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metal sintering (DLMS) 3D printing technology and its use over conventional machine-cut

processes, questions remain regarding whether 3D-printed titanium (alloy) devices have

similar biological properties to machine-cut counterparts for dental applications. Thus,

this  work focuses on comparing the biological activities of machine-cut and 3D-printed
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specimens after optimizing the DLMS 3D-printing conditions in terms of the mechanophys-

ical  characteristics.

Methods. The DLMS 3D-printing (as a function of the laser spacing from 30–100 �m)  and

post-surface treatment (as-given or sand-blasted) conditions were optimized using medical-

grade Ti-6Al-4V powders in terms of the inner pore amount, mechanical properties,

roughness and hydrophilicity. Then, the initial cell adhesion of the optimized DLMS 3D-

printed Ti-6Al-4V specimen was compared with that of the machine-cut Ti-6Al-4V specimen

against human dermal fibroblasts (hDFs) and mesenchymal stem cells (hMSCs), which are

representative of direct-contact cell types of orofacial mucosa and bone, respectively. hMSC

differentiation on the specimens was conducted for up to 21 days to measure the osteogenic

gene expression and biomineralization.

Results. Laser spacings of 30–40 �m had fewer inner defects and consequently a higher

three-point flexural strength and elastic modulus compared to other larger laser spacings.

Depending on the span width (0.3–1 mm) in the lattice architecture, the elastic modu-

lus  of the 3D-printed cuboid specimen can be further controlled (up to ∼30 times). The

sand-blasted specimens after 3D printing revealed lower surface roughness and higher

hydrophilicity compared to the as-3D printed specimen, which were considered optimal

conditions for biological study. Initial hDF and hMSC adhesion for 12 hr and hMSC dif-

ferentiation on the surface were comparable between the sand-blasted 3D-printed and

machine-cut specimens in terms of adherent cell numbers, vinculin intensity, osteogenic

gene expression and biomineralization.

Significance. The optimized DLMS 3D-printed Ti-6Al-4V specimen had similar biological prop-

erties to those of the machine-cut counterpart, suggesting the potential usefulness of 3D

printing technology for a wide range of dental applications.

© 2020 The Academy of Dental Materials. Published by Elsevier Inc. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/
1.  Introduction

Biomaterials used in dental and medical areas must demon-
strate appropraite mechanophysical and biological properties
to achieve a high degree of biofunctionality [1–5]. Titanium
and its alloys are widely used for dental and orthopedic
applications due to their low density, excellent mechanical
properties and great biocompatibility [6]. Until now, titanium
and its alloys have generally been produced for medical use
by machining titanium rods or plates by computer numeri-
cal control (CNC) machines and subjecting them to various
surface modifications to improve the mechanical properties
and biological response [7]. Thus, machine-cut titanium and
its alloys with appropriate surface modifications have become
widely-used biomaterials in clinical settings [8].

Within the last 15 years, direct laser metal sintering (DLMS)
as a 3D printing technology was introduced as a promising fab-
rication technology for titanium and its alloys [9–15]. Then, it
became commercially available due to its great reproducibility,
good customizing ability for obtaining complex architectures
with controllable surface geometry, cost effectiveness for the
fabrication of individual parts and relatively good resolution
(∼20 �m),  which attracted a myriad of dental applications,
such as implantable devices (i.e. dental implants and scaf-
folds) and prosthetic devices (i.e. dental crowns and denture
Please cite this article in press as: Kim J-H, et al. Mechanophysical and biolo
Dent Mater (2020), https://doi.org/10.1016/j.dental.2020.04.027

frameworks) [16–18].
The main merits of utilizing DLMS 3D-printed titanium

(alloy)-based medical devices are the excellent mechanical
properties due to the low density and versatility of the
).

architectures obtainable to mimic  the natural anatomical 3D
geometries of hard tissues [19]. For even accelerating osteo-
genesis, the micro or macro porosity, surface roughness, and
drug loading capacity can be further optimized to accelerate
biological response, while maintaining the mechanical prop-
erties [20–22]. However, questions remain regarding whether
optimized 3D-printed medical devices have similar biological
capacities to machine-cut counterparts, especially for dental
applications [20,21].

Therefore, the aim of this study is to compare the bio-
logical activities of machine-cut and 3D-printed specimens
after optimizing the 3D-printing conditions. To achieve this
target, DLMS 3D-printing (as a function of the laser spacing
from 30 to 100 �m)  and post-surface treatment (as-given or
sand-blasted) conditions were optimized using medical-grade
Ti-6Al-4V powders (grade 5) in terms of the mechanophysical
properties, such as the inner defect levels, mechanical proper-
ties, roughness and hydrophilicity. Then, the biological effects
of optimized DLMS 3D-printed Ti-6Al-4V specimens were
compared with those of machine-cut Ti-6Al-4V specimens
against human dermal fibroblasts (hDFs) and mesenchymal
stem cells (hMSCs), which are representative direct-contact
cell types of orofacial mucosa and bone, respectively. Thus,
the first null hypothesis of this study is that there are no
differences in the mechanical properties relative to the laser
spacing (30–100 �m).  The second null hypothesis is that there
gical properties of a 3D-printed titanium alloy for dental applications.

are no differences in the biological activities, such as the cell
adhesion and osteogenic capacity of stem cells, between the
optimized 3D-printed and machine-cut specimens.
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Table 1 – Summary of the experimental groups and specimen types.

