.05. For the proliferation assay, differences among groups were analyzed by
one-way ANOVA with Tukey’s multiple comparisons test, considering p < 0.05 as statistically significant. All
statistical analyses were performed using GraphPad Prism software version 8.0.0 (GraphPad Software Inc'.

Results and discussion
Characterisation of surfaces
The influence of laser processing power on the microstructure and surface morphology of titanium specimens
was examined by scanning electron microscopy (SEM). Laser structuring led to obtaining a surface with quite
uniform morphology in the case of sample P_0.4, whereas the pattern of grooves can be observed for sample
P_0.5 (Fig. 1a, d).

The distance between the bands of the laser beam on the titanium surface in sample P_0.5 is ca. 50 um.
During laser irradiation, a superposition of ablation and surface melting processes is apparently observed. As
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Fig. 1. SEM images of samples P_0.4 in 2000 x magnification (a); P_0.4 in 10 000 x magnification (b); P_0.4
in 100 000 x magnification (c); P_0.5 in 2000 x magnification (d); P_0.5 in 10 000 x magnification (e); P_0.5 in
100 000 x magnification (f).The crystalline phases were characterised by XRD diffraction measurements using
Cu K radiation (a = 0.154056 nm) at 40 kV and 40 mA. Figure 2a shows the XRD patterns of laser-treated
samples (P_0.4 black, P_0.5 red). The detected reflections correspond to Ti, with characteristic peaks at 35, 38,
40 and 52.5 °2Theta). No additional phases were detected. Peak identification was performed using the ICDD
PDF database?® and crystallographic open database COD?!.

Element | P_0.4 [% at] | P_0.5 [% at]
Ti 69.32+7.98 | 74.29+£8.37
(6] 30.68+9.32 | 25.71+8.12

Table 2. Surface chemical composition analysed by EDS.

a result, a rough surface with a characteristic and unique morphology is formed (Fig. 1b and e). In Fig. 1c and
f this surfaces are shown at a scale of 1 um. From this image it can be concluded that the surface is represented
by spherical-like formations covered with smaller structures of nanometric scale, which are oxidation products.
It was confirmed by EDS measurements, given in Table 2. The chemical composition indicate that contents of
oxide layer is negligible.

The laser-treated samples (P_0.4, P_0.5; Fig. 2b - e) were analysed by Raman spectroscopy to assess the
composition of the surface layer, with particular focus on titanium oxides. The spectra confirmed the presence of
TiO, on both P_0.4 and P_0.5. Several characteristic Raman bands of TiO, were identified, corresponding to the
anatase and rutile crystal phases. For anatase, vibrational modes were observed at 146 cm™ (E ), 394 cm™! (B, )
512 cm™! (Alg) and 635 cm™! (E ). Bands corresponding to rutile were also detected, with active v1brat10nal
modes at 141 cm™ ! (B, ) 244 cm™ (Eg) 442 cm™! (E )and 610 cm™ ' (A, )22 The precise spectral positions and
their phase ass1gnments are summarized in Table 3.

The surface chemical composition and spatial distribution on laser-treated titanium samples were
characterized by ToF-SIMS, revealing significant modifications compared to untreated controls (Fig. 4). The
analyses demonstrated pronounced oxygen-enriched lines that correspond to the laser interference pattern with
a spatial period of approximately 50 um. This pattern reflects the localized oxidation driven by the laser intensity
distribution, where the Gaussian profile of the beam influences the width and intensity of the oxygen-rich
regions. Depth profiles further confirmed a substantially thicker titanium oxide layer induced by laser processing
relative to native oxide layers on untreated samples. The titanium oxo-clusters detected by ToF-SIMS decreased
progressively with depth, indicating surface localization of the oxide layer. Various titanium oxo clusters (TiO,",
TiO,”, TiO") have been observed on the sample surfaces (Fig. 3a, b). Their intensity decreases as deeper layers of
the sample are reached. This chemical modification may enhance the surface bioactivity by modulating protein
adsorption and cellular interactions. The substantial oxide growth and chemical changes induced by ultrashort
pulsed laser treatment strongly correlate with improved wettability and hydrophilicity of the titanium surface,
factors known to support protein layer preservation and osteoblast adhesion. The combination of micro- and
nano-scale topographical features and reactive surface chemistry established by laser interference patterning
thus yields a favourable microenvironment for enhanced cell proliferation and osseointegration, as supported
by biological assays?.
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Fig. 2. XRD pattern of samples surfaces P_0.4 (black), P_0.5 (red) (a); Raman spectra anatase (red), rutile
(black) on P_0.4 (b, ¢), P_0.5 (d, e) surfaces.

