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ARTICLE INFO ABSTRACT

Load-bearing implants success is strongly dependent on several physical and chemical properties that are known
to drive cellular response. In this work, multi-material (3-TCP-Ti6Al4V cellular structures were designed to
combine Ti6Al4V mechanical properties and B-Tricalcium Phosphate bioactivity, in order to promote bone in-
growth as the bioactive material is being absorbed and replaced by newly formed bone.

In this sense, the produced structures were characterized regarding roughness, wettability, 3-TCP quantity
and quality inside the structures after fabrication and the pH measured during cell culture (as consequence of -
TCP dissolution) and those aspects were correlated with cellular viability, distribution, morphology and pro-
liferation.

These structures displayed a hydrophilic behavior and results showed that the addition of 3-TCP to these
cellular structures led to an alkalization of the medium, aspect that significantly influences the cellular response.
Higher impregnation ratios were found more adequate for lowering the media pH and toxicity, and thus enhance
cell adhesion and proliferation.
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1. Introduction

Hip implants are currently used for restoring mobility in patients
suffering from osteoarthritis or trauma, being implanted worldwide, per
year, in one million people [1]. Currently hip implants are commonly
made of Ti6Al4V alloy, due to this material excellent biocompatibility
when in contact with body fluids, high strength (related with the ad-
dition of vanadium and aluminum) and corrosion resistance (due to the
formation of an oxide layer) [2-6].

Typically, after 10 to 20 years of total hip arthroplasty surgery, re-
vision surgeries are needed due to implant loosening [1,7] . The loss of
the implant-bone fixation has been related to the stiffness mismatch
existing between cortical bone and currently used hip implant materials
[1,8]. In fact, current solutions are Ti6Al4V dense implants with an
excessively high Young's modulus (= 110 GPa [2,9]) when compared
to bone (=10-30 GPa [2,9]). This mismatch causes a reduction on the
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stress that is transferred from the implant to the cortical bone (stress-
shielding effect), thus leading bone to resorb [1,2,8,10].

Although biocompatible, Ti6Al4V implants are bioinert, thus non-
eliciting an enhanced biological interaction with the human body [11].
Ideally, for bone tissue repair it is important to find a nontoxic, bio-
compatible, bioactive solution owing suitable mechanical properties
(stiffness and strength), that allow a free flow of nutrients to promote
cell growth, proliferation and differentiation and consequently new
tissue formation [12-14].

When scanning the available literature, different strategies are
found, spanning different materials, combinations and structures. (i)
Biomaterials like hydrogels are widely used for bone tissue repair once
they promote a suitable environment highly similar to the extracellular
matrix (ECM) for cell migration, adhesion, proliferation and adhesion.
However, many challenges remain due to unsuitable mechanical and
bioactive properties in natural and synthetic hydrogels, respectively
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[13]. (ii) Bioactive ceramics (hydroxyapatite, (3-Tricalcium Phosphate
(B-TCP), bioactive glass [12,14]) are vastly studied for bone tissue re-
pair due to its chemical composition highly similar to natural apatites of
bone, however, its brittle nature make them not suitable for load
bearing applications [12,14-17]. Many researchers overcome the lower
mechanical properties of bioactive materials by introducing a second
phase material. (iii) Low-dimensional nanomaterials (LDN), such as
carbon nanotubes, graphene or boron nitride nanotubes are very pro-
mising reinforcements due to their ability to enhance these bioactive
materials mechanical properties [14,18,19], especially suitable for
fabricating scaffolds [18]. However, the use of LDN is still challenging
once it is difficult to achieve their homogeneous dispersion, besides
their low oxidation temperature, easily achieved when sintering the
bioactive material [14,18,19]. (iv) Recent studies show the potential of
using polymeric scaffolds with incorporation of bioactive ceramics or
antibacterial agents [19,20], however their mechanical properties are
still below these implants loading requirements [12]. (v) Regarding
metallic alloys, there are some studies on bioactive reinforced compo-
sites for load-bearing applications with faster and enhanced osseointe-
gration [3,17,21,22] while many studies address bioactive coatings for
Ti6Al4V implants [9,23,24]. However, some problems arise when using
coatings, especially the detachment of the coating layer, that may
compromise the bioactive properties of the final implant and lead to
local inflammatory reactions [21,22].

