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ARTICLE INFO ABSTRACT
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Titanium surfaces featuring high-aspect ratio (HAR) nanopillars can have antimicrobial and osteogenic prop-
erties. Nevertheless, the impact of these surfaces on immune cells and their potential for immunomodulation
remain unclear. In this study, the effects of HAR titanium nanopillars produced by dry-etching (DETi) on the

ICP-RIE response of unstimulated (MO0) and pro-inflammatory (M1) murine macrophages (J774A.1) have been explored.
Macrophages .. . .. . . . .
Immunomodulation The findings revealed changes in the morphology and crystallinity of the DETi nanopillars along their height.

After 48 h of culture, both MO and M1 stimulated macrophages displayed a more elongated morphology, a
smoother cell surface, and shorter cellular protrusions on the more hydrophilic and rough DETi surfaces.
Furthermore, DETi surfaces induced polarization of MO cells towards M2 phenotypes, whereas M1 stimulated
cells showed M2-like elongated morphologies while maintaining a stronger pro-inflammatory response to DETi
surfaces relative to the glass control. The findings indicate that the DETi surfaces can induce morphological
changes in macrophages and specific immunomodulatory effects depending on their initial phenotype, high-
lighting the potential of such biomaterials to incorporate an immunomodulatory biofunctionality next to the

osteogenic and bactericidal ones.

1. Introduction

Titanium-based biomaterials featuring specific surface topographies
have a strong potential to modulate cellular responses for bone implants
[1,2]. In particular, high-aspect ratio (HAR) titanium nanopillars
represent promising topographies in the fight against implant-associated
infections (IAI) and antimicrobial resistance (AMR). This is due to their
bactericidal properties based on contact-killing mechanisms, with no
documented evidence of bacteria developing resistance to such titanium
surfaces [3-5]. Importantly, these surfaces exhibit not only bactericidal
properties [6,7] but also impart other cell instructive properties for
mammalian cells through their nanoscale features [2,8,9], potentially
induced through mechanotransduction pathways [10]. Consequently,
they are also referred to as biological metamaterials [4].

Multiple methods can be used to fabricate titanium-based HAR
structures, including wet-etching (i.e., hydrothermal etching) [11-13]
and dry-etching [8,9,14]. While wet etching is simpler and more cost-
effective than dry-etching methods, it is not without drawbacks,
including limited control of pattern features, resulting in randomly

* Corresponding authors.

oriented nanowires instead of nanopillars, and long etching times (a few
hours compared to a few minutes with dry-etching) [15]. These limi-
tations constrain precision and the maximum achievable aspect ratio,
thereby limiting the optimization of the target biofunctionality. Dry-
etching (i.e., reactive ion etching, RIE) accelerates ions towards the
substrate to etch away the surface. While regular RIE tends to be highly
isotropic, like wet-etching, inductively coupled plasma RIE (ICP-RIE)
introduces a significant enhancement. In ICP-RIE, atoms are propelled at
high-velocity perpendicular to the material surface, resulting in a highly
anisotropic process [7,14]. This contributes to increased control of
pattern features, etching selectivity, and reproducibility compared to
wet-etching methods. Although the process requires dedicated and more
expensive equipment, and optimization of multiple conditions to obtain
the desired pattern on titanium surfaces, such as chamber temperature,
gas inflow, and pressure [14,15], it offers superior capability compared
to wet-etching and to other multiple-step patterning processes for
generating HAR pillars on titanijum with controllable features in a
relatively short time. As a consequence, although initially used to create
bactericidal HAR on silicon substrates [16,17], more recently, the ICP-
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RIE process has started to be explored for fabricating HAR titanium
pillars, also referred to as black titanium (bTi) [2,6,10], maskless dry
etching [15] or ICP-RIE titanium [14].

Hitherto, the effects of these dry-etched titanium surfaces (DETi) on
the response of immune cells have not been investigated. These effects
strongly influence peri-implant bone regeneration and long-term
implant survival [18]. The initial pro-inflammatory response following
implantation is needed for clearing the tissue site of cell debris and
pathogens, and signaling the tissue repair cells, such as mesenchymal
stromal cells (MSCs), to enable tissue regeneration and implant
osseointegration. This interplay between immune and osteoprogenitor
cells, termed osteoimmunology, relies on a fine balance between the
pro- and anti-inflammatory response of macrophages that is also influ-
enced, and possibly mediated, by the biomaterials characteristics [19].

In addition to the critical role in osteoimmunomodulation, macro-
phages also play a crucial part in preventing implant failure attributed to
IAIs by eliminating bacteria from the implant surface. Enhancing the
body’s capacity for bacterial clearance, in addition to the biomaterial's
inherent bactericidal properties, can reduce IAl-related implant failure
rates while enhancing osseointegration [20]. This involves a compre-
hensive understanding of both pro- and anti-inflammatory responses of
macrophages to a biomaterial and the role these responses may play in
combating bacteria and improving osteogenesis.

To unravel the possible immunomodulatory potential of DETi, the
present study investigated the effects of DETi on unstimulated (MO0) and
pro-inflammatory (M1) macrophages. Following a multiscale physico-
chemical characterization of the DETi substrates, the temporal changes
in cell morphology and gene profiles have been assessed and discussed
in relation to the properties of the DETi surfaces.

