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Stress shielding and osseointegration are two main challenges in bone regeneration,
which have been targeted successfully by chemical and physical surface modification
methods. Direct irradiation synthesis (DIS) is an energetic ion irradiation method that
generates self-organized nanopatterns conformal to the surface of materials with
complex geometries (e.g., pores on a material surface). This work exposes porous tita-
nium samples to energetic argon ions generating nanopatterning between and inside
pores. The unique porous architected titanium (Ti) structure is achieved by mixing Ti
powder with given amounts of spacer NaCl particles (vol % equal to 30%, 40%, 50%,
60%, and 70%), compacted and sintered, and combined with DIS to generate a
porous Ti with bone-like mechanical properties and hierarchical topography to
enhance Ti osseointegration. The porosity percentages range between 25% and 30%
using 30 vol % NaCl space-holder (SH) volume percentages to porosity rates of
63%-68% with SH volume of 70 vol % NaCl. Stable and reproducible nanopatterning
on the flat surface between pores, inside pits, and along the internal pore walls are
achieved, for the first time on any porous biomaterial. Nanoscale features were
observed in the form of nanowalls and nanopeaks of lengths between 100 and
500 nm, thicknesses of 35-nm and heights between 100 and 200 nm on average.
Bulk mechanical properties that mimic bone-like structures were observed along with
increased wettability (by reducing contact values). Nano features were cell biocom-
patible and enhanced in vitro pre-osteoblast differentiation and mineralization.
Higher alkaline phosphatase levels and increased calcium deposits were observed on
irradiated 50 vol % NaCl samples at 7 and 14 days. After 24 h, nanopatterned porous
samples decreased the number of attached macrophages and the formation of for-
eign body giant cells, confirming nanoscale tunability of M1-M2 immuno-activation

with enhanced osseointegration.
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1 | INTRODUCTION

Bone tissue's natural ability to repair itself is hindered if the size of
the histological defect is greater than about 2 cm. These defects can
be caused by trauma, congenital and degenerative diseases, or tumor
resection, requiring clinical intervention.! For this purpose, titanium
(Ti) and its alloys have been used in bone replacement. Despite its
high mechanical, physicochemical, and biological properties, mono-
lithic Ti-based metallic biomaterials can trigger chronic inflammation,
implant micro-loosening and poor osseointegration after its
implantation.>* Moreover, the mismatch in mechanical properties
between the bone and Ti bulk implants, results in bone resorption due
to insufficient loading. This phenomenon is known as stress shielding
and it contributes to the loosening and fracturing of bone implants.?”

Significant efforts have been attempted to develop bioinspired
bone substitutes that accomplish several vital requirements: biocompat-
ibility, bioactivity, and having similar mechanical properties as bone tis-
sue.! Developing a porous implant materials that mimic the mechanical
strength of bone is one strategy to alleviate the stiffness mismatch
between the implant and the surrounding bone tissue, preventing stress
shielding effects.> Several methods have been investigated to produce
porous structures such as solid-state replication,® freeze-casting,” selec-
tive electron beam and laser melting® and powder metallurgic tech-
niques.> Among these, powder metallurgy (PM) can generate highly
porous foams with random and interconnected pores in an accurate,
cost-effective, and environmentally friendly manner.81* Using pressure
or spacer particles in PM is a low cost and high efficiency method to
design controlled porosity Ti scaffolds for dental and orthopedic appli-
cations.>***2 Porous Ti synthetized via space holders (SH) results in an
interconnected scaffold, which facilitates bone ingrowth and the forma-
tion of new blood vessels to irrigate the bone tissue.! %3

The extracellular matrix (ECM) is a hierarchical substrate that
facilitates cell attachment and provides biochemical and physical cues
that regulate cellular processes (migration, proliferation, and differen-
tiation) and tissue homeostasis.>** Bone ECM components range
from nano to microscale.! Replicating a bone ECM nanoarchitecture
into biomaterial surfaces may enhance the biomimetic response by
increasing the interaction with progenitor and immune cells.*4%”

Recent studies inducing nanotopography on biomaterials have
shown improved protein adsorption, cell adhesion and differentiation of
mesenchymal stem cells, modulation of osteoblast activity, modulation of
osteoclast activity and macrophage polarization.*®-2* Several approaches
have been used to modify the implant's topography at the micro and
nanoscale levels (e.g., anodization, acid etching and grit blasting, plasma
spraying, etc.), which have promoted bone formation, each with their
advantages and disadvantages.??"?” Directed irradiation synthesis (DIS)
is a direct synthesis process that is eco-friendly, scalable to high-volume,
high-value manufacturing by its intrinsic large-area exposure of materials
surfaces and interfaces. Furthermore, DIS is a technique that enables