Considering the abovementioned strategies, a multi-material solu-
tion that gathers different materials appears as a promising solution
towards the improvement of conventional hip implants by promoting
multifunctionality. This study proposes a multi-material solution
(Ti6Al4V and -TCP) based on cellular structures that simultaneously
lowers implant Young's modulus, add bioactivity, allow a flow of nu-
trients and waste while assuring bone ingrowth and vascularization
[10,25]. Vascularization is extremely important in implants, especially
after implantation, once it will potentiate a cascade of biological events
that will resorb the damaged bone and replace it by newly formed bone
[12,26].

This multifunctionality can be achieved by fabricating Ti6Al4V
cellular structures impregnated with 3-TCP bioactive ceramic that will
be absorbed and replaced by newly formed bone. Selective Laser
Melting (SLM) is an Additive Manufacturing technique that melts suc-
cessive layers of metallic powders for building a final part [5,10,27,28]
which allows an enormous freedom for designing cellular structures
within the optimum pore size to enhance bone vascularization and
ensuing bone ingrowth [25,29-31], reported between 100 and 400 um
[12,26,32].

Targeting hip implants, the present work shows the influence of
these structures design on physical and chemical aspects that drive
cellular response. The quantity and quality of the 3-TCP inside the
structures and the cell culture pH were evaluated and correlated with
cellular viability, cellular distribution, morphology and proliferation on
the surface and inside these structures.

2. Materials and methods
2.1. Specimens production

In this study, four different Ti6Al4V-based specimens were studied,
being their details presented in Table 1.

The first group (G1) intends to replicate the material/surface con-
dition usually found in several commercially available endosseous im-
plants (hip, dental) [33,34] and in this sense will act as a control group.
A Ti6Al4V casted/forged commercial rod with 6 mm diameter, pur-
chased from Titanium Products (United Kingdom), was cut to obtain G1
specimens having 3mm thickness. These specimens were then sub-
jected to a sandblast-acid etching process (SLA) to achieve a micro-
roughness of 2-4 um (Ra), the most frequent value used in these im-
plants [33]. This process begins by sand blasting the Ti6Al4V specimens
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using spherical alumina particles (with a granulometric range between
106 and 150 pm) for 30 s followed by a 5 min acid-etching process (with
32% HCl, 96% H,SO,4 and H,0 (2,1,1)) at 65 * 3 °C. After etching the
specimens were ultrasonically cleaned with isopropanol for 5 min.

The specimens from G2, G3 and G4 groups all start from Ti6Al4V
cellular structure made by an additive manufacturing technology —
Selective Laser Melting (SLM). The selection of this technology was due
to its several advantages over conventional methods, in terms of cost,
material waste, speed, reliability and accuracy [27,29,35]. These cel-
lular structures were produced in a SLM equipment from SLM Solutions,
model 125 HL. The powder used in the production was purchased from
the equipment manufacturer (SLM Solutions GmbH, Germany). The
processing parameters used for these structures fabrication were based
in previous studies [5,36] being the laser power set as 90 W, a layer
thickness of 30 um and a scan speed and spacing of 600 mm/s and
80 um, respectively. These cubic-like Ti6Al4V scaffolds have holes in-
terconnected superiorly and also laterally and were designed to have an
open-cell (pore) size of 400 um and a wall thickness of 300 pm, having
after production an average pore and wall sizes of 293 and 400 um,
respectively.

While G2 group represents the cellular structures obtained by SLM,
G3 and G4 specimens incorporate 3-TCP in these cellular structures,
using different percentages of this bioactive (Table 1). The choice of
alternative processes to AM to impregnate the bioactive material into
these cellular structures is due to the fact that direct AM techniques of
ceramic materials like B-TCP still pose some limitations due to the high
temperatures involved in laser processing, leading to chemical de-
gradation of the 3-TCP, thus diminishing its bioactivity [37-39].

The specimens from G3 were prepared by immersing the cellular
structures inside a viscous solution of 3-TCP powder (Trans-Tech, Inc)
and acetone (=15% (w/v)) being then ultrasonically stirred. This so-
lution was then heated under mechanical stirring to promote acetone
evaporation. The (-TCP-Ti6Al4V scaffolds were then sintered, in a
tubular furnace at 1100 °C for 2 h, under high vacuum, with a heating
and cooling rate of 5 °C/min.

The fourth group of specimens (G4) was obtained using a powder
metallurgy technique (Press and Sintering) for impregnating and
afterwards sinter -TCP inside the structures. After positioning the
structures inside a steel mold, these were immersed in a 3-TCP powder
and acetone solution (=63% (w/v)) and pressure was applied for
10 min using a hydraulic press, for injecting the bioactive to the open
cells of the Ti6Al4V structures. These specimens were then removed
from the mold and sintered in a tubular furnace at 1100 °C for 2h,
under high vacuum, with a heating and cooling rate of 5 °C/min.

