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Abstract: Laser powder bed fusion, particularly the selective laser melting (SLM), is an additive manu-
facturing (AM) technology used to produce near-net-shaped engineering components for biomedical
applications, especially in orthopaedics. Ti6Al4V is commonly used for producing orthopaedic
implants using SLM because it has excellent mechanical qualities, a high level of biocompatibility,
and corrosion resistance. However, the main problems associated with this process are the result
of its surface properties: it has to be able to promote cell attachment but, at the same time, avoid
bacteria colonization. Surface modification is used as a post-processing technique to provide items
the unique qualities that can improve their functionality and performance in particular working
conditions. The goal of this work was to produce and analyse Ti6Al4V samples fabricated by SLM
with different building directions in relation to the building plate (0◦ and 45◦) and post-processed by
anodization and passivation. The results demonstrate how the production and post processes had
an impact on osteoblast attachment, mineralization, and osseointegration over an extended period
of time. Though the anodization treatment result was cytotoxic, the biocompatibility of as-built
specimens and specimens after passivation treatment was confirmed. In addition, it was discovered
that effective post-processing increases the mineralization of these types of 3D-printed surfaces.

Keywords: laser powder bed fusion; building orientation; anodization; etching; titanium;
osseointegration

1. Introduction

The demand for orthopaedic implants is estimated to increase rapidly over the coming
decade. In order to support damaged tissues and bones and improve patient comfort,
researchers in the field of orthopaedic implant production have developed a variety of
solutions [1,2]. Numerous advantages come with these orthopaedic implant solutions,
including relatively low cost, less discomfort, and quick recovery. In future years, world-
wide orthopaedic implant demand will move towards less invasive and more affordable
techniques for joint replacement surgery. In order to satisfy this demand, use of new
production technologies is crucial [3–6].

Additive manufacturing (AM) is a modern and continuously evolving technology.
Better known as 3D printing, AM empowers researchers to make parts directly from digital
designs. AM has made it easier to make new three-dimensional parts in low to medium
volumes. Because of the ability of AM to produce highly customized products, the use
of different AM technologies has grown significantly in the biomedical field, especially
orthopaedics [7,8]. An integral part of using this technology is choosing the most suitable
materials as well as the most suitable AM techniques [9,10]. The mechanical qualities of
titanium and its alloys, particularly those provided by the surface, such corrosion resistance
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and bioactivity, make them ideal materials for orthopaedic implants [11]. The Ti6Al4V
alloy, in particular, is frequently utilised for bone replacement due to its ability to improve
the adhesion between native tissue and the implanted material [12–17].

Printing titanium alloys has been successfully accomplished using selective laser
melting (SLM), one of the most widely used AM techniques [18]. In the SLM process,
metallic powders are uniformly spread across the build plate using a roller or wiper and
fused together selectively according to the CAD model by a high energy laser beam in a
protective atmosphere [19,20]. SLM offers a great chance to create sophisticated bespoke
implants with the desired inner structure and surface morphology [21–23]. The final
properties of the product depend not only on the source file, typically a CAD scanned by
the patient, but also on the process parameters. A previous study has summarized the
way in which, in the manufacturing of Ti6Al4V with SLM process, factors such as laser
power, scanning speed, and powder bed temperature have a substantial impact on product
quality and produce varying degrees of confidence [24]. More precisely, in terms of the
macro-scale, the process parameters have limited impact on geometry, in contrast with
their importance at the micro scale, particularly for surface quality, which is crucial for
biomedical applications [25–27].

There is typically insufficient osseointegration between the implant and host bone
tissue as a result of the product surface. In fact, one of the most important issues with
an in vivo implant is a weak cellular adhesion against bacterial proliferation [28–30]. Ac-
cording to this interesting perspective, implants with a certain surface topography have
a high potential for improving osseointegration [31]. Surface micro/nanostructures can
therefore be created by surface modification to improve the interaction between the im-
plant and the cell colonization, such as migration, proliferation, and differentiation [32,33].
Many surface modification approaches may be used to increase Ti6Al4V bioactivity and
bone–implant compatibility [34–36]. First and foremost among these is process parameter
optimization, which allows the tunability of the building angle followed by chemical and
physical modification with anodization and passivation, i.e., etching, in the post-processing
phase [37–39].