Method Manufacturing process Experimental parameter Detail conditions Specimen types

Fe-SEM analysis for pore
detection

3D-printing Laser gap 30, 40, 50, 60, 70, 80,
90, or 100 �m

Disk  (d = 10 mm and
h = 2 mm)

Flexural strength and
fractography

3D-printing Laser gap 30, 50, 70, or 90 �m Bar specimens (25.0
x 4.0 x 2.0 mm)

Modulus from lattice
architecture

3D-printing (50 �m
laser gap)

Lattice span width 0.3, 0.5, or 1 mm Lattice structures
(10.0 x 10.0 x
20.0 mm)

Surface analysis 3D-printing (50 �m
laser gap)

Post-surface
treatment after
3D-printing

As  printed,
sand-blasting, or
polishing

Disk (d = 10 mm and
h = 2 mm)
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In vitro analysis 3D-printing (50 �m
laser gap) or
machined-cut

Manufa
method

.  Materials  and  methods

.1.  Specimen  preparation

ll specimens used in this study except for the as-provided
achined-cut specimens used for the biological assay con-

rol group were prepared by selective laser melting 3D printing
echnology. The particle size of the Ti-6Al-4V powder (grade5,
dvanced Powders & Coatings Inc. QC, Canada) was measured
y a particle size analyser (LA-950V2, HORIBA, Kyoto, Japan),
nd the images and compositions of the powder were obtained
y field emission scanning electron microscopy (FE-SEM,
igma 300, ZEISS, Oberkochen, Germany) on an instrument
quipped with energy-dispersive spectroscopy (EDS) (Oxford).
he specimens were fabricated in an argon atmosphere, in
ccordance with the output conditions (radiation power of
25 W and scanning rate of 1200 mm/s) using a DLMS 3D
rinter (SM250, Sentrol Co., Ltd, Seoul, Korea) with a Yb (Ytter-
ium) fiber laser wavelength of 1060 nm.  To optimize the 3D
rinting conditions, the disk specimens (10 mm diameter and

 mm thickness) were fabricated according to the different
aser spacings (30, 40, 50, 60, 70, 80, 90, or 100 �m).  The min-
mum value for the laser gap was set at 30 �m based on
verage diameter of Ti6Al4 V powder (∼37.5 �m)  where the
aser gap for DLMS should be similar or larger than the pow-
er diameter to sinter two individual powders together for
D-printing. All of the specimens, except the lattice structure,
ere 3D-printed with a 45-degree axis. To test the mechani-

al properties, bar specimens (25.0 × 4.0 × 2.0 mm)  and lattice
tructures (10.0 × 10.0 × 20.0 mm)  with different span widths
0.3, 0.5, 1 mm or block type) were prepared. The single lat-
ice sizes were 3, 4, and 5 mm for the 0.3, 0.5, and 1 mm
pan width groups, respectively. The bar specimens were
ade from different laser spacings (30, 50, 70, and 90 �m)  for

he three-point flexural strength test, and the lattice struc-
ures were made with a 50 �m laser spacing. The edges of
he bar specimens were chamfered with P600 SiC paper and
and-blasted with 50 �m alumina at 4.3 bar pressure using a
andblaster (Basic Classic, Renfert, Hilzingen, Germany) for
0 s to clean the whole surfaces. Lattice structures with dif-
Please cite this article in press as: Kim J-H, et al. Mechanophysical and biolo
Dent Mater (2020), https://doi.org/10.1016/j.dental.2020.04.027

erent gaps were made for varying the elastic modulus of
he Ti-6Al-4V construction. For the surface characterization
nd cell experiments, disk specimens (with a 10 mm diameter
nd 2 mm thickness) were made with a 50 �m laser spac-
ng 3D-printing or
machined-cut

Disk  (d = 10 mm and
h = 2 mm)

ing. The disk specimens were divided into 3 subgroups: ‘as
3D-printed’, ‘3D + polished’, and ‘3D + sand-blasted’. The as
3D-printed group was not surface-treated after 3D printing.
The 3D + sand-blasted group was sand-blasted on one surface
for 60 seconds with 50 �m alumina at 4.3 bar pressure using
the aforementioned sandblaster. The 3D + polished group was
polished with P220-SiC paper to obtain a flat surface. The
completed specimens were serially cleaned for 5 min  each in
acetone, ethanol and distilled water in an ultrasonic chamber
(Table 1).

2.2.  Surface  pores  and  total  pore  area  in
cross-sectioned  specimen

The disk specimens (with a 10 mm diameter and 2 mm thick-
ness) with different laser spacings (30, 40, 50, 60, 70, 80, 90,
and 100 �m)  were vertically embedded in epoxy resin (EpoFix
Kit, Struthers, Ballerup, Denmark) for visualizing the cross-
sectional plane to detect surface pores and total pore area. The
specimens were serially polished using a polisher (LaboPol-5,
Strouers, Ballerup, Denmark) with P220 ∼ 4000-grit SiC papers.
After the specimens were cleaned with distilled water and
coated with Pt, scanning electron microscopy (SEM, JSM-6510,
JEOL Ltd., Tokyo, Japan) images were captured. The surface
pore numbers and total pore area were measured by using an
image  measurement program (ImageJ version 1.46, USA) at 3
sites per specimen and then averaged (n = 3) [23]. The mini-
mum value of the pore area was set at 0.4 mm2.