The B-TCP percentage inside G3 and G4 specimens (named bioac-
tive percentage) was obtained by weighting each sample before and
after the impregnation process. This bioactive percentage was obtained
dividing the mass of bioactive (determined by the mass difference be-
fore and after impregnation) by the final weight of the specimen. G3
group exhibited a bioactive percentage of 1.58 wt% while G4 exhibited
2.98 wt%.

Besides this “bioactive percentage”, an “impregnation ratio” was
also determined by dividing the weighted mass of B-TCP inside the
structures by the 3-TCP mass that would totally fill the pores of the
structures. The impregnation ratio of G3 and G4 was, therefore, 12.52%
and 23.89%, respectively.

After production, G2, G3 and G4 specimens were polished using
abrasive silicon carbide papers from mesh P120 till P4000 being
afterwards ultrasonically cleaned with isopropanol for 5 min.

2.2. Specimens characterization

The produced specimens from the four groups were analyzed using
Scanning Electron Microscopy (SEM) equipment (NanoSEM - FEI Nova
200 (FEG/SEM)). X-rays diffraction (XRD) analysis was conducted on
cast Ti6Al4V (G1), Ti6Al4V cellular structures fabricated by SLM (G2)
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Table 1
Groups detailed description.
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Representation

Group number Gl
Description Ti6Al4V Cast Ti6Al4V SLM
SLA treated

Ti6Al4V SLM
B-TCP impregnated (1.58 wt%)

Ti6Al4V SLM
B-TCP impregnated (2.98 wt%)

and Ti6Al4V cellular structures impregnated with 3-TCP (G3 and G4).
XRD's were collected using a 20 from 10 to 80° with a step size of 0.02
at 1s per step, using a Bruker AXS D8 Discover equipment.

2.3. Surface roughness

The surface roughness of the specimens was assessed by using a
contact profilometer (Surftest SJ 201from Mitutoyo, Tokyo, Japan). The
test was conducted on the metallic walls of the structures using
A = 0.8 um, Ag = 2.5um, at 0.25 mm/s, according to ISO 4287-1997
[40]. From this test the average roughness (Ra), the peak-to-valley
roughness (Rz) and the root-mean-square roughness of the departures
of the profile from the mean line (Rq) were taken. For each sample, five
measurements were performed to calculate average results. Surface
roughness differences between the four groups were assessed by per-
forming one-way ANOVA with post hoc Bonferroni multiple comparison
test, where pyaue < 0.05 was defined as statistical significant
(GraphPad Prism v, GraphPad Software, La Jolla, California, USA).

2.4. Contact angle measurements

In order to determine the wettability properties of the metallic
scaffolds, contact angle measurements for each group were performed
by sessile drop technique using water and phosphate-buffered saline
(PBS) as a probe liquid. The contact angle system OCA 15 plus
(Dataphysics) was used to measure the angle formed by the droplets.
Five droplets were measured for each group and the average was taken
from these results. To assess the statistical difference between groups
and among the two different solutions, two-way ANOVA and post hoc
Bonferroni multiple comparison test was used (GraphPad Prism v,
GraphPad Software, La Jolla, California, USA). For both statistical tests
Pvawe < 0.05 was defined as statistical significant.

2.5. Cytotoxicity assessment

Short-term cytotoxicity tests were performed on the produced spe-
cimens following the protocol described by Silva et al. [41]. The scaf-
folds were incubated with minimum essential culture medium (MEM)
and after each time-point (24 h, 7, 14, 21 and 28 days) the medium was
extracted and filtered using a 0.45 mm pore-size filter. In all MEM tests,
the material weight-to-extract fluid rate was constant at a rate of 0.2 g/
ml. For this analysis, latex extracts with the same extraction protocol
were used as positive controls for cell death and culture medium as
negative control.