The orientation of the build in relation to the printing plate plays a key role in the
surface porosity. In particular, a 0◦ orientation produces a greater degree of porosity than a
higher angle. On the contrary, a 45◦ orientation shows better mechanical features, such as
tensile and fatigue properties [24]. In a previous study [40], the effect of the building angle
on osteointegration was examined, with the higher contact angles of the SLM surfaces
encouraging cell attachment. In comparison with the same gene expression on samples
with a 45◦ orientation, the short-term osseointegration of SLM specimens created at 0◦ may
be expedited.

Electrochemical anodization process permits the generation of an oxide layer with
tubes structures on the surface. The setup involved a counter electrode of Ti flat foil and Ti
3D implant immersed in ethylene glycol electrolyte, and NH4F. A constant voltage was
applied. The main technological advantage of anodizing titanium is functionalization
of medical implants for better bonding with tissue and enhanced cell growth on the
implant [41,42].

The etching process involves the removal of the surface layer of SLM parts by an acid
attack. This treatment is widely used to obtain a uniform and clean surface which can be
hostile to bacteria but accommodating to host cells. Furthermore, it is attractive due to its
simplicity, cost-effectiveness, and potential for large-scale manufacture [43–45].

The key goal of this paper is to combine two different surface modification approaches
on 3D-printed Ti6Al4V implants. The combination of building angle effect and post-process
treatments creates a specific surface topography that is challenging for biomedical applications.

The building angles chosen for this study were 0◦ and 45◦, following a previous
study [40].

Two different post-processing treatments were designed for the modification of the
samples taking the original 3D printing features into consideration: anodization and



J. Manuf. Mater. Process. 2023, 7, 43 3 of 16

passivation. In vitro cell experiments were performed to study the effects on cell adhesion,
proliferation, and MC3T3-E1 differentiation.

2. Materials and Methods
2.1. Fabrication of the Ti6Al4V Samples

The selective laser melting (SLM) process allows one to set the angle for the laser
building strategy in relation to the building plate. Here, the orientations chosen to produce
the implant models were 0◦ and 45◦.

Cubical samples (10 × 10 × 10 mm3) were fabricated by SLM using an EOS M290
(EOS, Robert-Stirling-Ring 1, D-82152 Krailling, Germany) with Ti6Al4V (Ti64) inert-gas
atomized powder (ARCAM Ti64Al4V powders and EOS Titanium Ti6Al4V). The relevant
properties of the used Ti6Al4V powders are reported in Table 1 according to the required
datasheets according to ASTM B214, B215, B212, F2924 and F1472 [46–48].

Table 1. SLM Ti64 powders properties and compositions. Data were gathered in accordance with the
relevant international ASTM standards.

Particle Size Analysis 1 Powder Density 2 Chemical Composition 3

(µm) (g/cm3) (wt %)

d10 d50 d90
2.31

Al V O Fe Ti
27.79 38.18 54.45 5.92 4.04 0.13 0.20 Bal.

1 ASTM B214 and B215 [46]. 2 Apparent density, ASTM B212 [47]. 3 ASTM F2924 and F1472 [48]. Bal.—balance.

The SLM samples were produced with the following manufacturing parameters: laser
focus diameter 70 µm, laser power 340 W, hatch spacing 40 µm, slice thickness 30 µm, and
scanning speed 1250 mm/s.

Specifically, a scanning strategy with alternating angle between layers was used,
the variation was set at 67◦. Controlled atmosphere was used for the manufacturing to
minimize oxygen pick-up to <0.1% with argon gas.

The SLM process requires the building of support structures to guarantee the stability
of the samples. The parameters used were the following: laser power 100 W and scanning
speed 600 mm/s.

The support structures were removed from the site at the conclusion of the manufac-
turing process. The standard cleaning methodology used for the samples was sonication in
acetone and isopropanol, followed by air drying.

2.2. Post-Processing of the Ti6Al4V Samples
2.2.1. Anodization

Titanium 3D samples were cleaned using ultra-sonication in ethanol to remove surface
debris. An oxide layer was fabricated using an electrochemical anodization setup. The
setup involved a counter electrode of Ti flat foil and Ti 3D implant immersed in ethylene
glycol electrolyte, containing 1% water (v/v) and 0.3% NH4F (w/v), maintained at 25 ◦C,
on a magnetic stirrer. A constant voltage of 60 V was applied for 20 min. Post-anodization,
the prepared TNT 3D samples were washed with deionized water and dried in cool air.