2. Materials and methods
2.1. Fabrication of dry-etched titanium samples

The titanium samples were dry-etched using ICP-RIE equipment
(PlasmaLab System 100, Oxford Instruments, UK) following a previously
established protocol [9,14] (Fig. 1a). Firstly, high-purity annealed tita-
nium wafers (99.6 %, 100 mm in diameter, 125 pm thickness, Grade 2 -
ASTM B265, Goodfellow, UK) underwent chemical-mechanical polish-
ing (CMP Mecapol E460, France). The polishing process was performed
with a slurry containing 25 % silicate (SiO5) particles, 75 % demi water
(dH20), and < 1 % potassium hydroxide (KOH). Polishing of the wafer
consisted of 4 steps. First, the polishing head landed on the wafer with a
working pressure of 0.40 bar for 10 s; following this, polishing was
initiated at 1.50 bar for 120 s, followed by two rinsing steps of 0.80 bar
for 10 s, and 0.40 bar for 60 s. Next, the wafer was rinsed with dH50, and
after conditioning the machine, the polishing was repeated for 20 cycles.
Following a photoresist coating to safeguard the surface, the polished
titanium (pTi) wafers were then precision-cut to fit inside a 48-well plate
(8 x 8 mm?) by using a Disco dicer (Disco Hi-Tec Europe GmbH, Ger-
many). Next, the pTi samples were cleaned through sequential immer-
sions in acetone, ethanol, and isopropanol for 15 min each, followed by a
spin-drying process. Before etching, the samples were mounted on a 4-
in. fused SiO, carrier wafer backed with an aluminum layer (Fig. 1a);
a thermal joint compound (type 120, Wakefield Engineering, USA) was
applied in between the samples and the carrier wafer to enhance thermal
conductivity. Before dry-etching, the ICP-RIE chamber was cleaned of
any residue by 10 min of pre-cleaning with SFg to ensure uniformity
between different batches [15]. The samples were etched using Cl; and
Ar gases (30 sccm/2.5 sccm) under the following conditions: an ICP
power of 600 W, an RF power of 100 W, a chamber pressure set at 0.02
mbar, a temperature of 40 °C, and total etching time of 10 min. Finally,
the samples were detached from the carrier wafer and subjected to
another round of thorough cleaning in acetone, ethanol, and iso-
propanol for 15 min each, followed by spin drying.
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2.1.1. Physico-chemical characterization of dry-etched titanium

Within 48 h after fabrication and cleaning, a comprehensive analysis
of both polished (pTi) and dry-etched titanium (DETi) surfaces was
conducted, which included the morphology (surface and cross-section),
chemistry (surface and cross-section), and wettability (Fig. 1b).

The surface morphology of the samples was examined by scanning
electron microscopy (SEM; HELIOS NanoLab 650, FEL, USA) at 5 kV and
0.1 nA. For each batch, top and tilted (30°) images were acquired at
different magnifications (1500, and 5000x) to verify the uniformity
and reproducibility of the surfaces. The surfaces were further charac-
terized by measuring the average pore width (PW), pore length (PL), and
ridge width (RW). For these measurements, the free software ImageJ
(https://imagej.net/software/fiji/downloads) was utilized. At least
three samples were used for these measurements, with five separate SEM
images taken of each sample from different areas of the surface. The
reported values represent the mean and standard deviation.

The surface roughness (S,) of both pTi and DETi samples was ob-
tained with a Profilm3D optical profilometer (Filmetrics, USA) to cap-
ture the representative morphological features of the surfaces. The 3D
profiles were acquired using white light interferometry, a 50 x objective,
and the envelope peak model. Post-processing of the images was
required to filter out outliers; thereafter, a 3 x 3 minimum filter was
applied to smoothen out the features, and finally, all invalid data points
were calculated by interpolation of neighboring pixels. Five samples
were used for each group, and for each, 3D profiles were taken from four
separate areas of the surface. An average value was calculated based on
these measurements. The reported values represent the mean and
standard deviation.

The pTi and DETi wettability parameters were identified using static
contact angle measurements by a drop-shape analyzer (DSA 100, Kruss,
Germany). Images were captured 0.1 s after 0.5 pL deionized water was
released from the needle tip. The fitting methods used for pTi and DETi
were Young Laplace and Circle, respectively. For each group, at least
three separate samples were used to acquire the water contact angle. The
data is represented as an average value with a standard deviation.

The cross-section analysis of DETi samples was performed by trans-
mission electron microscopy (TEM, FEI cubed Cs corrected Titan, USA).
In scanning mode (STEM), Annular Dark Field (ADF) images and
Selected Area Diffraction Patterns (SADP) were collected. From these
images, the pillar height (PH) was estimated. Energy Dispersive X-ray
(EDX) spectra were collected for each beam position in a STEM image for
elemental mapping using the super-X detector in the ChemiSTEM™
configuration. High-resolution STEM lattice images were collected on a
Thermo Scientific Ceta™ 16 M.

In addition, the phase composition of the samples was investigated
using a 2D X-ray diffractometer (XRD, D8 Discover diffractometer,
Bruker, Germany) fitted with a Cu K, source at 50 kV and 1000 pA, in the
range 20 = 10° - 110° at a step size of 0.040° 20. The identification
process was guided by the ICDD pdf4 database.