2.3.  Mechanical  properties  and  fractography

The flexural strength of the bar specimens
(25.0 × 4.0 × 2.0 mm)  with different laser spacings (30, 50,
70, and 90 �m)  was measured by the three-point flexural
strength test at a 20 mm span length (n = 5) using a uni-
versal testing machine (Instron 5966, Instron, MA,  USA)
at a crosshead speed of 1 mm/min. The three-point flexural
strength (�, N/mm−2), was calculated by the following formula
(� = 3PL/2wt2), where P is the maximum flexure load (N), L is
the length of the support span (20 mm),  w is the specimen
gical properties of a 3D-printed titanium alloy for dental applications.

width (mm)  and t is the specimen thickness (mm).  Fractog-
raphy analysis of the broken bar specimen was performed
to investigate the fracture behaviors using SEM or FE-SEM to
track the possible starting point during fracture. The elastic

https://doi.org/10.1016/j.dental.2020.04.027
https://doi.org/10.1016/j.dental.2020.04.027
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Fig. 1 – Ti-6Al-4V powder characterization for use in the 3D-printed dental materials. (A) Ti-6Al-4V particle size
(37.7 ± 15.0 �m)  distribution by the powder analyser, spherical morphology by SEM and their composition (89.6% Ti, 6.4% Al
and 4.0% V (wt%)) by EDS. (B) Fabrication of various structures (specimens) using a direct laser metal sintering 3D printer.

id sh
Several specimen of disk (d = 10 mm and h = 2 mm)  and cubo

modulus of the lattice structure (10.0 × 10.0 × 20.0 mm)  was
measured by compressive strength analysis using Bluehill
software (version 3.31, Instron) according to the span width
(0.3, 0.5, 1.0 mm or dense block type).

2.4.  Surface  characteristics  of  the  specimens  for  the
in vitro  study

The surface of the disk specimens for the in vitro study
was observed using SEM for the different surface treatments
(as 3D-printed, 3D + sand-blasted, 3D + polished). The surface
roughness was measured using a surface roughness anal-
yser (SJ-400, Mitutoyo, Kawasaki, and Japan) to measure Ra
(arithmetical mean), Ry (maximum height), and Rz (height
irregularities, n = 5). Scan was conducted at a speed of 5 mm/s
with measurement width (4 mm)  and cut-off values (0.8 mm).
The average value of three measurements is reported as the
representative value for each specimen. The hydrophilicity of
the specimen surfaces was measured by contact angle anal-
ysis using a Surface Electro Optics instrument (PHX300, SEO,
Suwon, Korea) and distilled water (10 �L and n = 5).

2.5.  Cell  culture

hMSCs (PCS-500-012, ATCC, Manassas, VA, USA) were cultured
in a bone marrow-mesenchymal stem cell growth medium
(ATCC) that was supplemented with 7% fetal bovine serum
(FBS, Gibco, Grand Island, NY, USA), 15 ng/ml recombinant
human insulin-like growth factor (rh IGF-1), 125 pg/ml recom-
binant human fibroblast growth factor (rh FGF-b), 2.4 mM
l-alanyl-l-glutamine and 1% penicillin/streptomycin (Gibco)
according to the recommendations provided by the manufac-
turer. Human dermal fibroblasts (hDF, PH10605AK, Genlantis,
San Diego. CA, USA) were cultured with high glucose Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with
10% FBS and 1% penicillin/streptomycin. The cells were cul-
tured in a humidified atmosphere of 5% CO2 at 37 ◦C [24,25].

2.6.  Initial  cell  adhesion  test
Please cite this article in press as: Kim J-H, et al. Mechanophysical and biolo
Dent Mater (2020), https://doi.org/10.1016/j.dental.2020.04.027

To investigate the initial cell adhesion ability on different
Ti-6Al-4V specimens (machine-cut, as-given specimen after
CNC cutting without 3D printing technology, or 3D + sand-
ape (10.0 × 10.0 × 20.0 mm)  were  3D-printed.

