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ARTICLE INFO ABSTRACT
Keywords: Titanium (Ti) is widely used as an implantable material for bone repair in orthopedics and dentistry. However, Ti
Bioinspired mechano-bactericidal surfaces implants are vulnerable to bacterial infections, which can compromise patient recovery and lead to implant
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Titanium implants
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Surface topography

failure. While a controlled inflammatory response promotes bone regeneration, chronic inflammation caused by
infections can lead to implant failure. Bone repair is a complex process in which inflammation, angiogenesis and
osteogenesis are tightly interconnected, requiring cooperation between mesenchymal stem cells (MSC), macro-
phages and endothelial cells. Here, we fabricated bio-inspired Ti implants with either microstructured (Micro Ti)
or nanostructured (Nano Ti) surface textures that exhibit robust mechano-bactericidal properties. In vitro, both
textured surfaces improved blood coagulation and osteogenic marker expression compared to smooth Ti surfaces.
Additionally, Nano Ti promoted macrophage polarization towards the M2 phenotype and enhanced the paracrine
effects of MSCs on angiogenesis, key processes in tissue regeneration. In vivo kinetic analysis of bone recon-
struction in a rat calvarial model showed that Nano Ti improved osseointegration, as evidenced by increased
bone volume, mineral density, and bone-implant contact. Notably, the Micro Ti surface showed no significant
differences from the control implants. These findings highlight the potential of mechano-bactericidal surface
nanopatterns to simultaneously prevent infections and enhance osseointegration by modulating protein
adsorption, inflammation, angiogenesis and osteogenesis. This study provides new insights into the development
of bifunctional Ti implants, offering new perspectives for the next generation of implantable bone-related

biomaterials.
1. Introduction from traumatic injuries, congenital disorders, or degenerative bone
conditions. Titanium is widely regarded as an excellent material for
Orthopedic implants play a pivotal role in restoring skeletal integ- bone implants due to its biocompatibility, strength, and corrosion
rity, functionality, and the overall quality of life of patients suffering resistance. However, despite advancements in the development of new
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surgical techniques and biomaterials, titanium implants continue to
pose significant risk to patients: lack of stability, local over-
inflammation, and nosocomial infections are some of the challenges
that highlight the need for continuous improvement of titanium bio-
materials [1,2]. Implant-associated infections present a severe threat to
patient recovery, frequently leading to additional medical interventions,
prolonged hospitalization, and in extreme cases, implant removal [3].
Furthermore, infections trigger chronic inflammation that impairs
osteogenesis and hinders efficient bone repair [4]. Therefore, it is crit-
ical to develop multifunctional biomaterials that promote bone regen-
eration while inhibiting bacterial colonization.

Various strategies have been investigated to confer antibacterial
properties to titanium implants. One approach involves applying
antibiotic-impregnated coatings (release-based coatings) or non-release
coatings containing antimicrobial peptides, which act by disrupting
bacterial membranes [5-7]. However, these methods face significant
limitations including exhausted antibiotic release over time and the risk
of antimicrobial resistance [8,9]. Other studies have investigated the
antibacterial effects of nanomaterials such as copper, magnesium/zinc,
or silver oxide, but the health effects of metal ion release remain unclear
[10]. By contrast to chemical surface-coating methods, an emerging
alternative strategy draws inspiration from nature’s inherent mechani-
cally bactericidal (mechano-bactericidal) surfaces, such as those found
on insect wings, plant leaves, shark skin, and gecko feet [11-13].
Various surface modification techniques, including wet etching methods
like hydrothermal synthesis and dry methods like plasma etching, and
laser interference lithography, have been reported to produce bacteri-
cidal titanium surface patterns [14-19]. Investigations of the
mechano-bactericidal efficacy of different pattern geometries have
revealed diverse bactericidal efficacy, ranging from 5 % to 99 % toward
different bacterial strains [12,20].

In the context of orthopedic or bone prosthesis surgery, the
implanted material will initially interact with host biological fluid and
the resultant surface-adsorption of blood proteins triggers specific cell
signaling that lead to particular cellular responses [21]. For example,
the blood clot formed at the bio-interface of the implanted material is
rich in growth factors, cytokines and matrix metalloproteases and ini-
tiates the recruitment of innate immune cells such as neutrophils, that
stimulate the release of monocyte-recruiting signals to the injury site
[22]. After their recruitment, monocytes will differentiate into macro-
phages, which are crucial for managing inflammation at the site of
injury [23]. A fine balance between inflammatory macrophages (M1)
and anti-inflammatory macrophages (M2) is necessary for successful
bone regeneration. Indeed, clinical study on the failure of bone implants
showed that an excess of M1 macrophages around the titanium implant
is an important factor related to the failure of implant materials [24].
Chemotactic factors released by macrophages at the bone defect site will
induce mesenchymal stem cells (MSCs) recruitment and their differen-
tiation into osteoblasts [25,26]. Finally, macrophages and MSC regulate
angiogenesis, a crucial step during bone repair, via paracrine or juxta-
crine signals [23,27]. The topography of the implant directly controls
the bone defect environment. For example, cell responses including
polarization of macrophages, and behavior of MSCs, including prolif-
eration, adhesion, polarization and growth factor secretion are influ-
enced by biomaterial topography via the transduction of mechanical
cues through integrins and mechanically activated ion channels
[28-35]. Therefore, the modification of surface topography is a
powerful tool to influence the quality of osseointegration and, conse-
quently, the success of the implant [29,36]. Titanium implant surface
characteristics, including topography and wettability, are well known to
influence macrophage attachment, activity and phenotype. However,
while certain surface modifications enhance osteogenic differentiation,
they can also drive macrophages toward an M1 phenotype or trigger the
formation of inflammatory fibrotic capsules in vivo [37,38]. These ef-
fects likely stem from the host’s response to the implant material,
highlighting the critical role of osteoimmunomodulation in biomaterial
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design. Despite growing interest in mechano-bactericidal surfaces, their
ability to simultaneously support osteogenesis and modulate immune
responses in vivo remains largely unexplored.

We recently developed titanium surface modifications that exhibit
two scales of surface topography (micro and nano). Although increased
surface roughness typically promotes bacterial adhesion by providing
more attachment sites, our uniquely designed surfaces defy this trend,
exhibiting  robust = mechano-bactericidal  properties  [39,40].
Nano-patterned titanium (Nano Ti) surfaces, manufactured by alkaline
hydrothermal treatment, present a dense array of sharp nanoedges of
approximately 10 nm in thickness. Nano Ti induces pore formation in
the membrane of attaching bacteria, leading to leakage of cytoplasmic
material and bacterial cell death [41]. On the other hand,
micro-patterned titanium (Micro Ti), manufactured by plasma etching,
exhibits a topography composed of micropillars (3.5 pm height) that
cause bacterial cell death by excessive stretching of the bacterial
membrane [12]. Unlike many nanoscale surface modifications on Ti
implants that require osteogenic media with supplements such as high
Ca?*, dexamethasone, p-glycerol phosphate, or BMP2 to induce osteo-
genesis in vitro [42], our innovative mechano-bactericidal surface pat-
terns uniquely drive MSC adhesion, spreading, survival, and
proliferation while directly promoting their osteogenic differentiation,
without the need for any added growth factors. This highlights the
intrinsic osteoinductive potential of our topographies, independent of
exogenous biochemical stimulation.

In this study, we investigated in detail the interactions of mechano-
bactericidal micro- and nanotextured titanium with the key cellular
players of osseointegration. We conducted in vitro assessment of protein
adsorption, blood coagulation, and the response of RAW 264.7 macro-
phages and MSCs, including expression of osteogenic markers, the
paracrine effect of MSCs on angiogenesis and macrophage polarization.
Furthermore, we evaluated the application of our micro-nanotextured
bactericidal Ti topographies in vivo using a rat calvarial bone defect
model, a well-established preclinical approach to assess the osteogenic
potential and osseointegration of titanium implants. This model not only
provides a mechanically unloaded environment, allowing precise eval-
uation of material-driven bone regeneration, but also enables the crea-
tion of a critical-size defect that cannot heal spontaneously, making it
particularly relevant for testing bone implants [43]. We performed ki-
netic analysis of three parameters (bone volume, mineral density,
bone/implant contact) for each rat to comparatively assess the stimu-
lating effect on bone formation of the two Ti surface topographies. Our
results demonstrate the applicability of mechano-bactericidal Ti sup-
ports as a promising solution for the development of improved, multi-
functional Ti implants that combine biocompatibility, bactericidal
action, osteogenic, angiogenic, and anti-inflammatory properties pro-
moting osseointegration.