nanopatterns to conform to the intrinsic complex geometry of a porous
biomaterial, thus providing a conformal nanopatterning along the bioma-
terial surface. DIS uses energetic ions extracted from low-temperature
plasma with controlled beam profiles to introduce surface chemical and
topographical changes at micro and nanoscale levels.?8-0 While conven-
tional plasmas are based on the combination of different chemical spe-
cies (i.e., atoms, ions, electrons, and free radicals), the free radicals can
induce changes to a biomaterial when exposed to the atmosphere after
processing, and compromising its surface chemistry.312 DIS uses energy
and momentum deposition of low-energy incident ions on a material sur-
face to induce nanoscale changes in the surface topography and chemis-
try. Thus, no free radical is used, and the modifications are stable and
permanent. In DIS, energy and momentum deposition from low-energy
ions create a damage cascade at the surface of the material, disrupting
the crystal lattice of the first few nanometers of the surface. Several ion-
induced effects can occur simultaneously, including material surface ero-
sion, surface diffusion, mass redistribution, preferential sputtering due to
intrinsic height variations, grain boundaries or composition variations that
exist across any realistic surface, and buildup of surface stresses. All
these mechanisms synergistically lead to the evolution of patterns whose
dimensions and shape depend on ion beam parameters, that is, species,
energy, incidence angle, and fluence.?®3%34 The mechanism behind the
nanopatterning process using DIS consists of incident ions enhancing the
mobility and diffusivity of surface atoms of the materials combined,
under certain cases (depending on DIS parameters) removal of atoms to
the gas phase (e.g., surface erosion) resulting in phase separation along
the biomaterial surface. Surface diffusivity, mass redistribution, and sur-
face erosion are dependent on energy (e.g., 0.1-10's keV), fluence
(e.g., 10-10% cm~?) and incident angles (normal vs. off-normal).3034-3¢

In this study, we use DIS with argon (Ar*) ion irradiation of com-
plex porous Ti structures leveraging conformal nanopatterning along
surfaces between pores, inside pits, and along the internal walls of
pores. The tailored nanotopography is characterized to study how DIS
parameters (energy, fluence, and incidence angle) govern the nanopat-
terning process and control the geometry of the nanotopography on
porous Ti biomaterials. Through in vitro cellular experiments, correla-
tions are made with DIS-induced nanopatterns that enable murine
osteoblast cells to attach and differentiate. In contrast, lower percent-

age of attached murine macrophages is observed.

2 | MATERIALS AND METHODS

21 | Manufacturing and characterization of
porous commercially pure (c.p.) titanium samples

Porous samples have been obtained in this work using the SH tech-
nique. Ti powder is mixed with different volume percentages of NaCl
(30-70 vol %), using a Turbula® T2C blender for 40 min, to obtain a
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good homogenization.®” Porous titanium samples with varying poros-
ity were obtained using Ti powders produced by a hydrogenation/
dehydrogenation process, using c.p. Ti (SE-JONG Materials Co. Ltd.,
Korea). The chemical composition of the powder was equivalent to
c.p. Ti Grade IV according to the ASTM F67-00 standard.®® The Ti
powder size distribution corresponded to 10%, 50%, and 90% passing
percentages of 9.7, 23.3, and 48.4 um, respectively, while the diame-
ter of the spacer particles was dsg = 384 um. The homogeneous mix-
ture of Ti and NaCl was compacted at 800 MPa in an INSTRON 5505
machine (Instron, Massachusetts, United States). Afterward, the NaCl
spacer was eliminated using the distilled water method (without stir-
ring, at 50°C, for 16 h).%’ Finally, the sintering process was carried out
in a molybdenum chamber furnace (Termolab-Fornos Eléctricos, Lda.,
Agueda, Portugal), at 1250°C for 2 h, under high vacuum conditions
(~107° mbar). The resulting Ti disks (diameter of 12 mm and height of
3 mm) of approximately area of 1 cm? were then modified using DIS.
The topography and porosity of porous titanium architectures
were evaluated by scanning electron microscopy (SEM, Hitachi 4800),
image analysis (Nikon Epiphot microscope and Image-Pro Plus 6.2
software), and high-resolution radiation x-ray-CT (Xradia Bio MicroCT
[MicroXCT-400]); porosity parameters (percentage, equivalent diame-
ter and Shape factor) were estimated using the Archimedes' method
(ASTM C373-14).%? Crystallographic information of the surface was
examined by grazing angle x-ray diffraction (GI-XRD) with a PANalyti-
cal Philips X'pert MRD system with Cu K alpha radiation wavelength
(A = 0.15418 nm) with generator settings of 45 kV and 40 mA. The
20 range was set from 20° to 90° and was scanned with a step size of
0.02°. The phase analysis was performed by JADE® software.
Macroscale mechanical behavior of the porous titanium biomate-
rials was also studied. For this, the yield strength (oy) and dynamic
Young's modulus (Ey), were estimated using the uniaxial compression
test according to ASTM E9-09 (Instron 5505 universal testing
machine)*® and ultrasound technique (KRAUTKRAMER USM 35),
respectively. Micromechanical properties before surface modification
were measured by indentation test using Hysitron TI-950 Triboinden-
ter (Bruker, Minnesota, United States) using a standard Berkovich tip
calibrated on a fused quartz reference sample and applying a load of
5 mN and analyzed using an Oliver-Pharr model to obtain the Young's
modulus. Indentations were performed on a randomly selected loca-
tion with a spacing of at least 2 um between indents using a nanoin-

dentation tip as a stylus profilometer with a load of 2 uN.

2.2 | DIS of porous c.p. Ti samples and surface
characterization

To carry out the surface modification, porous c.p. Ti samples were
subjected to Art irradiation by DIS. This nanopatterning process was
carried out in the Radiation Surface Science and Engineering Labora-
tory (RSSEL) in the lon-Gas-Neutral Interactions with Surfaces (IGNIS)
facility developed by Allain et al.2®4! A broad beam of ions was
extracted from a microwave electron cyclotron resonance (ECR)
plasma source (Tectra Gen |l) equipped on IGNIS, with a set of dual
extraction grids made of Mo that define ion energy and extract ions

Y sk WILEY-L_2

from the plasma. Due to the presence of biased grids and the plasma
being generated away from the main chamber of IGNIS, the resulting
beam should consist primarily of ions. lon energy (1 keV), fluence or
dose (1 x 10*® jons/cm?), and ion beam incidence angle (0° and 60°)
were chosen after a thorough revision of our previous argon irradia-
tion studies on nano-structuring of metallic materials.28-30-3342

