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Bio-Inspired Micro- and Nano-Scale Surface Features
Produced by Femtosecond Laser-Texturing Enhance
TiZr-Implant Osseointegration

William Arthur Lackington,* Benjamin Bellon, Stefanie Guimond, Peter Schweizer,
Claudia Cancellieri, Antoine Ambeza, Anne-Lise Chopard-Lallier, Benjamin Pippenger,
Andac Armutlulu, Xavier Maeder, Patrik Schmutz, and Markus Rottmar*

Surface design plays a critical role in determining the integration of dental
implants with bone tissue. Femtosecond laser-texturing has emerged as a
breakthrough technology offering excellent uniformity and reproducibility in
implant surface features. However, when compared to state-of-the-art
sandblasted and acid-etched surfaces, laser-textured surface designs typically
underperform in terms of osseointegration. This study investigates the
capacity of a bio-inspired femtosecond laser-textured surface design to
enhance osseointegration compared to state-of-the-art sandblasted &
acid-etched surfaces. Laser-texturing facilitates the production of an
organized trabeculae-like microarchitecture with superimposed nano-scale
laser-induced periodic surface structures on both 2D and 3D samples of
titanium-zirconium-alloy. Following a boiling treatment to modify the surface
chemistry, improving wettability to a contact angle of 10°, laser-textured
surfaces enhance fibrin network formation when in contact with human whole
blood, comparable to state-of-the-art surfaces. In vitro experiments
demonstrate that laser-textured surfaces significantly outperform
state-of-the-art surfaces with a 2.5-fold higher level of mineralization by bone
progenitor cells after 28 days of culture. Furthermore, in vivo evaluations
reveal superior biomechanical integration of laser-textured surfaces after 28
days of implantation. Notably, during abiological pull-out tests, laser-textured
surfaces exhibit comparable performance, suggesting that the observed
enhanced osseointegration is primarily driven by the biological response to
the surface.
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1. Introduction

Modern dentistry commonly uses dental
implants as a durable solution for pa-
tients who have lost their teeth.[1,2] Tita-
nium and its alloys have become the ma-
terials of choice for dental implants due
to their excellent osseointegration capac-
ity, mechanical stability, and favorable bio-
logical response.[3,4] The unique properties
of passive (oxidized) titanium surfaces en-
able strong bone-implant integration by fa-
cilitating the proliferation of bone-forming
cells, while its mechanical properties, in-
cluding a high strength-to-weight ratio and
decent fatigue resistance, provide the nec-
essary support for functional rehabilitation.
Among the various surface properties that
have been investigated, roughness, wetta-
bility, and oxide composition have been
identified as key determinants of osseoin-
tegration success.[5–7] Current state-of-the-
art implants are fabricated by anodization,
sandblasting, and acid-etching methods,
alone or in combination, to modify their
surfaces.[8–10] However, the stochastic na-
ture of these methods precludes precise
control over the uniformity and consistency
of resulting surface features. Additionally,
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the use of strong acids in these methods can modify the surface
chemistry and introduce surface contaminants, requiring addi-
tional post-process cleaning steps that increase fabrication time
and cost.[11,12]

In recent years, laser-texturing has emerged as a promising
alternative to modify the surface properties of Ti implants.[13–15]

Unlike traditional methods, laser-texturing allows precise control
over the size, shape, and distribution of surface features at both
the micro- and nano-scale, resulting in a more uniform and con-
sistent surface modification.[16,17] Furthermore, laser-texturing
avoids the use of harsh chemicals or solvents, reducing the risk
of surface contamination while streamlining the manufacturing
process.[12] As a result, laser-texturing is becoming an increas-
ingly popular method for the modification of dental implant sur-
faces and laser-textured implants are poised to become a standard
treatment in modern dentistry.

Due to the precision of laser technology, and the ability to
generate laser-induced periodic surface structures (LIPSS) using
small wavelength exposure,[18] laser-texturing could potentially
be used to generate surfaces that mimic the architecture of na-
tive tissues. Bone trabeculae, the region of tissue in the jaw that
interfaces with the surface of dental implants, plays a key role
in osseointegration. Trabecular bone consists of a honeycomb-
like microporous architecture, featuring a network of intercon-
nected voids ranging in size from 80 to 150 µm,[19] in addition to a
bony nanostructure with 50–100 nm hydroxyapatite crystals.[20,21]

Accordingly, the use of femtosecond lasers could potentially be
used to generate surfaces with features that approximate the
multi-scale structure of trabecular bone.[22,23] Notably, such an
approach could potentially avoid compromising on the bulk me-
chanical strength, as is often the case with completely porous Ti
implants.[24]