2. Materials and methods
2.1. Materials and reagents

Commercially pure (CP) ASTM Grade 2 Ti rods of 5-mm diameter
were obtained from Goodfellow (Huntingdon, England). KOH pellets
(85 %), absolute ethanol (99 %), and acetone (99 %) were purchased
from Merck (Pty) Ltd. (Bayswater, Australia).

2.2. Preparation and surface modification of Ti

Preparation of polished Ti (Poli Ti). Commercially pure (CP) ASTM
titanium rods (5-mm diameter) were obtained from Goodfellow (Hun-
tingdon, England). A Secotom-50 instrument (Struers, Cleveland, USA)
was used to cut the Ti rods into discs 1-1.5 mm thick. The Ti discs were
then ground using P1200 and P2000 silicon carbide abrasive papers,
then finally polished using polishing cloths (MD-Dac and MD-Chem -
Struers, Australia) with 1 pm diamond paste and 0.5 pm silica colloid,
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respectively. The polished Ti discs were then ultrasonically cleaned for
5 min in sequential solutions of 100 % acetone, 100 % ethanol and Milli-
Q water. The various etchings made to induce a particular topography
on the Ti surface were made from Poli surfaces and introduced in pre-
vious studies [39,44].

Preparation of Micro Ti. Briefly, the micron-scale topography was
obtained by inductively coupled plasma assisted reactive ion etching
(ICP RIE). The Poli Ti disks were placed on a quartz support within a RIE
etching instrument (Plasma Lab System 100, Oxford Instruments).
Etching was performed using Cl, gas maintained at a flow rate of 50sccm
(gas flow in cm®/min), ICP power of 1000W, RF power of 100W and
pressure of 3mTorr for 40 min.

Preparation of Nano Ti. The nanoscale topography was obtained by
an alkaline hydrothermal treatment. Ti discs were placed in 1M KOH for
6 h at 150 °C in a Teflon-coated autoclave. The disks were then cooled in
Milli-Q water for 24 h before annealing at 450 °C for 4 h, with a tem-
perature increase of 20 °C/min. A sonication step in ethanol 50 % for 20
min was used to remove any residual debris.

Before experimental use, the Ti surfaces were washed in PBS 0.5 %
tween 20, 0.5 % Triton X-100, 1 % sodium dodecyl sulfate (SDS) under
agitation for 20-30 min. Two sonication cycles were then realized (15 s
ON at 90 % amplitude; 15 s OFF), the first in distilled water followed by
a second in 70 % ethanol. Surfaces were then left to dry at room tem-
perature and autoclaved.

2.3. Surface characterization

High-resolution scanning electron microscope (SEM) images of the Ti
surfaces were obtained using a Nova NanoSEM 200 (FEI, Hillsboro,
USA) instrument equipped with a field emission gun operated at 5 kV.
The SEM images were analyzed using Image J software (version 1.48).

The surface topography of the surface was analyzed using a Nano-
Wizard 4 tip scanning atomic force microscope (JPK BioAFM Business,
Bruker NanoGmbH, Germany). The AFM head was positioned on a
vertical optical microscope (IX81, Olympus, Japan), and the scans were
performed inside an acoustic enclosure and on a vibration isolation table
(Accurion, Germany). The imaging was conducted in a controlled at-
mosphere with air conditioning at a temperature of around 25 °C. An n-
type antimony-doped silicon probe (SICON, AppNano, USA) was used in
the Advanced Quantitative Imaging mode. Three scans were taken of
each surface within a 5 x 5 pm? region, and a series of roughness pa-
rameters were then computed by using Gwyddion version 2.66.

2.4. Assessment of antibacterial performance

Gram-positive S. aureus CIP 65.8T bacteria were obtained from the
Collection de I'Institut Pasteur (CIP, Paris, France). Bacteria were
refreshed from frozen stocks on nutrient agar (Oxoid, Thermo Fisher
Scientific, Waltham, United States) for 24 h at 37 °C. Inoculating sus-
pensions were prepared by suspending one loopful of bacteria in 5 mL of
nutrient broth (Oxoid, Thermo Fisher Scientific, Waltham, United
States). The cell suspensions were adjusted to an optical density of
ODgoo = 0.1. Sterilized Ti discs were submerged in 500 pL of bacterial
suspension in a sterile 24-well plate for 18 h in a 25 °C incubator. After
incubation, the samples were gently washed, stained for 25 min using a
LIVE/DEAD BacLight Bacterial Viability Kit (Invitrogen, Carlsbad,
United States), and imaged via CLSM (Zeiss LSM 880, Carl Zeiss Mi-
croscopy, Jena, Germany).

To further evaluate the antimicrobial activity of the coated surfaces,
a modified surface antimicrobial assay was adopted based on the stan-
dard ISO 22196-2011: Measurement of antibacterial activity on plastics
and other non-porous surfaces [45] The sterile Ti discs were placed in a
multi-well cell culture plate with the test surfaces facing upwards. A
portion of 50 pL of bacteria suspension was aliquoted onto each test
surface and covered with a coverslip. The samples were incubated at
37 °C for 24 h in a humidified environment, after which the contacted
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surfaces were rinsed to remove non-adhered bacteria. Finally, the discs
were placed in 1 mL PBS and vortexed. The wash buffer was serially
diluted and spread plated on nutrient agar. Colony Forming Units (CFU)
counting was performed after 24 h to determine the number of viable
bacteria.

2.5. Initial biological interactions with the textured Ti

The blood was collected from rats included in the in vivo cranial
defect study at the time of euthanasia. These experiments were carried
out in replicates using blood sampled from different rats. A heparin-
coated syringe (PanPharma ETI3M219-1) was used. Blood collected in
this way was stored at room temperature in 1 mL heparinized tubes and
used within 2 h.

For the analysis of hemolytic activity of the textured Ti, heparinized
rat blood was centrifuged for 15 min at 500g, taking care to remove the
brake beforehand. A solution of red blood cells was then isolated and
diluted to 10 % in PBS. The Ti surfaces were immersed in this solution
for 2 h at 37 °C with stirring. At the end of this incubation, the solution
was collected and centrifuged at 4000g for 15 min, and 100 pL of su-
pernatant was used to read the absorbance at 540 nm (Tecan, Sunrise).
Absorbance correlates with the amount of hemoglobin released from the
red blood cells. For the microscopic analysis of platelets adherence, the
platelet-rich plasma was recovered and diluted 1:4 in PBS. 400 pL of this
solution was applied to the titanium specimens and incubated at 37 °C
for 45 min. The specimens were then washed with PBS and fixed with 4
% paraformaldehyde (PFA) for 15 min. Actin filaments were stained
with phalloidin for 30 min, and fluorescence imaging was performed
using a Zeiss Axiolmager M2 microscope. Platelet count and spreading
area were quantified using the image analysis software Cellprofiler.

The coagulant potential of the different Ti surfaces was assessed
using a simple blood deposition method [46]. Blood without anticoag-
ulant was collected intracardially using a 2 mL syringe and an 18G
needle (Terumo). Within seconds, 5 pL of this blood was deposited as a
drop on the surface of the titanium discs. After 15min, 30min or 45-min
incubation at room temperature (ca 22 °C), 500 pL of milli-Q water was
added, followed by 30 s of horizontal agitation and 5 min incubation. At
the end, 200 pL of supernatant was collected for analysis at 540 nm.
Absorbance correlates with the quantity of red blood cells caught in the
clot.

The protein adsorption capacity of the different surfaces was
assessed following a protocol inspired by Refs. [47,48]. The surfaces
were incubated for 2 h in a 48-well plate on a horizontal shaker at 100
rotations per min (rpm), at 37 °C with 300 pL of a solution of either 0.2
mg mL ! bovine serum albumin (BSA), 0,1 mg mL~! human fibronectin
or 0,1 mg mL ™! total rat serum. The protein solution was then aspirated
and the Ti surfaces thoroughly washed 3 times with PBS. For quantifi-
cation, the surfaces were then incubated for 1h at 100 rpm, 37 °C and 5
% CO2 in 200 pL of 1 % SDS. The SDS solution was then recovered and
the protein it contained quantified using a protein assay kit (DC protein
assay, Bio-rad). Then, protein concentration was calculated by
comparing the absorbance values of our samples with a BSA standard
curve.