2.2.2. Etching

The SLM specimens were ultrasonically cleaned in ethanol for 20 min to shake off any
trapped powders and clean the samples. Afterwards, the specimens were etched in Kroll
reagent (3 mL 48 vol. % HF, 6 mL 70 vol. % HNO3 and 100 mL water) at room temperature
for 10 min. Then, all specimens were cleaned in distilled water and ethanol, ultrasonically
and air dried.
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2.3. Characterization of the Ti6Al4V Samples
2.3.1. Surface Wettability

Attension Theta Lite optical tensiometer (KSV NIMA Biolin Scientific, Hängpilsgatan
7, 426 77 Västra Frölunda, Sweden) was used to obtain the contact angle measurements.

The measurement was carried out at room temperature and the SLM samples were
placed on the bottom flat surface, subsequently a droplet of deionized water (5–10 µL) was
pipetted into the centre of the top surface (different building angles were considered). The
images of the contact angle were captured following the horizontal plane of the droplet for
30 s after application. To obtain the inner angle between the surface and air/water interface
the OneAttension software converts the images to 8-bit grayscale.

2.3.2. Optical Microscopy: Three-Dimensional Surface Reconstruction and
Roughness Analysis

Wyko NT1100 3D Optical profilometer (Veeco, One Terminal Drive, Plainview,
NY 11803, USA) at 2.5× magnification was used to perform the optical imaging of the
SLM samples at different building angles and with different post-processing treatments.
The scanning was executed between the maximum and minimum focusing points of the
z height of the sample surfaces. A scanning size of 0.92 × 1.2 mm2 was selected at the
central point of the surface, with a sampling of 1.65 µm. Vision Veeco Module (Veeco,
One Terminal Drive, Plainview, NY 11803, USA) was used to evaluate and analyse the
roughness parameter (Sa).

2.3.3. Scanning Electron Microscopy: Surface Topography Analysis

Inspect™ environmental SEM (FEI, NSS-II Bldg 4F. 13-34 Kohnan 2-chome. Minato-ku,
Tokyo 108-0075, Japan), operating at 20 kV, was used to observe the Ti64Al4V SLM as-built
and post-processed specimens. To obtain the topographical imaging, the samples were
fixed with double-adhesive carbon tabs at the aluminium stubs. To evaluate the cross-
section and examine the surface profile the samples were embedded in cold resin epoxy
and then polished.

2.3.4. Statistical Analysis

The statistical tests were carried out to verify if the building angle and the post-
processing treatment had any effect on the contact angle and roughness of the samples.
Single-factor analysis of variance (ANOVA) tests were performed to confirm any statistical
significance within samples and to determine repeatability.

Statistical analysis was conducted at α = 0.05 using Minitab 18® (MINITAB, Brandon
Court Unit E1-E2, Progress Way, Coventry CV3 2TE, UK).

2.4. Biocompatibility Test, and Mineralization Assay
2.4.1. Cell Line

MC3T3-E1 Subclone 4 cells (BS CL 181, IZSLER, A. Bianchi Street, 7/9, 25124 Brescia,
Italy) from passage 39 were cultured at 37 ◦C and 5% CO2, as previously described [40].
Briefly, the preferential medium to sustain the MC3T3-E1 proliferation is composed of
Alpha Minimum Essential Media (α-MEM) with sodium bicarbonate, ribonucleosides, and
deoxyribonucleosides (BioConcept, Paradiesrain Street 14, 4123 Allschwil, Switzerland)
supplemented with 10% FCS (Euroclone, Figino Street, 20/22, Pero, 20016 Milan, Italy) and
100 units/mL pen/strep (Euroclone, Figino Street, 20/22, Pero, 20016 Milan, Italy). To pro-
mote the MC3T3-E1 mineralization the basal medium was enriched by adding 50 µg mL−1

ascorbic acid (Sigma-Aldrich), 10 mM β-glycerophosphate (Sigma-Aldrich, 3050 Spruce
Street, St. Louis, MO 63103, USA), and 100 nM dexamethasone. The mineralization medium
was changed every 3 days.

For all assays 5 × 104 cells/cm2 were seeded in a proper volume of medium on the
titanium substrates and on plastic dish as positive control.
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Prior to each in vitro experiment, titanium samples were washed in PBS for 1 h on an
orbital shaker, further sterilized in an autoclave at 121 ◦C for 20 min and put into 12-well
plates with a sterile tweezer.

