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Abstract

While calcium phosphate—based ceramics are currently the most widely used materials in bone repair, they generally
lack tensile strength for initial load bearing. Bulk titanium is the gold standard of metallic implant materials, but does
not match the mechanical properties of the surrounding bone, potentially leading to problems of fixation and bone
resorption. As an alternative, nickel-titanium alloys possess a unique combination of mechanical properties including
a relatively low elastic modulus, pseudoelasticity, and high damping capacity, matching the properties of bone better
than any other metallic material. With the ultimate goal of fabricating porous implants for spinal, orthopedic and dental
applications, nickel—titanium substrates were fabricated by means of selective laser melting. The response of human
mesenchymal stromal cells to the nickel-titanium substrates was compared to mesenchymal stromal cells cultured on
clinically used titanium. Selective laser melted titanium as well as surface-treated nickel—titanium and titanium served
as controls. Mesenchymal stromal cells had similar proliferation rates when cultured on selective laser melted nickel—
titanium, clinically used titanium, or controls. Osteogenic differentiation was similar for mesenchymal stromal cells
cultured on the selected materials, as indicated by similar gene expression levels of bone sialoprotein and osteocalcin.
Mesenchymal stromal cells seeded and cultured on porous three-dimensional selective laser melted nickel-titanium
scaffolds homogeneously colonized the scaffold, and following osteogenic induction, filled the scaffold’s pore volume with
extracellular matrix. The combination of bone-related mechanical properties of selective laser melted nickel—-titanium
with its cytocompatibility and support of osteogenic differentiation of mesenchymal stromal cells highlights its potential
as a superior bone substitute as compared to clinically used titanium.
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The most widely used scaffold materials for bone tissue
engineering applications are calcium phosphate ceramics

(e.g., hydroxyapatite and tricalcium phosphate) due to
their osteoinductive and osteoconductive properties.!
However, these materials generally lack the tensile strength
required for initial load bearing and primary stability and,
as bulk material, do not match the mechanical properties
of the surrounding bone, limiting their application to non-
load-bearing situations or requiring long periods of immo-
bilization during bone healing.

As an alternative to ceramics, metals have been used for
prostheses in orthopedics and orthodontics for decades due
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to their superior mechanical properties. In particular, tita-
nium has traditionally been one of the most commonly
used metallic implant materials, demonstrating biocom-
patibility>7 and osseointegration.® However, the Young’s
modulus of Ti (100 GPa) significantly exceeds that of cor-
tical bone (3—20 GPa), which can result in stress-shielding.
As the Ti implant absorbs most of the applied mechanical
load, the surrounding bone is shielded from the applied
stress, ultimately leading to bone resorption.’

As compared to pure metals, metallic alloys allow the
tuning of the particular mechanical properties toward spe-
cific medical needs (e.g., Young’s modulus). In particular,
nickel-titanium (NiTi) alloys have—for a metallic mate-
rial—particularly low Young’s moduli, which are compa-
rable to that of bone, are pseudo-elastic, have a high
damping capacity,'? and exhibit shape memory properties.
Due to this unique combination of mechanical properties,
NiTi possesses great promise as a next generation scaffold
material for bone repair.

To produce metallic scaffolds with a well-defined geom-
etry, conventional methods (including turning, milling, and
drilling) are often impracticable and expensive. Selective
laser melting (SLM), an additive manufacturing method, is
a promising alternative. Complex-shaped, porous elements
or filigree lattices with strut sizes down to 200 um can be
fabricated on the basis of a predefined three-dimensional
(3D) dataset.!-'2 Since pore shapes, sizes, and distributions
can be controlled, specific scaffold architectures can be tai-
lored to meet the particular needs for cell ingrowth or to
match the mechanical environment of the intended implant
site.13-15 Therefore, the flexibility of the SLM technique,
combined with the material properties of NiTi, allows for
the design of implants with precisely tuned mechanical
properties optimized for bone repair applications.

With the ultimate goal of fabricating 3D NiTi implants for
spinal, orthopedic, and dental applications, in this work, we
aimed to compare the behavior of human bone marrow—
derived mesenchymal stromal cells (MSC) cultured on
SLM-produced NiTi substrates as compared to the gold
standard titanium. We first characterized the topographical
and chemical surface properties of non-porous two-dimen-
sional (2D) substrate surfaces fabricated by SLM. We next
aimed to assess the proliferation and osteogenic differentia-
tion of MSC cultured on these materials. Finally, we assessed
the behavior of MSC seeded and cultured on 3D NiTi scaf-
folds fabricated by SLM. The cytocompatibility and osteo-
genic potential of SLM NiTi as demonstrated here, along
with its superior mechanical properties (i.c., damping, shape
memory), highlight the potential of SLM NiTi as a superior
bone substitute as compared to today’s Ti implant materials.