blasted specimen), 200 �L of the hMSC or hDF cell (2 × 104)
suspensions was placed on top of the specimen with the
above specific growth media. 3D + sand-blasted specimen was
chosen after consideration of hydrophilicity and 3D printing
needs for maintaining complex architectures, which cannot
be attained via other post-treatment conditions. Machine-cut
without any surface treatment (grade5, Kobelco, Kobe, Hyogo,
Japan) and 3D + sand-blasted specimen from powder (grade5,
Advanced Powders & Coatings Inc. QC, Canada) are all from
Ti-6Al-4V of grade5 with a 10 mm diameter and 2 mm thick-
ness. After 4 h, 800 �L of the growth media was added, and
incubated for 8 h. Then, the cells were fixed with ice-cold 4%
paraformaldehyde for 30 min. The fixation solution was then
removed, and all specimens were washed with phosphate-
buffered saline (PBS). Then, cell membrane permeabilization
was conducted for 5 min  using 0.2% Triton X-100 (T8787, Sigma
Aldrich, St. louis, MO, USA). After being washed with PBS 3
times, all specimens were immersed in 1% bovine serum albu-
min  (BSA) solution (BAH68, Equitech-bio, Kerrville, TX, USA)
to block nonspecific protein interactions. The blocked spec-
imens were incubated with an anti-vinculin (1:200, mouse,
sc-73614, Santa Cruz Biotechnology Inc, Dallas, TX, USA)
primary antibody overnight at 4 ◦C with 1% BSA. All speci-
mens were washed three times with PBS and then further
incubated with rhodamine (TRITC)-conjugated donkey-anti-
mouse (1:400, 715-025-150, West Grove, PA, USA) for 1 hr
with 1% BSA. Then, 488 phalloidin (1:400, A12379, Thermo
Fisher Scientific, Waltham, MA, USA) and 4′,6-diamidino-2-
phenylindole (DAPI) (1 �g/ml, 62248, Thermo Fisher Scientific)
stains were applied. After the specimens were transferred to
a microscope cover glass, vinculin focal adhesion (red), actin
(green), and DAPI (blue) were captured with an inverted micro-
scope (Olympus, IX71, Tokyo, Japan) with a 20x objective (Fluor
0.45). In particular, vinculin was observed from five different
samples to quantify the fluorescence intensity (n = 5, ImageJ
version v1.52a).

2.7.  Stem  cell  differentiation

4

gical properties of a 3D-printed titanium alloy for dental applications.

The hMSCs (2 × 10 ) seeded on the disk specimens (machine-
cut, as-given specimen after CNC cutting without 3D printing
technology, or 3D + sand-blasted specimens) or 24-well
tissue culture plates (TCPs) for 24 h were differentiated

https://doi.org/10.1016/j.dental.2020.04.027
https://doi.org/10.1016/j.dental.2020.04.027
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ith osteogenic media supplemented with ascorbic acid
50 �g/mL), b-glycerophosphate (10 mM),  and dexamethasone
100 nM)  with a media change every 2–3 days until 14 or 21
ays were reached. To investigate the osteogenic capacity
f the 3D-printed specimens, real-time polymerase chain
eaction (PCR) and Alizarin red S (ARS) staining were per-
ormed according to the methodology in the literature [26,27].
riefly, at day 14, 1 �g of extracted ribonucleic acid (RNA) was
ranscribed to complementary deoxyribonucleic acid (cDNA),
nd quantitative PCR experiments were performed using a
eal-time PCR machine (StepOne-Plus, Applied Biosystems).
he gene expression of osteocalcin (OCN) and osteopontin

OPN) were normalized to that of B-actin. The growth media
ulture on TCP for 14 days was used as a negative control. The
rimer sequences used for the real-time PCR analysis were as
ollows: B-actin, forward 5′-CATGGATGATGATATCGCCGCG-
′ reverse 5′-ACATGATCTGGGTCATCTTCTCG-3′; OCN,
orward 5′-GTGCAGCCTTTGTGTCCAAGCAGGA-3′

everse 5′-CCGTAGAAGCGCCGATAGGCC-3′; and OPN,
orward 5′-CCCATCTCAGAAGCAGAATCTC-3′ reverse 5′-
TGGCTTTCGTTGGACTTACT-3′. On day 21, the cells were
tained with a 2% ARS solution (pH 4.2) for 30 min  [28], and
mages were captured by optical microscopy (Olympus lX71,
hinjuku, Tokyo, Japan). All experiments were independently
erformed in triplicate, and the representative data set and

mages are shown.

.  Results

.1.  Powder  characterization  and  preparation  of
pecimens  using  a  3D  printer

he Ti-6Al-4V powder size (powder analyser), morphology
FE-SEM) and composition (EDS) were initially investigated
Fig. 1A). The mean powder size and standard deviation were
7.7 ± 15.0 �m.  The FE-SEM images revealed spherical particles
ith a size that was in agreement with the results of the mean
owder size. The EDS analysis displayed a typical composition
f Ti-6Al-4V with 89.6% Ti, 6.4% Al and 4.0% V (wt%). Various
hapes of 3D-printed specimens were successfully produced
Fig. 1B).

.2.  Surface  pores  and  total  pore  area

ross-sectioned disk specimens were observed using SEM
rom three different areas (Fig. 2A). Regardless of the laser
pacing, pores were detected in all cross-sectional areas. In
articular, the number of pores that were visualized increased
s the laser spacing increased. The mean surface pores and
otal pore area showed significant increases with increas-
ng laser spacing (P < 0.05, Fig. 2B). A narrow laser spacing
30–50 �m)  showed a relatively low number of pores (45–63
ach per specimen) than the pores (104–232 each per speci-
en) from a large laser spacing (60–100 �m).  The total pore

2

Please cite this article in press as: Kim J-H, et al. Mechanophysical and biolo
Dent Mater (2020), https://doi.org/10.1016/j.dental.2020.04.027

rea was smaller (3.6–5.9 mm per cross-sectioned single
lane) for small laser spacings (30–60 �m)  than for large laser
pacings (70–100 �m,  9.8–11.5 mm2 per cross-sectioned single
lane). The specimen with a 80 �m laser spacing was observed
 ( 2 0 2 0 ) xxx–xxx 5

at a high magnification, and unsintered powder beads were
detected inside the specimen (Fig. 2C).