Band position

(em™1) Band identification | Crystal structure
141 B, Rutile

146 Eg Anatase

244 Eg Rutile

394 B, . Anatase

442 Eg Rutile

512 Alg Anatase

610 Ay Rutile

635 E s Anatase

Table 3. Frequencies and assignments of Raman bands for anatase and rutile phases.
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Fig. 3. ToF-SIMS images showing the depth-integrated top views of the secondary ion distributions of O- and
titanium oxides clusters (TiO~, TiO,", TiO,") in P_0.4 (a) and P_0.5 (b) samples.

XRD measurements results indicating that the formed oxide layer was either amorphous, nanocrystalline
below the detection limit, or too thin for diffraction. Observed Raman active vibrational modes for anatase and
rutile confirming surface oxidation even though these phases were not detected by XRD. The preservation of
the bulk titanium crystal structure after laser modification is critical for maintaining the mechanical integrity of
the implant while providing beneficial surface chemical modifications. The slight surface oxidation induced by
the nanosecond laser is sufficient to create mixed titanium oxide clusters (TiO,", TiO,~, TiO~) as demonstrated
by ToF-SIMS, which contributes to surface bioactivity without compromising the substrate’s crystallinity. The
obtained XRD results indicate that nanosecond laser treatment effectively modifies the surface chemistry by
generating oxides while preserving the crystalline titanium core. This balance between surface oxidation and
core structural stability provides a promising platform for developing multifunctional implant surfaces with
enhanced biocompatibility and controlled photocatalytic activity.

Surface properties of biomaterials, including their chemistry, topography and wettability, are widely regarded
as key factors influencing cellular reaction at biomaterial surfaces*. Surface roughness is a factor significantly
influencing the capacity of materials to support cell adhesion?>~?”. Shalabi et al.?® found a positive correlation
between bone-to-implant contact and implant surface roughness. Nano-scale roughness closely resembles
natural tissue morphology and is regarded as a key factor promoting cell adhesion, growth, and maturation. For
instance, studies on human venous endothelial cells have shown that increasing nanometric surface roughness
enhances both adhesion and proliferation?. Importantly, it was also shown that surface roughness on micron
and submicron scales exert positive effect on cell adhesion®**!. For instance, Deng et al.* revealed that moderate
surface roughness - in the range of 1.96-2.95 um - had the ability to increase human osteosarcoma cells
attachment and proliferation. Roughness analysis performed using the LEXT™ OLS5100 3D Laser Scanning
Microscope showed that the sample P_0.4 (Fig. 4) had nearly half the surface roughness (1.57 um) compared
to the P_0.5 (2.72 pm). In the conducted test, tissue culture-treated coverslips were used as control samples
due to their favourable conditions for cell attachment and growth. All tested samples possessed the micro-scale
roughness, which is known to support cell adhesion. The tested materials exhibited a hydrophobic surface, with
an average contact angle of approximately 140°, which was nearly twice as high as that of the control (Fig. 4).

Photocatalytic activity of surfaces

The photocatalytic activity of the surfaces was evaluated through the degradation of MB solution under weakly
acidic conditions (pH 6) in air. Figure 5a shows the MB decay for photocatalytic and control experiments. The
dye degradation observed on P_0.4 and P_0.5 surfaces was only 1.5-2%, falling within the measurement error
margin.

