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In this study, we hypothesized that microtextured titanium (Ti) surfaces produced by laser metal
fusion (LMF) 3D printing may play an important role in osteoblastic differentiation of mesenchymal
stem cells (MSCs). For that, MSCs derived from mouse bone marrow were cultured on Ti discs
produced in two different ways: microtextured produced by acid etched (Ti-Ac, control group) and
microtextured produced by LMF 3D printing (Ti-3D-LMF, test group), in which it was evaluated: (1) cell
proliferation, (2) alkaline phosphatase activity and (3) extracellular matrix mineralization. The results
showed that both groups allowed cell proliferation over time (p<0.001). Additionally, there were no
statistically significant differences between groups in the assessments of alkaline phosphatase activity
(p=0.385) and extracellular matrix mineralization (p=0.234). Although both groups evaluated induce
cell proliferation and osteoblastic differentiation similarly, the technology used in the Ti-3D-LMF group
may prove advantageous as it produces specific dental implants for patients through customization.
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1. Introduction

Using implants for oral rehabilitation is the gold standard
in dentistry, demonstrating predictable results and high success
rates'. However, high success rates depend on several
parameters, such as the biocompatibility of the material,
characteristics of the surface, careful surgical procedure,
general health conditions of the patient, and the local bone
quality and quantity*>.

The material of choice for manufacturing dental implants
has been titanium (Ti), which can be commercially pure (cpTi)
or associated with other metals in alloy form (Ti-6Al- 4V).
As an advantage, Ti has mechanical properties that support
the functional load of mastication and, at the same time,
it is biocompatible with bone tissue®’. In the last years,
several studies related to morphology, roughness, chemical
composition, and wettability have sought to expand the
range of possible applications of dental implants have been
carried!!, Despite numerous efforts to establish a correlation
between the microstructure of the Ti implant, and biological
responses at the cellular and molecular level, this point has not
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yet been fully clarified. Modifications of surface roughness
may have advantages of physical characteristics, resulting
in new texturing that showed better results about anchorage
strength in the early stages of osseointegration'>6.

Several technologies have been used to produce dental
implants, with the machining process being the most used.
However, research in the biomedical industry has been
continuously working to improve the manufacturing process
of these dental implants'’. In this context, the method of
manufacturing dental implants through additive manufacturing
(AM), a technique already well-established in the aerospace
industry, can be innovatively used in the implantology area's"’.
The manufacture of dental implants can occur through a specific
AM route called laser metal fusion (LMF) 3D printing?*!.

The LMF is based on the emission of a high-energy
conical laser beam focused on a specific region of a
thin layer of titanium powder, which melts according
to the 3D layers projected by a computational model.
This technology presents high precision, can be used for
manufacturing dental implants with controlled porosity,
mimicking the nature of bone tissue, and can optimize
osseointegration by increasing surface hydrophilicity'*?2%.
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In this context, some studies have evaluated and demonstrated
the advantages and applications of the LMF technique for
the manufacture of dental implants'**2*. CHENG and
collaborators assessed the performance of the implants in
an in vitro study and showed that the surface of implants
produced by this technique increased the mineralized
extracellular matrix of a human-derived cell line*. Another in
vitro study demonstrated that dental implants manufactured
using this technique alter the profile of the peri-implant
microbiota, reducing the proportion of the red complex and
decreasing the total counts of Porphyromonas gingivalis,
which may be related to peri-implant disease?. In addition
to these findings, an in vivo study in humans demonstrated
that dental implant healing caps produced by this technique
reduced the inflammatory infiltration around the peri-implant
soft tissues'’.

Based on the evidences above, this study aimed to evaluate
the osteoblastic differentiation induced by microtextured
titanium surface produced by LMF 3D printing (Ti-3D-LMF)
compared to microtextured titanium surface produced by
acid etching (Ti-Ac).