3.3.  Mechanical  properties  and  fractography

The three-point flexural strength and elastic modulus were
investigated as a function of the laser spacing (30, 50, 70 and
90 �m)  using a bar specimen. The mean values and standard
deviation of the three-point flexural strength and elastic mod-
ulus are shown with the representative stress-strain curves
(Fig. 3A and B). The representative stress-strain curves dis-
played the lowest flexural stress and lowest strain (∼0.7) for
the 90 �m laser spacing. The three-point flexural strength
of each group (1000–2000 MPa) descended according to an
increase in the laser spacing (30 > 50 > 70 > 90 �m,  P < 0.05). The
elastic modulus (52∼78 GPa) also descended according to an
increase in the laser spacing (30, 50 > 70 > 90 �m,  P < 0.05). Frac-
tography was performed on the fractured surface of the bar
specimen. The number of unsintered beads detected during
SEM analysis increased as the laser spacing increased (Fig. 3C).
In particular, the initial fracture of the bar specimen was
observed for the specimens with laser spacings of 70 or 90 �m,
and they displayed pores and defects at the possible crack
initiation points (red arrow, Fig. 3D).

Representative stress-strain curves from the 3D-printed
lattice architectures and their elastic moduli are shown in
Fig. 4. The lattice specimen with a 0.3 mm diameter span dis-
played ductile behavior (∼20 times lower elastic modulus with
larger strain) compared to the block specimen. Overall, as
the span diameter increased, the elastic modulus increased
(0.3 < 0.5 < 1.0 mm < block, P < 0.05).

3.4.  Surface  characteristics  for  the  in  vitro  study

The as-3D-printed specimens and other surface-modified
specimens (3D + sand-blasted and 3D + polished) were com-
pared in terms of their surface characteristics. The as-3D-
printed specimen contained round and irregular spherical
particles (unsintered powder) on the surface in the SEM image.
After surface treatment (3D + sand-blasted and 3D + polished),
the unsintered spherical particles were removed (Fig. 5A).
When the surface roughness (Ra) was measured, the as-
3D-printed specimen (8.3 ± 0.2 �m)  had a value that was
3∼14 times higher than that of the others (3D + sand-blasted
(2.3 ± 0.3 �m)  and 3D + polished (0.6 ± 0.1 �m),  P < 0.05, Fig. 5),
while the 3D + polished sample had the lowest value among
the groups measured. Other roughness aspects (Ry and Rz)
were shown as having similar trends among groups. The
contact angle was measured using deionized water (DW)  to
investigate the surface hydrophilicity (Fig. 5C). The contact
angle significantly decreased for the as-3D-printed specimen
(114.9 ± 1.9◦) after sand blasting (68.7 ± 2.6◦) or rough polish-
ing (54.5 ± 2.1◦, P < 0.05). Due to the presence of unsintered
particles and the resulting high water contact angle value,
the as-3D-printed condition was excluded for further in vitro
gical properties of a 3D-printed titanium alloy for dental applications.

study. In addition, 3D + polished condition could not meet the
3D printing needs for complicated architectures in the dental
field; thus, only the 3D + sand-blasted condition was chosen
for further in vitro study.

https://doi.org/10.1016/j.dental.2020.04.027
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Fig. 2 – The surface pores and total pore area of the cross-sectioned 3D-printed disk specimens as a function of the laser
spacing during 3D printing (30–100 �m).  (A) Cross-sectioned SEM images revealing pores (scale bar = 500 �m).  (B) Pore
numbers decreased as the laser spacing decreased (30–50 �m)  than large laser spacing counterparts (60–100 �m).  The total
pore area was smaller for a narrow laser spacing (30–60 �m)  than for a large laser spacing (70–100 �m).  Different letters
indicate significant differences among samples (n = 3, P < 0.05). (C) SEM image of 80 �m laser spacing. The surface pores were

-4 V 
representatively magnified to observe the unsintered Ti-6Al

3.5.  Cell  adhesion  and  cell  differentiation
Please cite this article in press as: Kim J-H, et al. Mechanophysical and biolo
Dent Mater (2020), https://doi.org/10.1016/j.dental.2020.04.027

Cell adhesion tests were conducted for 12 h using hDF and
hMSC cells on two different Ti-6Al-4V specimens (machine-
cut, as-given specimen after CNC cutting without 3D printing
beads inside the specimen (scale bar = 10 �m).

technology, and 3D + sand-blasted). The machine-cut Ti-6Al-
4V specimens were used as controls for comparing biological
gical properties of a 3D-printed titanium alloy for dental applications.