Materials and methods
SLM manufacturing of 2D disks

In order to investigate the effect of material surface prop-
erties on cell behavior, non-porous “2D” metallic disks of

Table I. Sample treatment scheme. “Ti ref” is our reference
material which is a conventionally manufactured and surface-
treated titanium material used in the clinic.® A direct
comparison of the effects of Ti ref and our SLM produced
nickel—-titanium (“NiTi”) on MSC behavior is nontrivial due to
a number of variables: (1) chemistry of the bulk materials, (2)
the effect of the SLM manufacturing process, and (3) surface
topography. Therefore, titanium disks produced by the SLM
process were also fabricated (“Ti”). To account for the surface
treatment of Ti ref, two groups of SLM produced disks were
also surface treated (“Ti ST” and “NiTi ST”) to obtain similar
surface topographies..

Ti ref Ti Ti ST NiTi NiTi ST
SLM v v v v
Sandblasting v v
Etching v v v

MSC: mesenchymal stromal cells; SLM: selective laser melting.

both nickel-titanium and titanium (& 14 mm,
2 mm thickness) were produced using SLM technology
with the SLM Realizer 100 and Realizer 250, respec-
tively (SLM Solutions, Liibeck, Germany). Disks were
produced from either nickel-titanium with a nominal
nickel-content of 55.96 wt% (Memry GmbH, Liibeck,
Germany) or grade 2 titanium (SLM Solutions) with par-
ticle sizes ranging from 35 to 180 um. Subsequent to fab-
rication, nickel-titanium disks were annealed for 20 min
at a temperature of 500°C under a protective argon
atmosphere. Disks produced by SLM were compared to
disks of a conventionally manufactured reference tita-
nium material (grade 2 Ti, non-SLM produced).
Reference titanium disks were surface treated by sand-
blasting (abrasive grit Al,O; particles with a mean grain
size of 125 pm and 4 bar blasting pressure for 2 min) and
acid etching (mixture of ddH,O (resistivity 18.2 MQcm,
ELGA Purelab Option-Q DV 25, ELGA LabWater, Celle,
Germany): H,SO, (95%, J.T. Baker, Avantor Performance
Materials, Inc., Phillipsburg, NJ, USA): HCl (32%,
Sigma-Aldrich Chemie GmbH, Buchs, Switzerland) in a
volume ratio of 1: 1: 2 at 93 °C for 7 min). The surface-
treated reference titanium material (“Ti ref”) which has
been used clinically for dental implants®7 was provided
by Thommen Medical AG (Grenchen, Switzerland).

Surface treatment of SLM disks

Considering that Ti ref disks had been surface treated, we
aimed to assess the effects of surface treatment. Disks
were surface treated according to the conditions outlined
in Table 1. “Ti” and “NiTi” disks received no further post-
processing surface treatments. Following SLM produc-
tion, “Ti ST” disks were surface treated to create surfaces
similar to Ti ref.3 Ti ST disks were sandblasted and etched
using similar parameters as for Ti ref. Since the titanium
etching process is not effective for nickel-titanium, “NiTi
ST” disks were alternatively surface treated by etching in
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Figure 1. (a) SEM micrographs of 2D metallic disks. Upper panel depicts SLM produced NiTi and Ti disks. Lower panel depicts
post-production surface treated (ST, that is, etching, passivation) disks including the clinically used reference (conventional Ti Ref).
Scale bar = 100 pm and (b) CAD models of the unit cell (2 mm height), entire cylindrical 3D scaffold (4 mm height, 8 mm diameter)
and SEM micrograph of the SLM produced 3D NiTi scaffold. Scale bar = 100 pm.

SEM: scanning electron microscope; 2D: two-dimensional; SLM: selective laser melting; NiTi: nickel-titanium; CAD: computer-aided design; 3D:

three-dimensional.

HF at a temperature of 60°C for a duration of 3 min after
SLM production.

Cleaning, passivation, and sterilization of disks

Disks were cleaned in a 4% Deconex® 15PF (Beiersdorf
Miinchenstein, Switzerland) solution at 90°C with ultra-
sonic agitation for 5 min. Specimens were then rinsed in
ultrapure water (resistivity 18.2 MQcm) for 15 min
(3 x 5 min with exchange of water) in an ultrasonic bath.
Subsequently, disks were passivated in nitric acid (32.5%
HNO;, Sigma-Aldrich Chemie GmbH, Buchs, Switzerland)
with ultrasonic agitation for 10 min.!¢ Finally, the speci-
mens were high purity oxygen plasma treated (PDC-32G,
Harrick, Ithaca, NY, USA, oxygen purity 99.9995%,
Carbagas) at 29.7 W for 2 min and sterilized using hot
steam (Cominox Sterilclave 24BHD, Cominox S.r.l.,
Carate B.za, Italia, 121°C for 20 min).