Finally, X-ray photoelectron spectroscopy (XPS) spectra were ac-
quired by utilizing non-monochromatic Al Ka radiation produced from
an X-ray source featuring an Al anode, operating at 200 W and 13.1 kV.
The primary photoelectron peaks for each element were captured with a
step size of 0.1 eV and a measurement time of 1.25 s. This was achieved
using a spherical capacitor analyzer configured with a pass energy of
71.55 eV. Photoelectrons were collected at take-off angles of 45° relative
to the sample surface, approximately equivalent to a depth of 10 atomic
layers, considering an inelastic mean free path of approximately 10 x
10" A.

2.2. Macrophage culture

2.2.1. Pre-culture

The mouse macrophages (J774A.1, passage 12-14, Merck KGaA,
Germany) were cultured in T75 flasks using Dulbecco’s Modified Eagle
Medium (DMEM, Thermo Fisher Scientific, USA) supplemented with 10
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Fig. 1. a) i) Graphical representation of inductively coupled plasma reactive ion etching (ICP-RIE) using Cl and Ar ions (biorender.com); ii) image of the titanium samples in the loading chamber of the ICP-RIE; iii)
polished titanium before (top) and after ICP-RIE (bottom); b) overview of physicochemical characterization methods. Clockwise from top-left: 3D surface profile measurements; scanning electron microscope (SEM);
cross-sectional transmission electron microscopy; X-ray photoelectron spectroscopy (XPS); X-ray diffraction analysis (XRD); and water contact angle (WCA) measurements (biorender.com).
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% (v/v) fetal bovine serum (FBS, Thermo Fisher Scientific, USA) and 1 %
penicillin-streptomycin (Thermo Fisher Scientific, USA) at 37 °Cand 5 %
COs. Culture medium was refreshed every 2-3 days until the cells
reached confluence. When the cells reached 80 % confluence, they were
detached from the pre-culture flasks, using a cell scraper, counted, and
seeded.

2.2.2. Cell seeding

Before each cell culture experiment, the pTi and DETi samples were
sterilized with 70 % ethanol. The samples were then washed twice with
Dulbecco’s phosphate-buffered saline (PBS) followed by UV-light
exposure for 20 min, and placed inside a 48-well plate (Greiner, Bio-
One, Netherlands). Glass coverslips were used as control surfaces
(Ctrl). Before seeding, the samples were incubated in a culture medium
at 37 °C and 5 % COs, for at least 30 min to allow for protein adsorption.
Macrophages were seeded at a density of 15,000 cells/cm? for the short-
term experiments (two days), and at a density of 5000 cells/cm? for the
long-term experiments (seven days). M1 polarization of macrophages
was performed by the addition of 100 ng/mL Interferon-y (IFN-y, Sigma-
Aldrich, Germany) and 10 ng/mL Lipopolysaccharadie (LPS, Sigma-
Aldrich, Germany) into the DMEM medium. Unstimulated macro-
phages were referred to as MO.

2.2.3. gPCR

The gene expression of MO and M1 macrophages cultured on the pTi,
DETi and Ctrl samples was assessed at 4, 24, and 48 h. The pro-
inflammatory markers included tumor necrosis factor o (TNFa), inter-
leukin-1p (IL1b), nuclear factor kB (NFkB), interleukin-6 (IL6), and a
cluster of differentiation 86 (CD86). The anti-inflammatory markers
were interleukin-10 (IL10), bone morphogenetic protein-2 (BMP2), and
mannose receptor (cluster of differentiation 206, CD206). Ubiquitin C
(UBC) was chosen as the housekeeping gene. The primers of each gene
are listed in more detail in Supplementary Table S1. In short, ribonucleic
acid (RNA) was isolated for each time point using the RNeasy micro kit
(Qiagen, Netherlands). RNA was then converted to cDNA using the
Quantitect Reverse Transcription Kit (Qiagen, Netherlands). QPCR was
performed, with 1.5 ng cDNA, on the Rotor X gene PCR, (Qiagen,
Netherlands) using the Quantinova SYBR Green PCR Kit (Qiagen,
Netherlands). The gene expression relative to UBC was determined by
the ACt method, where Gene Expression = 2°2°T, and ACt = Ctsample —
CtUBC. In total, 6 samples were assessed per condition based on two
independent experiments.

2.2.4. ELISA

The cytokine presence in the supernatant was checked 2 and 7 days
after seeding, using the Simple Step ELISA kits from Abcam for TNF-
alpha and IL-10. After the supernatant was collected, it was centri-
fuged at 2000g for 10 min at 4 °C to remove cell debris and stored at
-80 °C until processing. After subtraction of the blank wells, which
contained only culture medium, a standard curve was created using the
protocols provided, the OD for IL10 was measured at 450 nm and for
TNF-alpha the fluorescence was read at 530 nmex./590 nMmeps, Using a
Victor X3 plate reader (PerkinElmer, The Netherlands). The protein
concentrations were obtained by using the standard curve. For each
condition, 3 replicates were analysed in duplo.