2.4.2. Biocompatibility Tests: Direct and Indirect ATP Cell Viability Assay

CellTiter -Glo 3D Cell Viability (rATP) assay kit (Promega, 2800 Woods Hollow Road,
Madison, WI 53711, USA) is an enzymatic assay that utilizes the adenosintriphosphat
(ATP) produced by the cells to convert luciferin into oxyluciferin, which generates a light
signal that is proportional to the number of metabolically active cells in culture. A reduced
luminescence can be due by either cell death or metabolic quiescence for over-confluence
or medium consumption.

For the direct rATP assay, MC3T3-E1 was enzymatically detached and centrifuged at
1300 rpm for 4 min in order to obtain a single cell suspension in fresh medium. The super-
natant was removed and MC3T3-E1 were seeded at a cellular density of 5 × 104 cells/cm2

on the samples. A concentrated cell suspension was deposited onto each support and
incubated for 20 min before filling each well with a proper volume of medium. The same
concentration of MC3T3-E1 were seeded on plastic dish as positive control. Cells were
maintained at 37 ◦C in a saturated humidity atmosphere containing 95% air and 5% CO2.
After 24, 48, and 96 h, the substrates were shifted into new culture plates in order to sep-
arate the cells that may fall down from the titanium substrates and grow on the plastic
dish. Then, residual adherent cells were lysed on the samples using the CellTiter-Glo 3D
Reagent and, after 25 min of incubation in the dark, the total volume was transferred into
an opaque-walled 96-well plate and the luminescence was recorded using a Tecan Infinite®

M200 microplate reader (Tecan, Männedorf, Switzerland). Parallelly, an ATP standard
curve (range of 10 µM to 10 nM) was generated using rATP disodium salt (Promega cat.
P1132) to compare the samples luminescence to the standard in order to determine the
correct ATP concentration. Hence, the ATP concentration recorded from each sample was
calculated and plotted. At each time point, an unpaired t-test was conducted on results
derived from three different experiments (n = 3) to determine if the different surface treat-
ments significantly modified the metabolic activity in comparison with the control samples
cultured on plastic dish.

For the indirect rATP assay, titanium supports were placed in a 12-well plate and left
to release any potential cytotoxic components into 2 mL of complete α-MEM for 5 days
in a humidified incubator at 37 ◦C and in 5% CO2 atmosphere. As reference, the same
volume of medium was poured in an empty dish and placed in the incubator at the same
conditions. The day before the test, MC3T3-E1 were seeded in flat bottom 24-well plates
(5 × 104 cells/well). The day after, cell supernatant was removed and replaced by either
the titanium sample conditioned medium or control medium. After 24, 48, and 96 h the
cells seeded in the 24-well plates were lysed using the CellTiter-Glo 3D Reagent and the
rATP assay was performed as described before for the direct test.

2.4.3. Mineralization Evaluation by Osteogenic Gene Expression Analysis

The mineralization process was analysed by collecting the total RNA from the cells ad-
hered to the scaffolds after 30 days of culture. The RNA extraction, RNA retro-transcription
into complementary DNA (c-DNA), and the gene expression analysis by quantitative real-
time PCR (qPCR) were performed as previously described [40]. The relative quantification
of target genes (Bsp, Ocn, Opn, and Mepe) was calculated by the 2−∆∆Ct method, using Gapdh
as housekeeping gene for normalization of the data and the constitutive gene expression of
the same markers from MC3T3-E1 cells cultured in basal medium without mineralization
as calibrator.
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3. Results
3.1. Surface Topography of the Titanium Samples

The scanning electron micrograph analysis shows the surface condition of the samples
produced with SLM at various building angles and then processed to modify their surface
characteristics (Figure 1).
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Figure 1. Micrographs illustrating the surface topography of the Ti6Al4V samples manufactured by
SLM at 0◦ and 45◦: as-built (a), with post-processing treatments anodization (b) and etching (c).

A distinct distribution of spherical, partially melted powder particles is observed in
the as-built samples. Particularly for samples with a 0◦ building angle, the particles are
uniformly distributed over the surface; however, when the building angle is increased to
45◦, the particles have a diameter comparable to the 0◦ sample, ranging from 30–50 µm,
but have a less homogeneous distribution, with the formation of clusters on the order of
130 µm in diameter (Figure 1).

The anodization treatment causes no considerable morphological alterations to the
sample surface at the 0◦ building angle, in fact the same uniformity of particles distribution
is observed. The 45◦ samples, on the other hand, exhibit considerable morphological
alterations. Cracks appear on the spherical surface of the particles and the number and
dimension of the clusters increase.