2. Materials and Methods

2.1. Ti samples

Commercially pure Ti discs, grade 2 (13 x 2 mm, Realum,
Sdo Paulo, SP, Brazil), were mechanically polished and
washed with toluene in ultrasound. The Ti-Ac surface was
used as a control group and obtained through treatment with
acid etched with a solution containing HNO,, H,SO,, and
HCI, as performed on commercially available osseointegrated
dental implants®. Ti discs of Ti-3D-LMF, grade 5 (13 x 2 mm,
Plenum, Jundiai, SP, Brazil) were manufactured by LMF 3D
printing technology, which is not described here because
they are under industrial secrets. All discs were sterilized
before use.

2.2. Characterization of the Ti surfaces

Ti discs (n=4) were examined in a Philips XL30 FEG
scanning electron microscope (SEM, Japan) operated at
25 kV for surface topography characterization and their
surface composition analysis was carried out using an
energy-dispersive X-ray spectroscopy system (EDS, Bruker,
USA) coupled to the microscope. The contact angle analysis
(n=4) was performed using the static drop technique, using
the Theta Flex Plus equipment (Biolin Scientific, Vistra
Frélunda, Sweden), in which a drop of 7 pL of distilled water
was used and a standardized evaluation time of 30 seconds.

2.3. Cell culture

The MSCs were immortalized and characterized as previously
described*. The iMSCs were cultured in a growth medium
consisting of alpha-MEM (Gibco-Life Technologies, Waltham,
MA, USA), supplemented with 20% v/v of fetal bovine serum
(Gibco-Life Technologies), 1% v/v penicillin-streptomycin
(Gibco - Life Technologies Waltham, MA, USA) and
0.3 pg/ml fungisone (Gibco-Life Technologies, Waltham, MA,
USA) until subconfluence. Then, the iMSCs were plated on
Ti-Ac and Ti-3D-LMF discs in 24-well plates (Corning Life
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Sciences, Corning, NY, USA) at a density of 1x10* cells/disc
and cultured in osteogenic medium, which was composed
of growth medium supplemented with 5 pg/mL of ascorbic
acid (Gibco-Life Technologies, Waltham, MA, USA), 7mM
beta-glycerophosphate (Sigma-Aldrich, San Luis, Missouri,
USA) and dexamethasone 107 M (Sigma-Aldrich San Luis,
Missouri, USA) for of up to 17 days. The cultures were kept at
37°C in a humidified atmosphere containing 5% CO, and 95%
atmospheric air, and the medium was changed every 48 hours.

2.4. Evaluation of cell proliferation

On days 3, 5, and 7, cell proliferation was determined by
the colorimetric MTT assay {[3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide]}. For that, the culture
medium was removed, and the wells washed with phosphate-
buffered saline (PBS) solution (Gibco-Life Technologies
Waltham, MA, USA) heated to 37 °C, filled with 1 mL of
osteogenic medium containing 10% MTT (5 mg/mL) and
incubated at 37 °C for 4 hours. After, the supernatants were
aspirated, and the crystals were solubilized using 1 mL of
an acidic isopropanol solution (HC1 0.04 N in isopropanol).
The plates were shaken for 5 minutes, and a 150 pL aliquot
from each well was transferred to a 96-well plate. Absorbance
was evaluated using a pQuant spectrophotometer (BioTek
Instruments Inc., Winooski, USA) using a wavelength of
570 nm. The data obtained in quintuplicate (n=5) were
expressed by absorbance.