2.6. Cell culture

MSCs derived from adipose tissue were supplied by the “Etablisse-
ment Francais du Sang” of Saint Ismier (France). MSCs were cultured in
mesenchymal stem cell growth medium 2 (Promocell) following the
supplier’s protocol. Briefly, the culture medium was changed every 3-4
days, and the cells were maintained in an environment at 37 °C and 5 %
CO,. The number of cell passages was tightly controlled, so as not to
exceed 6 passages. For cell harvesting TrypLE (Thermofischer) was used,
and counting was performed using a Countess automat (Invitrogen).

HUVEC cells (human umbilical cord endothelial cells) were cultured
in EGM2 medium (Lonza, Colmar, France). The cells (ATCC) were used
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between passage 3 and 5, and the culture medium was renewed every
2-3 days. Trypsin TrypLE (Thermofischer) was used to harvest the cells.

The RAW 264.7 macrophage cell line was purchased from American
Type Culture Collection (ATCC, Manassas, United States). The cells were
cultured in T75 cell culture flasks with Dulbecco’s Modified Eagle Me-
dium (DMEM, Gibco™, Life Technologies, Carlsbad, United States) at
37 °Cin a humidified incubator with 5 % CO5. The RAW 264.7 cells were
sub-cultured when the cell density achieved 90 % confluency. Once
confluent, the culture medium was removed, and the adherent cells were
rinsed with sterile phosphate-buffered saline (PBS, Gibco™, Life Tech-
nologies, Carlsbad, United States) and trypsinized using Trypsin-EDTA
(0.25 %) (Gibco™, Life Technologies, Carlsbad, United States) at
37 °C for 3 min. Then, the cell suspension was centrifuged at 250g for 5
min. Following centrifugation, the supernatant was removed, and the
resultant cell pellet was resuspended in 1 mL of DMEM.

2.7. RAW 264.7 cell viability and attachment

Sterile human serum (HSP) from male AB plasma was obtained from
Sigma-Aldrich (Saint Louis, United States). The Ti surfaces were
immersed into 200 pL of human serum for 1 h at 37 °C. To remove
unattached proteins, the samples were gently washed with PBS.

The Ti discs were placed in a sterile 96-well plate and then seeded
with RAW 264.7 cells at a density of 5 x 10° cells/mL and incubated at
37 °C in a humidified atmosphere incubator with 5 % CO2. The incu-
bation periods used for analysis were 1, 4, and 7 days.

Ti discs with attached cells were stained with calcein AM (2 pM) and
ethidium homodimer-1 (4 pM) (Invitrogen, Carlsbad, United States) for
30 min under dark conditions at room temperature. The samples were
subsequently imaged using confocal laser scanning microscopy (CLSM)
(Zeiss LSM 880, Carl Zeiss Microscopy, Jena, Germany).

2.8. Immunocytochemistry and cytoskeleton staining

Ti discs seeded with RAW 264.7 cells were washed twice with PBS
and subsequently fixed using 4 % paraformaldehyde for 15 min. The
cells were permeabilized using 0.2 % Triton X-100 for a further 15 min.
Following this, the cells were blocked in 1 % bovine serum albumin for
30 min. The cells were then treated with an anti-vinculin (mouse) pri-
mary antibody as an indicator of focal adhesions at room temperature
for 1 h. A secondary antibody, anti-Mouse IgG in goat serum, was drop-
cast onto samples and incubated for 1 h at room temperature; the actin
filaments were stained using phalloidin for a further 20 min, and then
the cell nuclei were stained using TO-PRO™-3 Iodide for 30 min. The
cells were imaged using CLSM.

2.9. Quantification of M1 and M2 polarization markers CCR7 and
CD206

Ti discs were colonized with RAW 264.7 as previously described in
Section 2.7 for 2 days. After colonization, the RAW 264.7 cells were
trypsinized and washed with PBS. The RAW 264.7 cells were then
blocked with CD16/32 for 10 min and subsequently incubated with
allophycocyanin-conjugated CCR7 and phycoerythrin-conjugated
CD206 for 1 h. After incubation, the cell suspension was transferred to
a 96-well plate, and the fluorescence intensity (excitation/emission:
650/660 nm for allophycocyanin and 565/578 for phycoerythrin) was
recorded using a CLARIOstar Plus microplate reader (BMG LabTech Pty.,
Ltd., Ortenberg, Germany).

2.10. In cell ELISA assay

MSCs were seeded at 20000 cells/cm? onto the Ti discs (0.2 cm?) in
96-well plates. After the desired culture period, cell viability was
assessed (Prestoblue, Life Technologies SAS, Villebon, France). Ti sur-
faces were then fixed with 4 % paraformaldehyde (PFA) for 15 min and
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permeabilized with 0.2 % Triton-X100 in PBS for 15 min. Non-specific
sites were blocked by incubation for 90 min with gentle agitation (20
rpm) in blocking solution (PBS 0.05 % Tween (PBST), 10 % NGS, 1 %
BSA). Primary antibodies against Runx2 (Abcam, Paris, France) or
Smad4 (R&D systems, Mineapolis, USA) were diluted in the blocking
solution and applied to the surface of the supports for 90 min at 20 rpm.
After three washes with PBST, HRP-coupled secondary antibodies were
added diluted in the blocking solution for 1h. After three final washes
with PBST, the signal was revealed by covering the wells with a solution
of TMB (Abcam). After 15-30 min, absorbance was read at 450 nm. A
semi-quantitative analysis was performed using the absorbances
generated and normalizing to the previously determined cell viability.

2.11. Analysis of the composition of the extracellular matrix

An ELISA assay was performed following a previously described
protocol [49]. After removing the cells by treatment with TrypLE and
washing the supports thoroughly with PBS, they were incubated in a
previously filtered solution of PBS, 20 mM Tris-HCl, 4 MGuHCl, 10 mM
EDTA, 0.066 % (w/v) sodium dodecyl sulfate (SDS), pH 8.0. After 5 h at
37 °C, the total protein concentration in the collected sample solution
was quantified using the DC protein assay kit. ELISA was performed in
96-well plates. The various extracellular matrix samples were deposited
in the wells and incubated overnight at 4 °C, at a rate of 10 ug of protein
per well, in a 0.05M carbonate/bicarbonate solution pH 9.6. After three
washes with PBST, the wells were saturated for 2 h at 25 °C with a so-
lution of PBS, 1 % BSA. Primary antibodies against collagen type I
(Sigma-Aldrich, Saint-Quentin-Fallavier, France) or against osteopontin
(Bio-techne SAS, Noyal Chatillon sur Seiche, France), diluted in PBST, 1
% BSA, were then added at a rate of 100 pL per well. After 2 h at 25 °C,
the wells were washed three times with PBS 0.1 % Tween20.
HRP-coupled secondary antibodies were then added diluted in PBST, 1
% BSA for 1 h. After the last three washes in PBST, the signal was
revealed by adding a solution of TMB (Abcam). After 10-15 min, the
plate was read at 450 nm on a Fluostar Omega instrument (BMG Lab-
tech, Champigny sur Marne, France). To establish protein quantifica-
tion, a calibration curve was prepared for each target protein studied.
Briefly, the relevant wells were coated with an increasing concentration
(1.25; 2.5; 5.0; 10.0; 20.0 ng mL™!) of recombinant collagen type I
(Thermo Fisher Scientific, Waltham, USA) or osteopontin (Biotechne).