2.5.1. Cell culture

Rat lung fibroblasts 1929 cell line from European Collection of Cell
Cultures were cultured in 24-well plates (n = 3, 5 x 10° cells/well),
and incubated in a humidified atmosphere with 5% CO, at 37 °C for
24 h. These cells were cultured in a Dulbecco's modified Eagle's culture
medium (DMEM) supplemented with 10% fetal bovine serum (Gibco,
Barcelona, Spain) and 1% antibiotic-antimycotic mixture (Sigma).
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2.5.2. MEM extraction test

Cell culture medium was discarded from the wells 24 h after cell
seeding. Subsequently, the MEM extraction fluid was added to the L929
cells. These cells were then incubated for another 72h at 37 °C. The
incubation was placed in a humidified atmosphere with 5% CO,. Live/
death assay was conducted by staining live cells with calcein-AM
(1 mg/ml; Molecular Probes, Eugene, OR) and nonviable cells with
propidium iodide (0.1 mg/ml; Molecular Probes). After staining, cul-
tures were then observed under a fluorescence microscope (BX-61;
Olympus, Hamburg, Germany).

Statistical analysis was performed by using one-way ANOVA using
post-hoc Bonferroni to assess the statistical significant differences on
live/death results between all the produced specimens under study
(Pvale < 0.05 was defined as statistical significance).

Additionally, pH values of the medium of each group were also
determine by means of inoLab pH 720 (WTW, Germany) pH meter to
assess its variance on the specimens leachables.

2.6. Direct contact assay

Direct contact assay was used to assess in vitro biocompatibility of
the scaffolds by evaluating cell attachment and proliferation of human
mesenchymal stem cells (hMSCs) [42]. These hMSCs were derived from
human bone marrow, purchased on Lonza (Switzerland) and were
cultured as monolayers in Alpha MEM medium supplemented, in sterile
T175 tissue culture flasks, with 10% FBS and 1% antibiotic-antimycotic
mixture.

Moreover, the same protocol was used to assess cell seeding [43].
Briefly, the P6 hMSCs were trypsinized, centrifuged and resuspended in
a -MEM medium. Subsequently, 50 ul of medium containing 1 x 10°
cells were seeded during one hour on top of the scaffold. After seeding,
750 pl of culture medium was added to each well and cell-scaffolds
were incubated in a humidified atmosphere at 37 °C, containing 5%
CO,, for 3 and 7 days, with medium changes every 3 days.

2.6.1. Cell distribution, morphology and proliferation

After each timepoint (3 and 7 days), hMSCs distribution and mor-
phology were assessed through a phalloidin/DAPI staining [44], in
which the phalloidin and DAPI (4’,6-diamidino-2-phenylindole) stained
cytoskeleton (red) and nucleus (blue), respectively. Cells were fixed
with paraformaldehyde 4% for 30 min at room temperature and, sub-
sequently, the cell-scaffold structure was washed and sliced to evaluate
cell maintenance and migration throughout the scaffold. The top and
the cross-section images of the scaffold were incubated with 0.1 pg/ml
of phalloidin (Sigma) and 1 pg/ml of DAPI for 30 min. Lastly, the cell-
scaffolds structures were washed with PBS and observed using a con-
focal microscope (Fluoview FV 1000; Olympus, Hamburg, Germany).

3. Results and discussion
3.1. Microstructural characterization

SEM micrographs of the produced specimens (G1-G4) can be ob-
served in Fig. 1. Group Gl was included as control group, once it



M.M. Costa et al.

500um 500 pm
300 um 300 um

Materials Science & Engineering C 98 (2019) 705-716

G3 G4

Fig. 1. SEM micrographs of commercial Ti6Al4V sample (G1), SLM processed Ti6Al4V structures (G2), and Ti6Al4V SLM structures impregnated with 3-TCP with a

bioactive percentage of 1.58 wt% (G3) and 2.98 wt% (G4).

represents the typical surface topography present in the majority of
commercial hip implants. This topography results from the SLA process,
as previously mentioned in the experimental section.

The micrographs from G2, G3 and G4 depicted in Fig. 1 prove that
the production by SLM of these Ti6Al4V cubic-like cellular structures
was successfully accomplished. As seen in Fig. 1 it is possible to observe
the scaffold structure (holes and walls) evidencing a high densification
of the material, proving that SLM process is suitable for the fabrication
of these structures.

Additionally, the micrographs of G3 and G4 structures show that G4
attained a higher impregnation ratio than G3. These evidences are in
accordance with the calculated bioactive percentages, of 1.58 wt% for
G3 and 2.98 wt% for G4.

XRD analysis was performed in specimens from all the groups to
assess the influence of the production process on the crystalline struc-
ture of the alloy (Ti6Al4V) and on the condition of the bioactive ma-
terial inside the cellular structure.