After surface modification by DIS, samples were analyzed by SEM,
XRD, and x-ray photoelectron spectroscopy (XPS) to evaluate the
change at the nanoscale level. Ex situ XPS measurements were carried
out in the Kratos Axis ULTRA system at the Frederick Seitz Materials
Research Laboratory (FS-MRL). A monochromated, micro-focused Al Ka
x-ray source was used. The instrument was also equipped with a low-
energy electron flood gun for charge compensation. For each sample,
two survey scans and high-resolution scans of the C 1s, O 1s, and Ti 2p
photoelectron peaks (10 scans per region) were acquired. Pass energy
of 160 and 40 eV were used in the survey and high-resolution scans
respectively. In both IGNIS and Kratos systems, the base pressure dur-
ing analysis was 3 x 1078 Torr or lower. For non-irradiated Ti surfaces,
referred as fully dense (FD) were used as titanium control samples, the
binding energy scale was referenced to the C1s peak corresponding to
the C—C bond at 284.8 eV. However, since most carbon contaminants
were removed by irradiation, samples after irradiation were referenced
to the metallic Ti peak of the FD sample instead. Peak deconvolution
and calculation of atomic fractions were performed using CasaXPS. A
Shirley synthetic background was used. For each chemical species in its
respective region, a convoluted Gaussian-Lorentzian function was used
for peak fitting. For metallic Ti peak, an asymmetric Lorentzian function
was used instead. Relative sensitivity factors (RSF) derived from Sco-
field photoionization cross sections, provided by SPECS, and empirical
RSF provided by Kratos Analytical were used to convert peak areas to
atomic fractions. Error analysis of the peak-fitting and atomic ratios was

performed using a built-in Monte Carlo procedure in CasaXPS.

2.3 | Invitro cellular experiments

Murine pre-osteoblasts, MC3T3-E1, were purchased from American
type culture collection (ATCC, CRL-2593™), to study cell viability,
differentiation and mineralization processes. Cell passaging was
performed on 25 cm? flasks cultured with alpha minimum essential
medium («MEM, Sigma-Aldrich), containing 10% fetal bovine
serum (FBS, Thermofisher) plus antibiotics (100 U/mL penicillin and
100 mg/mL streptomycin sulfate, Sigma-Aldrich). Murine macro-
phages, J774A.1, were purchased from ATCC (CRL-TIB-67™) to evalu-
ate the initial immune response of porous titanium implants. Cellular
passaging was carried out on 25 cm? flasks with DMEM
(Sigma-Aldrich), supplemented with 10% FBS (Thermofisher) plus anti-
biotics (100 U/mL penicillin and 100 mg/mL streptomycin sulfate,
Sigma-Aldrich). Porous titanium substrates were sterilized by auto-
clave (121°C and 30 min), placed carefully in a 48-well plate and
seeded at different cell densities. For cell viability, proliferation, differ-
entiation, and mineralization studies, MC3T3-E1 pre-osteoblasts were
seeded at 10,000 cells/cm? (10,000 cells per sample). To evaluate the
adhesion and morphology of macrophages, J774A.1 macrophages
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were seeded at 5,000 cells/cm? (5,000 cells per sample). The cell den-
sities of 10,000 or 5,000 cells/cm? are based on the surface area of
the top of the Ti discs, which have a diameter of 12 mm, equivalent to
1 cm?. This approximation assumes that the top surface of the Ti discs
can be considered as a circular shape, allowing us to maintain a consis-
tent and comparable cell density across samples. However, it's impor-
tant to note that this calculation does not take into account the
porosity of the Ti samples, and further studies may be needed to eval-
uate the potential impact of porosity on cell densities. FD were used

as titanium controls.

2.3.1 | Osteoblast cell viability

To determine if the surface treatment causes cell death of osteoblasts,
the percentage of live cells or the relative cell viability was determined
via AlamarBlue® assay (Invitrogen). AlamarBlue assay is based on the
reduction of resazurin to its fluorescent form (resorufin) by metaboli-
cally active cells; thus, the quantity of produced resofurin is related to
the number of viable cells. Briefly, after 24 h in culture with the
MC3T3-E1, porous metallic samples were transferred to a new 48-well
plate with fresh media (400 pL) and 40 pL of AlamarBlue® reagent for
1 h 30 min at 37°C in the dark. After that, samples were removed, and
the fluorescence signal was read using a micro-plate reader (Synergy
HT Biotek) with filters (Aex/Aem 535/590 nm). The resulting fluores-
cence of the porous samples was normalized to the FD fluorescence to

obtain the relative percentage of viable cells on the surfaces.

2.3.2 | Osteogenic differentiation: Quantification of
ALP activity

MC3T3-E1 were seeded onto porous titanium samples with osteo-
genic media for 7 and 14 days. The osteogenic media contains
o-MEM medium supplemented with 50 ug/mL ascorbic acid (Sigma
Aldrich), 100 nM of dexamethasone (Sigma Aldrich) and 1 mM of
B-glycerophosphate (Sigma Aldrich) to induce osteoblast differentia-
tion. Cell media was changed every 2 days and at day 7 and day
14 alkaline phosphatase activity (ALP) was quantified using an ALP kit
(Abcam, ab83369) based on the manufacturer's instructions. In short,
samples were washed with phosphate buffer saline (PBS), lysed with
the kit's buffer and subjected to three freeze-thaw cycles of (—80°C)
and (37°C) for 30 min each step. Then, we measured the absorbance
at 405-nm using a microplate reader (Synergy HT, Biotek). ALP results

were expressed as nmol/min/mL.