effects with those of the 3D + sand-blasted specimens. Rep-
resentative fluorescence microscopy images for actin (green),
vinculin (red), and nucleus (blue) staining revealed compara-

https://doi.org/10.1016/j.dental.2020.04.027
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Fig. 3 – Mechanical test of 3D-printed specimens and their fractography. (A and B) The three-point flexural strength and
elastic modulus are shown with the representative stress-strain curve with the testing image (insert in A). The mechanical
strength and modulus decreased as the laser spacing increased. Different letters indicate significant differences among
samples (n = 5, P < 0.05). (C) FE-SEM image of the fractured surface after the three-point flexural test. Yellow arrows indicate
unsintered beads that were  especially present in the 70 and 90 �m groups. (D) SEM image fractography of bar specimens (70
and 90 �m).  Red arrows indicate pores and defects at the crack initiation point. (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. 4 – Modulation of the elastic modulus in the 3D-printed Ti-6Al-4V specimens from 50 �m laser spacing as a function of
the lattice structure (0.3, 0.5, and 1 mm span width or dense block specimen). Representative stress-strain curves of the
cubic lattice structure during compressive testing and the calculated elastic modulus values. Compared to the modulus of
the dense block, the elastic modulus of the 0.3–1 mm lattice architectures were  3–30 times less than that of dense block,
respectively, and they had more  flexibility (high strain), providing the possibility of adjusting the elastic modulus to

e sig
minimize stress concentrations. The different letters indicat

ble hDF and hMSC adhesion morphologies on both surfaces
(Fig. 6A and B). Neither the hDF nor the hMSC cells showed
differences in cell count as a function of the surface treatment
(not shown). Additionally, the expression of the cell adhe-
sion protein (vinculin) was semi-quantified, and a comparable
intensity was revealed from both the 3D + sand-blasted and
machine-cut surfaces (P > 0.05, Fig. 6C). Next, a differenti-
ation study was performed using hMSCs. As a result of
hMSC differentiation on the substrates, the machine-cut con-
dition revealed a similar ARS staining (red color) to the
3D + sand-blasted counterpart after 21 days of culture (Fig. 7A).
Osteogenic gene expression (OPN and OCN) at day 14 from the
3D + sand-blasted and machine-cut conditions showed com-
parable and high fold changes compared to that of the negative
control (growth media culture on TCP, Fig. 7B).

4.  Discussion

The null hypotheses were partially accepted. The first null
hypothesis that there are no differences in the mechanical
properties due to the laser spacing (30–100 �m)  was rejected
because the mechanical properties measured with the three-
point flexural test revealed a significant decrease in strength
and modulus for the large laser spacing groups due to inner
defects. On the other hand, the second null hypothesis that
there are no differences in biological properties, such as cell
adhesion and osteogenesis from stem cells, between the opti-
mized 3D-printed and machine-cut specimens was accepted
Please cite this article in press as: Kim J-H, et al. Mechanophysical and biolo
Dent Mater (2020), https://doi.org/10.1016/j.dental.2020.04.027

as a result of the in vitro results. The present investigation
was designed to evaluate the biological activities between
machine-cut and 3D-printed specimens after optimizing the
DLMS 3D-printing conditions according to the mechanophys-
nificant differences among the samples (n = 3, P < 0.05).

ical characteristics. It is worth noting that the 3D-printed
specimens optimized in this study had comparable biologi-
cal properties from human fibroblasts and mesenchymal stem
cells, which are major cell types of interest that contact oral
tissues, such as facial skin and bone.

Within the last 15 years, DLMS processes were intro-
duced as one of the 3D-printing technologies available for
metal-based biomaterials, and they are commercially avail-
able to make customized dental or medical devices (i.e.,
dental/medical implants or dental products) due to their great
reproducibility with relatively good resolution (∼20 �m),  the
ability to make complex 3D architectures, and cost effective-
ness for the fabrication of individual parts [16–18]. However,
the mechanical strength was generally an issue in 3D-printed
metal parts due to the presence of inner defects and unsin-
tered powder, which led to questions about their biological
activities when implanted in oral tissues [29]. In particular,
3D-printed dental materials should have good mechanical
properties because they maintain their inner and outer mor-
phology during high stress conditions, such as a normal or
even an abnormal biting force (i.e., bruxism) [30,31]. Here,
DLMS 3D-printing conditions were optimized using medical-
grade Ti-6Al-4 V powders based on two parameters: the laser
spacing (30–100 �m)  and post-surface treatment (as-given
or sand blasted). The inner defect pore amount, mechani-
cal properties, roughness and hydrophilicity were evaluated
under different conditions.

After briefly assessing the characteristics of medical-grade
Ti-6Al-4V powders in terms of size (37.7 ± 15.0 �m),  spherical
gical properties of a 3D-printed titanium alloy for dental applications.

morphology, and element composition as Ti-6Al-4 V powders
without foreign elements (Ti:Al:V = 89.6:6.4:4.0), the DLMS 3D
printing ability in different architectures (disk, cubic, and lat-
tice) was initially checked (Fig. 1). Next, the laser spacing and