Fig. 2 presents a XRD spectrum for each group, with the respective
microstructures being displayed in Fig. 3. It is possible to detect from all
spectra the hexagonal close-packed (HCP) and body-centered cubic
(BCCQ) crystalline structures of titanium. By comparing G1 and G2 XRD
patterns, no significant differences were found. From Fig. 3, it is pos-
sible to observe the microstructure of G1 which corresponds to Ti6Al14V
cast material, being visible the a grains at light gray and (3 phase in dark
gray. This microstructure is commonly found reported in literature for
Ti6Al4V specimens produced by casting [45,46].

Some studies already reported that Ti6Al4V produced by SLM pre-
sent some microstructural differences from the cast alloy [6,45]. SLM
process is characterized by a fast cooling rate, which will influence the
microstructure of Ti6Al4V by increasing the needle-shape (3 phase [47].
In fact, SLM fast cooling rate will promote a transformation from -
phase to martensitic a’ phase [36]. From the XRD pattern of G2 (SLM
Ti6Al4V cellular structure) it is not possible to distinguish the o’ from
the a phase once both are characterized by the same hexagonal close
packed crystalline structure [45,48]. However, from Fig. 3, G2 micro-
structure evidences the presence of martensitic a’ phase, as also proven
in other studies [45,47].

The addition of 3-TCP to the scaffolds (G3 and G4) led to the pre-
sence of a new peak near 30-35° on the XRD pattern, corresponding to
B-TCP phase. G3 and G4 microstructure (Fig. 3) suggests that the sin-
tering process of B-TCP could act as a heat treatment for Ti6Al4V once
the temperatures involved in this process are quite high. This
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phenomenon, according to literature, will lead to the formation of -
phase that results from the decomposition of martensite phase at high
temperatures (above f transus) [49], which is in accordance with the
typical B-phase microstructure found on G3 and G4 (Fig. 3).

3.2. Roughness

Despite the high number of parameters conditioning cell adhesion
and proliferation, surface energy appears to be a dominant factor [50].
The surface energy depends on the surface charge, microstructural to-
pography and chemical composition [51]. Surface roughness can
modulate the activity of cells interacting with an implant [52] and
therefore strongly disturb the relationship between surface energy and
cell proliferation [50]. In this sense, the surface of an implant sig-
nificantly affects the implant-cell interactions [50].

Surface roughness values (Ra, Rz and Rq) of all groups are presented
in Table 2, being the results for Ra statistically analyzed in Fig. 4.

As seen in Table 2, G1 that corresponds to cast Ti6Al4V SLA treated
presents a roughness value of 1.90 + 0.10 um. This value is very si-
milar to those found in literature for this treatment on this material
[53]. Furthermore, studies reveal that in acid etched specimens a hy-
drogen desorption occurs, consequently leading to the formation of a
titanium hydride (TiH,) that will also lead to increased roughness [54].
The roughness promoted on this group represents the commercial so-
lution found in implants. According to the statistical analysis presented
on Fig. 4, G2, G3 and G4 groups are statistically different comparing to
G1 group (representing the commercial solution).

The Ti6Al4V cellular structures, as-produced by SLM, present a ty-
pical rough surface due to the partial melting of powders on the vicinity
of the laser path [5,11]. The as-produced cellular structures produced in
this study revealed a roughness of 19.75 + 1.50 um (Ra). Those values
are aligned with literature, where Ti6Al4V specimens produced by SLM
display an as-produced roughness (before polishing) of
17.60 = 3.70 um [55]. Ponsonnet et al. [50] reported that a roughness
value lower than 1 um favors cell proliferation, regardless of the wett-
ability of the specimens. For this reason, as mentioned in the experi-
mental section, G2, G3 and G4 were polished to reduce this as-produced
roughness. The SLM Ti6Al4V cellular structures (G2) displayed an Ra of
0.18 = 0.04 um, while G3 and G4 groups present a slight tendency to
display lower values when compared with G2. This could be explained
by the presence of surface defects, inherent of the SLM process, which
as clearly seen in Fig. 5, will contribute to a higher roughness on the
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Fig. 2. XRD patterns of commercial Ti6Al4V sample (G1), SLM processed Ti6Al4V structures (G2) and Ti6Al4V SLM structures impregnated with B-TCP with a

bioactive percentage of 1.58 wt% (G3) and 2.98 wt% (G4).
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Fig. 3. Ti6Al4V microstructure for the produced groups (G1-G4) after acid etching, acquired by SEM.
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Table 2
Roughness measurements of the four groups.
Group Ra (um) Rz (um) Rq (pm)
Gl 1.90 = 0.10 14.17 = 0.99 2.38 = 0.09
G2 0.18 = 0.04 2.13 = 1.22 0.29 = 0.13
G3 0.14 = 0.06 1.24 + 0.6 0.21 = 0.12
G4 0.10 = 0.03 0.67 = 0.14 0.12 = 0.04
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Fig. 4. Surface roughness values (Ra) for all groups. Data are presented as
average = SD (n = 5). Symbol *** denote statistically significant differences
(p < 0.001) in comparison with G1.

metallic walls (especially on G2). However, the impregnation process
will promote a filling of those defects with bioactive materials (see G3
and G4 in Fig. 5), which will, consequently, diminish the roughness.