2.5. Evaluation of alkaline phosphatase (ALP) activity

On day 10, the ALP activity was evaluated through the
release of thymolphthalein by hydrolysis of thymolphthalein
monophosphate substrate, using a commercial kit according
to the manufacturer’s instructions (Labtest Diagndstica,
Lagoa Santa, MG, Brazil). The cell culture medium from
the wells was removed to obtain cell lysates, and the Ti discs
were washed with PBS. The wells were filled with 1 mL of
0.1% sodium lauryl sulfate solution (Sigma-Aldrich, San
Luis, Missouri, USA). Samples were allowed to stand at
room temperature for 30 minutes to promote cell lysis. Then,
50 pL of thymolphthalein monophosphate was mixed with
0.5 mL of 0.3 M diethanolamine buffer, pH 10.1, and left
for 2 minutes at 37 °C. Afterward, an aliquot of 50 pL of the
previously lysed sample was added, and this solution was
kept at 37°C for 10 minutes. 2 mL of a 0.09 M Na,CO, and
0.25 M NaOH solution were added for color development.
The absorbance was measured in a spectrophotometer (BioTek
Instruments Inc. Winooski, VT, USA) using a wavelength of
590 nm. The data were obtained in quintuplicate (n=5). They
were corrected by the standard provided by the manufacturer
and normalized by the total protein.

Moreover, on day 10, ALP activity was evaluated
using Fast Red staining. For this, the culture medium was
removed. The Ti discs were washed with Hank’s Solution
(Hank’s Balanced Salts, Sigma-Aldrich, Missouri, USA)
heated to 37 °C and incubated with 1 mL of 120 mM Tris
buffer solution (Sigma-Aldrich) containing 1.8 mM Fast
Red TR (Sigma-Aldrich, Missouri, USA), naphthol-ASMX-
phosphate (Sigma-Aldrich) at 0.9 mM and dimethylformamide
(Merck, Darmstadt, Germany), for 30 minutes, in a humid
atmosphere containing 5% CO, and 95% atmospheric air.
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The wells were washed with PBS (Gibco-Life Technologies,
Waltham, MA, USA) and photographed with a digital camera
(Nikon, Japan). The data were obtained in quintuplicate (n=5).

2.6. Evaluation of extracellular matrix mineralization

On day 17, the extracellular matrix mineralization was
detected by staining with Alizarin red S (Sigma-Aldrich). The
Ti discs were washed in Hanks’ solution, fixed in 70% ethyl
alcohol at 4 °C for 60 minutes, and washed in PBS. Then,
they were stained with 2% Alizarin red S (Sigma-Aldrich),
pH 4.2, at room temperature for 15 minutes, washed
with PBS (Gibco-Life Technologies), and observed in a
Leica DMLB fluorescence microscope (Leica, Germany).
To quantitative results, 150 puL of 10% acetic acid was
added to each well, and the plates were kept under agitation
for 30 minutes. The obtained solution was transferred to
1.5 mL tubes and vortexed for 30 seconds. Then, 100 pL
of mineral oil was added to the samples, which were kept
at 85°C for 10 minutes and transferred to ice for 5 minutes.
The tubes were centrifuged at 13.000 rpm for 15 minutes,
and at the end, 40 pL of 10% ammonium hydroxide was
added. A volume of 150 pL of the supernatant was used for
reading in a pQuant spectrophotometer (BioTek Instruments
Inc.) at a wavelength of 450 nm. The data were obtained in
quintuplicate (n=5) and expressed by absorbance.
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2.7. Statistical analysis

The data from the cell proliferation assay were analyzed
using the Two-Way ANOVA test, followed by Tukey’s
post-test, for comparisons between time, Ti-Ac (control
group) and Ti-3D-LMF (test group). The data from ALP
activity and extracellular matrix mineralization assay were
analyzed using Student’s t-test, for comparisons between
Ti-Ac (control group) and Ti-3D-LMF (test group). The
SigmaPlot program (Systat Software, San Jose, CA, USA)
was used. The significance level adopted was 5% (p=<0.05).

3. Results

3.1. Characterization of the Ti surfaces

The Ti-Ac group showed an irregular and homogeneous
surface when analyzed at lower magnifications. It showed
numerous concavities at higher magnifications, with pores on
its surface at the micrometric scale level (Figures 1A, 1C, 1E).

When analyzed at lower magnifications, the Ti-3D-LMF
group showed an irregular surface with a sphere and globular
formation. It also showed numerous concavities at higher
magnifications, with pores on its surface at the micrometer
scale level. However, these pores were less numerous and
deeper than the Ti-Ac group (Figures 1B, 1D, 1F).