SLM manufacturing of 3D scaffolds

3D scaffolds were manufactured from nickel-titanium pow-
der with a nominal nickel content of 55.96 wt% and particle

sizes ranging between 35 and 75 pm. Smaller particles were
used to fabricate 3D scaffolds compared to 2D disks to facil-
itate the production of small diameter filigree struts.
Scaffolds were formed using a rhombic dodecahedron unit
cell (height x width % depth: 2 mm x 2 mm x 2 mm, Figure
1(b)). Magics software (V15.0.4.2; Materialise, Leuven,
Belgium) was used to design a scaffold with a final cylindri-
cal shape (8 mm diameter x 4 mm height) and an overall
porosity of 84%.!3 Furthermore, SLM-fabricated scaffolds
exhibited a gravimetrically determined porosity of 77.5% +
0.4% (Mettler Toledo AT261 Delta Range, Mettler-Toledo
GmbH, Greifensee, Schweiz) and a porosity of 76% deter-
mined by micro-computed tomography,'” which are slightly
lower due to minimal geometric deviations during the melt-
ing process and due to residual powder particles. Following
SLM production, “3D NiTi scaffolds” were post-processed
as 2D NiTi disks (i.e., non-surface-treated), excluding the
annealing step.

Surface characterization

Surface characterization was performed on cleaned and
passivated, unsterilized samples. Surface topography was
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assessed using a scanning electron microscope (SEM;
FEI Nova Nano SEM 230; Microscopy Centre University
Basel, Switzerland). The surface roughness was meas-
ured using 3D Confocal Laser Scanning Microscope
(LEXT OLS4000; Olympus, 50% objective, Olympus
Schweiz AG, Volketswil, Schweiz). Each substrate was
scanned three times at random positions to determine the
roughness values: average surface roughness (SR,), max-
imal peak to valley height (SR;), and roughness spacing
parameter (S,,, a measure of the mean spacing between
peaks) (cutoff wavelength A, = 51.9 pm).!® Additionally,
the developed surface area ratio (Sdr, the ratio of the
effective surface area due to the surface roughness and
the projected surface area) were measured according to
Wennerberg and Albrektsson.!® Substrate wettability was
evaluated by means of water contact angle measurements
using a sessile drop set-up (EasyDrop; Kriiss, Hamburg,
Germany; MilliQ water, Millipore, MA, USA; V=5 ulL)
and the corresponding software DSA 100 to calculate
contact angles 6.

X-ray photoelectron spectroscopy (XPS) was carried
out using a Phi Quantera SXM spectrometer (ULVAC-
PHI, Chanhassen, MN, USA) equipped with a monochro-
matic aluminum K, x-ray source (hv = 1486.6 eV).
Survey and high-resolution spectra were acquired from
all 2D disks using a 100 pm beam diameter with the ana-
lyzer operated in fixed analyzer transmission (FAT)
mode. Survey spectra were acquired setting the pass
energy at 280 eV and a step size of 1.0 eV (full-width-at-
half-maximum (fwhm) of the peak height for Ag3ds, =
1.66 eV) while high-resolution spectra were acquired
with a pass energy of 26 eV and a step size of 0.05 eV
(fwhm for Ag3d,, = 0.7 eV). Composition versus depth
profiles were recorded alternating the etching of the sam-
ple surface with an argon source ran at 3 keV and 15 nA.
The pass energy was set at 69 eV (fwhm of the peak
height for Ag3ds, = 0.87 eV), and the step size was
0.125 eV. Calibration of the depth scale was performed
using a Si/Si0, reference sample under the same experi-
mental conditions and was found to be (10.8 £ 0.1) nm/
min. For data acquisition, the COMPASS software
(v.7.3.4; ULVAC-PHI, Chanhassen, MN, USA) was used.
Data processing and quantification of the composition
depth profiles was performed using MultiPakTM 8§
(V8.1C; ULVAC-PHI). Details on the spectrometer cali-
bration are provided in Crobu et al.20