https://doi.org/10.1016/j.dental.2020.04.027
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Fig. 5 – Optimization of the post-surface treatment using the sand blasting process after 3D printing to produce
physicochemical properties which are beneficial than those from as-3D printed specimens. (A) SEM analysis revealed that
the as 3D-printed specimen had irregularly sized and spherical particles on the surface, while the sand-blasted specimen
(3D + sand-blasted) displayed a complete absence of powders on the surface along with those of 3D + polished group. (B and
C) Surface roughnesses (Ra, Ry and Rz) and water contact angle (hydrophilicity) values. The as-3D-printed specimen
revealed a 3–14 times higher Ra value than that of the others (P < 0.05), which is considered an inappropriate surface
topography for cell adhesion. The contact angle significantly decreased for the as-3D-printed specimen (114.9 ± 1.9◦) after
sand blasting (68.7 ± 2.6◦, P < 0.05), which are values that are relatively similar to those for the rough-polished group
(54.5 ± 2.1◦, P < 0.05) as compared to those of as-3D-printed specimen (114.9 ± 1.9◦); this would be considered a
cytocompatible hydrophilic material. Different letters indicate significant differences in the surface roughness and contact
angle values among the samples (n = 5, P < 0.05).
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Fig. 6 – Initial cell adhesion test on optimized 3D-printed specimen (3D + sand-blasted) using hDF and hMSC for 12 h. The
machine-cut specimen was used as the control group to compare the biological effects with those for the 3D + sand-blasted
specimen. (A and B) Representative fluorescence microscopy images after actin (green), vinculin (red), and nucleus (blue)
staining revealed comparable hDF and hMSC adhesion morphologies on both surfaces. Neither hDF nor hMSC cells showed
differences in the cell count depending on surface treatment (not shown). (C) Expression of cell adhesion protein (vinculin)
was semi-quantified and revealed a comparable expression for both the 3D + sand-blasted and machine-cut surfaces (n = 5,
P > 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

laser gap for sintering the Ti-6Al-4V powder during the 3D
printing process was varied to make disk specimens after
Please cite this article in press as: Kim J-H, et al. Mechanophysical and biolo
Dent Mater (2020), https://doi.org/10.1016/j.dental.2020.04.027

considering the powder diameter (37.7 ± 15.0 �m)  from 30 to
100 �m (Fig. 2). According to the results of the pore (defect)
number and total pore area measurements in the cross-
section specimens, the number of pores and the total pore area
increased as the laser spacing increased (30 < 70 ≤ 100 �m),
gical properties of a 3D-printed titanium alloy for dental applications.

which could decrease the mechanical properties. The 3D-
printed specimen with a narrow laser spacing had fewer pores
and a smaller pore area, consistent with the previous literature

https://doi.org/10.1016/j.dental.2020.04.027
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Fig. 7 – Comparable hMSC differentiation ability for the 3D-printed Ti-6Al-4V substrates and their machine-cut counterpart.
(A) Machine cut conditions revealed similar ARS staining (red color) to the 3D + sand-blasted after 21 days of culture under
osteogenic differentiation media (DM). (B) Osteogenic gene expression (OPN and OCN) at day 14 for the 3D + sand-blasted
and machine cut conditions showed comparable and high fold changes compared to that of the negative control (growth
media (GM) culture on tissue culture plate (TCP), n = 3, P < 0.05). (For interpretation of the references to color in this figure
l le.)
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32–34]. Pores, micro cracks and specimen flaws caused stress
oncentrations, induced cracks and decreased the mechan-
cal properties [35]. In particular, the number of pores and
he total pore area were the main factors that influenced the

echanical strength [36,37]. An increase in the laser spacing
ccelerated the 3D printing speed and decreased the produc-
ion time, but achieving the desired mechanical properties is

ore  important for the application of 3D-printed specimens to
ental fields that require a high mechanical strength. To con-
rm the difference in the mechanical properties depending on
he laser spacing (30, 50, 70, and 90 �m as representatives), a
hree-point flexural strength test was performed and revealed
hat the highest flexural strength and modulus herein were
etected in the 30 or 50 �m groups, while the lowest value
as detected in the 90 �m group (Fig. 3A and B). 800–1800 MPa
as detected in 3D-printed specimens, revealing

Based on these results, samples’ strength values from 30 to
0 �m groups (1500–1800 MPa)  were in a range of mechanical
roperties (850–1900 MPa)  reported elsewhere from CNC-cut or
intered Titanium or Ti6Al4V which are used in the biomed-
cal field [38–41]. Within the limitation of different testing
onditions of specimens such as fabrication techniques (CNC
utting or sintering), sample size, and cross-head speed,
D-printed specimens were considered to have appropriate
echanical properties for biomedical applications, possibly

esisting biting force in the orofacial system. The standard for
edical graded titanium alloy (ASTM B348-02) mentioned a

equirement of values of 895 MPa for tensile strength, which
s necessary to be considered for clinical usage of 3D-printed
pecimens [42].
Please cite this article in press as: Kim J-H, et al. Mechanophysical and biolo
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When the fractured surface after the three-point flexural
trength test was examined by FE-SEM, unsintered spherical
eads (yellow arrow) were less frequently detected in the 30
and 50 �m groups than in the other groups (Fig. 3C). Accord-
ing to fractography analysis, defects on the bottom side of the
specimen seemed to propagate along the fracture line (Fig. 3D).
Thus, a 50 �m laser spacing was chosen to fabricate a complex
lattice architecture based on mechanical properties that were
similar to those for a 30 �m laser spacing. One of the merits
of utilizing 3D printing is the ability to fabricate customized
shapes with different bulk elastic moduli and various archi-
tectures to match those of the surrounding tissues, especially
bone, to minimize stress concentrations [43]. To check this
possibility, 0.3–1 mm lattice and dense cubic structures were
3D printed with the same external appearance, and the com-
pressive elastic modulus was evaluated (Fig. 4). Compared to
the modulus of the dense block, the 0.3–1 mm lattice architec-
tures had a modulus that was 3–30 times lower and with more
flexibility (higher strain), which provides the possibility of
adjusting the elastic modulus to minimize the stress concen-
tration in natural bone tissues. Therefore, dentists and dental
technicians should consider the versatility of the mechanical
properties of 3D-printed specimens that depend on the design
of the final structure.