Thus, this study investigates the potential of femtosecond laser
technology to generate bone trabeculae-mimicking multi-scale
features on the surface of Ti-based implants as well as their po-
tential to enhance the osseointegration capacity in comparison
to current state-of-the-art sandblasted and acid-etched implants.
Having recently reported on how femtosecond laser-texturing in-
fluences the surface properties of titanium-aluminum-vanadium
Ti6Al4V,[25] in this study the pattern of texturing aims to produce
trabeculae-mimicking micro- and nano-scale features on the sur-
face of titanium-zirconium (TiZr). TiZr is a high-performance
alloy, specifically designed to offer higher strength than pure Ti
(Ti Gr. 4) with a higher fatigue strength of 1000 MPa compared
to 550 MPa, respectively. These mechanical properties facilitate
the production of smaller diameter implants, thereby expanding
treatment possibilities.[26] Building on prior laser-texturing tech-
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niques applied on Ti6Al4V, this study explores the versatility of
this technique by implementing novel textures on TiZr implant
surfaces. Smaller TiZr implants may be particularly useful in cer-
tain clinical situations where standard implants with a larger di-
ameter may be less suitable due to the risk of complications, such
as with narrow interdental spaces, reduced alveolar ridge width,
and severe maxillary resorption.[27–29]

The near-surface structural properties and composition of
laser-textured TiZr (TiZr-laser) were assessed using scanning
electron microscopy, confocal scanning microscopy, and X-ray
photoelectron spectroscopy. The capacity of TiZr-laser to support
fibrin network formation after contact with human whole blood
was assessed in comparison to sandblasted and acid-etched TiZr
surfaces (TiZr-SLActive). The ability of TiZr-laser to facilitate
mineralization by human bone progenitor cells (HBPCs) after 28
days of culture was assessed using a calcium quantification assay
and elemental mapping to check for hydroxyapatite formation.
The osseointegration capability of TiZr-laser implants was evalu-
ated in the tibia of rabbits 28 days after implantation. Abiological
pull-out tests were performed to decouple the contribution of
the biological response from the mechanical interlocking of
the implant with surrounding bone tissue during osseointe-
gration. Ultimately, mechanical fatigue tests were carried out
on hourglass-shaped samples, and the cross-section of cracks
was further investigated using electron backscatter diffraction
analysis.

2. Results and Discussion

2.1. Surface Characterization

Implant surface properties, including topography,[30]

roughness,[5] surface energy,[31] and chemical composition,[32]

affect the biological response to implants by modulating the
adsorption of proteins, cell adhesion, matrix production, and
differentiation. In this study, femtosecond laser-texturing was
successfully used to create multi-scale surface features on both
2D discs and 3D cylindrical samples of TiZr. The single-step
process proved to be efficient for the production of an orga-
nized trabeculae-like microarchitecture with superimposed
nano-scale laser-induced periodic surface structures (Figure � A).
Laser-texturing facilitated the creation of these features in spe-
cific regions of interest, with the capacity to generate a clear
demarcation line between the laser-textured region and the orig-
inal machined texture in a 3D cylindrical sample (Figure 1A).
The micro-scale features created resemble the previously re-
ported “egg tray”-like surface produced using nanosecond laser
texturing,[33] though in this study the use of a femtosecond laser
additionally facilitated the formation of nanostructures resem-
bling previously reported “nano-ripples.”[34] In comparison to
the microporous architecture of trabecular bone, the honeycomb
microarchitecture created on the surface of TiZr-laser, with a
ridge-to-ridge width of � 20 µm, is closer to the lower limit of
the pore size of trabeculae in the mandible.[35] Embedded within
this honeycomb microarchitecture, nano-scale laser-induced
periodic surface structures could be found with a size ranging
between 100 and 300 nm. The nano-scale features on TiZr-laser
were found to be larger in comparison to the nanoscale features
produced via sandblasting and acid-etching on TiZr-SLActive,
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Figure 1. Surface characterization of TiZr-laser. A) Scanning electron micrographs of 3D cylindrical samples of TiZr-laser, with insets marking the subse-
quent magnified images showing their micro- and nano-scale surface features. B) 3D confocal scanning profilometry characterization of a representative
area (115 × 90 µm2) from 2D disc-shaped samples of TiZr-laser and TiZr-SLActive. C) Contact angle evolution as a function of air exposure time of 2D
disc-shaped samples of TiZr-laser and following a boiling treatment, TiZr-laserboiled. n = 3; **** denote p < 0.0001; two-way ANOVA.

which are closer to 100 nm in size (Figure S1, Supporting
Information), with both sets of features being within the size
range of nanoscale features found in trabecular bone.[20,21]