2.2.5. Cell morphology

The morphological changes of J774A.1 cells cultured on the pTi and
DETi surfaces were observed using SEM (Helios NanoLab 650, FEL, USA)
at 4, 24, and 48 h. In short, after washing the samples twice with PBS,
the cells were fixed with 4 % (v/v) formaldehyde solution (Sigma-
Aldrich, Germany) for 10 min at room temperature. The samples were
then washed twice again with PBS and stored in PBS at 4 °C until the
dehydration steps were performed. Dehydration of the samples was
performed by firstly washing the samples twice with dH20 for 5 min,
followed by sequential immersion in a series of ethanol solutions (i.e.,
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50 %, 70 %, and 96 % for 15, 20, and 20 min, respectively), air-dried
overnight, and gold-sputtered before SEM imaging. At least 5 images
per sample, with 9 samples from three independent experiments, were
processed at 1000x magnification. Image processing was performed
using the open-source software FLJI (https://imagej.net/software/fiji/
downloads). In short, after the usage of the smoothen function, the
threshold was set manually to convert the outline of the cells into a
mask. Thereafter, the ‘analyse particles’ function was used to measure
the change in cell area and cell aspect ratio, AR = Maximum Edge
Length / Minimum Edge Length, over time. At least 50 randomly
selected cells from different replicate samples were used for each
condition.

The interface between the M1 cells and DETi surfaces was imaged in
cross-section by focused ion beam-SEM (FIB-SEM, Helios G4 CX, FEI,
USA). The samples were tilted to 52°, and the selected surfaces were
milled using Gallium ions with a 6.5 pA ion beam to roughly mill the
surface followed by a 1.1 nA ion beam to polish the last parts (Z = 1.2
pm, operating voltage = 30 kV).

2.2.6. Metabolic activity of the cells

The PrestoBlue assay was used to assess the metabolic activity of
both M0 and M1 macrophages on DETi, pTi, and Ctrl surfaces. After 4,
24, and 48 h of culture, the medium was replaced with 200 pL fresh
culture medium and 10 % Presto Blue reagent (Thermo Fisher Scientific,
USA). Wells without cells and samples were filled with fresh culture
medium and 10 % PrestoBlue reagent as the negative control. All sam-
ples were incubated for 1 h at 37 °C and 5 % COs. After incubation, 100
uL of the Presto Blue solution from each well was transferred in duplo to
a new well in a 96-well plate. Fluorescence was then read at a wave-
length of 530 nmeyx/590 nmep;, using a Victor X3 plate reader (Perki-
nElmer, The Netherlands). For each condition, 6 replicates were
analysed. The average metabolic activity of the cells is reported after
subtraction of the background fluorescence from the negative control
without cells.

2.3. Statistical analysis

After confirmation of normality by the Shapiro-Wilks normality test
in Prism (GraphPad Prism version 8.0.1 for Windows, GraphPad Soft-
ware, USA, www.graphpad.com), unpaired t-tests with Welch’s correc-
tion were used. Non-parametric Kruskal-Wallis with post-hoc Dunn’s
test to look for significance was performed for non-normally distributed
data, as was the case for cell area and cell aspect ratio measurements. A
two-way ANOVA was used to analyse the significance of the Presto Blue
measurements over time, and a one-way ANOVA was used to determine
the significance of the 22t values at each time point. Followed by
Tuckey’s multiple comparison tests to look for significance. All the
values are presented as mean =+ standard deviation and a p-value below
0.05 was considered to indicate statistical significance.

3. Results
3.1. DETi characteristics

Following the ICP-RIE process applied under the selected conditions,
the DETi surfaces revealed numerous stochastically distributed and
clustered pillars that also highlighted the grain boundaries of the Ti
substrate (Fig. 2a). The clustered pillars generated a network of irregular
pores and ridges over the entire surface (Fig. 2b, c). The pores’ width
(PW) ranged between 50 nm and 2100 nm, and the pore length (PL)
ranged between 50 nm and 4740 nm. The width of the ridges (RW) was
approximately 157 + 78 nm. This topography resulted in an average
surface roughness (S,) of 259 + 50 nm compared to only 4 + 1 nm of the
polished surfaces (pTi) (Fig. 2d, e). The DETi were highly hydrophilic
with water contact angle (WCA) values of 11 4 4 ® compared to 66 + 14
? in the case of pTi surfaces (Fig. 2f).
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Fig. 2. a) SEM images of polished titanium (pTi) and dry-etched titanium (DETi) surfaces; b) top-view SEM of DETi with yellow lines and arrows indicating the pore width (PW) and pore length (PL); ¢) SEM image (30°
tilt) of DETi showing the measured ridge width (RW); d) 3D profiles of pTi and DETi surfaces; e) average surface roughness (S,) of pTi and DETi; f) water contact angle (WCA) for pTi and DETi surfaces. **p < 0.01, ***p
< 0.001.
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C
Z Element Atomic Fraction (%)
Dry-etched Substrate
8 (0] 71.38 0.73
13 Al 0.86 0.04
14 Si 5.16 0.12
17 Cl 1.01 0.07
22 Ti 21.59 99.05