2.3.3 | Cell mineralization: Evaluation of calcium

deposits

MC3T3-E1 cell line was seeded onto porous Ti samples with osteo-
genic media changed every 2-3 days. At 14 days, the samples were
washed with PBS, fixed with 4% formaldehyde for 15 min, stained

with 40 mM of alizarin red solution (Sigma Aldrich) for 30 min and
washed 5 times with deionized water. Images were taken using an
optical microscope. To quantify the staining, the samples were placed
in a 24-well plate with 10% acetic acid solution and then we mea-

sured the absorbance at 405-nm.

2.34 | Macrophage adhesion: Morphological
evaluation and relative cell attachment quantification

Cytoskeletal organization of macrophages J774A.1 was studied at
24 h. In short, cells were rinsed twice with PBS, fixed in 4% parafor-
maldehyde, permeabilized in 0.1% buffered Triton X-100 0.1% and
cell cytoskeletal filamentous actin (F-actin) was visualized using Texas
red phalloidin (Molecular Probes) while the nuclei were stained using
Hoechst (Thermofisher). Later, samples were washed with PBS and
images were obtained using confocal microscopy (Leica). AlamarBlue
assay was used to evaluate macrophage adhesion after 24 h on
the porous samples (see Section 2.3.1). The resulting fluorescence of
the porous samples was normalized to the FD fluorescence to obtain

the relative percentage of viable cells attached to the surfaces.

2.4 | Statistical analysis

All experiments were carried out as three independent experiments.
Data were expressed as mean * SD. One-way analysis of variance and
Tukey post treatment were applied to evaluate the data for significant

differences (p value <.05) using OriginPro 2022 software.

3 | RESULTS

Figure 1 summarizes the SEM images of porous Ti-based scaffolds
evaluated in this study, with varying volume percentage of NaCl as
the spacer particle (30-70 vol %). At the microscale level, the SEM
micrographs show the complex micro-topography generated by the
SH technique. The pores, which exhibit a quasi-square shape, follow a
bimodal size distribution, with two main average pore sizes:
158 + 58.8 um referred as big pores and 30 + 8.9 um called small
pores (red and white arrows, respectively). The small pores are inher-
ent of the sintering process and removal of the spacer, while the big
pores are associated with the percentage and range of particle sizes
of the spacer used.

The surface microstructure and chemistry were analyzed by XRD
and in situ XPS. Figure 2 shows the results of XRD. In the XRD pat-
tern, we observe the peaks corresponding to pure crystalline Ti in the
a-phase, which is the most stable phase at room temperatures and
below 882°C, having a hexagonal close packed structure. These peaks
are located at 26 = 35°, 37.5°, 40°, 53°, 63°, 70.5°, 76°, 77.5°, 87°
corresponding to the values of the plane (100), (002), (101), (102),
(110), (103), (112), (201), and (004).*3** The XPS analysis of the
porous surfaces, revealed the presence of the contaminants such as:
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FIGURE 1
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E5r

Scanning electron microscopy (SEM) of porous Ti scaffolds generated via space holder technique using different percentages of

NaCl. Fully dense (FD) are fully dense Ti scaffolds developed via powder metallurgy. Red arrow indicates large pores (158 + 58.8 um) while white

arrows indicate small pores (30 + 8.9 um).

FIGURE 2  X-ray diffraction
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Zn, Na, and F, which are likely related to the sintering process includ-
ing small fragments of spacer particles left after the removal of the
spacer during the fabrication process (see Figure 3 and Table 1).

The increased percentage of spacer particles affects the total and
interconnected porosity as well as the mechanical properties of
porous scaffolds. For that reason, computerized micro-tomography
(micro-CT) and indentation tests were performed to analyze these
properties. The porosity results are compiled in Figure 4 and Table 2.

The 3D reconstruction micro-CT images revealed the same pore

}1
|

=
. —
8

]

2-Theta

morphology observed in SEM; however, the resultant total porosity
achieved was slightly lower (23.46%, 40.58%, and 62.55%) compared
to the theoretically designed values of 30, 50, and 70 vol %, respec-
tively. This reduction is based on the limitation of the image analysis
via micro-CT, and it has been reported in other studies using similar
methods to determine the same property.>'245 Porous samples with
high interconnected porosity offer a great network for the develop-
ment of bone ingrowth and a new vascularized system to irrigate.* %3

In this study, we observed an increased interconnected porosity in
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FIGURE 3 X-ray photoelectron spectroscopy (XPS) analysis of porous Ti samples generated via different percentage of NaCl. The survey
scan is observed in (A), and analysis of C1s, O1s, and Ti2p regions can be observed in (B), (C), and (D), respectively.

TABLE 1

Chemical element

Atomic fraction (%) C

N

Spacer particle percentage

XPS derived chemical analysis of porous Ti samples generated via different percentage of NaCl.