Figure 1. Surface characterization by Scanning Electron Microscope (SEM). The columns represent the groups of microtextured Ti discs
produced by acid etching (Ti-Ac, A, C, E) and microtextured Ti discs produced by laser metal fusion 3D printing (Ti-3D-LMF, B, D, F).
The lines represent the different SEM magnifications: 125x (A, B), 500x (C, D), and 1,000x (E, F).
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Figure 2. Surface characterization by Energy Dispersive X-ray Spectroscopy (EDS). Figure (A) represents the microtextured Ti discs
produced by acid etching (Ti-Ac), and figure (B) represents microtextured Ti discs produced by laser metal fusion 3D printing (Ti-3D-LMF).
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Figure 3. Surface characterization by wettability assay. Figure (A) represents the microtextured Ti discs produced by acid etching (Ti-Ac),
and figure (B) represents microtextured Ti discs produced by laser metal fusion 3D printing (Ti-3D-LMF).

The analysis of the chemical composition, the Ti-Ac
group showed 96.60% titanium, 2.08% carbon, and 1.32%
nitrogen (Figure 2A). In comparison, the Ti-3D-LMF group
showed the presence of 80.11% titanium, 4.28% carbon,
2.20% nitrogen, 5.04% oxygen, 5.26% aluminum, and 3.11%
vanadium (Figure 2B).

The contact angle produced between the drop of distilled
water and the surface on Ti-Ac was 82.03° 4+ 14.69° (Figure 3A),
while on Ti-3D-LMF discs was 90.45° + 5.57° (Figure 3B).

3.2. Evaluation of cell proliferation

The iMSCs grew and proliferated over time in both
surfaces evaluated (p<0.001). However, there was no
statistically significant difference in the number of cells
between the Ti-Ac and Ti-3D-LMF groups at 3 and 5 days
(p=0.920 and p=0.486, respectively). Still, at 7 days, it was
higher in the Ti-3D-LMF group compared to the Ti-Ac group
(p<0.001, Figure 4).

3.3. Evaluation of ALP activity

The ALP activity has shown no statistically significant
difference between the Ti-Ac and Ti-3D-LMF groups at
10 days (p=0.385, Figure 5).

Cell Proliferation

0.4+
£
f= *
o 03]
5
pit & Ti-Ac
% 0-21 = Ti-3D-LMF
2
5 0.1-
7]
Qo
< 0 T T T 1
3 5 7
Time (days)

Figure 4. Cell proliferation on day 3, 5 and 7 of iMSCs cultivated
in osteogenic medium on microtextured Ti discs produced by acid
etching (Ti-Ac, control group) and microtextured Ti discs produced
by laser metal fusion 3D printing (Ti-3D-LMEF, test group). All
data are presented as mean + standard deviation (n=5). * indicates
a statistically significant difference.

3.4. Evaluation of extracellular matrix mineralization

The extracellular matrix mineralization has shown no
statistically significant difference between the Ti-Ac and
Ti-3D-LMF groups at 17 days (p=0.234, Figure 6).
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Figure 5. Alkaline phosphatase (ALP) activity on day 10 of iMSCs
cultivated in osteogenic medium on microtextured Ti discs produced
by acid etching (Ti-Ac, control group) and microtextured Ti discs
produced by laser metal fusion 3D printing (Ti-3D-LMEF, test group).
The upper images show the in situ ALP activity, while the bar graph
shows the ALP activity values obtained through the biochemical
assay. All data are presented as mean + standard deviation (n=5).
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Figure 6. Extracellular matrix mineralization on day 17 of iMSCs
cultivated in osteogenic medium on microtextured Ti discs produced
by acid etching (Ti-Ac, control group) and microtextured Ti discs
produced by laser metal fusion 3D printing (Ti-3D-LMF, test
group). All data are presented as mean + standard deviation (n=5).