Cytotoxicity assessment

Cytotoxicity was assessed in accordance with ISO 10993-
521 Metallic substrates were immersed in complete
medium (CM) consisting of alpha—minimum essential
medium (MEM) supplemented with 10% fetal bovine
serum (FBS), 1% HEPES, 1% sodium pyruvate, and 1%
Penicillin-Streptomycin Glutamate (100%) solution (all

from Gibco, Life Technologies Europe, Zug, Switzerland,
http://www.invitrogen.com) with a surface to media ratio
of 6 cm?*mL for at least 24 h in a cell culture incubator.
Additionally, unconditioned CM and CM conditioned with
latex were used as positive and negative controls, respec-
tively. Post extraction, metallic substrates were removed
and the conditioned media used for the culture of MG-63
osteosarcoma cells. Following 3 and 7 days, the viability
of MG-63 cells was determined by incubation with MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide; Sigma Aldrich) solution at a final concentration
of 0.05 mg/mL. The amount of blue/purple-metabolized
substrate of MTT was quantified spectroscopically by
DMSO (D2650; Sigma-Aldrich Chemie GmbH, Buchs,
Switzerland) extraction and absorption measurement at
575 nm wavelength (SpectraMax 190; Bucher Biotec AG,
Basel, Switzerland).

Cell culture

Human bone marrow aspirates were harvested during
routine iliac crest bone grafting, in accordance with the
rules of the local ethical committee (University Hospital
Basel, Basel, Switzerland) and after informed consent
was obtained. MSC were isolated from the bone marrow
aspirates?? and expanded? as previously described. MSC
were expanded for two to four passages for subsequent
experiments.

2D cultures

For the assessment of cell proliferation, MSC were
seeded onto the surfaces of metallic 2D disks and Petri
dishes (i.e., tissue culture polystyrene—"“TCP”) at densi-
ties of 3 x 104 cells/cm? and cultured in CM supplemented
with fibroblast growth factor-2 (FGF-2) for up to 3
weeks with media changes twice a week.

The osteogenic differentiation of MSC was performed
by seeding 3 x 105 cells/cm? onto metallic 2D disks and
6 x 10% cells/cm? on TCP to reach confluence upon seed-
ing, thereby increasing cell-to-cell contacts and acceler-
ating the onset of osteogenic differentiation. Cells were
cultured in CM or osteogenesis inducing medium (OM)
consisting of CM supplemented with 10 nM dexametha-
sone, 0.1 mM L-ascorbic acid-2-phosphate, and 10 mM
b-glycerophosphate for 2 weeks with media changes per-
formed twice a week.

3D cultures

MSC were seeded, expanded, and differentiated within 3D
NiTi scaffolds using a perfusion bioreactor system as pre-
viously described.?*?5 The bioreactor system was designed
to first perfuse a cell suspension directly through the pores
of a 3D scaffold, to seed cells uniformly throughout the
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entire scaffold, and subsequently to perfuse culture media,
to maintain cell viability during expansion and differentia-
tion. The perfusion flow rate was set to 2.8 mL/min for
24 h during the seeding phase and subsequently changed to
0.28 mL/min for the proliferation and differentiation
phases.

The proliferation of MSC on 3D NiTi scaffolds was
assessed by seeding 1 x 105 cells/scaffold in the bioreactor.
Cell-seeded scaffolds were subsequently cultured within
the perfusion bioreactor for 3 weeks with CM supple-
mented with FGF-2 with media changes twice a week. To
compare MSC proliferation in 3D NiTi scaffolds to prolif-
eration on 2D disks, cells derived from one particular
donor used in 2D experiments were used in the 3D scaffold
experiments (n = 3 scaffold experiments).

The osteogenic differentiation capacity of MSC cul-
tured in the 3D NiTi scaffolds was assessed by seeding
3 x 10° cells/scaffold (surface calculation based on com-
puter-aided design (CAD) data leading to similar seeding
density as on 2D metallic substrates) in the bioreactor in
three independent experiments (n = 3 different donors).
Cell-seeded scaffolds were subsequently cultured within
the perfusion bioreactor in either OM or CM supplemented
with FGF-2 for up to 3 weeks, with media changes twice a
week.

Cell proliferation assay

The CyQUANT® Cell Proliferation Assay was used
according to the manufacturer’s protocol. Briefly, 2D disks
or 3D scaffolds were washed with phosphate-buffered
saline (PBS; Gibco, http://www.invitrogen.com) and fro-
zen. Prior to the assay, a phosphate buffer—based
(800 mM) enzymatic extraction protocol was carried out in
order to liberate the DNA from the substrates.

Imaging techniques

MSC attachment, morphology, spreading, as well as extra-
cellular matrix (ECM) deposition were assessed using
SEM (FEI Nova Nano SEM 230) following overnight cell
fixation in 4% para-formaldehyde, dehydration, critical
point drying, and gold sputtering.