However, the significant surface alteration is due to the etching treatment. The acid
attack totally smooths the surface of the specimens, regardless of the building angle.
Particles are almost absent, with only roughness ridges and a few craters visible, probably
caused by the detachment of clusters or particles with bigger diameters.

The effect of post-processing treatments on the surface is highlighted by the contact
angle (CA) and roughness values. Notably, the CA of the as-built surface samples is
comparable between the two different building angles but has a significant decrease with
the post-processing treatments (Table 2). The hydrophilic characteristics of the metal
samples are somewhat impacted by anodization and the etching procedures; however,
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most notable is the combination between building angle and post-processing treatments.
In fact, the etching treatment has no such significant effect on the samples with building
angle at 45◦, but on the samples produced at 0◦ the CA is significantly lower.

Table 2. CA measurements and statistical evaluation of the as-built, anodized and etched samples.

Angle SLM
Mean Value [◦]

p-Value
As-Built Anodized Etched

0◦ 129.64 ± 5.32 75.48 ± 5.31 70.64 ± 5.70 0.003

45◦ 120.91 ± 2.32 38.8 ± 24.1 108.48 ± 0.993 0.018

In contrast, the anodizing treatment is more critical, since it dramatically modifies the
surface performance of the specimen with a building angle of 45◦ in relation to 0◦, but with
values that deviate too much from the average (Figure 2).
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Figure 2. CA measurements for the samples: (a) 0◦ building angle individual samples; (b) 45◦ build-
ing angle individual samples; (c) images of the water droplets on the top surfaces at different building
angles and treatments.

The one-way ANOVA test performed on the CA measurements of the samples reveals
that the aspect is considered statistically significant (Table 2). It is therefore significant to
note that, in this work, altering the construction angle is not shown to have a substantial
impact on the hydrophobicity of the surfaces, however the selection of the post-processing
treatment is crucial.

The surface roughness Sa is measured to evaluate the sample surface finishing in
relation to the manufacturing operations. For each measurement, three were used and
results were elaborated with one-way ANOVA test. The results demonstrate the influence
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of the building strategy, in particular the building angle, and post-processing treatments.
The Sa roughness increases with increasing angle, despite being comparable in magnitude.
This difference is consistent due to the presence of clusters and the irregular dispersion of
particles as observed in the scanning electron micrograph.

The roughness is greatly reduced by the anodizing procedure, which also equalizes
the differences between 0◦ and 45◦ samples, making the values comparable to the mi-
crometre. The etching procedure significantly reduces surface roughness. The Sa values
demonstrate the surface’s full smoothness, as shown in the micrographs. Moreover, there
are no appreciable differences between the samples with various building angle.

The production strategy of the samples has a low impact on roughness if they are sub-
jected to post-processing treatments such as anodization or etching. Statistical significance
and value trends are shown in Table 3 and in Figure 3.

Table 3. Sa measurements and statistical evaluation of the as-built, anodized and etched samples.

Angle SLM
Mean Value [◦]

p-Value
As-Built Anodized Etched

0◦ 17.84 ± 4.76 6.29 ± 0.399 2.307 ± 0.326 0.001

45◦ 20.40 ± 5.02 6.35 ± 2.71 2.200 ± 0.416 0.001
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The SEM metallographic cross-section samples show the surface profile of the top
surfaces of the different printed parts (Figure 4): as-built, anodized and etched.

The profiles along the cross-sections of the samples reveal a varied trend at different
building angles and post-processing treatments. The as-built samples exhibit surface
features that were created as a result of the powder on the top layer partially melting. In
particular, as the angle increases so does the superficial structure in number and dimensions.
The surface aspect is highly dependent on post-processing treatment. The anodized samples
show surfaces with protruding structures that became more severe when the building angle
increases and which show an irregular and roughened profile. The partial melting particles
are still present but the etched samples show smoothened surfaces without significant
differences. This is due to the building angle and lack of residual particles typical of an
SLM manufacturing process.
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3.2. Biocompatibility of Titanium Scaffolds
3.2.1. Direct rATP Assay