2.12. Assessment of alkaline phosphatase (ALP) activity

After culture on our Ti surfaces, cells were recovered by adding
TrypLE. After centrifugation for 5min at 250g, the cell pellet was lysed
by adding 0.2 % Triton-X100 for 1 h at 4 °C. The samples were then
centrifuged for 10min at 10000g to recover the protein lysate. After a
protein quantification by DC protein assay, 5 pL of this lysate was used
per well. The volume was made up to 80 pL with DEA 1X (Phosphatase
substrate kit, Thermo Fisher Scientific). Then 50 pL of pNPP (5 mM
final) dissolved in DEA 1X containing 0.5 mM MgCI2 was added to allow
the reaction to proceed. Absorbance readings were taken on a micro-
plate reader (Sunrise, Tecan, Mannedorf, Switzerland) at 415 nm after
15 min, 30 min, 1 h and then 2 h. For analysis of the results, the 1 h time
was used. In parallel, pNPP standards at concentrations ranging from
0 to 20nmol/well were freshly prepared and incubated with 0.2U ALP
per well.

2.13. Analysis of calcium deposits

MSCs were seeded at 20,000 cells/cm?. Cells were grown for 7-21
days, with medium replacement every 3-4 days. At the end of culture,
MSCs were washed 3 times with PBS, then fixed with 4 % para-
formaldehyde (PFA) for 15 min at room temperature. After removal of
the PFA and washing of the cells, a volume sufficient to coat the samples
with alizarin red 2 % pH 4.2 was added for 20 min at room temperature.
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After three washes with distilled water, calcium deposits were quanti-
fied by dissolving the alizarin red. For this, 500 pl of a solution of 20 %
methanol and 10 % acetic acid was deposited in the wells. Finally,
absorbance at 450 nm was read spectrophotometrically.

2.14. MSCs conditioned medium (cmMSC)

Six days after seeding MSC (20000/cm2), the titanium discs were
transferred to new wells and 400 pl of fresh MSC culture medium with or
without serum was added to the wells and incubated with the MSCs for
24 h. Conditioned media were recovered, centrifuged at 9300g for 10
min and stored at —80 °C until use.

2.15. Analysis of VEGF secretion

The cmMSC were obtained as described above. To avoid any inter-
ference from serum proteins, the conditioned medium was produced
with SVF-free MSC2 medium in contact with the cells for 24 h. ELISA
was performed in 96-well plates. The different cmMSC samples were
diluted % in 0.05M carbonate/bicarbonate solution pH 9.6 to a final
volume of 100 pL and incubated overnight at 4 °C. After three washes
with PBST, the wells were saturated for 2 h at 25 °C with a solution of
PBS 1 % BSA. Anti-VEGF primary antibody (R&D systems) diluted in
PBS 0.05 % Tween 20, 1 % BSA, was then added at a rate of 100 pL per
well. After 2 h at 25 °C, the wells were washed three times with PBS 0.1
% Tween20. HRP-coupled anti-mouse antibodies (Cell Signaling, Dan-
vers, USA) were then added diluted in PBS 0.05 % Tween20, 1 % BSA for
1 h. After the last three washes with PBST, the signal was revealed by
adding a solution of TMB (Abcam). After 10-15 min, the plate was read
at 450 nm (Fluostar Omega, BMG Labtech).

2.16. Wound healing assay

HUVEC cells were seeded at 150000 cells/cm? in a 96-well culture
plate. After 24-48 h, the cell monolayer was then scratched with a
pipette tip. After washing with PBS to remove detached cells, 150 pL of
cmMSC was added per well. The plate was then placed at 37 °C and 5 %
CO2 and images of the cells invading the scratch wound were monitored
for 12 h using an AxioObserver Z1 (Zeiss, Rueil Malmaison, France)
associated to a MicroMAX camera (Princeton Instruments, Lisses,
France) and Metamorph software (Universal Imaging, New York, USA).
Quantification of wound closure was performed by image analysis using
Fiji software.

2.17. HUVEC capillaries-like formation assay

The wells of a 96-well plate were coated with Matrigel with reduced
growth factor level (Corning, Boulogne Billancourt, France), that was
deposited in 2 successive layers of 40 pL per well, each left to polymerize
for 30 min at 37 °C. HUVEC cells were then deposited on the Matrigel
surface at a rate of 15,000 cells/well in 200 pL of mcCSM. The plate was
then placed at 37 °C and 5 % CO2 on a videomicroscopy station (Zeiss
AxioObserver Z1). Acquisitions were made every hour for 5 h. For each
well, two separate fields were analyzed. Phase contrast images were
analyzed with ImagelJ.

2.18. Calvarial defect in vivo model

Our project and all related experimental procedures were the subject
of an ethical authorization, referenced under APAFIS number
#35699-202205190819354 v2. Our study was conducted on 36 male
adult Wistar Han rats (Janvier Labs, Le Genest-Saint-Isle, France), aged
22 weeks (weight of 400-500g at inclusion) to exclude a potential
growth effect [50]. These rats were divided into four experimental
groups (Table S1, Supporting Information). The surgical procedure was
performed as described by Spicer in 2012 [51], with the difference thata
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single 8 mm diameter implant was inserted per rat.
2.19. Micro-CT evaluation (uCT)

Rats were scanned with a pCT scanner (VivaCt, Scanco) every two
weeks. Rats were positioned on the scanner bed and kept anesthetized
with a mask injected with 2.5 % (vol/vol) isoflurane. X-rays were fixed
at an energy of 70 keV, 114 pA and 8W. The field of view (FOV) was set
at a diameter of 49.8 mm and a voxel size of 16.1 pm. The collected
images were analyzed (Scanco software) by applying a contouring to the
site underneath the implants (Fig. S1, Supporting Information). The
bone volume per total volume sample (BV/TV) and bone densitometry
(BMD) were calculated to determine the osteogenic behaviour of the
implanted titanium. Visual analysis was performed on videos of the
scans at times 2, 6 and 12 weeks for each rat. All pCt scan sections were
exported in DICOM format and converted to avi video format using
ImageJ software. Randomly generated numbers were assigned to each
video. These videos were visually assessed by five examiners. Two scores
were assigned by each reviewer for each video. These scores are pre-
sented in greater detail in Fig. S2, Supporting Information.

2.20. Histological analyses

The implants and surrounding tissues were collected at 12 weeks
after the operation. The samples were fixed for 24 h in 4 % para-
formaldehyde and stored in 70 % ethanol until used. Histological
staining was performed by LLS Rowiak on undecalcified sections ob-
tained by laser microtomy (TissueSurgeon, LLS ROWIAK GmBH,
Hannover, Germany) [52]. Briefly, longitudinal sections are taken using
a laser microtome at a thickness of around 10 pm. The resin covering the
samples was removed to enable staining of the sections. Conventional
hematoxylin/eosin (H&E) was used, with two sections stained per
experimental condition.

2.21. Statistical analysis

All experiments statistically analyzed were performed a minimum of
three times. Data are represented as mean + standard deviation (SD).
Statistical differences between experimental groups were tested by
analysis of variance without assuming normality of distribution. Two
experimental groups with a p-value of less than 0.05 were considered
significantly different. Statistical analyses were performed using
Graphpad Prism version 7 software.