Gene expression

Trizol® (http://www.invitrogen.com) was added to 2D
disks and 3D scaffolds to extract RNA. The RNA was iso-
lated using the NucleoSpin® RNA II kit (Macherey-Nagel,
Oensingen, Switzerland, http://www.mn-net.com). RNA
was eluted in RNase-free water, and transcription into
complementary DNA (cDNA) was performed according to
the manufacturer’s protocol. The samples were analyzed
using a GeneAmp® polymerase chain reaction (PCR)
System 9600 (Perkin Elmer, Schwerzenbach, Switzerland,

http://www.perkinelmer.com), and the transcription levels
of the following genes of interest were quantified: bone
sialoprotein (BSP), osteocalcin (OC),?’ and glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) as house-
keeping gene (Primer R ATG GGG AAG GTG AAG GTC
G; Primer F TAA AAG CAG CCC TGG TGA CC; Probe
CGC CCA ATA CGA CCA AAT CCG TTG AC).%3

Calcium staining

Alizarin Red (Sigma Aldrich, A5533) is an organic com-
pound used to stain mineralized matrix in red or light pur-
ple color. After a culture period of 3 weeks, 2D disks and
TCP were rinsed with PBS and fixed with formalin 4% for
10 min. After an extensive rinse with ddH,0, 2% Alizarin
Red staining solution was added to the cell layer for
10 min at room temperature. The staining solution was
removed and the cell layer washed twice with pure etha-
nol. The samples were dried and images acquired.

Statistical analyses

For MSC cultures on metallic 2D disks, averages of four
independent experiments (four different donors), with
three disks per substrate and assay, were expressed as
arithmetic mean + standard deviation. For MSC cultures
on 3D NiTi scaffolds, results from three independent
experiments (three donors) are expressed as arithmetic
mean + standard deviation. The data were analyzed by
one-way analysis of variance (ANOVA), followed by
Bonferroni’s post hoc test for multiple comparison (disk
experiments). Differences were considered statistically
significant at p < 0.05.

Results

Substrate characterization

SEM images in Figure 1 show the surface topographies
of the metallic disks. Non-surface-treated SLM samples
(NiTi and Ti) had macroscopically rough surfaces due to
residues of the powder. These powder residues were sin-
tered to the surface layer during the SLM process, and
any loose particles were removed during the sonication
step of the cleaning procedure. Moreover, these residues
led to high arithmetic mean surface roughness values
(SR,) and to an increase in the developed surface area
ratio (Sdr) (Table 2). In contrast, surface-treated samples
appeared much smoother, with no powder residues
remaining. The surface roughness parameters SR,, SR,
Sdr, and S, were not significantly different among the
three surface-treated disks or between the two non-sur-
face-treated disks.

Water contact angle measurements were below 90° for
all disks tested (Table 2), indicating hydrophilic properties
of the materials.?® For Ti ref and NiTi, contact angle
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Table 2. Measurements of contact angle (CA, static contact angle, sessile drop), arithmetic mean surface roughness (SR,),
developed surface area (Sdr), and roughness spacing parameter (S,,) of 2D metallic disks.

Ti ref Ti Ti ST NiTi NiTi ST
CA (°) 02 6l £8 66 £ 16 02 45 + 23
SR, (um) 2.1 £0.1 7318 35+0.5 72+06 43+09
SR, (um) 128 £2.7 75.0 £ 364 20.7 £ 152 65.2 £ 54.6 64.7 £ 389
Sdr (%) I51 +4 368 + 82 201 £ 15 333+ 55 231 £ 78
S 6.5+27 12.3 £ 8.0 8.6 £49 13.8+6.6 10.5+54
2D: two-dimensional; NiTi: nickel—titanium; SD: standard deviation.
2No stable droplet formation. Measurements are mean = SD (n = 3).
measurements of 0° are reported since no stable droplet 2D culture

formation was visible due to immediate droplet elapse,
indicating extreme hydrophilicity of these materials.

Analyses of XPS survey (Figure 2(a)) and high-
resolution spectra (not shown) indicate the presence of
titanium oxide layers on the surface of all disks; the
Ti2ps,, was found at 458.9 + 0.2 eV being a typical bind-
ing energy of titanium in titanium oxide. In addition to
Ti and O, NiTi ST showed Ni signals. The Ni2p,,, signal
is multicomponent: one signal is detected at 852.4 eV
and another one, with higher intensity, exhibited the
peak maximum at 853.1 eV. The presence of the signal at
higher binding energies indicated that the surface film
after passivation contains oxidized Ni, but the layer is
thin enough to allow for detection of Ni in the metallic
state in the NiTi matrix.?’