30 vol %
60.66 + 0.54
28.12 +0.48
2.80 £0.18
2.91+£0.19
4.85+0.14
0.66 +0.12
Undetectable

Abbreviation: XPS, x-ray photoelectron spectroscopy.

those samples with a higher amount of spacer particles, being the
highest in 70 vol % NaCl porous Ti, where we observed pore coales-

cence. Nevertheless, high interconnectivity has been associated with

40 vol %
61.85+0.71
29.23 +0.63
3.18 £0.21
1.06 + 0.15
4.68 +0.18
Undetectable
Undetectable

50 vol %
63.02 £ 0.50
28.15 £ 0.46
579 £0.21
1.01+0.10
1.65+0.12
0.37 +£0.09
Undetectable

60 vol %
55.49 +0.73
33.63 +0.64
426 +0.22
1.15+0.12
4.38+0.16
Undetectable
1.09 £ 0.41

70 vol %

62.65 £ 0.56

27.64 £ 0.47
1.00 + 0.13
0.93+£0.10
417 +0.13
1.59 +0.16
2.02+£0.37

poor mechanical properties,® which 70 vol % NaCl porous substrates
showed in the mechanical tests (0.45 GPa, see Table 3). As seen in
Table 3, the mechanical stiffness of FD samples (~101.2 + 0.3 GPa) is
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FIGURE 4 Micro-CT images of porous titanium scaffolds with 30%, 50%, and 70% NaCl.

TABLE 2

Porosity percentage (%)

Results of microstructural characterization of porosity designed.

Equivalent diameter (um) Shape factor®

HEREETBEES Archimedes method Image analysis Micro-CT Image analysis
PM conventional Fully dense 2.6 2.3 - 8 0.91
SH 30 vol % 27.7 £0.6 32.1+0.5 23.46 210+ 12 0.75+0.1

40 vol % 37405 38.5+0.6 - 240 = 15 0.82+0.2

50 vol % 478 +0.6 51.3+0.6 40.58 298 + 13 0.71+0.1

60 vol % 57.1+0.8 58.0+0.7 - 312+ 19 0.62+0.2

70 vol % 68.3+1.0 66.9 +0.9 62.55 35124 0.81+0.2

Note: Parameters of the porosity percentage, equivalent diameter, and shape factor were evaluated.

Abbreviations: PM, powder metallurgy; SH, space-holder.

3F; = 47A/(PE)?, where A is the pore area and PE is the experimental perimeter of the pore. At least three measurements have been made for each material

and type of test. Data shows mean + SD.

higher compared to cortical bone's (~25 GPa) and trabecular bone tissue
(0.5-1 GPa).1*447 This great difference is one of the main causes of
stress shielding, which derives from a stiffness mismatch that induces
bone resorption and can cause implant failure.® In contrast, the Young
modulus of 50 vol % and 60% porous samples (2.32 and 3.97 GPa,
respectively), were closer to trabecular bone young modulus. Thus, by
varying the porosity, the stiffness of the porous scaffolds can be adjusted,
making them more suitable for bone tissue regeneration applications.
Considering the scaffolds' mechanical properties and intercon-
nected porosity, 50-60 vol % NaCl porous Ti samples were chosen

for the in vitro experiments.

The main goal of the study was to create a hierarchical structure,
mimicking the bone ECM environment, to enhance implant's osseointe-
gration and complement the biomechanical properties of the porous Ti
structure. This was achieved by nanopatterning porous Ti architecture
by DIS. DIS parameters such as incidence angle and energy were studied
to evaluate their influence in surface nanotopography (i.e., nanofeature
size, nanopattern conformation, and geometry). Figures 5, 6, S1, and S2
summarize the SEM images of porous scaffolds before and after DIS irra-
diation on the same region, using Ar" ions, energy (1 keV), fluence
(1 x 10* jons/cm?), and normal (0° or 0°) and off-normal (60° or 60°)

incidence angle. Complex morphologies were found over various
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TABLE 3 Macro and micromechanical behavior of the studied materials before DIS surface treatment.

Young's modulus (GPa)

CC U AT Nanoindentation

PM conventional Fully dense = 98 +2

SH 30 vol % 6.38 454 +0.5
40 vol % 6.19 29.7+0.7
50 vol % 2.32 242 +0.6
60 vol % 3.97 17.9+0.8
70 vol % 0.45 81+12

Ultrasound technique

Uniaxial compression tests Yield strength, o, (MPa)®

Note: At least three measurements have been made for each material and type of test. Data shows mean + SD.
Abbreviations: DIS, direct irradiation synthesis; PM, powder metallurgy; SH, space-holder.

2Via uniaxial compression test.

After

Before 0 deg

In-between pores

Inside the pit

On pore’s wall

2 pm

FIGURE 5

Scanning electron microscopy (SEM) images of porous
titanium generated with 50%-60% of NaCl before and after
treatment with 1 keV Art jons at a dose 1 x 10*® jons/cm? and 0°

incidence angle. The white arrows indicate direct irradiation synthesis
(DIS) conformal nanopatterning of three primary regions: (1) in-
between pores surfaces, (2) inside pits, and (3) on the pore's wall.

locations of the porous Ti surfaces. The nanotextured locations vary from
flat areas between pores, round microstructures, inside pits, and along
the internal walls of pores. As these SEM images manifest, we could
compare the Ti surface modification in the same exact location before
and after argon irradiation, highlighting the versatility of DIS. Three dif-
ferent locations, (i) regions between pores (also referred as flat surface),
(ii) inside pits (i.e., defined as pores with large diameter but shallow depth
where the diameter of the pore is >> than the depth of the pore and not
interconnected), and (jii) along a pore's inner walls were examined by

SEM. At a normal incidence angle (0°) the irradiation resulted in a more

70+0.5 6308

45+10 415+ 10

54+11 263+ 12

41£09 192+ 14

37+08 100 + 7

22+15 87 =10
Before 60 deg

In-between pores

Inside the pit

On pore’s wall

FIGURE 6 Scanning electron microscopy (SEM) images of porous
titanium generated with 50%-60% of NaCl before and after
treatment with 1 keV Ar* ions at dose 1 x 108 ions/cm? at 60°
incidence angle. The white arrows indicate direct irradiation synthesis
(DIS) conformal nanopatterning of three primary regions: (1) in-
between pores surfaces, (2) inside pits, and (3) on the pore's wall.

homogeneous surface nanotopography covering the entire surface
including inside pores, artifacts, and cracks (previously presented before
irradiation). Thus, the ion-irradiation using DIS can conform to any geom-
etry (conformal nanopatterning), which allows us to generate nanopat-
terns of order <100-nm on complex geometries, for example, jagged
edges, plates, as well as porous materials used in bone tissue engineering
applications. This is critical to the functional effect of nanopatterns on
microscale pores in these Ti-based materials.