4. Discussion

With the advancement of research in the biomedical
industry, the manufacture of dental implants has evolved
substantially, resulting in changes in the shape, composition,
and surface. A classic approach and a simple method to
obtain a roughness that mimics the bone structure and
increases surface area, which favors osseointegration is a
microtextured titanium surface produced by acid etching
(Ti-Ac)?’. However, the methods used to manufacture these
dental implants have also evolved, with the process by LMF
3D printing, a recently-used technique. Therefore, in vitro
studies to evaluate the osteoblast differentiation induced by
surfaces produced through this technology are extremely
important to guide dentists in choosing products for their
patients, with predictable and low-cost results. In the present
study, Ti-Ac and microtextured titanium surface produced
by LMF 3D printing (Ti-3D-LMF) were characterized, and

iMSCs were cultured on both surfaces to evaluate osteoblastic
differentiation by cell proliferation, ALP activity, and
extracellular matrix mineralization. In general, the results
showed that cell proliferation and osteoblastic differentiation
were induced similarly in both groups regardless of the
technique used in the manufacturing process.

The LMF 3D printing technology is already established
in the aerospace industry and can be used in dentistry
innovatively". The advantages related to the manufacturing
process of dental implants using this technology are
flexibility in the design of the desired part (customization),
energy efficiency, and improved functionality. In addition,
compared to conventional production methods such as
machined dental implants, the LMF 3D printing technique
has lower processing costs, saving up to 40% by avoiding
raw material waste?.

The analysis of SEM showed that the surface of the
Ti-Ac group presented a homogeneous topography with
numerous well-defined micro-concavities, and these results
are corroborated by Lopes et al.?**° and Elias et al.”>. The
literature shows that the microtextured surface can facilitate
the retention of osteogenic cells, favoring the adhesion
of essential proteins for the osseointegration process®'.
When evaluating the surface of the Ti-3D-LMF group, a
heterogeneous topography with the formation of spheres can
be noticed. Corroborating this finding, Ahmed?*?, reports that
the natural topography of the surface of titanium products
produced by this technique regularly generates coarse
spherical structures with concavities with a diameter of
tens of microns on the surface. Taking these data together,
regardless of the method used to produce the Ti discs and
the differences in their topographies, both groups showed
texturing on the micrometer scale.

The analysis of the chemical composition by EDS of the
Ti-Ac group showed a high percentage of titanium (96.90%)
and a low rate of carbon (2.08%) and nitrogen (1.32%). This
result, in general, was already expected since commercially
pure titanium grade 2 was used to manufacture the discs in
this group. The presence of carbon and nitrogen identified
during the EDS analysis can be explained, at least in part,
as a contaminant from the machining process or during the
acid etching®. The analysis of the chemical composition by
EDS of the Ti-3D-LMF group showed a high percentage
of titanium (80.11%), in addition to the presence of carbon
(4.28%), nitrogen (2.20%), oxygen (5 .04%), aluminum
(5.26%) and vanadium (3.11%). These results were also
expected since the discs were printed using a grade 5 titanium
powder, Ti6Al4V alloy. It is noteworthy that the presence of
oxygen can be explained, at least in part, by the formation of
a layer of titanium dioxide (TiO,) caused by direct contact
with atmospheric air’***. As for the presence of aluminum and
vanadium, this alloy has been widely used in the manufacture
of prosthetic components and, in recent years, has been used
for the manufacture of dental implants considered narrow,
as they provide excellent mechanical properties, resistance
to corrosion and biocompatibility3¢-3°.

The contact angle analysis is defined as the angle of the
intersection between the tangent line to the drop of distilled
water and the solid surface®. This parameter is an essential
tool for characterizing a surface as hydrophilic (0 < 90°)
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or hydrophobic (6 > 90°)*. Hydrophilic surfaces promote
better wettability, which contributes to a more significant
adsorption of blood proteins and, consequently, impacts the
osseointegration process*>*. Based on the findings of the
present study, we can characterize the surface of the Ti-Ac
group as hydrophilic (82.03° £+ 14.69°) and the surface of
the Ti-3D-LMF group as hydrophobic (90.45° + 5.57°).
However, it is important to point out that due to the standard
deviation found during the evaluation of the last group, this
classification borders on the category of hydrophilic surfaces.