Depth profiling of the NiTi substrates showed a tita-
nium oxide layer approximately 96 nm in thickness for
NiTi and approximately 5 nm for NiTi ST (Figure 2(b)).
Considering that the oxide layer is removed by surface
treatment and re-formed through auto-passivation, Ti
ST is expected to have an oxide layer thickness similar
to NiTi ST. In this work, the oxide layer thickness is
estimated to be higher than 6.5 nm using the inelastic
mean free path of the signal of titanium oxide (TiO) at
455.1 eV. Surface-treated titanium implants have been
shown to exhibit oxide layer thicknesses in the range of
1.5 to 10 nm,3® consistent with the native oxide layer
previously measured on Ti ref.3! Carbon and sodium
were only detected in the outermost layer due to the
exposure to the ambient atmosphere. These signals dis-
appeared after the first Ar* sputtering cycle.

Cytotoxicity assessment

Assessment of the viability of MG-63 cells via MTT stain-
ing revealed no cytotoxic effect of NiTi and NiTi ST
according to ISO 10993-5. MG-63 metabolic activity on
NiTi and NiTi ST were determined to be 1.01 = 0.10-fold
and 0.98 + 0.10-fold as compared to positive controls;
latex negative control was 0.16 = 0.01-fold compared to
positive controls.

Proliferation assessment. Proliferation studies were carried
out with four independent donors. No significant differ-
ences in the growth rate of MSC could be observed for any
of the materials as compared to Ti ref or among any of the
materials (Figure 3).

Cell morphology. SEM images were acquired after 11 days
(depicting an intermediate time point of differentiation;
data not shown) of MSC culture on metallic disks in CM
and OM. Cell morphology was similar for all metallic sub-
strates. However, morphological differences were observed
between MSC cultured in CM as compared to OM. MSC
cultured in CM had a randomly oriented, branched, and
flat morphology, whereas MSC cultured in OM aligned
themselves and branched only into a preferred axis. Inter-
estingly, cells cultured on non-surface-treated disks had
adhered to both the underlying substratum as well as the
powder residues.

To investigate ECM production by differentiated MSC,
SEM images were acquired after 21 days (Figure 4(a)). On
all disks, dense cell layers with high amounts of ECM
were observed. MSC cultured on surface-treated disks
(NiTi ST, Ti ST, and Ti ref) exhibited a spindle-like shape
with random orientation in CM and an aligned orientation
in OM. MSC cultured on non-surface-treated disks (Ti and
NiTi) were almost indistinguishable from the abundant
ECM, hindering the assessment of their morphology.

Osteogenic differentiation. BSP gene expression levels were
similar for MSC cultured on all materials (p > 0.5 for CM
and p > 0.08 for OM) (Figure 4(b)). However, expression
of OC was down-regulated for MSC cultured in OM on
NiTi (3-fold; p < 0.05) and NiTi ST (6-fold; p < 0.05) as
compared to Ti ref. For all materials, BSP expression was
significantly higher when MSC were cultured in OM as
compared to CM on the respective materials (p < 0.001).

Alizarin Red staining of CM cultured MSC showed
similar faint staining for all materials tested. In contrast,
with the exception of TCP, high matrix mineralization was
observed when MSC were cultured in OM on all of the
metallic disks (Figure 4(c)).
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Figure 2. (a) XPS survey spectra of 2D disks indicated the presence of a titanium oxide layer on the surface of the materials.
Ni could be detected on the surface of NiTi ST. (b) XPS depth profile for NiTi and NiTi ST revealed oxide layer thicknesses
of approximately 96 nm and 5 nm, respectively. Approximate depths were estimated according to the sputter rate on Si/SiO,

reference sample (10.8 £ 0.1 nm/min).

XPS: x-ray photoelectron spectroscopy; 2D: two-dimensional; NiTi: nickel-titanium.

3D culture
Proliferation and cell morphology assessment. MSC proliferated
at similar rates, independent of whether the cells were cul-
tured on porous 3D scaffolds or on 2D disks of SLM NiTi
(3D: 0.28 + 0.04 doublings/day; 2D: 0.32 + 0.02 doublings/
day).

Following 14 days of 3D culture, MSC cultured in CM
had colonized the entire scaffold, being homogeneously

distributed along the struts of the scaffold at the periphery
as well as the struts throughout the internal region
(Figure 5(a), upper panel). However, the pore volume
remained relatively empty within CM cultured constructs.
In contrast, MSC cultured in OM were not only homoge-
neously distributed along the scaffold struts but were also
embedded within ECM filling the volume of the scaffold
pores (Figure 5(a), lower panel).
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Figure 3. Proliferation rate (doublings/day) of MSC cultured
on 2D disks for | week.

TCP: tissue culture polystyrene; NiTi: nickel-titanium; MSC: mesenchy-
mal stromal cells; 2D: two-dimensional; SD: standard deviation.

No significance differences were observed between the substrates
tested. Measurements are mean + SD (n = 4).