Comparing Figure 6 with 5 we found that increasing the angle of
incidence results in different nanopatterns due to changes in ion ori-

entation and their interaction with the complex porous structure.
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FIGURE 7 Scanning electron microscopy (SEM) of nanopatterned porous titanium treated with 1 keV Ar" ions at a dose of 1 x 108
jons/cm? at 0 and 60° incidence angle zoom out from the images on the right (blue). The yellow area indicates areas that are not patterned.

357 +19.7 nm) are
nanopatterned when using 0°. Similarly, 60° tailored larger nanowalls
(thickness of 39 + 22.24 nm) and nanopeaks (length of 90.7 + 66.76 nm)
compared to 0°. Ar" ions inside the pore will hit line-of-sight wall sur-

Predominant  nanowalls  (thickness  of

faces and then reflect to the nearby wall surfaces with a different inci-
dence angle and lower energy, which has been reported by Allain et al.
in magnesium porous samples.*® This leads to nanopatterning along a
pore wall, although some SEM images did not allow to focus with high
resolution enough to detect these nanofeatures presented in Figure 7.
It should be highlighted that the scaffolds irradiated at off-normal

incidence angle exhibit a wider variety of nanofeatures including nano-
walls, nanopeaks, and smooth nanopattern areas. It has been observed
that disordered nanostructures can induce the osteogenic differentia-
tion of osteoprogenitors cells.* Thus, the DIS conditions with Ar* ion
irradiation at 60° incidence angle of the porous Ti samples were
preferred.

These SEM micrographs confirm that the incidence angle can tai-
lor nanowalls and nanoripples in regions between pores and inside pit
surfaces. However, there is a predominant morphology of rounded

nanofeatures versus nanopeaks or nanocones using normal and
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FIGURE 8

Scanning electron microscopy (SEM) of nanopatterned porous titanium treated with Ar" ions at a dose of 1 x 10*® jons/cm? at

60° incidence angle for energies: 500, 750, and 1000 eV. Higher magnification region for the 750 eV case shows that nanowall pattern structure

is prevalent at energies lower than 1000 eV (e.g., at 750 eV).
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FIGURE 9 X-ray diffraction (XRD) characterization of
nanopatterned porous titanium generated with 50% NaCl (i.e., treated
with 1 keV Ar" ions at a dose of 1 x 10*® jons/cm? at 60° incidence
angle).

off-normal incidence angles, respectively. Similarly, the incident Ar"
energy was varied to evaluate the influence on the nanopatterning
process using 500, 750, and 1000 eV shown in Figure 8. Lower
energy regimes induce smaller and less-ordered nanofeatures than
higher energies (e.g., 1 keV). Lower incident energies result in shal-
lower collision cascades and lower mobility and diffusivity of surface
atoms, which can explain the lack of observed ordered nanotexture.

In addition to ion-enhanced surface diffusivity, the removal of sur-
face atoms via sputtering can also tune the surface nanotexture. Fur-
thermore, higher reflected energies can also help induce and proliferate
nanotexture inside pores. While sputtered atoms can be removed on flat
and open surfaces, inside the pore the collision cascade which depends
on the ion energy, fluence, and incidence angle, could generate different
nanopatterns compared to the topography observed at the sur-
face.20343¢ However, with this treatment the crystalline structure of
the samples remains similar to the XRD shown in Figure 9, thus demon-
strating that the DIS is a surface-limited material modification that keeps
the crystalline structure of the bulk Ti material intact.

The biological response of the surface nanotopography was fur-

ther studied through in vitro tests designed to investigate cell
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FIGURE 10 Cell viability of pre-osteoblasts on nanopatterned
porous titanium treated with Ar" ions via direct irradiation synthesis
(DIS) after 24 h in cell culture normalized to fully dense (FD). N = 3
independent experiments, Mean + SD, analysis of variance.

expression linked to related bone formation behavior. The relative cell
viability is defined by the percentage of live pre-osteoblasts cultured
for 24 h in the 50% of NaCl porous samples (Porous Ti) and 50% of
NaCl porous samples irradiated with 1 keV Ar" ions at a dose of
1 x 108 ions/cm? at 60° incidence angle (porous Ti Ar™ DIS) com-
pared to FD samples and is shown in Figure 10. We did not observe a
significant decrease in cell viability between porous samples with or
without Ar' treatment and control FD samples at the early stages of
cell attachment.