Topographical analysis revealed that the honeycomb microar-
chitecture of TiZr-laser featured an organized array of craters,
each with a depth of up to 15 µm (Figure 1B). In comparison,
the surface topography on TiZr-SLActive samples was highly
stochastic, which is an intrinsic feature of the sandblasting proce-
dure (Figure 1B). The mean roughness, Sa, was found to be sim-
ilar for both TiZr-laser and -SLActive surfaces, indicating that a
microroughness was present on both samples. However, as Sa
does not take into account the aspect ratio of the microstruc-
ture, the maximum height, Sp, and maximum peak-to-valley dis-
tances, Sz, were analyzed. While Sz values were also comparable,
the points taken on the TiZr-SLActive surface to determine the
maximum height and depth could be separated by a large dis-
tance, whereas on the TiZr-laser surface, these points could be
adjacent to each other.

In addition to topography and roughness, laser-texturing may
also induce other surface modifications that play a role in surface
reactivity. The surface of TiZr-laser was found to be extremely

hydrophobic, with a contact angle of � 150° (Figure 1C), which
is likely due to the hydrocarbon contaminants from the atmo-
sphere and oxidation during the laser treatment-induced surface
heating.[36] A boiling process was applied to modify the surface
oxide chemistry (TiZr-laserboiled) and this treatment rendered the
surface hydrophilic, with a contact angle of � 10°, which is closer
to that reported for TiZr-SLActive (0°).[31] The hydrophilicity of
TiZr-SLActive has been reported as one of the main reasons, in
addition to the presence of nanostructures on its surface, explain-
ing its improved early osseointegration in humans in compar-
ison to hydrophobic implant surfaces.[37] Importantly, the sur-
face modification via the boiling process was found to be stable
even after 3 weeks of desiccator air exposure (Figure 1C), whereas
TiZr-laser without the boiling treatment remained hydrophobic,
thereby excluding the potential contribution of carbon decontam-
ination from the boiling treatment. From a surface reactivity and
implant application perspective, the hydrophilicity of boiled sur-
faces was observed on a variety of laser-texture designs (in ad-
dition to the one reported here; data not shown), highlighting
the flexibility of this approach for the final conditioning of an im-
plant. The boiling process likely acted via modification of thin sur-
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Figure 2. XPS-HAXPES characterization of the surface oxide. A) Survey of the elements present on the surface of TiZr-SLActive, TiZr-laser and TiZr-
laserboiled. B) Averaged surface oxide composition measured using the Al K� source. C,D) Titanium 2p and Zirconium 3p specific transition signals
measured using the Cr K� source.

face oxides, including those that are usually stable at room tem-
perature like Ti- and Zr- oxides, which tend to experience chem-
ical modification and become less stable at higher temperatures.

XPS analysis was performed to further investigate the surface
chemistry of laser-textured samples. Element surveys were ac-
quired using the Al K� X-ray source, which with its low pho-
ton energy ensured that only the surface oxide was analyzed
(Figure � A). Reduced levels of zirconium were found on TiZr-
laser in comparison to TiZr-SLActive (Figure 2B), indicating a
different oxide formation mechanism between the room temper-
ature processing of TiZr-SLActive and TiZr-laser samples involv-
ing energetic and surface heating processes. Additionally, the sur-
face of TiZr-laser had a higher carbon content in comparison to
TiZr-SLActive, which can also be related to this surface heating.
The carbon contamination found on TiZr-SLActive (7 at.%) can
be attributed to its exposure to air, as on TiZr-laser the carbon
content is much higher both before and after the boiling process.

A more energetic Cr k� X-ray source (HAXPES mode) was
used to probe deeper into the sample. The benefit of the HAX-
PES characterization is that both the metallic contribution (Ebind
= 454 eV) from the underlying substrate and the surface oxide
contribution (Ebind = 459 eV) can be analyzed simultaneously
and used to determine oxide thickness, a feature that is not
possible through conventional XPS analysis for these thicker
oxides. From the Ti 2p transition signals (Figure 2C), consid-
ering the ratio between metallic and oxidized components, it
can be derived that TiZr-SLActive had the thinnest oxide (with
the largest metallic peak and the largest Met/Ox ratio), while
the TiZr-laser surface had the thickest, and the boiling process
used for TiZr-laserboiled resulted in the removal of roughly a few
nm-thick titanium oxide surface layer. Using electron inelastic
mean free paths (IMFP, in particular for Ti2p = 7.65 nm)
calculated from Tanuma, Powel and Penn’s work, which is
the current standard for XPS-HAXPES analysis,[38] an oxide
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