Osteogenic differentiation. BSP gene expression levels were
significantly up-regulated when MSC were cultured on 3D
NiTi for either 2 or 3 weeks in OM as compared to CM (Fig-
ure 5(b)). In contrast to results for 2D cultures, expression of
OC was significantly up-regulated when MSC were cultured
on 3D NiTi scaffolds in OM as compared to CM. Expression
of both BSP and OC was significantly higher when MSC
were cultured in osteogenic medium on the 3D NiTi scaf-
folds as compared to 2D NiTi disks (p < 0.01).

Discussion

In this work, we have demonstrated that the proliferation
and osteogenic differentiation capacity of human MSC is
similar when cultured on SLM NiTi as compared to a clini-
cally used titanium implant material. We have further
shown that when cultured in SLM-produced, porous 3D
NiTi scaffolds, MSC colonized the scaffolds, differenti-
ated osteogenically, and filled the pore volume with extra-
cellular matrix.

The surface roughness has been demonstrated to affect
cell behavior;3?33 therefore, we quantitatively and quali-
tatively assessed the surface topography of the 2D disks.
Materials with a higher surface roughness have been
demonstrated to favor cell attachment due to enhanced
protein binding to the surface,3? and to increase osteo-
genic differentiation?334 but impair cell proliferation.33-3
In our study, while non-surface-treated NiTi and Ti had
significantly higher values of SR, than Ti ref, the differ-
ences in roughness did not affect MSC proliferation or
osteogenic differentiation. It has been demonstrated that
bone response was influenced by the implant surface
topography at the micro- and nanometer scales. Based on
the extent of osseointegration, surface roughness was
thus categorized as (1) smooth (SR, < 0.5 pm), (2) mini-
mally rough (SR, 0.5-1 pm), (3) moderately rough
(SR, > 1-2 um), and (4) rough (SR, > 2 pm) surfaces.3-37

Moderately rough and rough surfaces showed the strong-
est bone response in terms of osseointegration. In our
study, all 2D disks, whether surface treated or not, would
be classified as “rough,” since values of SR, were larger
than 2 um, possibly explaining the similar response of
MSC among the groups.

The surfaces of all disks fabricated in this study were
found to have contact angles of 6 <90 °, defining them as
hydrophilic.3® It was previously shown that MSC gene
expression of osteogenic markers was generally higher on
hydrophilic as compared to hydrophobic surfaces, how-
ever at the expense of impaired cell adhesion and prolif-
eration.’$3° In our study, MSC not only showed signs of
osteogenic differentiation but extensively proliferated on
all substrates as well.

Although nickel is known to exhibit cytotoxic effects*
as an intermetallic component of the NiTi alloy, it has been
demonstrated to be biocompatible.*!#> Our study is consist-
ent with others,* showing that the SLM processing of NiTi
does not impair its cytocompatibility. Moreover, SLM pro-
cessed NiTi has been demonstrated to be biocompatible.*
The cytocompatibility and biocompatibility of NiTi arise
from auto-passivation,*> which creates an inert titanium
oxide surface layer (Figure 2(b)) that prevents the release
of Ni*".4¢ An oxide layer 1.5-10 nm in thickness is also
spontaneously formed on Ti substrates when in contact
with oxygen.3® The XPS data shown in Figure 2 confirm
the presence of oxide layers on all of our NiTi and Ti disks.
Surface oxides are known to spontaneously nucleate cal-
cium phosphate (apatite) when in contact with physiologi-
cal fluids.#”#® The nucleated apatite (hydroxyapatite)
triggers cell attachment as well as cell differentiation.*%-30
Larsson et al.>! demonstrated that implants with an oxide
layer improved the degree of bone contact area and bone
formation. Moreover, the thickness of the oxide layer can
also play a crucial role. Electropolished Ti, with a depleted
oxide layer of only 2-3 nm in thickness, was associated
with decreased bone formation around the implant as com-
pared to auto-passivated Ti.>! On the other hand, Sul et al.>
showed that Ti, which was thermally treated to increase the
thickness of the oxide layer to 200 and 1000 nm, had sig-
nificantly stronger bone response with the thickest oxide
layer. However, no significant differences were reported
for oxide layers generated by auto-passivation and oxide
layers up to 200 nm.*? Therefore, our work appears consist-
ent with Sul et al.,*2 since MSC had similar responses on all
disks, which exhibited native oxide layers with thicknesses
(ranging from 5-96 nm) below the threshold of 200 nm.