3. Results

Micro and Nano Ti surfaces exhibit two scales of surface topography
that differ in both size and shape of their surface features (Fig. 1a and b).
Micro Ti was obtained by plasma etching of bulk Ti that induced the
formation of high aspect ratio pillars. By contrast, the nanosheet
topography of Nano Ti was obtained by hydrothermal treatment of Ti
metal. Despite the different methods of surface modification, Micro and
Nano Ti surfaces exhibited similar chemical composition and crystal-
linity (Fig. S3, Table S2, Supporting Information). However, water
contact angle (WCA) measurements showed that Micro Ti exhibited
increased hydrophobicity (WCA = 67.5 + 4.5°) compared to Nano Ti
(WCA = 22.0 + 2.0°). To specifically assess the effect of topography,
these surfaces were further compared to polished, non-structured tita-
nium (Poli Ti), ensuring that material composition remained constant.
The bactericidal efficacy of the two differing topographies and the Poli
surface toward S. aureus was determined by direct quantification of non-
viable cells attached to the surface via live/dead staining or by quanti-
fication of the colony forming units (CFUs) of S. aureus retrieved from
the substratum after 24 h incubation on implant surfaces (Fig. 1c—e).
Propidium iodide (PI) and Syto 9 fluorophores were used to stain the
nucleic acid of viable and non-viable (membrane compromised)
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Fig. 1. Surface characterisation of Micro and Nano Ti surfaces. (a) SEM and corresponding high resolution TEM images of Ti micro-nanofeatures. Inset images show
water contact angle measurements. (b) Representative 2D AFM micrograph for Micro (top) and Nano (bottom) Ti surfaces. (c-e) Antibacterial efficacy of the different
Ti surfaces toward Staphylococcus aureus. (c) Representative CLSM micrographs of S. aureus attached on Poli (control), Micro, and Nano Ti surfaces, labeled with
propidium iodide (red, dead cells) or Syto9 (green, live cells) fluorophores. Scale bar is 5 pm. (d) percentage of non-viable S. aureus cells derived from CLSM data. (e)
Number of colony forming units (CFU) of S. aureus retrieved from the different Ti surfaces following 24 h incubation. (f-h). Quantification of protein adsorption:
adsorption of bovine serum albumin (f), fibronectin (g) or serum proteins (h) by the different Ti surfaces. (i) Analysis of the thrombogenicity of the Ti surfaces. Data
represent the different technical replicas for each of the biological replicas. Significance tested by one-way ANOVA test, **: p-value<0.01. (j) Quantification of
hemolysis induced by our Ti surfaces. Analysis of the hemoglobin absorbance after incubation with Ti surfaces. Data are expressed as a fold change relative to the
negative control, where platelets were incubated with PBS. The H20 condition corresponds to the absorbance generated following the lysis of red blood cells by
osmosis with the addition of water. The experiment includes four independent biological replicates. (k) Number of adherent platelets per ym? after incubation for 45
min on Ti surfaces. (1) Quantification of the area of the adhered platelets. Significance tested by one-way ANOVA test, *: p-value<0.05; **: p-value<0.01; ***:

p-value<0.001.

bacteria, respectively (Fig. 1c). Our results showed that 96 % and 80 %
of attached S. aureus cells were considered non-viable on Micro Ti and
Nano Ti surfaces, respectively, following a 24 h incubation (Fig. 1d).
These data were further confirmed by the large reductions (p < 0.001) in
CFU/mL (Fig. 1e).

3.1. Ti surface topography affects protein adsorption and platelets
adhesion

During implantation, serum proteins immediately adsorb on the
implant. Protein adsorption on biomaterial surfaces is a complex process
influenced by several factors such as the physical properties of the sur-
face or the conformation of the proteins. It has been reported that hy-
drophobic surfaces allow more proteins to adsorb [53]. However,
topography also has a profound effect on protein adsorption. In general,
nanostructured surfaces adsorb a greater amount of protein than smooth
surfaces [10,54-56]. Nano Ti surfaces showed a significantly higher
capacity to adsorb bovine serum albumin (BSA), a globular protein,
compared to Micro or Poli Ti (Fig. 1f). As protein adsorption depends on
the type of protein, we further assessed the adsorption of fibronectin, a
fibrillar protein that plays a crucial role for cell adhesion. The amount of
fibronectin adsorbed on Micro and Nano Ti was greater than Poli Ti, yet
there was no statistically significant difference between the two textured
Ti surfaces (Fig. 1g). To mimic the contact that occurs between blood
and the implant, we also quantified the adsorption of whole serum
proteins. Nano Ti exhibited significantly (p < 0.01) increased serum
protein adsorption compared to the other types of Ti surfaces (Fig. 1h).
These data suggest that Nano Ti could provide a favorable environment
for cell adhesion. To further investigate this, we studied the blood
contact with the different Ti topographies (Fig. 1i). There was no sig-
nificant difference in hemolytic toxicity between Poli, Micro and Nano
Ti, indicating that none of the mechano-bactericidal surface modifica-
tions induce the lysis of red blood cells. We also assessed the thrombo-
genicity of the Ti samples. As shown in Fig. 1j, Micro and Nano Ti
surfaces significantly enhanced blood coagulation compared to Poli Ti.
Finally, as it has been reported that platelet activation is directly linked
to their adhesion, we aimed to determine whether platelets adhere
differently depending on the surface [57]. Our results show no signifi-
cant difference in the number of adherent platelets across the different
surfaces (Fig. 1k). However, platelet spreading, a crucial step for he-
mostasis and wound healing, varied significantly (Fig. 11, Fig. S4, Sup-
porting Information). Interestingly, platelets were significantly more
spread on the Nano surface compared to the Poli or Micro surfaces (p <
0.05). Taken together, these findings suggest that the Nano surface
provides a more favorable environment for platelet adhesion, an early
and critical event in bone regeneration.

3.2. Nano Ti promotes M2 macrophages polarization

Macrophages are central cells involved in the host response after a
biomaterial has been implanted. Adherent macrophages on biomaterials
become activated to phagocytose the biomaterial. Subsequent cytokine
secretion directs the inflammatory and wound healing response to the

biomaterial. Inflammation related to implanted biomaterials and po-
tential wound healing is primarily regulated by macrophages and their
polarization states [58]. Here, we evaluated the attachment of RAW
264.7 macrophages to the Ti surfaces with or without human serum
protein (HSP), mimicking the layer effect (Fig. 2a). RAW 264.7 macro-
phage cells colonized Poli, Micro, and Nano Ti surfaces to a similar
degree on day 1; however, at longer incubation times, RAW 264.7 cells
were unable to proliferate on the Micro Ti and were no longer detectable
after 7 days (Fig. 2b). Then, the viability of RAW 264.7 cells after in-
cubation with the Ti surfaces was assessed after 1-, 4-, and 7-days. Nano
and Poli Ti surfaces showed no obvious cytotoxicity to the RAW 264.7
cells, with cell viability greater than 90 % (Fig. 2c¢). In contrast, a
significantly increased number of dead cells were observed on the Micro
Ti surfaces compared to the Poli Ti control and Nano Ti surfaces. Indeed,
the viability of RAW 264.7 cells on the Micro Ti surfaces was approxi-
mately 40 % on day 1. The addition of an adsorbed serum protein layer
improved macrophage viability to 75 %. On day 4, the viability of RAW
264.7 cells on the Micro Ti surfaces and Micro Ti with serum proteins
was below 20 % and 50 %, respectively. These data suggest a low
cytocompatibility of the Micro Ti surfaces with RAW 264.7 macrophages
which could be detrimental to ensuring proper osseointegration of the
implant.

The cytoskeletal changes of the macrophages after encountering the
Nano Ti surfaces were evaluated by fluorescence microscopy after 2 days
of incubation (Fig. S5, Supporting Information). The RAW 264.7 cells
cultured on Nano Ti presented a significantly enhanced cell area when
compared to the Poli surfaces, with 149.3 + 32.1 and 154.7 =+ 28.9 ym?
for Nano Ti and Nano Ti + HSP; and 112.7 = 15.4 and 120 + 25.8 ym?
for Poli Ti and Poli Ti + HSP, respectively (Fig. S5b, Supporting Infor-
mation). Quantification of focal adhesions via vinculin staining revealed
significantly greater numbers of focal adhesion sites for macrophages
cultured on Nano Ti surfaces compared to Poli Ti. This effect is partic-
ularly pronounced on Nano Ti surfaces conditioned with HSP, with 42.3
+ 9.5, 54.9 + 10.2, 83.4 + 7.5, and 103.7 + 12.8 focal adhesions per
cell for Poli Ti, Poli Ti + HSP, Nano Ti, and Nano Ti + HSP, respectively
(Fig. S5c, Supporting Information). No significant differences were
found between the investigated surfaces for cell aspect ratio and nuclei
area (Figs. S5d-e, Supporting Information). The cytoskeletal
morphology of RAW 264.7 cells in response to the Micro Ti surfaces
exhibited irregular nuclear morphology. Additionally, the actin fila-
ments were found to be fragmented. These results indicated that the
macrophages on the Micro Ti surfaces did not exhibit a clearly defined or
intact shape, pointing towards the possibility of cell death at this stage
(data not shown).