Fig. 3. a) High-angle annular dark-field (HAADF) cross-section scanning transmission electron microscope (STEM) images of dry-etched titanium (DETi) samples at
two different magnifications; b) HAADF image and EDX elemental mapping of the DETi cross-sections; the table includes the elemental analysis of the dry-etched
layer and the underlying Ti substrate; ¢) TEM-SADP images of the top and dendritic areas of the dry-etched layer; d) HAADF images and EDX elemental mapping of
the top and e) dendritic areas of the dry-etched layer.
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Fig. 5. a) Schematic overview of the experimental steps (biorender.com); b) pro- (TNFa, IL1b, NFkB, IL6, and CD86) and anti- (IL10, BMP2, CD206) inflammatory
gene expression relative to the housekeeping gene (UBC) of unstimulated MO macrophages on the glass control (CtrIMO0), pTi (pTiMO0) and DETi (DETiMO) surfaces
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DETi (DETiMO) surfaces after 2 and 7 days of culture. *p < 0.05, **p < 0.01, ***p < 0.001.
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The cross-sectional analyses by TEM showed a scalloped interface
between the Ti substrate and the dry-etched region (Fig. 3a). The height
of the pillars (PH) measured by TEM ranged from 730 nm to 2169 nm
with an average of PH = 1474 + 297 nm, resulting in a pillar aspect ratio
exceeding 9. Furthermore, the pillars revealed a different morphology
along their height, with a dendritic network visible at the interface with
the Ti substrate that developed into distinguishable bundled pillars to-
wards the surface (Fig. 3a). The TEM-EDX elemental analysis clearly
revealed the presence of Ti and O with traces of Al, Si, and Cl in the dry-
etched layer relative to mostly Ti in the substrate (Fig. 3b, d, e). Inter-
estingly, the TEM-SADP analyses (Fig. 3c) showed more crystalline
phases detected in the upper regions towards the tip of the pillars and
amorphous structures present in the dendritic area towards the interface
with the Ti substrate. The crystalline structure detected in the clustered
peaks consisted of crystals with lattice spacing of 2.11 A, 1.81 A, and
1.28 A.

The surface chemistry analysis by XPS confirmed the dominant
presence of Ti and O on the surfaces (Fig. 4a). In addition, in the polished
sample, the majority of oxygen was found in the form of lattice oxygen
species (0%) within TiOq (Fig. 4b ii) [21]. The remaining oxygen com-
ponents consisted of oxygen vacancies (O*) or surface-absorbed OH-
groups and absorbed water (H20), attributed to contamination [22].
Carbon contamination was also noted (Fig. 4a, b iv, v). Following
reactive ion etching, the oxygen vacancies increased, and the lattice
oxides decreased (Fig. 4b iii). In contrast with the TEM-SADP analysis,
the XRD findings revealed no differences in the crystalline titanium
phases between pTi and DETi surfaces, showing no presence of TiOy
crystalline structures on the DETi surfaces (Fig. 4c). However, the TiH
phase was detected on the pTi and DETi samples but not on the as-
received (ar) Ti samples.

3.2. Effects of the Ti substrates on unstimulated macrophages (MO0)

Unstimulated MO cells were seeded on the glass, pTi and DETi sub-
strates to evaluate the effects of the surfaces on cells morphology and
polarization (Fig. 5a). After 48 h of culture, the MO cells expressed both
pro- and anti-inflammatory genes on the glass, pTi and DETi substrates
(Fig. 5b). No significant differences in the expression of pro-
inflammatory genes were induced by the DETi and the pTi substrates
relative to the glass control samples except for the CD86 cell surface
receptor, which was significantly upregulated on DETi compared to the
glass control (Fig. 5b). By comparison, the DETi substrates upregulated
two out of three anti-inflammatory genes relative to the controls,
namely the IL10 and CD206 (Fig. 5b). For the pTi substrates only the
BMP2 gene was significantly upregulated relative to the control. No
significant differences were found after 4 and 24 h (Figs. S1-S2).
Cytokine secretion of MO cells after 2 days showed significant increases
in IL10 synthesis for both titanium surfaces, and no differences were
observed in TNFa concentration (Fig. 5c). The long-term effect of all the
surfaces on MO cells after 7 days showed no significant differences
(Fig. 5¢). These findings suggest that after 48 h of culture, the DETi
substrates supported the polarization of MO macrophages towards M1
and M2 phenotypes.

Morphological analysis of MO macrophages by SEM revealed a dif-
ference between the cells interfaced with pTi and DETi (Figs. 6a—c, S5a).
The macrophages on pTi were relatively round, developed numerous
and long cellular protrusions in all directions, and had a rough surface,
especially at longer culture time (24 and 48 h). The cells on DETi were
more elongated, with shorter protrusions anchoring on the pillars and
with a relatively smooth surface. Both substrates supported cell growth,
and after 48 h of culture, the metabolic activity of the cells on DETi was
significantly higher than on the pTi (Fig. 6d).

3.3. Effects of the Ti substrates on M1 stimulated macrophages

M1 stimulated cells were also seeded on the two Ti substrates to
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simulate the pro-inflammatory microenvironment generated following
implantation (Fig. 7a). Interestingly, after 48 h of culture, the pro-
inflammatory markers analysed were still expressed by the M1 cells
on both titanium substrates with IL1b, IL6, and CD86 expression notably
higher compared to the controls (Fig. 7b). Although the M1 cells showed
higher expressions of IL10 and BMP2 M2 markers on the titanium sub-
strates relative to the control, these differences were not significant,
except for the BMP2 gene on the pTi. Protein concentration, as measured
by ELISA, did not show any differences between surfaces after two days
of culture (Fig. 7c). However, the long-term effect showed a significantly
lower IL10 concentration in the DETi supernatant compared to the other
two surfaces (Fig. 7¢). The findings suggest a stronger pro-inflammatory
response of M1 cells to both titanium substrates relative to the controls
after two days, and a lower anti-inflammatory response after seven days
on the DET] surface.