Hence, the photocatalytic activity of the laser-structured surfaces are low (kapp value was 0.3x1073,0.6x 1073
and 1.5% 1073 min~! for K, P_0.4 and P_0.5, respectively) (Fig. 5b).

Barylak et al. in their recent article?? presents the photocatalytic activity of the Ti surface treated by a
femtosecond laser. Different morphology of surfaces were obtained applying different laser processing regimes
(energy per pulse 8 and 4 yJ; pulse frequency 500 and 1000 kHz; step 5 and 10 um for spikes and groves structures,
respectively). Both samples (spikes and groves) possess a high amount of oxygen (> 40% at). The photocatalytic
activity of the samples was higher than in the present work and the determined rate constants were 16.2 x 1073
and 26.7 x 10~ * min~ ! for spikes and groves, respectively. Observed differences for apparent rate constant values
are caused by a lower amount of oxides on the surfaces obtained in present work. Due to the weak photocatalytic
activity of the tested surfaces, P_0.4 and P_0.5, it can be assumed that these surfaces, under conditions of cell
colonisation, will not generate reactive forms that could adversely affect cell development.
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Fig. 4. Top row - topography of the control (tissue culture-treated coverslip), P_0.4 and P_0.5 sample surfaces
and their roughness profile (R, in um) measured using confocal laser scanning optical profilometer; bottom
row — goniometer images showing the contact angle of an ultrapure water droplet on the top surfaces of the
control, P_0.4 and P_0.5 samples.

1.01 K 0 @7 eP 04
R 4 6 8 10 12 )
a [ v b R ob0s
P_0S ) e ¢ K
L]
-0.004 ® o,
°
o .0
O 0006
£ o
-0.008
096 °
0.01
095
0 10 20 30 40 50 60 70 0,012
time [min] time [min]

Fig. 5. (a) Plot of the relative concentrations (C,/C ) vs. time of MB solution on surfaces P_0.4 (grey), P_0.5
(blue) and MB photolysis as control (orange); (b) the dependence of In(C/C;) on time for samples P_0.4 (grey),
P_0.5 (blue).

Evaluation of biomaterial biocompatibility

Numerous studies, including clinical ones, indicated very good biocompatibility and tissue compatibility of
materials made of titanium and most of its alloys®*. Cytotoxicity of the biomaterials was determined in direct
contact using the colorimetric LDH release test. The in vitro experiment showed that the biomaterials were non-
toxic to mouse preosteoblasts (MC3T3-E1 cells line). The amount of released LDH was comparable to control
cells indicating the cells cultured on the tested samples were viable and maintained cell membrane integrity
(P_0.4 =104% and P_0.5 = 108% compared to the control cells) (Fig. 6a).

The lack of cytotoxicity to mouse preosteoblasts was also confirmed by fluorescent Live/Dead staining. It
was observed that after 48 h of culture, the surface of the tested materials was covered with viable cells (emitting
green fluorescence), flattened at a density similar to the control (Fig. 6b).

The ability of biomaterials to stimulate cell proliferation on its surface was assessed using the WST-8 test.
After 96 h of incubation, a statistically significant lower number of cells was demonstrated on the surface of
the P_0.4 material (1.7 x 10 cells per material) compared to the control (2.2 x 10 cells per material) (Fig.
7a). However, an increase in the number of cells over time was observed on the surface of both P_0.4 and
P_0.5 samples, indicating that the materials supported cell adhesion and growth on their surfaces (Fig. 7b).
Fluorescent staining of the cytoskeleton at three time intervals revealed a comparable number of cells on the
surfaces of the control (tissue culture-treated coverslip) and tested materials during the first two days of the test.
After 96 h of incubation, the number of cells on the surface of the control was higher than on the P_0.4 and
P_0.5 materials. The studies showed improved adhesion and increased cell spreading with enhanced surface
hydrophilicity*’. Another parameter, the increase of which is correlated with the improvement of cell adhesion,
is the roughness of the surface®. The lower density of cells on the surface of the tested samples compared to
the control could result from the hydrophobic nature of the materials. However, samples P_0.4 and P_0.5 still
allowed for good adhesion and proliferation of mouse preosteoblasts and were non-toxic, which indicated their
good biocompatibility. No significant difference in cellular response was noted between the tested samples.
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Fig. 6. LDH release cytotoxicity test performed in direct contact after 48 h of culture (control - cell cultured
on tissue culture-treated coverslip) (a), CLMS images of cells on the material after 48 h of incubation stained
with the Live/Dead kit (green fluorescence - viable cells, red - dead cells) (b); n.s. - demonstrated no statistical
significance between indicated groups, p>0.05, n=3.