Classically activated (M1) macrophages upregulate pro-
inflammatory cytokines, inhibit anti-inflammatory cytokines, and pro-
duce nitric oxide. Pro-inflammatory M1 macrophages generally express
surface markers CD86 and CCR7. Over time, biomaterial-adhered mac-
rophages switch to the type 2 (M2) phenotype, which is associated with
the expression of anti-inflammatory cytokines to reduce inflammation
and initiate tissue repair and wound healing. Anti-inflammatory M2
macrophages produce high levels of ARGl and IL-10 with surface
markers CD163 and CD206 [59,60]. The presence of a greater
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Fig. 2. RAW 264.7 cell adhesion on Ti surfaces. (a) Representative CLSM micrographs of attached cells on Ti surfaces. Scale bar = 50 pm. (b) Macrophage cell density
expressed as the number of attached RAW 264.7 cells per mm? (c). Macrophage cell viability in contact with textured Ti surfaces before and after protein adsorption.
Cells were stained with calcein AM (green live cells) and ethidium homodimer (red dead cells). Macrophage polarization as determined by M1 and M2 biomarkers (d)
CCR7 and (e) CD206 after 2 days of incubation on the Ti surfaces. Statically significant differences are labeled as *: p < 0.05; **: p < 0.01; ***: p < 0.001.

proportion of M1 to M2 macrophages is highly indicative of implant
failure as a chronic foreign body response elicited by M1 macrophages
impairs osseointegration. Therefore, the polarization state of RAW
264.7 cells on the Micro and Nano Ti surfaces were also assessed via the
quantification of the M1-and M2-type biomarkers (CCR7 and CD206,
respectively) after 2 days of incubation (Fig. 2d and e). The cells on the
Nano Ti surfaces exhibited a down regulated level of CCR7 compared to
that on the Poli Ti and Micro Ti surfaces, indicating a potential shift
away from the M1 pro-inflammatory phenotype. Instead, the RAW
264.7 cells exhibited a significantly enhanced level of CD206, which is
indicative for development of M2 phenotype to enhance osseointegra-
tion. It is worth noting that serum protein adsorption was determined to
be a prerequisite for enhancing macrophage response to Nano Ti sur-
faces. In contrast, RAW 264.7 cells exhibited a poor cell attachment to
Micro Ti surfaces, associated with a high cell death rate, and induced
polarization toward pro-inflammatory M1 phenotype. The
anti-inflammatory response of RAW 264.7 cells on Nano Ti was further
confirmed using RT-qPCR (Fig. S6, Supporting Information).

3.3. Micro Ti and nano Ti promotes in vitro osteogenic differentiation of
MSCs

Protein adsorption, blood clot formation, and the inflammatory
response are the initial events required for osseointegration. Then, MSCs
are recruited, adhere to the surface of the implant and differentiate into
osteoblasts. As shown in Fig. 3a—c, both Micro and Nano Ti surfaces
allowed MSC attachment and proliferation.

The relevant expression levels of two transcription factors, Runx2
(runt-related transcription factor 2) and Smad4, were quantified as early
biomarkers of osteogenic differentiation of MSCs on the Ti surfaces.
These two proteins are considered as contributors to osteoinduction by
micro/nano-topographies. Runx2 plays a key role as a transcription
factor for a multitude of osteogenic genes but its association with Smad4
is necessary to transduce BMP stimulus as an osteogenic signal leading to
the differentiation of MSC into osteoblasts [61,62]. As shown in Fig. 3d,
both Micro and Nano Ti surfaces significantly enhanced the protein
expression of Smad4 by MSCs after 5 days compared to Poli Ti. It should

be noted that Micro Ti appears to most efficiently stimulate the amount
of Smad4 compared to Nano Ti, since we observed 2 x more Smad4 on
Micro Ti surfaces and 1.5 x more Smad4 on Nano Ti surfaces than on
Poli Ti, respectively. For Runx2, we observed a slight, but
non-significant, increase in expression after 5 days on the Nano Ti sur-
faces, which appears also on Micro Ti at 7 days (Fig. 3e).

To further clarify the osteogenic differentiation of MSCs on the Ti
surfaces, we analyzed the amount of two other markers of osteogenic
differentiation, collagen I and osteopontin. The secretion of collagen I is
essential to the formation of bone matrix and contributes to the differ-
entiation of MSCs [63] whereas osteopontin is a late-stage marker of
osteogenic differentiation [64]. After extraction of the extracellular
matrix produced by the MSCs, collagen I was quantified by an ELISA
assay. Our data showed that both Micro and Nano Ti surfaces stimulate a
greater secretion of collagen I by attached MSCs in comparison to Poli Ti
(Fig. 3f and g). However, there was no significant difference between
Micro and Nano Ti surfaces. At 7 days, there was an increase of osteo-
pontin secretion on the two textured Ti surfaces compared to Poli Ti, but
the difference did not reach statistical significance (Fig. 3h). This in-
crease in osteopontin secretion persists at 14 days (Fig. 3i).

Overall, our in vitro studies on MSCs suggest that both types of
mechano-bactericidal Ti surface patterns enhance osteogenic differen-
tiation to a greater extent than Poli Ti but with comparable efficiency.

3.4. Nano Ti enhances secretion of pro-angiogenic paracrine signals by
MSCs

Several groups have shown that bone repair is regulated through
paracrine signals between MSCs and local endothelial cells [65,66]. To
determine if the different Ti topographies could affect the factors
secreted by MSCs, we collected the media conditioned by MSCs
(cmMSC) after 7 days of culture on the textured Ti surfaces (Fig. 4a). As
MSCs promote angiogenesis by secreting vascular endothelial growth
factor (VEGF), we analyzed the amount of VEGF in the different cmMSC.
Both Micro and Nano Ti significantly (p < 0.05 and p < 0.0005
respectively) enhanced the secretion of VEGF by MSC compared to Poli
Ti (Fig. 4b). However, this increase was notably greater with Nano Ti (p
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Fig. 3. Nano Ti promotes in vitro osteogenic differentiation of MSCs. (a—c) Confocal laser scanning micrographs of MSC proliferation on Poli Ti (a), Micro Ti (b) or
Nano Ti (c) surfaces after 4 days; nuclei (blue), f-actin (red). (d, e) Quantification of Smad4 (d) and Runx2 (e) by in-cell ELISA after 5 days (d, e) or 7 days (e) of
culture on the different titanium surfaces. The values represent the signal intensity of the immunostaining normalized to the number of viable cells and expressed as a
fold change relative to Poli Ti. The data derived from 4 independent experiments. Each point represents a technical replica. (f-i) Evaluation of collagen 1 (f-g) and
osteopontin (h, i) secreted into the extracellular matrix by MSCs on different Ti after 7 days (f, h) or 14 days (g, i). The data represent the mean + SD of the fold
change relative to Poli Ti, based on a minimum of 4 independent experiments. Statistical analysis was performed using Friedman test, **: p-value<0.01; *:

p-value<0.05.

< 0,0005) than with Micro Ti (p < 0,05), with a 2-fold and 1.6-fold
increase respectively. These results prompted us to determine the po-
tential paracrine action of MSCs cultured on micro/nano-textured Ti on
angiogenesis. First, we analyze the proliferation of HUVEC grown in
these conditioned media. We did not observe any difference between the
different conditions (data not shown). Then, a wound-healing assay was
performed to analyze the impact of cmMSC on HUVEC endothelial cells
migration, an essential step toward angiogenesis (Fig. 4c). cmMSC from
cells incubated on Poli or Micro Ti have almost the same effect on
HUVEC migration (Fig. 4d). However, cmMSC from MSCs grown on
Nano Ti significantly enhanced the migration ability of HUVEC cells,
with an increase of 1.4-fold compared to cmMSC obtained on Poli Ti.
Finally, we analyzed the effect of cmMSC on the in vitro capillary
network organization of HUVECs on Matrigel. After an incubation of 6h,
microscopic observation revealed that cmMSC from Nano Ti signifi-
cantly enhanced the organization of a network structure compared to
Poli or Micro Ti, as demonstrated by the quantification of the number of
nodes or total segment length (Fig. 4e-g). Altogether, our data demon-
strate that Nano Ti enhanced the secretion of angiogenic paracrine

factors by MSCs, which would be indicative of successful

osseointegration.