For M1 macrophages, morphological analysis by SEM revealed a
comparable trend with the MO cells (Figs. 8a—c, S5b). The M1 cells
spread well on pTi after 4 h and became increasingly smaller and
rougher after 24 and 48 h. On DETi surfaces, the M1 cells were more
elongated, especially after 24 and 48 h (AR after 48 h =2.13 + 1.17 on
DETi vs 1.68 + 0.73 on pTi), smoother and maintained their area around
500 pm? over the entire period. On both substrates, the M1 cells
developed protrusions, but these were longer and more numerous on pTi
than on DETi. As with MO cells, the metabolic activity of the M1 cells
increased significantly after 48 h (Fig. 8d).

Cross-sectional analyses by FIB-SEM showed that the cells could
settle on top of the pillars (Fig. 8e) with some instances in which the cells
seem to sink and engulf some of the clustered pillars locally. It is note-
worthy to mention, however, that ion milling led to partial in situ
destruction of the cell and underlying pillars, introducing uncertainty
regarding the actual occurrence of this phenomenon and the precise
point of separation between the surface and macrophage.

4. Discussion

The multifunctional properties of HAR nanostructured surfaces
remain an interesting research area in terms of cell-instructive bio-
materials. Previous studies have already shown that dry-etched titanium
nanopillars fabricated by ICP-RIE under specific conditions can have
both bactericidal and osteogenic properties [3-5,8,9]. The activation of
mechanotransduction pathway involving focal adhesion kinase (FAK)
and Rho-associated protein kinase (ROCK) was contributing to the
improved osteogenic properties of these surfaces [10].

Nevertheless, the influence of such nanotopographies on immune
cells has not been studied until now. It is known that both physical and
biochemical stimuli can also activate the intracellular signaling path-
ways of macrophages, possibly leading to an improved antibacterial,
followed by a pro-healing response [23,24].

Our study revealed new insights into the DETi pillars' characteristics
by using TEM analyses that showed for the first time the presence of a
dendritic network at the base of the pillars and a change in crystallinity
along pillar height. In addition, the changes induced by the DETi sur-
faces on the morphology of J774A.1 murine macrophages and their
polarization behavior pointed towards the immunomodulatory potential
of these surfaces that can be harnessed not only for maximizing osteo-
genesis but also for enhancing their already proven antibacterial
function.

The TEM-SADP images of the DETi cross-sections showed that the
very top region of the pillars formed by the ICP-RIE process, consisted of
crystalline TiO5, whereas the inner region exhibited a dendritic nano-
wire network of amorphous TiOy that merged with the crystalline Ti
substrate. The formation of the crystalline TiO, phases was not evi-
denced by the XRD analysis most probably due to the larger penetration
depth of the X-rays exceeding the etched surface and reaching the
metallic substrate [6]. Nevertheless, the XRD results indicated some
differences between the as-received Ti wafer (ar), and pTi and DETi



(8

pTiMO

DETiMO

@ rTivMo @ rTiMO

T~ 10° = x10° *
DETiMO % - DETIMO S - —
o 8 = e a §_2 7 ab ® ¢e1'5 Bl CtriMO * % %
= b a ¢ = . ce ; B pTiMO ¥
g5 - a . : ® 45 . bg ° 2 mm DETiMO
- ab . : . 2 . 21 0 -
o t3 ., © 2 - BT
4 4 i . 8104 - oo ©
© " : 8 cd d - )
= ] ' : bog 505 -
© 2 - 7 0.5 - : S
(&) - % % * Q ..g
0 T T T O 0 — - T = 0 -
4 hrs 24 hrs 48 hrs 4hrs 24 hrs 48 hrs 4 hrs 24 hrs 48 hrs

Fig. 6. a) SEM images of unstimulated MO cells after 4, 24 and 48 h of culture on pTi and DETi; b) cell aspect ratio and ¢) mean cell surface area of MO cells on pTi and DETi surfaces over time. At least 50 cells were
studied per condition; groups with the same letters are not significantly different; d) metabolic activity of MO macrophages on glass (CtrIMO0), pTi and DETi. *p < 0.05, **p < 0.01, ***p < 0.001.

0 32 YT WT

12T (S20T) SLI S2IUDADY S|DLIdIDWIONT



B.LM. Eijkel et al.