Nanofeatures that mimic the native ECM have promoted cell
attachment, osteogenesis and vascularization.?%° In this context, ALP
enzyme, an early bone differentiation marker expressed by osteoblas-

tic cells®®>t

on these irradiated porous substrates was evaluated at
7 and 14 days. On day 7, ALP activity increases on porous Ar" irradi-
ated samples and their non-irradiated counterparts compared to FD
(Figure 11A). On day 14, the ALP activity of the FD samples tends to
be higher than the porous samples (Figure 11B). Osteogenic progeni-
tors decrease their proliferation rate in favor of differentiation, of

which ALP is an early marker as it is involved in the synthesis of
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Pre-osteoblast cell differentiation and mineralization on nanopatterned porous titanium treated with Ar" ions via direct

irradiation synthesis (DIS). (A) Alkaline phosphatase (ALP) activity after 7 days in culture, N = 3 independent experiments, Mean * SD, analysis of
variance (ANOVA), Tukey, *p < .05 compared to FD. (B) ALP activity after 14 days in culture, N = 3 independent experiments, Mean + SD,
ANOVA, Tukey, *p < .05. (C) Alizarin red quantification of cellular mineralization after 14 days in culture, Representative of three independent
experiments, Mean * SD. (D) Micrographs of the porous scaffolds during the mineralization test, red coloration corresponds to calcium deposits.

Scale bar equivalent of 200 pum.

inorganic phosphates to form hydroxyapatite. Thus, it is present in the
maturation and the beginning of the mineralization stages of osteo-
blast differentiation.’®>! To evaluate the final stage of mineralization
by mature osteoblasts®! we used Alizarin red to quantify calcium nod-
ule production on the surfaces (Figures 11C and S3), which appears to
be higher in Porous Ti Ar™ DIS samples compared to FD samples. The
optical images in Figure 11D indicated evidence of red deposits local-
ized on the porous surfaces, compared to FD.

The immune system plays a critical role in bone repair. Macro-
phages communicate with osteoblasts, and osteoclasts via cytokine,
chemokines, and other signal molecules.’? Once the biomaterial is
implanted, it is recognized by immune cells (e.g., neutrophils and mac-

rophages). Recruited macrophages express a pro-inflammatory M1

phenotype. These cells secrete cytokines (interleukin 1(IL-1), tumor
necrosis factor (TNF-a), and interleukin 6 (IL-6)) to eliminate the
source of inflammation, for example, implant. Failure to resolve the
inflammation (chronic inflammation) leads to bone resorption and
finally implant rejection.>®>* However, if M1 macrophages switch to
an M2 phenotype and express anti-inflammatory cytokines (interleu-
kin 10 [IL-10], interleukin 4 [IL-4]) and tissue repair growth factors
(transforming growth factor-p, TGF-p), then bone formation can be
promoted.>?>5 Macrophages can sense and adapt to the physico-
chemical cues in their environment; thus, by tailoring the surface
topography, chemistry, stiffness, or wettability we can modulate the
foreign body response and rate of tissue inflammation.>%>#>¢

Figure 12 shows macrophage response to the nanotextured porous
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scaffolds. We observed that the Porous Ti Ar™ DIS samples decrease

macrophages viability compared to FD after 24 h, possibly by promot-

ing macrophage clearance (Figure 12A). Regarding cell morphology at
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=~

100

Relative cell viability (%) normalized to FD

Porous Ti Porous Ti Ar* DIS

=

Porous Ti

Porous Ti Ar* DIS

24 h, the cells expressed low actin fibers (in red color) in all surfaces.
We observed macrophages with two to three cell nuclei inside FD
and porous titanium, yet we did not observe this phenomenon on
Porous Ti Ar™ DIS samples (Figure 12B). The presence of multiple
nuclei could potentially lead to the formation foreign giant cells, which
are fused macrophages with hundreds of nuclei. These cells are pre-
sent in chronic inflammatory reactions, leading to fibrous capsule for-
mation and might contribute to aspect loosening by leading osteoclast
bone resorption.’®>” However, further experiments are needed to
further evaluate macrophage polarization and switch to a more tissue

regenerative phenotype (M2).

4 | DISCUSSION

The pore size and the interconnectivity of pores are two vital phys-
ical aspects essential for healthy bone reconstruction and are con-
trolled by the type of spacer particles used.>*® Our porous
titanium scaffolds with interconnected pores of 158 + 58.8 um
promoted bone formation (Figure 11). Small pores (less than
100 um) favor non-mineralized bone formation whereas large
pores (equal or more than 200 um) promote the formation of min-
eralized matured bone tissue. In addition to promoting new bone
in-growth, large pores allow macrophage infiltration, bacterial
clearance and facilitate the formation of a new vascularized system
that is essential to enrich, with blood and nutrients, the new bone
ECM.>® Other studies have shown that porous scaffolds with a
pore size range between 100 and 400 um provide higher mechani-
cal strength and stability to promote bone ingrowth, which could
enhance osseointegration ®11:49:59.60

Numerous studies have pointed out the role of nanotopography
on cell/matrix/substrates interactions. Nanofeatures of 10-100's nm
order are in the same scale as cell receptors (e.g., integrins). Cells
interact with nanoscale components of their ECM via filopodia (pro-
trusions) which contain integrins. These interactions activate signaling
cascades that modulate cellular process, for example, proliferation,
migration, and differentiation.?%° Previous results in our group dem-
onstrated increased filopodia density and length when interacting
with Ar*-treated nanopatterned titanium alloy (Ti6Al4V) substrates.3°
The characteristics of porous materials (e.g., total and interconnected
porosity percentage) affect the expression of osteogenic markers like
ALP,** which increased for the porous scaffolds after 7 days and pro-
moted surface mineralization after 14 days. Based on the 7 days ALP

and 14 days mineralization results in Figure 11, we conjecture the

FIGURE 12 Macrophage attachment on nanopatterned porous
titanium treated with Ar" ions via direct irradiation synthesis (DIS).
(A) Cell adhesion measured as relative percentage of viable cells
present after 24 h in cell culture normalized to fully dense (FD). N = 3
independent experiments. Mean + SD. analysis of variance, Tukey.