3.3. Wettability

Wettability was assessed for all the produced specimens in order to
understand its influence on cell adhesion. It is known that the surface
chemical composition and charge affect the wettability of the material
and therefore influence the interaction between tissue and implant and
consequently osseointegration [50,56,57] When interacting with bio-
logical fluids, highly hydrophilic surfaces are preferred rather than
hydrophobic ones, once, when implanted in bone, hydrophilicity

Holes Filled with BTCP

Defect Filled

with BTCP
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Table 3

Water and PBS contact angles (mean + SD) of Ti6Al4V Cast, Ti6Al4V SLM
structures, and Ti6Al4V impregnated structures with 1.58 wt% and 2.98 wt. of
B-TCP.

Group Contact angle (average + SD (°))

Water PBS
Gl 97.76 + 3.02 92.90 * 4.09
G2 Undetectable Undetectable
G3 46.04 * 6.45 46.80 + 3.86
G4 20.92 + 2.23 18.50 = 2.52

surfaces lead to an increased bone formation [56,57]. A surface is
considered hydrophilic when the contact angle is approximate or lower
than 65° [58].

The wettability of each scaffold was assessed by measuring the
contact angle at the moment the drop touched the surface.

The as-produced Ti6Al4V SLM-fabricated scaffolds (having a Ra of
19.75 = 1.50um) displayed water and PBS contact angles of
129.46 + 5.00° and 120.78 =+ 2.81°, respectively, thus being con-
sidered non-suitable for cell interaction, once their surface is highly
hydrophobic. This aspect reinforced the need to polish the cellular
structures (either impregnated or not) from groups G2, G3 and G4.

Two different fluids were used for these wettability tests: water in
order to be comparable with results found in literature for similar
specimens and PBS once it is more representative of a biological fluid.
The water and PBS contact angles that were measured are presented on
Table 3 and Fig. 6 depicts the statistical results regarding the im-
pregnated groups, G3 and G4, in water and PBS.

From Table 3 it is possible to conclude that from all the produced
groups, G1 is the one that displays the most hydrophobic behavior
(recalling that this group corresponds to SLA cast Ti6Al4V). These
contact angles are in good agreement with available values found in
literature [53]. In fact, this hydrophobic behavior has been reported as
a consequence of forming TiH, on the material's surface, due to hy-
drogen desorption [54], as proven in several studies regarding SLA-
treated specimens where this titanium hydride was found [54,59].
Furthermore, wetting properties are influenced by roughness, and ac-
cording to Wenzel model [60], surface roughness will enhance liquid
repellence when the contact angle is higher than 90° while surface
roughness will promote liquid spreading for contact angle below 90°
[60]. The former situation (contact angle higher than 90°) occurs in
specimens from group G1, where the highest roughness is found.

All the SLM produced specimens presented hydrophilic surfaces
since the measured contact angles are lower than 65° [58]. When
comparing the results obtained using water and those using PBS, no
significant differences regarding the contact angle were found. In
porous structures such as Ti6Al4V SLM-cellular structures from G2, if
the pressure is enough, the water will pass through the pores [60]. In

Holes Filled with BTCP

¥

300 pm

Fig. 5. SLM structures surface defects.
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Fig. 7. Hydrophilic behavior of Ti6Al4V SLM cellular structures (G2).
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Fig. 8. pH results for all the groups after 24 h and 7 days.
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Fig. 9. Cell viability of L929 cells after culturing with the four groups of scaffolds for 24 h, 7, 14, 21 and 28 days.

this group of specimens, it is not possible to measure a static contact
angle right after the drop gets in contact with the specimen, as seen in
the frame sequence presented in Fig. 7. The design of this specimen, i.e.
the open cell geometry together with the low surface roughness con-
tribute to this super hydrophilic behavior once both water and PBS
drops spread very quickly on its surface and throughout the specimens'
porosity.