Cell adhesion to a biomaterial surface is a multi-stage process that determines biological activities and even
cell survival. Important biomaterial properties that influence cell adhesion beyond roughness and wettability,
include surface charge, stiffness, chemical functionality and material degradation®®’. Improving one parameter
can significantly alter cell behavior despite the unfavorable properties of another parameter. For instance, S. M.
Kang et al.*® increased the surface energy of a highly hydrophobic material using polydopamine modification.
It was observed that cells selectively adhered only to fragments of the superhydrophobic surface coated with
polydopamine. It is well known that a surface with a rough texture supports cell adhesion compared to smooth
surfaces®. In this study, controlled micro- and nano-structuring of the biomaterial using a laser was used to
enhance its roughness. The demonstrated good cell adhesion can likely be attributed to the increased roughness
achieved through surface modification. Improvement of surface topography by increasing the roughness was
able to compensate the unfavorable effect of hydrophobicity, which is known to hinder cell adhesion®®. It is
also worth considering that it has recently been demonstrated that protein adsorption to a hydrophobic surface
is possible via direct interactions with hydrophobic fragments on the protein surface as well as via internal
hydrophobic residues exposed by protein denaturation. Further studies should be conducted to extend the
characterization and confirm the biomedical potential of the samples.

Crucially, our WST-8 assays and fluorescent cytoskeletal staining show that preosteoblasts adhere, spread,
and proliferate on these moderately oxidized, hydrophobic surfaces at rates comparable to tissue-culture
controls. This finding revises established hypotheses regarding the prerequisites for optimal cellular response,
demonstrating that maximal surface oxidation and inherent superhydrophilicity are not universal necessities
for achieving the best biological outcomes. By decoupling biocompatibility from extreme surface oxidation, our
nanosecond laser strategy offers a cost-effective, scalable alternative to femtosecond approaches, broadening the
design space for implant surface engineering.

Despite extensive research studies, a comprehensive understanding of the mechanisms that regulate cell
attachment to biomedical surfaces remains incomplete®**0. Nevertheless, based on the data presented in
Table 4, a thorough analysis reveals complex yet discernible correlations between surface topography (S,/R ),
surface chemistry (oxygen content), wettability (WCA), and subsequent biological responses (cell adhesion/
proliferation). The data strongly suggest that there is no singular optimal roughness value; rather, the biological
outcome is critically dependent on how roughness interacts with surface chemistry and wettability. The “Best”
cell adhesion results are observed at specific, low S, values when coupled with super-hydrophilicity (WCA = 0°)
(samples A1, B6)'°. This indicates that for extremely hydrophilic surfaces, a low micro/nano roughness profile is
ideal for promoting initial adhesion. Excessive roughness appears detrimental to cellular behaviour, even when
wettability is otherwise favorable. High roughness (S, exceeding 10 um)'7 acts as a physical barrier, disrupting
necessary cell-surface contact and overriding the positive effect of wettability (see sample R_d). When the
surface is hydrophobic (WCA > 100°)%, increased roughness often hinders performance, as seen in the case of
samples 3.1 and 3.2.
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Fig. 7. Proliferation assessed by the WST-8 test in direct contact (control — cell cultured on tissue culture-
treated coverslip) (a); CLSM images of cells cultured for 24 h, 48 h, 96 h on the surface of material after
fluorescent cytoskeleton staining (nuclei - blue fluorescence, actin filaments - red fluorescence) (b) (*
demonstrated statistically significant results between indicated groups, p<0.05, n=3, one-way ANOVA
followed by Tukey’s test, n.s. - demonstrated no statistical significance between indicated groups, p>0.05,
n=>3).