The application of biocompatible materials is essential to promote and sustain the
metabolic activities of the seeded cells. In particular, the substrate chosen should guarantee
the cellular survival and the metabolism. The environment, the so called “biological
niche”, is full of stimuli for cellular growth, differentiation and maturation. Cells in an
unfavourable environment for replication arrest their cell cycle into a quiescent phase even
as they remain viable. rATP assay detects the ATP produced by the cells and allows one
to analyse the biocompatibility of a material while studying the metabolic activity of the
cells cultured on it. MC3T3-E1 cells were seeded onto as-built, anodized and etched (0◦

and 45◦) SLM scaffolds and analysed after 24, 48, and 96 h in culture. Figure 5 shows ATP
(µM) concentrations at different time points of MC3T3-E1 cultured onto plastic, as internal
control, and on each scaffold typology.
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A positive growth trend of proliferation is observed for MC3T3-E1 on the plastic well
plate, unlike cells grown on the titanium substrates that show a variable behaviour. Cells on
the SLM as-built scaffolds confirmed the biocompatibility already shown previously [40].
The cellular viability of MC3T3-E1 on etched SLM is reduced for both angles of fabrication
in comparison with the plastic dish, with significant differences. By contrast, the anodized
samples show a strong statistical significant decrease in metabolic activity, evident as early
as 24 h after the cells seeding (p value < 0.0001).

3.2.2. Indirect rATP Assay

In order to understand if the absence of cellular metabolic activity observed for the
anodized samples is related to a bio-incompatibility of the material or to a cellular adhesion
problem that may have caused the loss of all the cells on the substrates, an indirect rATP
assay was performed. Specifically, the analysis included the ATP concentration derived
from MC3T3-E1 cultured in conditioned medium (medium collected from dishes containing
each typology of titanium substrate for five days in an incubator), and in control medium
(medium put in an empty well and kept at the same conditions) as experimental positive
control. With this kind of test, it is possible to bypass any differences in terms of cell
adhesion potential of each substrate and consider only the biocompatibility of the material.
Figure 6 shows the result of the indirect rATP assay at three time points (24, 48, 96 h).
Medium collected from anodized substrates results in drastically high levels of cytotoxicity
as early as 24 h, showing no cellular survival (p value < 0.0001). By contrast, medium
collected from other titanium scaffolds shows a biocompatible potential: the cell viability
trend is comparable to the control medium with no statistical significant differences between
angles of fabrication or treatment.
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3.2.3. Osteogenic Differentiation and Mineralization on Titanium Scaffolds

The biological characterization of the titanium supports described in this work was
deepened only for the etching treatment, as the anodizing samples were not found to be
biocompatible. In particular, the mineralization potentials of the etched titanium scaffolds
at the 0◦ and 45◦ angles of fabrication were investigated in comparison with previously val-
idated [40] as-built scaffolds and plastic controls. To analyse the osteogenic differentiation
of a pre-osteoblastic MC3T3-E1 cell line cultured for 30 days in the mineralization medium,
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total RNA was collected from cells adhered on each substrate. Then, gene expression of
several markers involved in osteogenesis (Mepe, Bsp, Opn, and Ocn) was determined by
performing quantitative RT-PCR (qPCR)

The relative quantification (RQ) of the osteogenic target genes was calculated by the
2−∆∆Ct method, using the constitutive gene expression of the same markers obtained from
cells cultured in basal medium as calibrator (RQ calibrator = 1). Figure 7 shows the RQ
results as mean of three different experiments (n = 3) for plastic dish (positive control)
and as-built and etched scaffolds (both 0◦ and 45◦ angles of fabrication). All the genes
tested were induced in all samples in comparison with the basal level expression (RQ = 1),
indicating that a positive mineralization process occurred. No statistically significant
differences are detected for Mepe and Bsp gene expression between control and titanium
substrates. An opposite trend is observed for the Opn and Ocn gene expression, these
markers show statistically significant dissimilar expression in cells collected from titanium
scaffolds in comparison with those collected from a plastic dish.
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Figure 7. Gene expression evaluation of MC3T3-E1 cells cultured in mineralization medium after
30 days on titanium as-built and etched (0◦ and 45◦) SLM scaffolds and on a plastic well plate.
Unpaired t-test was applied to discriminate differences between plastic dish and each scaffold
considering a statistically significant value of p < 0.05 (* p < 0.05, ** p < 0.01, *** p < 0.001,). Unpaired
t-test was used also to compare as-built substrates and relative etched scaffolds (“ns” indicates not
significant, p > 0.05).