Biomaterials Advances 175 (2025) 214321

a
= CD86
; jif)/k >
CtriM1 (- TNFa
“IL1b
= IL6
i B
M1 pTiM1 CD206
‘o IL10
h..im BMP2
b DETiM1
g TNFa IL1b NFkB IL6
‘®
0 x 1073 sk 5k %k x 1072 x 1072
9 0.6+ 1.0 - 0.8 - 6 - * %k
=3 0sd ' * * Kk
[ _ 07 — 0.6 - |
8 0.4 6.6 y 4 —
=) 0.4 '
0.2 2
‘3 0.2_ 02 -1
> 0.0- 0.0 - 0.0 - 0 -
© & O N é r\ \ & é" RN N
T O Q N\ N O N N N '\ N\
K & & ® 0<" ¢ & & & & &
g CD86 IL10 BMP2 CD206
@ * %k % x 107 x 1072 x 1072
()
% 0.08- Wl — 2.0~ ol T 10
Q006 — 1.5- 0:40 0l
=) - _
= o4 10 0.05 - 0.05 -
< 0.02 0.5 -
2 0.00- 0.0- 0.00 - 0.00 -
2 Q\ Q\ N Q Q\ N N @N N N
N N N \ O Q N O Q N
& & @ 0‘5‘ c}‘ 0‘" & & Qé & & 0«5‘
Day 2 Day 7
A% INFa IL10 Y'  INFa IL10
400 - 300 - 400 - 300 - % x
TE, 300 200 300 - 200 -
S 200 200 -
G- N N N 8- 0= N N N 0= N N N
S &S &“ S & S S &
(¢ Q o(" & o‘" (O 0@ ot Q¥

Fig. 7. a) Schematic overview of the experimental steps (biorender.com); b) pro- (TNFa, IL1b, NFkB, IL6, and CD86) and anti- (IL10, BMP2, CD206) inflammatory
gene expression relative to the housekeeping gene (UBC) of M1 stimulated macrophages on the glass control (CtrlM1), DETi (DETiM1) and pTi (pTiM1) surfaces after
48 h of culture. ¢) TNFa and IL10 cytokine concentration in the culture medium of M1 stimulated macrophages on the glass control (CtrIM1), pTi (pTiM1) and DETi

(DETiM1) surfaces after 2 and 7 days of culture. *p < 0.05,

*p < 0.01, ***p < 0.001.

11



B.LM. Eijkel et al. Biomaterials Advances 175 (2025) 214321

4 hrs ‘ 24 hrs 48 hrs

pTiM1

DETiM1

@ rTiM x 10° @ TV x 10° s
e @ DETIM1 a0 = @ DETIM1 de 15 Jmm ctim
ac ' mm pTiM1
6 - b * 1.5 - ae . B DETiM1

-
o

o
o
]
et
(3]

Cell aspect ratio
N H
1 1

L o

et~

o

o

Cell surface area (um?)
>
|

Metabolic activity (a.u.)

4 hlrs 24 hlrs 48 I;rs 4hrs 24 hrs 48 hrs

Fig. 8. a) SEM images of M1 stimulated cells after 4, 24 and 48 h of culture on pTi and DETi; b) cell aspect ratio and c¢)mean cell surface area of cells on pTi and DETi
surfaces over time. At least 50 cells were studied per condition; groups with the same letters are not significantly different; d) metabolic activity of M1 macrophages
on glass (CtrIM1), pTi and DETi measured using Presto Blue assay. *p < 0.05, **p < 0.01, ***p < 0.001. e) Focused ion beam—scanning electron microscopy (FIB-
SEM) cross-sectional images of M1 cells after 24 h of culture on DETi at different magnifications. Yellow arrows indicate possible cellular penetration by nanopillars.

12



B.LM. Eijkel et al.

samples (Fig. 4c). The peaks identifying TiH crystalline structures on the
pTi surfaces and not on the as-received wafers suggest that the CMP
polishing introduced H contamination on the surface. The CMP method
was conducted with silicate slurry containing 74 % dH20 and < 1 %
KOH. Although KOH normally protects titanium from hydrogen uptake,
extreme conditions such as the mechanical forces applied to the surface
could have allowed this minimal TiH contamination [25]. However,
since the peak was very small and such a phase was not found by the
cross-section TEM-SADP measurements, no direct effects on the forma-
tion of the nanopillars are expected.

The origins of the dendritic nanowire network of amorphous TiO,
may originate from the argon ion bombardments, which form point
defects in TiO crystalline structures by displacing oxygen atoms from
their respective equilibrium positions and thus introducing oxygen va-
cancies [26]. Such oxygen vacancies were confirmed in our study via
etching process of titanium [2,6,7] suggesting that also in the develop-
ment of DETi, point defects are introduced in the resulting TiO; layer.
These vacancies are essential for promoting the chemical reaction be-
tween Cl and Ti, and thus enhancing the dry etching efficiency of Ti
[27]. However, a side effect of this increase in point defects, is the in-
crease in lattice destabilization of the crystalline TiOy surface, which
results in the amorphous nature of the dendritic nanowire network [26].

In addition to the previous studies on the osteogenic and bactericidal
biofunctionalities of dry-etched titanium surfaces [2,8,9], this study
reveals the effects of these surfaces on macrophages, cells that can
actually mediate both of the above biofunctionalities post-implantation.

The cells could attach to both titanium substrates. However, the two
different substrates induced different morphological characteristics in
the cells. Both the MO and M1 cells showed a more elongated shape, a
smoother surface, and shorter cellular protrusions on the DETi
compared to the pTi. This could be the combined effect of the specific
topography of the DETi and associated hydrophilicity compared to the
pTi surfaces. The hydrophilic DETi surfaces support cell spreading, but
the presence of subcellular scale pillars, ridges and pores may impede
cell migration, favoring their elongation and formation of shorter
cellular protrusions anchoring on the nearby pillars. The ruffle cell
membrane observed on the pTi surfaces may indicate an enhanced
macropinocytosis function of these cells compared to the cells on DETi
[28].