This indicates that in highly hydrophobic environments, a smooth surface is preferred, likely to avoid
excessive air trapping (Cassie state), which could interfere with protein adsorption and cellular anchoring. The
data collected in Table 4 demonstrates successful cell adhesion outcomes across both highly hydrophilic and
highly hydrophobic regimes, indicating that extremity in wettability is often preferred over moderate values.

Super-hydrophilicity (WCA = 0 to 5°, samples A1, B1, B6)!° yields “good” or “best” results of cell adhesion/
proliferation. Super-hydrophilic surfaces favour the rapid adsorption of water and small, highly ordered protein
layers, which typically promote cell attachment. Contrary to simple assumptions, highly hydrophobic surfaces
(WCA > 130°, samples: Fs-random, Fs-organized, P_0.4, P_0.5)" also support good cell adhesion. This efficacy
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Pulse Roughness | Oxygen Cell adhesion/
Literature | Laser duration | Material Samples name | S /R, content (% at) | WCA" (°) Cell proliferation”
GF Laser P Fs-random 1.43 No data 151.2 Good
14 400 U fs 300 fs Ti-6Al-4 V
1030 nm Fs-organized 1.52 No data 159.7 Good
Al 0.3 8.40 4.8 Best
A25 1.28 11.63 4.4 Good
A4 3.64 17.24 2.5 Good
16 13\];15 KIXO‘l 5015 Ti6ALAV A6 5.26 7.09 2.5 Good
Bl 8.08 10.42 0 Good
B2.5 7.27 9.35 0 Good
B4 4.48 8.06 0 Good
B6 2.15 6.41 0 Best
G_s 5.99 46.82 0 Good
. 13\]5(15 zx\nfo4 0 Ti6ALAV G_l 5.57 48.34 48 Good
B_et 5.25 46.13 21 Good
R d 10.96 45.65 0 Poor
3.1 0.21 0.43 >100 Good
3.2 0.84 1.00 >100 Poor
2 Il\gg::n?‘l 10 ps Ti6AL4 V 10.1 0.21 0.4 50<CA <100 | Poor
10.2 0.47 0.63 50<CA <100 | Moderate
17.1 0.19 0.25 <50 Moderate
17.2 0.58 0.89 <50 Good
Ti2L 0.31 No data 66 Poor
Nd: YAG 100 nTi2L 0.28 No data 66 Poor
532 nm TidL 0.26 No data 65 Moderate
" cpTi (grade 2 nTi4L 0.26 No data 68 poor
and grade4) | TioF 034 No data 52 Poor
Ti: Sapphire 10055 nTi2F 0.25 No data 52 Poor
800 nm Ti4F 0.25 No data 51 Moderate
nTi4F 0.26 No data 51 Moderate
This work ES&Y&C&%‘? 120 ns cpTi (grade 4) 11372: ;:Z 225? iiz EOOd
_0. . . ood

Table 4. Studies on surface modification by femtosecond and nanosecond lasers. * - WCA - wettability
contact angle. # - this scale was arbitrary established by authors.

is often attributed to the favourable conformation of specific cell-adhesion proteins (e.g., fibronectin) adsorbed
onto hydrophobic interfaces. Moderate wettability (100°> WCA > 50°) generally correlates with poor or moderate
adhesion/proliferation. This confirms that surfaces with intermediate wettability often lack the distinct physical/
chemical driving force required for optimal cellular response or controlled protein layer formation.