Another model that correlates surface roughness with wetting
properties is Cassie-Baxter model [61]. In this model, air bubbles
trapped between the liquid drop and the surface are also a factor that
affects wettability [61]. In G2 group the interconnected pores will in-
crease the contact area between the liquid and the solid and, conse-
quently, the capillary forces. When the pressure of the air bubbles
trapped inside the pores is overcame by these capillary forces, the ca-
pillary-pressure balance for these structures is disrupted and will
eliminate this air pressure effect [62]. This behavior was clearly seen in
G2 group, with water and PBS spreading inside the structure.

According to literature, hydrophilicity is preferable over hydro-
phobicity once it allows protein adsorption at an implant surface and
consequently lead to an enhanced interaction between cells and the
surface [56,57].

Groups G3 and G4 also display a hydrophilic behavior, with higher
contact angles than that of G2. For G3 and G4, statistical results (two-
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way ANOVA) revealed no significant differences on wettability when
regarding the solution (water versus PBS). On the other hand, significant
statistical differences between G3 and G4 wettability were found, either
for water and PBS solution (Fig. 6), with lower contact angles being
consistently measured for G4.

G4 lower average contact angle when compared with G3, could be
related with the higher impregnation ratio in G4. Being B-TCP a hy-
drophilic material [63], the higher the quantity of this bioactive ma-
terial, the higher the hydrophilicity of the specimen. Additionally, it is
important to highlight that the effect of the capillary forces described
for G2, also applies to the structures from G3 and G4 groups, once for
both groups a full impregnation is not promoted.

3.4. pH

The biodegradation of biomaterials like calcium phosphates is a
combination of physical, chemical and biological factors [64]. The
dissolution of B-TCP leads to an increase on the concentration of Ca®*
and PO,>~ in the medium, as shown in the following Eq. (1) [65]:

Ca3(P04)2 d Ca2+ + PO43_ (l)

PO, + H' - HPO,>~ 2)
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Fig. 10. Fluorescence microscopy images of hMSC cultured for 7 days on commercial Ti6Al4V (G1), SLM Ti6Al4V structures (G2), and Ti6Al4V SLM structures
impregnated with B-TCP with a bioactive percentage of 1.58 wt% (G3) and 2.98 wt% (G4). hMSCs were stained with DAPI (nucleus at blue) and with phalloidin (actin
cytoskeleton at red). Images on the top are from the top surface whereas cross section images are on the bottom. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 11. SEM micrographs of hMSC, after an incubation of 7 days, cultured on commercial Ti6Al4V sample (G1), SLM processed Ti6Al4V structures (G2), and
Ti6Al4V SLM structures impregnated with 3-TCP with a bioactive percentage of 1.58 wt% (G3) and 2.98 wt% (G4).

Subsequently, PO,>~ ions will react with H* ions, according to Eq.
(2), leading to an alkalization of the medium [65,66]. This outcome has
been reported in several studies found in literature [65]. Although
cellular and phagocytic activities and also cell mediated factors tend to
decrease the pH of the surrounding medium [64], this acidification is
not enough to compensate pH increase induced by the dissolution of f3-
TCP. This alkalization has a profound impact in hMSC's proliferation
and consequent osteogenic differentiation [67]. Moreover, the extended
release of calcium ions into the medium promotes the inflow of calcium
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ions in osteoblasts, which slightly hyperpolarizes the plasma membrane
and thus stimulates osteoblast ATP (adenosine triphosphate) produc-
tion [68].

Fig. 8 depicts the effect of the specimens' leachables in the pH
measured at two different culture timepoints: 24 h and 7 days. These
results show that G3 group was the one that displayed the higher pH,
for both timepoints, corresponding to the leachables with a more al-
kaline media. On the other hand, the group that displays a more acidic
solution is the commercial solution (group G1), with similar pH being
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Fig. 12. SEM cross section micrographs of hMSC, after 7 days of incubation, SLM processed Ti6Al4V structures (G2), and Ti6Al4V SLM structures impregnated with

B-TCP with a bioactive percentage of 1.58 wt% (G3) and 2.98 wt% (G4).

found for both timepoints.

For G3 and G4 specimens, the porosity filled with 3-TCP will
hamper the free flow of the solution throughout the interconnected
holes and, therefore, increase the pH inside the structures (Fig. 8). This
pH increase is more pronounced in G3 group, due to G3 lower im-
pregnation ratio (when compared to G4). Due to this lower impregna-
tion, G3 specimens have a higher contact area between the bioactive
material and the medium. As a consequence, a higher dissolution rate
occurs, thus increasing the pH.