The analysis of the cell proliferation by MTT has shown
that, in general, both groups were favorable for such an event,
demonstrating that both surfaces allowed cell adhesion without
presenting cytotoxic characteristics. Besides, in most of the
evaluated periods, the cell proliferation rate was similar
between the Ti-Ac and Ti-3D-LMF groups. However, these
results differ from those found by Hyzy et al.*, in which the
authors showed a better cell proliferation rate in the LMF
3D printing group.

Alkaline phosphatase is an essential enzyme in
osteoblastic differentiation and bone mineralization®. After
the proliferative phase (days from 1 to 4), starts the early
cell differentiation characterized by matrix maturation
(days from 5 to 14), which the cells start expressing ALP and
after an initial peak, ALP level tends to decline in the final
stage (days from 14 to 28), characterized by mineralization*.
Indeed, Stein et al.*’, showed that the temporal expression
of ALP during the development of the osteoblast phenotype
in vitro was low around 7 days and increased over time. The
peak of its activity in MSCs is detected in the intermediate
stages of the osteoblastic differentiation process, ranging
from 7 to 14 days*. Therefore, we believe that 10 days is
a period in which there should be more differences in ALP
activity induced by the surfaces evaluated.

In the present study, we evaluated the activity of this
enzyme both in situ to evaluate its activity in the cell
membrane (extracellular) and through the biochemical method
to evaluate its activity in the cytoplasm (intracellular), as
demonstrated by Birmingham et al.*’. Our results show that
the techniques used effectively detect ALP activity in iMSCs,
and both groups induced ALP activity at the same intensity,
indicating that in the evaluated period, the iMSCs were in
the process of osteoblastic differentiation.

Additionally, when we evaluated extracellular matrix
mineralization, a phenomenon linked to the final stage
of the osteoblastic differentiation process*®, we also
observed the similarity of both groups to induce such a
process, with a trend to be higher on Ti-3D-LMF group.
This finding is similar to the findings by Cheng et al.?, in
which the authors show that the LMF 3D printing technique
increased the production of mineralized extracellular
matrix of a human-derived cell line. The extracellular
matrix mineralization was evaluated at 17 days because
the mineralization phase starts on day 14, and studies using
titanium surfaces performed the mineralization assay at this
time point**>* In agreement with these studies, despite no
differences observed between Ti-Ac and Ti-3D-LMF this
study showed the cultures on both surfaces with intense
staining of the mineralized nodules at 17 days, which is
indicative of hydroxyapatite deposition.
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Some studies were carried out to understand how the
microtexturized Ti surfaces stimulate the process of osteoblastic
differentiation and, consequently, osseointegration. As for
the Ti-Ac group, its osteogenic potential is related to the fact
that its surface stimulates the integrin cell signaling pathway
through beta-3 integrin and via focal adhesion kinases®’.
As for the Ti-3D-LMF group, its osteogenic potential is
related to its surface stimulating the production of growth
factors such as vascular endothelial growth factor (VEGF)
and bone morphogentic protein 2 (BMP-2)°'. However, the
intracellular mechanisms of the interaction between MSCs
and the surface of both groups still need to be fully elucidated,
requiring further studies for the complete understanding
and improvement of these biomaterials in the medical and
dental areas.

In conclusion, considering the translational research, our
study is a first step of the basic effects of a microtextured
titanium surface produced by LMF 3D printing on osteoblastic
differentiation, and our results reveal that the manufacturing
process generated differences in the surface topographies
of Ti-Ac and Ti-3D-LMF groups. However, it could not
generate differences in cell proliferation and osteoblastic
differentiation of iMSCs.
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