Oxygen content, typically reflecting the thickness and composition of the thermally induced oxide
surface layer, exhibits a complex relationship with cell adhesion. High oxygen levels are often associated with
superhydrophilicity (G_s, R_d)'”. Adhesion is generally “good” (e.g., G_s, B_et), unless roughness is excessive
(R_d). This means that a thick, highly oxygenated surface layer is favourable for adhesion, primarily due to the
resulting surface energy/wettability. The highly successful hydrophilic samples A1 (“best”) and B6 (“best”)'®
exhibit lower oxygen content (Al: 8.40 at%; B6: 6.41 at%) than the G_s, B_et, R_d group. This suggests that
achieving superhydrophilicity and “best” results does not necessarily require the highest bulk oxidation state;
rather, it requires a specific, favourable local architecture. In contrast, the successful hydrophobic nanosecond
samples (P_0.4, P_0.5) maintain moderate oxygen content (25.71 and 30.68 at%).

Optimal celladhesion maybeachieved in two distinct, extreme regimes: (i) hydrophilic-smooth - characterized
by super-hydrophilicity (WCA =0 to 5°) combined with low roughness (S = 0.3 to 2.2 um) and moderate oxygen
content (< 10 at%); (ii) hydrophobic-rough - characterized by high hydrophobicity (WCA > 140°) combined with
moderate roughness (< 3 um). Excessive roughness exceeding the apparent critical threshold (S, >10 pm, as seen
in R_d) is detrimental regardless of the very favourable wettability.

Hydrophobic, moderately oxidized titanium surfaces can promote preosteoblast adhesion primarily through
enhanced protein adsorption mediated by surface roughness and topographical features*!. Traditionally,
superhydrophilicity and high surface oxidation are believed to promote cell adhesion, but recent studies
have shown that nano- and micro-scale roughness significantly influences the conformation and retention
of extracellular matrix proteins, such as fibronectin and vitronectin, which mediate integrin binding and cell
anchoring®>*3. Hydrophobic surfaces with hierarchical roughness can promote selective adsorption of adhesion-
promoting proteins in conformations that favour cell receptor recognition, effectively compensating for reduced
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wettability*%. Additionally, moderate oxidation provides a stable titanium oxide layer that maintains corrosion
resistance and bioactivity without the excessive reactive oxygen species generation associated with highly
oxidized, superhydrophilic surfaces, which can be detrimental to cell viability. Thus, the interplay between
surface roughness-induced protein adsorption and moderate, stable oxide chemistry creates a favourable
microenvironment for preosteoblast attachment, spreading, and proliferation despite the apparent hydrophobic
character of the surface. This aligns with emerging evidence highlighting the primacy of topographical and
biochemical cues over absolute wettability in regulating early osteogenic responses. Thus, the central innovation
in surface engineering lies not in maximising a single parameter, but in achieving an optimal hierarchical
interplay between these factors.

Conclusion

This study introduces a methodologically significant and cost-effective method for engineering titanium implant
surfaces utilizing a streamlined, single-step nanosecond laser treatment. Rigorous analytical confirmation,
achieved through techniques such as SEM, EDS, XRD, Raman spectroscopy, and ToF-SIMS analysis, revealed
that the nanosecond laser structuring effectively generates diverse surface topographies (including micro-
grooves, ripples, and spikes) alongside mixed anatase-rutile titanium oxide phases.

The functional assessment of the tested hydrophobic samples (P_0.4 and P_0.5) confirmed they were non-
toxic to cells. They provided a surface environment that effectively supported preosteoblast adhesion, spreading,
and proliferation. This result is particularly significant as it demonstrates functional efficacy equivalent to or
comparable with the more complex and costly femtosecond (fs) laser methods tested in the same hydrophobic
regime (e.g., Fs-random/Fs-organized samples).

The nanosecond laser technology exhibits a sophisticated capability for dual functionalization: achieving
superior performance in the super-hydrophilic regime via controlled oxidation and low roughness, while
simultaneously achieving equivalent functional performance to fs lasers in the hydrophobic domain. Future
efforts should focus on fine-tuning surface features and validating their long-term clinical performance in vivo.

Data availability
All data generated or analysed during this study are included in this published article (and its Supplementary
Information files).
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