The MO cells expressed both M1 and M2 markers on DETi indicating
the presence of both phenotypes after 48 h of culture. Protein analyses
by ELISA confirmed a more dominant M2 presence by the higher IL10
concentration in the supernatant from titanium surfaces. This suggests a
shift of MO cells towards M2 phenotype after 48 h of culture. The M1
cells also expressed M1 and M2 markers on DETi but these cells showed
a stronger pro-inflammatory response on DETi compared to the glass
controls. More specifically, the DETi surfaces upregulated the levels of
CD86, IL10 and CD206 for MO cells and IL1b, IL6 and CD86 for M1 cells
after 48 h.

Although we have shown that after seven days of culture, the anti-
inflammatory response of M1 stimulated macrophages is lower on
DETi surfaces, we believe that the dynamics of the immunomodulatory
effects of such surfaces deserves further attention by using osteoimmuno
co-culture models that may reveal the full potential of such surfaces. Co-
culture with osteogenic cells is essential as it would capture the cell-cell
communication taking place between these cells during tissue regener-
ation. It is already known that in co-cultures, a short TNFa burst fol-
lowed by IL10 secretion improves the anti-inflammatory response, and
the pro-healing effects of MSCs [29]. On top of that, it has already been
found that preosteoblasts thrive on these HAR surfaces [2,8,9], and
therefore, the resulting crosstalk holds the potential for controlling the
initial pro-inflammatory response of M1 stimulated macrophages, which
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is essential for both bone regeneration and bacterial eradication [18].
Furthermore, IL1b enhances macrophage phagocytosis and an increase
of IL1b, and IL6 in combination with IL10 could indicate a M2b
phenotype [30]. This was the case of M1 on DETi surfaces (Fig. 7b). This
phenotype is generally related to being anti-inflammatory, helps in the
activation of Th2 helper cells, and introduces bone healing. Together
with the previously evidenced bactericidal effects of the DETi [2,8,9],
these surfaces may show osteogenic, immunomodulatory and antibac-
terial biofunctionalities.

Towards this aim, the development of carefully designed bacterial-
mammalian cell co-culture models becomes crucial. These models
should consider a sufficient bacterial load to mimic in vivo infections and
provide a favorable environment for macrophages/osteoprogenitors
survival [31].

Furthermore, combining these subcellular topographies with opti-
mum geometries at the scaffold scale, including controlled pore shapes
and surface curvatures, will further help in enhancing the regenerative
properties of the scaffolds. Apart from their bactericidal nature, using
HAR pillars as a surface treatment may generate subcellular topo-
graphical cues that can be sensed by the cells and influence their
attachment and migration. Furthermore, the high density of the pillars
and the hydrophilic properties of the DETi surfaces support cell
spreading and increase cytoskeletal tension with beneficial effects on
osteogenesis and osseointegration. [4,32]. Microbial infections and un-
satisfactory osseointegration remain the most encountered causes of
bone implant failure to date [33]. Proper surface modification such as
the introduction of HAR pillars could prevent this in the future. To this
aim, the effects of Ti ICP-RIE HAR pillars on the immune cells need to be
unravelled, as these can strongly influence both the osteogenic and
bactericidal potential of such surfaces. We believe that such studies
should be part of the biocompatibility evaluation in the future for bio-
materials intended to stimulate tissue repair/regeneration, as the
inflammation phase precedes the tissue repair phase, and the bio-
materials may also induce beneficial immunomodulatory effects. With
our study, we have taken an important step forward in the development
of titanium surfaces that can have osteogenic, bactericidal and immu-
nomodulatory properties for bone implants. The short-term immuno-
modulatory results look promising, although the negative effect on the
anti-inflammatory response after seven days requires more research to
optimise the immunomodulatory function of these surfaces. The afore-
mentioned co-culture models could unravel the effect of this inflam-
matory response on the bactericidal and osteogenic effect. In parallel,
multiple strategies are explored for the development of antibacterial
orthopedic biomaterials that can overcome AMR, from the usage of
silver ion-based biomaterials [34] to drug delivery systems for on-
demand delivery of antibacterial peptide from implant surfaces [35].
Eventually, through single or integrated approaches based on physical
and/or chemical cues, regenerative biomaterials for future bone im-
plants endowed with the needed multiple biofunctionalities will be
developed.

5. Conclusion

The immunomodulatory biofunctionality of biomaterials is increas-
ingly recognized as a biocompatibility requirement for bone implants.
This study explored the effects of titanium high-aspect ratio nanopillars
produced by dry-etching on the morphology and polarization of MO
unstimulated and M1 stimulated macrophages. The physicochemical
characterization by TEM revealed changes in morphology and crystal-
linity along the height of the pillars. Both the MO and M1 cells could
attach and spread on the dry-etched surfaces adopting an elongated
shape as a result of the hydrophilicity, roughness and specific topog-
raphy of such surfaces. In addition, the MO cells on DETi polarized to M1
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and M2 phenotypes whereas M1 cells showed M2-like morphologies but
a stronger pro-inflammatory response relative to the glass controls. The
findings of this study reveal for the first time the immunomodulatory
potential of such surfaces that should be further explored in co-culture
models involving skeletal and/or bacterial cells for the development of
regenerative biomaterials with integrated osteogenic, immunomodula-
tory, and antibacterial properties for bone implants.
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