3.5. Nano Ti enhances osseointegration in vivo

Micro and Nano Ti are osteoinductive surfaces, since they induce
osteogenic differentiation of MSCs without the need of osteogenic
growth factor. However, Nano Ti appears better suited to enhance
osseointegration by promoting macrophage adhesion and polarization
towards an M2 phenotype. Additionally, Nano Ti stimulates the secre-
tion of proangiogenic factors. Therefore, the potential of Micro and
Nano Ti surfaces as new implants for bone repair was assessed using a rat
calvarial defect model (Fig. 5a). This model allows the establishment of
a uniform, reproducible and standardized defect that is easily accessible
for radiographic analysis. Furthermore, the dura and the overlaying skin
represent an adequate support for implanted materials, without the need
for internal or external fixation [67]. In order to analyze the osseoin-
tegration of the Ti biomaterials, it was necessary to create a critical size
defect that could not be spontaneously repaired by the host organism
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Fig. 4. Effects of MSCs-secreted paracrine factors on endothelial cells. (a) Schematic representation of the preparation of conditioned medium from MSCs (cmMSC).
(b) Analysis of secreted VEGF in cmMSC by ELISA assay. The data show the amount of VEGF secreted by MSCs, normalized to the number of viable cells and
expressed relative to the Poli Ti condition. (c) Representative images of the wound-healing assay on HUVECs incubated for 12 h with cmMSC obtained from MSC
cultured on different Ti surfaces for 7 days. (d) Quantified results of the wound healing assay. (e) Representative images of the in vitro Matrigel angiogenesis assay.
HUVECs were incubated with cmMSC from MSCs cultured on different Ti surfaces for 7 days. (f) Tube-forming ability was quantified by the number of nodes and the
total length of segments determined through Image J analysis. All data are presented as the mean =+ standard deviation of three independent experiments. In each
e‘:xperiment, a different cmMSC was tested in duplicate. Significance tested by Kruskal-Wallis test, ***: p < 0,0005; **: p < 0,005; *: p < 0,05.

[68]. An 8 mm defect is considered to be the most relevant [69]. This
was confirmed by the controls without implant whereby the defect
remained unhealed until 12 weeks after surgery (Fig. S7a, Supporting
Information). After implantation of the different Ti surfaces (Micro,
Nano and Poli), bone regeneration was observed by micro-CT every 2
weeks until 12 weeks after surgery (Fig. S7b, Supporting Information).
There was no significant decrease in the weight of any of the animals,
indicating unchanged feeding behavior after implantation of the Ti
implants (Fig. S7c, Supporting Information). The bone volume fraction
(BV/TV) was monitored from high resolution micro-CT analysis. This
ratio increased significantly over time with Nano Ti compared to Poli or
Micro Ti supports (Fig. 5b). The difference in BV/TV was visible as early
as 6 weeks after surgery. In the case of Nano Ti, we observed approxi-
mately 3.2 times more bone volume at 12 weeks than at 2 weeks. The
same result was obtained when we analyzed the bone mineral density
(BMD). A significant increase in BMD was visible for Nano Ti implants
compared with Poli and Micro Ti at 8, 10 and 12 weeks (Fig. S8, Sup-
porting Information). A visual assessment of bone formation (Fig. 5c¢)
confirmed the increase in bone formation surrounding Nano Ti implants
was apparent as early as 2 weeks after surgery and became significantly
greater after 6 weeks compared to Micro or Poli Ti implants. The visual
assessment method enabled us to assess the quality of the contact of the
newly formed bone with the implant. Indeed, the metal artefact present
on the micro-CT images prevents a proper quantification of this
parameter on scans [70]. After 12 weeks, the average score derived from
visual assessment of bone formation on rats implanted with Nano Ti was
2.6 £ 0.9, which indicates the presence of newly formed bone from the
implant periphery towards the center of the implant. Interestingly, vi-
sual analysis of the images confirms that the Nano surface promotes the
formation of new bone tissue in direct contact with the implant (Fig. 5d).
These findings highlight a significant difference between the Nano Ti
surface and the other two surfaces (Poli Ti and Micro Ti).

Importantly, in the case of Micro Ti, we noticed the presence of "non-
responding" rats that means that no bone formation was apparent even
after 12 weeks of implantation. The number of non-responding rats was
4 out of 10 rats with Micro Ti (Table S3, Supporting Information).
Comparatively, 2 out of 10 rats implanted with Poli Ti were non-
responders. In contrast, all the Nano Ti implants promoted bone
formation.

A qualitative histological evaluation (Fig. 5e) was used to confirm
the visual assessment of bone formation. As expected, a greater amount
of newly formed bone tissue was observed on Nano Ti implants, as
indicated by the presence of the large area of dark pink coloration. This
bone appears mature, as confirmed by the presence of highly cellular-
ized tissue containing adipocytes representative of hematopoietic tissue.
Furthermore, Nano Ti promotes bone formation over the entire implant
surface, in line with the visual score established on the micro-CT images.
On the other hand, Micro Ti implants do not appear to improve the
ability of smooth titanium (Poli Ti) to promote osteogenesis, since the
amount of newly formed bone seems similar with Micro or Poli Ti. It
should be noted that a thin layer of non-bony tissue, as indicated by its
pale pink coloration, appears between the bone and the Poli Ti implant.
This suggests the formation of connective tissue, which could be indic-
ative of fibrosis and poor osseointegration. In vivo assessment of the
textured Ti implants showed that Nano Ti clearly promotes the
osseointegration of the implant compared to Micro and Poli Ti. Micro-CT
and histological analysis suggest that Nano Ti surfaces significantly
increased the amount and rate of bone formation compared to Micro and
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Poli Ti. Furthermore, this formation of new bone occurs on the entire
surface of the implant, without the formation of connective tissue,
indicating a successful osseointegration.

4. Discussion and conclusions

The success of orthopedic, dental or maxillofacial implants is
generally limited by the risk of implant-related infections and a lack of
integration at the bone-implant interface. An efficient biomaterial must
not only serve as a physical support but also be bioactive towards bac-
teria and host tissues to ensure safe and successful implantation. Despite
the increasing number of publications on the development of bio-
materials for bone repair, only a limited number of bone substitutes are
clinically available [71]. Previously, we developed Ti surfaces with a
bioinspired topography that prevent bacterial infection by killing con-
tacting bacterial cells via a biophysical mechanism [39]. While it is well
known that implant surface topography influences biomaterial-host
tissue interactions, the impact of mechano-bactericidal Ti topogra-
phies on key players involved in osseointegration remains unclear
[72-75]. In this study, we compared the osseointegration of Ti implants
with microtextured or nanotextured surfaces with a non-textured,
smooth Ti surface. Both Micro and Nano Ti topographies, known to
have mechano-bactericidal properties and the ability to induce osteo-
genesis in vitro [39], were evaluated to simulate the cascade of events
occurring during bone implant grafting.

Surface topography and wettability play a crucial role in protein
adsorption, a key initial step in bone repair. Both Micro and Nano Ti
significantly enhanced the adsorption of proteins such as BSA and
fibronectin compared to a smooth surface. This is likely due to the
increased surface area available for protein binding onto these textured
surfaces. Nano Ti, in particular, promoted protein adsorption to a
greater degree, potentially creating a more favorable environment for
cell adhesion and immune response modulation. For instance, adsorp-
tion of fibronectin is essential for the initial adhesion and spreading of
osteoblasts-like cells [76], and adsorption of albumin enhances the
expression of anti-inflammatory cytokines by macrophages [77].
Moreover, the adsorption of fibronectin can participate in increasing
platelet adhesion and activation. This could correlate with the improved
thrombogenesis observed on Nano Ti surfaces. Indeed, this is in accor-
dance with studies linking the presence of nanotopographies on the
surface of implants and an increase in platelets activation, blood clot
formation and the release of factors such as PDGF and TGFp [31,78,79].
As a result, it will likely create a conducive environment for the
recruitment of MSC, endothelial cells and immune cells to promote bone
formation. These cells will further interact with these topographies.