To assess the biological properties of the 3D-printed Ti-
6Al-4V specimen, the surface morphology, roughness and
hydrophilicity after surface treatment were determined, as
shown in Fig. 5. The as-given specimen surface had irregu-
lar and round particles of the Ti-6Al-4V powder and had a
very large surface roughness (Ra = ∼8 �m)  and high contact
angle (∼110◦). These spherical particles are known to hinder
bone differentiation [32,44]. Therefore, further surface treat-
ment is necessary after 3D printing to enable good initial
gical properties of a 3D-printed titanium alloy for dental applications.

cell adhesion. The surface can be conventionally post-treated
by polishing, chemically treating (with NaOH, HF or HCl), or
sand blasting to produce a clean surface. Three-dimensional

https://doi.org/10.1016/j.dental.2020.04.027
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architectures are difficult to polish, and chemical treatments
change the surface chemistry, which can affect cell behavior
[33,45,46]. Thus, a sand blasting post-treatment was chosen
for removing the unsintered powder from the surface of the
3D-printed specimens. The sand-blasting conditions for the
3D-printed specimens were optimized based on the sand-
blaster pressure (4.3 bar) and powder (50 �m alumina) for a
certain time to physically remove unsintered powder from the
outer surface while minimizing any change in the overall mor-
phology (data not shown). A surface free of unsintered powder
particles was produced with a slight roughness (∼2.5 �m)
and relatively hydrophilic surface (∼70◦); these properties
from sand-blasting treatment are more  beneficial compared
to as-produced 3D-printed specimens along with the positive
control group that consisted of a 3D-printed surface polished
with SiC #220 paper. The surface roughness and hydrophilic-
ity are key factors for cell adhesion and cell differentiation.
A high Ra in the range from 2 to 5 �m is known to increase
the surface area of the implant and improve the adhesion of
cells, but a very high Ra of 5 �m had a detrimental effect on the
cell differentiation [47–49]. In addition, the 3D + polished con-
dition, causing destruction of 3D-printed architectures during
the polishing process, could not meet the 3D printing needs
for complicated architectures in the dental field; thus, only
the sand-blasted 3D-printed specimens (3D + sand-blasted)
were used for further biological tests. Optimization of sur-
face texture after 3D-printing and sand-blasting is necessary
for further increasing biological effects of target cells because
surface topology including direction of surface groove or nano-
structure physically affect direction of (stem) cell response
[3,50–53].

Next, the initial hDF and hMSC adhesion tests for 12 h
were performed on the sand-blasted 3D-printed specimens
(3D + sand-blasted) (Fig. 6). The hDF and hMSC values are
representative for the direct-contact cell types of orofacial
mucosa and bone, respectively. A machine-cut Ti-6Al-4V
specimen from a CNC machine without additional surface
modification was used as the control group, which is a widely
used minimum control group and was compared with an
optimally adjusted 3D-printed specimen (3D + sand-blasted).
Representative fluorescence microscopy images revealed sim-
ilar nucleus (blue) numbers and adhesive protein levels, which
were expressed by vinculin (red) in both groups. Aligned
and randomly oriented actin filaments were observed for the
machine-cut and 3D + sand-blasted conditions, respectively,
due to their innately different surface textures. Finally, hMSC
differentiation on the specimens was conducted for up to
21 days under osteogenic media to measure the osteogenic
gene expression as well as biomineralization. The 3D-printed
Ti-6Al-4V substrates (3D + sand-blasted) displayed a similar
biomineralization ability by ARS staining (red color) and
osteogenic gene expression (OCN and OPN) by qPCR assay
to that of the machine-cut Ti-6Al-4V substrate along with
the osteogenesis of 3D-printed titanium or titanium alloys
from other literature reports [20,54,55]. In summary, optimally
DLMS 3D-printed Ti-6Al-4V specimens had similar biological
Please cite this article in press as: Kim J-H, et al. Mechanophysical and biolo
Dent Mater (2020), https://doi.org/10.1016/j.dental.2020.04.027

properties to their machine-cut counterparts, suggesting the
potential usefulness of 3D printing technology for multiple
dental applications.
 x ( 2 0 2 0 ) xxx–xxx

The limitations of this study include the need for further
optimization of the 3D printing conditions to produce zero
defects from the different laser wavelengths and powers as
well as powder sizes and shapes. Further in vivo and clinical
tests are required to investigate the mechanical and biological
properties of 3D-printed specimens in dental applications.

5.  Conclusion

Within the limitations of this investigation in mind, it was
shown herein that the laser spacing during DLMS  3D printing
affected the number of pores, total pore area and mechani-
cal properties. An optimized post-surface treatment by sand
blasting improved the water hydrophilicity due to a decrease
in the surface roughness to an appropriate range. The opti-
mized DLMS 3D-printed Ti-6Al-4V specimens had comparable
biological properties to their machine-cut counterparts, sug-
gesting the potential usefulness of 3D printing technology
for multiple dental applications, including customized dental
implants and other implantable prosthodontics.
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