*p < .05 compared to FD. (B) Immunostaining of macrophages on
nanopatterned porous Ti, nuclei in blue, actin filaments in red, yellow
arrows indicate multinucleated cells.
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increase in ALP activity for FD samples after 14 days in Figure 11B is
due to the increase in cell proliferation of pre-osteoblasts and their
late differentiation into mature osteoblasts compared to porous sam-
ples, which started the mineralization process a week earlier. This con-
jecture is supported by evidence shown in Figure 11C,D showing
convincing results of a mature mineralization process compared to the
FD samples.

The induction of osteoblast differentiation and mineralization on
nanotextured porous samples are consistent with the results reported
in other studies. For example, Rosa and coworkers observed that
porous Ti discs (pore size between 50 and 400 um and a total porosity
of 60%) fabricated by powder metallurgy induced cell differentiation
and mineralization of osteogenic cells obtained from human alveolar
after 17 days.®? Abagnale and collaborators observed that micro or
nano-patterns generated on polyimide material using reactive ion
etching or multi-beam laser interference, respectively, modulate MSC
differentiation into osteogenic or adipogenic lineages. Ridges of
15 um induced adipogenic differentiation, whereas 2 um ridges
enhanced osteogenic differentiation. Notably, nano-patterns with a
periodicity of 650 nm increased differentiation toward both osteo-
genic and adipogenic lineages under specific differentiation media.%?
Tan and coworkers further enhanced the biological properties of
acid-etched microrough titanium surfaces by generating titania nano-
textured thin films (roughness of 106.9 nm) via chemical oxidation.
Nanopatterning of microrough titanium surfaces led to improved
attachment and proliferation of MSCs, osteoblast differentiation and
mineral deposition.®® These studies and ours, are limited since they
were conducted in static in vitro cultures, which cause hypoxia due to
deficiencies in nutrient transport.®* Moreover, they do not include co-
culture with other cells nor mechanical stimulation which does not
reflect reality. Thus, for future experiments we will study the response
to modified porous Ti surfaces in a dynamic environment. Bacterial
attachment is another concern for high-contract area porous Ti sam-
ples.®® The added nanotopography from DIS treatment could be used
strategically to address this, as nanostructured Ti surfaces have been
able to decrease bacterial attachment.®® Surface modification with
DIS of bacterial cellulose has demonstrated a decrease E. coli and
S. Aureus attachment to cellulose-based surfaces.®” Although further
studies are needed studying DIS-nanopatterned porous Ti surfaces,
this approach can provide a possible solution to concerns with bacte-
rial attachment in porous Ti materials.

Several authors have observed a change in cell behavior corre-
lated to the nanopatterning in diverse materials. For example, Padma-
nabhan and coworkers generated nanopattern arrays (55 nm
nanorods) on bulk metallic glasses that restricted cytoskeletal
remodeling-associated signaling, reducing macrophage fusion.”®¢®
Also, Karazisis and coworkers described the reduction of TNF-a
expression and osteoclasts markers after 3 and 6 days, respectively,
when macrophages were cultured onto highly ordered nanopatterned
(79 nm) titanium implant. This effect appeared to be independent of
the underlying microscale topography.'® Chen and coworkers gener-
ated ordered and uniform porous anodic alumina with 15, 50, 100,

and 200 nm pore sizes. Cells cultured on 0-100 nm substrates were

Y sk WILEY-L_%

rounded while cells grown on 200 nm structures were less round and
have more filopodia. The 100 and 200 nm substrates seemed to be
the most anti-inflammatory. In terms of osteogenesis and osteoclasto-
genesis, 50 and 100 nm nanopatterned surfaces induced the secretion
of osteogenic factors (TGF-B, bone morphogenic protein [BMP], vas-
cular endothelial growth factor [VEGF]) while 200 nm surfaces inhib-
ited osteoclasts activity.?! This osteoimmune environment is
indispensable for bone formation via the osteogenic differentiation of
osteoblastic lineage cells during the regenerative process.>® Since
nanotopography is associated with osteogenesis, the immune
response should be considered in the rational design of suitable sur-
face properties on porous Ti scaffolds.

Civantos and collaborators observed the expression of C-C motif
receptor 7 (CCR7) (M1 surface cell marker) on FD surfaces. However,
50% ammonium bicarbonate and hydrofluoric acid generated a CCR7
negative modified porous sample that was more biomimetic than FD
surfaces.*® Although future work is needed to determine macrophage
polarization on the nanopatterned porous titanium samples, the con-
formal nanopatterning inherent to DIS of complex porous titanium
scaffolds has shown similar results as the methods mentioned above.
The hierarchical micro/nanostructures modulated immune and bone
cells without harsh reagents, coatings, or absorbed proteins. Thus, DIS
has potential in modulating the osteoimmune environment, which

could enhance the osseointegration process.

5 | CONCLUSIONS

DIS is an ion irradiation technique that uses argon ions to produce
nanotopography in a fast, scalable, and conformal way. By controlling
DIS variables, we can tailor the shape and orientation of nanofeatures,
which in turn modulate cell functions. The current experimental
results demonstrated that nanotextured porous commercially pure Ti
scaffolds, sintered by powder metallurgy and modified by DIS, gener-
ated biocompatible surfaces that increased osteoblast ALP activity
after 7 days. Calcium deposits increased on nanotextured porous scaf-
folds after 14 days. The porous structures cleared macrophages after
24 h and seemed to reduce the number of multinucleated cells on the
irradiated surfaces. All these findings suggest that nanofeatures
designed by DIS enhanced cellular interactions at the bio interface,

improving Ti osseointegration.
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