NiTi and Ti substrates incorporated residual metallic
powder particles onto their surface, which increased the
overall roughness and led to relatively high micrometer-
scale peaks. As seen by SEM, these peaks appeared to
serve as additional attachment points for cells, possibly
imposing pseudo-3D properties to cells, leading to multi-
ple cell layers with increased cell-to-cell and cell-to-ECM
contacts. In contrast, cells cultured on the smoother
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2D disks for 14 days. BSP was up-regulated for MSC cultured in OM. Levels of OC were slightly down-regulated for MSC cultured
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CM: complete medium; OM: osteogenesis inducing medium; SEM: scanning electron microscope; MSC: mesenchymal stromal cells; 2D: two-dimen-
sional; NiTi: nickel—titanium; SD: standard deviation.

surface-treated samples did not build-up multi-layered BSP correlates with the initial phase of matrix minerali-
colonies as observed with the non-surface-treated samples. zation and was proposed to be the main nucleator of
Nevertheless, the results show similar proliferation rates hydroxyapatite crystals.>> OC is the most abundant non-
and differentiation capacities on surface-treated and non- collagenous bone-matrix protein,>*3> which is synthesized

surface-treated disks, indicating a negligible effect of the by osteoblasts in the late differentiation state>® and induced
residual powder particles. at the onset of extracellular matrix mineralization.>” High
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expression levels of both BSP and OC on each of the mate-
rials tested highlight a similar capacity of MSC to differen-
tiate along the osteogenic lineage when cultured on NiTi as
on the conventional Ti ref. Moreover, Alizarin red staining
underlines similar levels of matrix mineralization by MSC
on NiTi as compared to Ti ref (Figure 4(c)).

After demonstrating that SLM NiTi can support the oste-
ogenic differentiation and matrix mineralization of MSC in
our 2D disk model system, we next aimed to investigate the
effect of a 3D environment of a SLM NiTi scaffold. Design
of the scaffold architecture was based on criteria supporting
vascularization and integration of an implant,’® as well as
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finite element modeling of stress/strain profiles within the
scaffold under compressive loading.!? First, we determined
that growth rates of MSC cultured in 3D NiTi scaffolds
were similar to growth rates on 2D disks. As seen by SEM
(Figure 5(a)), MSC colonized the 3D scaffold struts and,
when osteogenically induced, filled the porous volume of
the scaffold with extracellular matrix. Similar to the 2D disk
model system, both BSP and OC were also highly expressed
by MSC cultured in the 3D NiTi scaffolds in osteogenic
medium. Interestingly, expression of both BSP and OC was
significantly higher when MSC were osteogenically differ-
entiated within the 3D environment of the NiTi scaffolds as
compared to on the 2D surface of NiTi disks. This is consist-
ent with other studies, which have shown that more osteoin-
ductive constructs could be generated by culturing MSC in
a 3D scaffold as compared to culturing MSC in 2D.?25°
Taken together, the high proliferation rate, differentiation
capacity, and high ECM production of MSC on 3D NiTi
scaffolds highlight the potential of NiTi as a scaffold for
bone tissue engineering applications.

Considering the adhesion, proliferation, and differentia-
tion capacity of MSC on SLM NiTi, this study also presents
the possibility to utilize 3D NiTi scaffolds as a cell-free
implant material for bone repair. In vivo, small numbers of
MSC from the blood or bone marrow in the repair site
could infiltrate the scaffolds, adhere to their surface, and
proliferate. This could result in the colonization of the scaf-
fold, subsequent differentiation of MSC down the osteo-
genic linage, and ultimately lead to accelerated
osseointegration of the implant.

In addition, porous NiTi scaffolds that are able to switch
between defined structural states (shape memory), induced
either mechanically or thermally,!® represent a further
approach to study the response of cells and tissues to physi-
ological strains in vitro.®%6! For example, Strauf} et al.®?
determined that static compression of NiTi scaffolds was
able to trigger osteogenic differentiation of adipose tissue—
derived stem cells. Further investigations might lead to
implants that apply physiological strains via shape memory
properties that trigger cell differentiation and bone tissue
ingrowth. These advanced implants might actively stimu-
late the surrounding tissue through the application of
micro-motions leading to profound reductions in implant
integration periods and ultimately to faster patient
recoveries.

Conclusion

We have demonstrated that MSC cultured on rapid-
prototyped NiTi proliferated and differentiated along the
osteogenic lineage to similar extents as on the clinically
used reference titanium material. These results highlight
the potential of SLM NiTi as a scaffold material for bone
tissue engineering applications (i.e., in vitro engineering of

osteogenic grafts) as well as regenerative medicine
approaches (i.e., as a cell-free implant material). Moreover,
the flexibility of the SLM technique, combined with the
unique mechanical properties of NiTi, would allow for the
design of grafts/implants better matching the mechanical
requirements of a bone repair site than conventional Ti
implants. Finally, the development of advanced NiTi shape
memory implants, capable of applying regenerative
mechanical stimuli at the site of implantation, could have
profound consequences on implant integration periods
leading to faster patient recoveries®® and to more success-
ful clinical outcomes in the long term.
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