Specifically, the Ocn gene expressions on the as-built and etched substrates show
a significant increase with respect to the control group, which is more evident for the
etched substrates with a higher angle of fabrication (p-value < 0.001). On the contrary,
the Opn gene expression on the scaffold groups is significantly reduced in comparison
with the control group (p-value < 0.05). Since it is known in the literature that Ocn is a
late-stage marker of osteoblastic differentiation, typical of mature osteoblasts, whereas
Opn is commonly defined as early markers of osteogenic differentiation [49], the observed
gene expression trend reflects and confirms an acceleration in the mineralization process of
the MC3T3-E1 cells grown on titanium scaffolds versus cells cultured in plastic well [40].
Finally, the statistical analysis comparing the gene expression of the cells grown on the
as-built substrates and on those treated does not show any significant difference in terms
of mineralization potential for any angles of fabrication.
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4. Discussion

Surface modification of a scaffold for biological application can be achieved using
different techniques and approaches [50–52]. The manufacturing process analysed in this
paper includes some critical aspects because a particular production technology, the SLM
technique, is integrated with two different post-processing treatments, anodization and
passivation, i.e., acid etching. All the powder bed fusion techniques result in complex
thermal properties and significant temperature gradients that make the surface conditions
of the products difficult to optimize, and add variables to the process. Due to this, it is
challenging to guarantee the uniformity of the product characteristics and the repeatability
of the whole process, aspects that are essential when adopting metal additive manufacturing
methods as industrial processes.

The transformation of the microstructure incurred by the combination of the SLM
process parameters—specifically the building angle, followed by chemical and physical
modification with anodization and etching in the post-processing phase—generates rele-
vant outcomes [39].

The surface microstructure of the as-built SLM samples shows how the used building
angles had an impact on their attributes. In fact, several studies have shown how, in a
metal part, mechanical and chemical surface properties can be significantly altered by the
building angle of a melting process [30,37]. However, the key to enhancing a product’s
surface characteristics for biomedical applications is adding post-process treatments. The
two processes that are most frequently used to modify AM metal implants are anodization
and acid etching. To determine the relationship between the manufacturing process and
the post-process treatments, two building angles (0◦ and 45◦) were studied according to
previous research [40].

The surfaces of the SLM as-built samples, at two distinct building angles, appear to be
macroscopically identical when compared with each other, and both show the presence of
partially melted particles seen across the whole surface area of the top faces. According
to [24], the surfaces of the parts with a building angle at 0◦ particularly exhibit equally
distributed particles, whereas the surfaces of the parts with a building angle at 45◦ exhibit
less uniform distribution and the presence of larger-sized agglomerations of particles
(Figure 1). This surface condition is supported by the measurement of roughness; in fact,
the Sa value of the parts with a 45◦ building angle is higher compared with the other
samples with a lower building angle (Table 3). For both the building angles, the CA
measurements highlight the hydrophobicity of the SLM as-built samples, and the resulting
values are comparable (Table 2). Due to these similarities, there has not been any significant
difference in the viability values of MC3T3-E1 cells between the SLM as-built samples for
either building angle (Figure 5). The biocompatibility previously demonstrated [40] was
verified by cells on the SLM as-built scaffolds.

The impact of surface modification on biological performance is most noticeable on
samples that have been treated. In general, similar amounts of cellular metabolic activity
are evaluated for SLM as-built and etched samples, but for the anodized scaffolds, an
undeniable contrast between the plastic control and the cells metabolic activity is seen
(Figure 6).

The anodized samples have an adequate uniform particle distribution for the 0◦

samples, but when the angle is increased to 45◦, the particle distribution becomes random
with the formation of clusters and the appearance of cracks on the surface of the particles
(Figure 1). This is also demonstrated by the hydrophobicity, which is significantly reduced
compared with the as-built samples, notably for the 45◦ angle (Table 2). Compared with the
as-built samples, the roughness is comparable for both building angles and is decreased
(Table 3).

In contrast, the etched scaffolds exhibit a morphological surface that is smooth, with
roughness and hydrophobicity values that are lower when compared with anodized sam-
ples built at 0◦ but higher when built at 45◦ (Table 2). According to [39], there is a need for
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an ideal implant surface to be smooth to avoid bacterial proliferation, but at the same time
have a uniform micro-structure to promote cell adhesion.