Macrophages are sensitive to mechanical information from surface
topography that influences their polarization and can control the
macrophage-secreted cytokines and chemokines [80-84]. Macrophages
sense surface topography via integrin receptors, which cluster into focal
adhesion complexes, transmitting mechanical stimuli to the nucleus and
promoting osteogenic gene expression [85,86]. Recent work to charac-
terize macrophage response to disordered nanotopography on ZrOx
surface indicates a reduction in macrophage stiffness, as measured by
the Young’s modulus, in response to the nanostructured surface. The
authors found that the mechanical signals from the substrate are
transmitted into the cell through integrin-mediated focal adhesions and
cytoskeletal rearrangements, which ultimately reduce cell stiffness. The
surface nanotopography and the resulting biomechanical changes
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Fig. 5. In vivo evaluation of bone formation and osseointegration. (a) Schematic of the defect model. For each condition, the number of rats was as follows: Poli: 10
rats; Micro Ti: 10 rats; Nano Ti: 12 rats. (b) Evolution of the quantity of newly-formed bone in contact with the implant. BV/TV (BV, bone volume; TV, total volume).
Values are expressed relative to the 2-week value for each individual. Data are presented as mean + SD. (c¢) Visual assessment of the amount of newly formed bone
according to the topography on the titanium implant surface (score 0: no bone formation; score 5: the newly-formed bone covers almost completely the implant
surface). Data are presented as mean =+ SD of scores established by 5 evaluators. (d) Visual assessment of newly formed bone in direct contact with the implant. Each
point represents a visual score (score 0: no contact; score 3: full contact between new bone and implant). Data are presented as mean =+ SD of scores established by 5
evaluators. (e) Hematoxylin-eosin staining of implant sections 12 weeks after in vivo implantation. From top to bottom, Poli, 2T and HTE implant. Host bone is
observed at both ends of the implant («). The black boxes on the right correspond to a slightly enlarged area. NO: newly formed bone; *: Adipocytes; —: he-
matopoietic tissue, characteristic of bone marrow; «: tissue interposed between the bone and the implant. The p-value was calculated by 2way ANOVA test, ***:p-
value<0.0005; **:p-value<0.01; *:p-value<0.05 between Poli and Nano Ti. ###:p-value<0.0005; ##:p-value<0.01; #:p-value<0.05 between Micro and Nano Ti.
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influence macrophage behavior by enhancing their mobility and
phagocytic capacity, without notably affecting their inflammatory
response [87]. Generally, the response of macrophages to TiO3 nanotube
surfaces demonstrates that small nanoscale features (<80 nm) are more
effective in facilitating M2 polarization than non-structured/polished
titanium surfaces and surfaces containing larger nanotubes. Neverthe-
less, it is worth noting that nanotubes with a diameter of 90 nm have also
been observed to induce M2 polarization in RAW 264.7 macrophage
cells [83]. The influence of other nanoscale architectures on macro-
phage polarization, such as nanowires or nanosheets, has not been
clearly defined, generating conflicting results [88-90] (Table S4, Sup-
porting Information). Li and colleagues reported Ti nanowires with
increased cell area influenced macrophage polarization toward the M2
phenotype. By contrast, a study of macrophage response to hydrother-
mally etched Ti nanowires with different aspect ratios, and hence
different elastic moduli, showed that nanostructures with low elastic
moduli contribute to enhanced cell spreading and polarization toward
the M1 phenotype, whereas nanostructures with high elastic moduli are
not advantageous to macrophage spreading and result in a decreased
immune response [91]. Interestingly, here, the Nano Ti topography
induced a greater spreading of attached macrophages and their polari-
zation towards the M2 phenotype. This aligns with our previous study
demonstrating that, on nanostructured Ti surfaces infected with
S. aureus, macrophages exhibited wound healing behavior with superior
activation of M2-like macrophage polarization and secretion of
anti-inflammatory cytokines. By contrast, macrophages attached to
infected smooth surfaces activated the M1-like polarized phenotype via
the high expression of pro-inflammatory cytokines, indicating persistent
inflammation [92]. Therefore, Ti nanostructures created by an alkaline
etching treatment can promote macrophage attachment and prolifera-
tion and tune macrophage polarization toward a M2-like phenotype
[93-95]. By contrast, the Micro Ti topography favored strong CCR7
expression, indicating an M1 phenotype. However, unlike the Poli Ti
which is conducive to cell adhesion and proliferation and favors the M1
phenotype, the Micro Ti condition was not suitable to macrophage
attachment and proliferation.

It is well documented that surface topography regulates MSC adhe-
sion, proliferation, and osteogenic differentiation, along with matrix
secretion and mineralization [96-98]. It has been shown that controlled
nanotopography can guide osteogenic differentiation of MSCs without
osteogenic supplements [96]. Herein, both Micro and Nano topogra-
phies appeared to be osteoinductive, as evidenced by the increase in
various markers in the differentiation timeline. Furthermore, Ti-based
implants often face poor early vascularization, which can be a critical
factor for successful osseointegration. However certain surface modifi-
cations can enhance angiogenesis and directly improve bone-implant
integration [99]. MSCs are known to secrete VEGF, that primarily acts
on endothelial cells, regulating their proliferation and migration. We
observed a significant increase in VEGF secretion by MSCs attached on
Nano Ti compared to Poli Ti, likely influenced by the topographical cues
perceived by MSCs. In response to conditioned media from MSCs
cultured on Nano Ti, HUVEC cells exhibited enhanced migration and
tube formation in Matrigel. Conversely, on Micro Ti, where VEGF
secretion was not significantly different from Poli Ti and no significant
pro-angiogenic effect was observed. These findings suggest that the
presence of nanostructures on titanium could play a crucial role in
promoting vascularization of the defect in vivo and would need to be
validated to confirm their relevance and applicability in more complex
biological conditions.

Effective bone repair requires balanced osteoimmunomodulation,
characterized by an initial phase of inflammation, followed by a tran-
sition of macrophage polarization to an M2 phenotype that reduces
inflammation and facilitates tissue regeneration. A prolonged M1 po-
larization can prevent osseointegration [100]. A question remains con-
cerning the inadequacy of Micro Ti to promote macrophage adhesion
and viability, despite its ability to induce MSCs osteogenesis. The
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differential responses of macrophages and MSCs to the Micro Ti topog-
raphy may be attributed to differences in cell size and elasticity. A study
on progenitor neural stem cells demonstrated that increasing the aspect
ratio and size of surface features from the nano-to micro scale confines
cell morphology, leading to significant cytoplasmic penetrations and
nuclear deformation [101]. Similarly, an array of micropillars with
heights >3 pm significantly decreased epithelial cell adhesion and
spreading [102]. This suggests that while the larger size of MSCs allows
them to adapt to Micro Ti, the smaller size and lower elasticity of
macrophages hinder their ability to adhere and function properly. Ul-
timately, Micro Ti appears unsuitable for bone repair despite its in vitro
osteogenic potential. Thus, the poor in vivo performance of Micro Ti
observed in this study may stem from the inability of the high aspect
ratio surface features to support macrophage attachment and prolifer-
ation. This could eventually result in an inadequate macrophage
response, including a lack of osteogenic factors such as BMP2 and TGF-p
[103]. By contrast, Nano Ti provided a favorable environment for
macrophage attachment and M2 polarization, which correlated with
enhanced bone formation and bone-implant contact in vivo. Histological
analysis at 12 weeks confirmed the presence of adequate bone produc-
tion, likely deposited through contact osteogenesis, with apparent
maturation evidenced by the presence of bone marrow.

Addressing the dual challenges of osseointegration and infection
prevention is crucial given the increasing demand for Ti implants. Our
study demonstrates the efficacy of a novel multifunctional nanotextured
Ti surface that successfully meets both requirements. Hydrothermal
treatment of titanium is a well-established and widely recognized
technique. It is cost-effective and adaptable to various implant sizes,
including porous 3D implants. However, we believe that with optimized
protocols, its potential extends far beyond current applications. Notably,
few studies have explored the mechano-bactericidal activity of surfaces
treated using this approach. Research on bactericidal and osseointe-
grative surfaces often results in highly bioactive innovations, but these
approaches are frequently difficult to industrialize due to complex
treatment steps [94,104] or the need for external activation methods,
such as titanium scaffolds activated by near-infrared irradiation to
achieve antimicrobial activity [105]. In contrast, Nano Ti stands out due
to the simplicity of its treatment process, which imparts a range of
bioactive properties while remaining scalable for industrial production,
making it a practical and innovative solution.

In conclusion, this nanostructured Ti surface, produced by alkaline
hydrothermal etching, represents a promising strategy for the develop-
ment of bifunctional bone implants that combine antimicrobial activity
with enhanced osseointegration. Its nanotextured surface fosters a
favorable immune response, supports vascularization and promotes
bone formation, making it a clinically relevant strategy for improving Ti-
based implants.
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