3.5. Cell viability

The cytotoxicity of the produced specimens was assessed in order to
ascertain the toxic effect of the products released from the metallic
scaffolds during incubation with MEM. Fig. 9 shows the viability results
for the four groups in five different timepoints. Moreover, a statistical
analysis was performed to compare these results. No significant dif-
ferences were observed between groups, even for the higher timepoint
of MEM extraction (28 days). Overall, we can assume that all constructs
were not releasing toxic substances to the medium, proving that these
specimens assure a suitable environment for cells to proliferate and
attach. However, at the 14 days extraction, the medium of G3 scaffolds
seems to indicate some levels of toxicity, that can be related to the lack
of medium renewal inside the pores. Nonetheless, this effect is not
found on the ensuing timepoints.

3.6. Cell adhesion

One of the factors that influence cell adhesion is the surface energy,
which depends on the chemical composition, charge and micro-
structural topography of the surface [15]. On metallic materials, cell
adhesion increases linearly with surface hydrophilicity and thus surface
energy has a direct effect on the cellular adhesion strength [51]. Fig. 10
shows the cell adhesion on the surface (top images) and inside the
Ti6Al4V-based structures (bottom images), after an incubation of
7 days. Both G1 and G2 groups show a densely and uniform cell
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distribution on the surface and, in the case of G2, cells seem to easily
penetrate the scaffold. After an incubation of 7 days, the cell adhesion
on the surface of the cellular structures impregnated with 3-TCP (G3
and G4) is lower, compared with the one without bioactive material
(G2), although being possible to identify cells inside the G3 and G4
scaffolds. For these two groups, cells have a spindle shape and, while on
the constructs with lower impregnation ratio (G3) DAPI stained cell
nucleus are observed on the bioactive location, this stain is not abun-
dantly present on G4 scaffolds (with higher impregnation ratio).

The morphology of hMSC after incubation for 7 days was assessed
by SEM (Figs. 11 and 12). Generally, all the groups exhibited cell
protrusions and the formation of extracellular matrix (ECM) after
7 days of incubation. Fig. 11 shows that cells are well distributed on the
surface of specimens from G1 group, proving that G1 sandblasted and
acid-etched (SLA) surface is effective for superficial cell growth. On the
other hand, scaffolds allow the ingrowth of cells, to enable future os-
seointegration of metallic implants owing this structure. The cellular
structures produced by SLM (G2) show that this topography and
roughness are adequate for cell culture, once several cells protrusions
are observed in Fig. 11 (surface) and Fig. 12 (cross-section). For 3-TCP
impregnated scaffolds (G3 and G4), cells display a flattened mor-
phology, with protrusions being less visible, when compared to the SLM
constructs without bioactive (G2), for both surface and cross section.

These results show that the presence of B-TCP inside these cellular
structures influences the pH of the medium, that in turn will affect cell
viability. In this sense, a higher impregnation ratio is preferable, once it
will lead to a lower pH and toxicity and, consequently, enhanced cell
adhesion and proliferation.

4. Conclusions

This study proposes a solution for load-bearing implants by de-
signing a multi-material Ti6Al4V cellular structure impregnated with 3-
TCP. This multi-material structures were designed to be the outer layer
of a hip implant that assures no bioactive detachment upon implanta-
tion and allow cell adhesion and proliferation not only on implant
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surface but also inside the structure. The processing route used for
manufacturing these multi-material structures (combining an additive
manufacturing technique (SLM) with Press and Sintering) allowed the
fabrication of a load-bearing interconnected structure that allows bone
ingrowth, vascularization and flow of nutrients, and on the other hand
assured the bioactive retention and non-degradation within the
Ti6Al4V cellular structure. The influence of the design on some of the
physical and chemical properties was evaluated. All the produced cel-
lular structures revealed a hydrophilic behavior when compared with
the commercial solution due to its interconnected porosity. Results re-
vealed that when adding B-TCP to these structures, although nontoxic,
the medium becomes more alkaline. Furthermore, the B-TCP quantity
inside the structures had a direct influence on the pH of the medium,
affecting significantly cells behavior. In this context higher impregna-
tion ratios were found more adequate in these structures, for lowering
the medium pH and promoting cell adhesion and proliferation. This
solution can also be used to incorporate drugs into metallic cellular
structures and therefore create a drug delivery system to treat, for in-
stance, local infections.
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