The application of post-processing treatments is not affected by the building angle
of the specimen. In fact, it is not possible to find a direct relation between build angle
and the other parameters used to describe the surface, mainly because the application
of post-processing treatments creates a strong alteration of the surface that makes the
effect of the building angle irrelevant. Roughness decreases with treatments, but when
evaluating the values in relation to the build angles, it has an opposite trend depending
on the treatment applied (Figure 3). Additionally, the CA values have no significant
relation with the building angle (Figure 2). For a more functional evaluation of surface
performance for biomedical applications, cell viability studies are necessary. Titanium
substrate biocompatibility has been analysed using an rATP assay kit that measures the
number of metabolically active and viable cells in a culture. The rATP test has been
performed in a direct way (cells were seeded directly on the sterilized titanium substrates)
and in an indirect way (autoclaved titanium substrates were placed in medium for five
days, then the conditioned medium was used to grow cells). In both conditions, the results
of the rATP assay showed a robust decrease of cellular viability for the anodized samples.
In fact, no living cells were detected in the culture after 24 h (Figures 5 and 6). Conversely,
biocompatibility of the as-built specimens and specimens after acid etching treatment
was confirmed (Figures 5 and 6). Taking into account the high cellular mortality also
showed with the indirect rATP assay, it is plausible that the cellular death is not related
to an adhesion problem with the scaffold but to some cytotoxic agents probably derived
from the post-processing of the samples, resistant to the autoclaving, that are released
in the medium culture from the anodized substrates’ surface. The post-processing for
the anodized titanium 3D samples consists of the fabrication of an oxide layer using an
electrochemical anodization setup composed of a counter electrode of Ti flat foil and Ti
3D implant immersed in ethylene glycol electrolyte, containing 1% water and 0.3% NH4F.
Further studies are needed to identify which reagent in this treatment might be toxic.

Finally, it is shown that there is an acceleration in the mineralization process of the
MC3T3-E1 cells grown on titanium scaffolds versus cells cultured in plastic well (Figure 7).
At the present time it is difficult to properly compare the approaches utilised for the surface
treatment of 3D printed implants intended to promote cell adhesion and mineralization [53].
The chemical and physical characteristics of the surfaces also play a significant role in
maintaining the viability of the osteoblasts. Many aspects of these interactions require
more investigation to resolve areas of uncertainty on the interaction between the treated
surfaces and the cells. To completely comprehend these linkages, research needs to focus
on diverse design aspects using various combinations of manufacturing processes and
surface treatments.

5. Conclusions

In this paper, the examination of additive manufacturing properties on the biocom-
patibility of Ti6Al4V parts is reported. The porosity and surface conditions of an implant
can be tuned in order to facilitate and promote osseointegration. This is especially true
of parts that can be produced by utilizing the PBF process and the SLM technique. The
discontinuous melting of the powder during the building process, which results in un-
controlled and partially melted particles on the surface and conditions the surface area
of the scaffold, is one of the main drawbacks of these methods. As a result of these as-
pects, a lot of research has focused on changing the process parameters and including
post-process treatments. The examined solutions focus on changing the building angle
during SLM operations (0◦ and 45◦) and on the use of two treatments, anodizing and acid
etching, to regulate and customize the surface properties of the metal parts. Due to the
initially identical surface topography, it was discovered that the building angle has little
effect on the trends of cell attachment and differentiation (p > 0.05). The key finding of
this study is based on osteoblast metabolic activity and differentiation data, which show
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a clear distinction between samples after acid etching and anodization. In particular, it
was discovered that SLM as-built samples are more biocompatible than post-processed
ones. In comparison with the control on plastic, the cell viability on etched SLM is lower
(p < 0.05; Figure 5). The metabolic activity on the anodized samples significantly de-
creased, leading to substantial levels of cytotoxicity with no cellular survival as a result
(p value < 0.0001; Figures 5 and 6). A successful mineralization process took place on the
as-built and etched scaffolds. In particular, when comparing cells cultured in plastic wells
with cells grown on titanium scaffolds, the observed gene expression trend reflects and val-
idates an acceleration of the mineralization process, for any manufacturing angle (Figure 7).
This issue needs to be examined in more detail in order to optimize the procedure and
produce results that are more targeted to biological applications. In fact, it could be seen as
a benefit for the osseointegration of intricate components in a custom implant. Additionally,
mineralization can be advantageous for the majority of orthopaedic implants, but it could
be detrimental for short-term removable components. The study of the findings of this
research on bacterial adhesion [54], a crucial factor for this application, will be taken into
account in future investigations.

In conclusion, in relation to the SLM design technique utilized in production, post-
processing treatments have a significant impact on the characteristics of 3D printed implants.
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