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ABSTRACT: Pure and MgO incorporated Ta coatings were
prepared on Cp-Ti substrate using laser engineered net
shaping (LENS), which resulted in diffuse coating-substrate
interface. MgO was found along the Ta grain boundaries in the
Ta matrix that increased the coating hardness from 185 ± 2.7
HV to 794 ± 93 HV. In vitro biocompatibility study showed
excellent early cellular attachment and later stage proliferation
in MgO incorporated coatings. The results indicated that
although Ta coatings had higher biocompatibility than Ti, it
could further be improved by incorporating MgO in the
coating, while simultaneously improving the mechanical properties.
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1. INTRODUCTION
Titanium (Ti) and its alloys are widely used for load bearing
orthopedic implants because of their excellent biocompatibility
and corrosion resistance. However, Ti implants are bioinert and
lack desired osseointegration properties limiting their biological
fixation with the bone tissues and consequent long-term in vivo
stability.1−3 Several approaches have been developed to
improve bone-implant contact and overall healing process of
load bearing metal implants including porous metal coatings
and bioactive calcium phosphate (CaP) ceramic coatings.4,5

Both approaches have shown significant promise and are
currently applied to commercially available devices.2,5

Recently, tantalum (Ta) has been considered as new
bioactive metal due to its excellent bioactivity and corrosion
resistance.6−12 Extremely high melting temperature (3017 °C),
high affinity to oxygen and high manufacturing cost limits its
widespread applicability. However, our recent works on laser
processing of dense Ta coatings on Ti13 and porous Ta
structures14 showed processing flexibility. Our earlier inves-
tigations on laser-processed Ta demonstrate that Ta structures
present excellent biological environment for cellular adhesion,
growth, and differentiation promoting early biological fix-
ation.13−15

Several investigations show that incorporation of inorganic
materials in CaP based ceramics can enhance osteoblast cell-
materials interactions.16 Metallic elements such as strontium
(Sr), magnesium (Mg), silicon (Si), silver (Ag) have been
shown to influence biological performance of CaP based
ceramics.17−22 Among these elements, Mg is the fourth main
cation in human body and found in abundance in intracellular
matrix.23 It is now well-established that Mg is essential for

regulating transporters, ion channels and hundreds of enzymes
and protein synthesis.24,25 It also controls intracellular Ca ion
concentration and pH.26 It has been reported that Mg
deficiency can result in reduced osteoblast number in mice
and rats.23,27 In some other studies, alkaline phosphatase
activity, production of osteocalcin, mRNA parathyroid
hormone (PTH) 1,25(OH)2-vitamin D was found to decrease
in association with Mg depletion from bone.25,28,29 In vitro
studies have indicated that Mg can directly stimulate all stages
of osteoblast activity.30 In our earlier studies, we have shown
that Mg doping in CaP ceramics can improve early stage
osteoblast activity.21,22 However, to the best of our knowledge,
there are no reports on incorporation of MgO in metallic
biomaterials and its influence on cellular activities. In the
present work, we have made an attempt to create MgO doped
Ta coatings using high power lasers to understand the role of
MgO doping toward in vitro cell-materials interactions of Ta
coatings on Ti. Considering the established bioactivity of Ta,
comparable to that of HA, it is hypothesized that presence of
MgO in the Ta coatings can potentially enhance the
osteointergration properties of laser processed Ta coatings.
Ta coatings with and without MgO were prepared using a Laser
Engineered Net Shaping (LENS) − an additive manufacturing
technique. All the coatings were characterized in terms of
microstructure and in vitro biocompatibility using human fetal
osteoblast (hFOB) cells.
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2. MATERIALS AND METHODS
2.1. MgO-Doped Ta Coating Fabrication and Character-

ization. Ta metal powder (Grandview Materials Inc., Columbus, OH)
with 99.5% purity and particles size between 45 and 75 μm was used.
Ta coatings with ∼1.5 mm thickness having 10 mm diameter were
deposited on 3 mm thick commercially pure (Cp) Ti plates using
LENS-750 (Optomec Inc. Albuquerque, NM) equipped with a 500W
continuous wave Nd:YAG laser. Detailed description of LENS
operation and capabilities can be found elsewhere.31,32 Dense Ta
coatings were fabricated using a laser power of 450 W, a scan speed of
7 mm/s and a powder feed rate of 106 g/min.13 Magnesium oxide
(MgO) with 99.9995% purity (Sigma Aldrich) was mixed with 5%
Polyvinyl alcohol (PVA) binder and preplaced on the laser processed
Ta coatings and dried in oven at 60 °C for 24 h. The preplaced MgO
powder coating was melted using LENS at 400 W with scan speed of
10 and 15 mm/s to create a Ta + MgO coatings on Ti.
To reveal microstructural features, polished Ta and Ta+MgO

coating samples were further chemical polished for 30 s using a
solution containing 25 mL of lactic acid, 15 mL of HNO3, and 5 mL of
HF followed by second etching with 20 mL of HNO3, 20 mL of HF,
and 60 mL of H2SO4 solution for 60 s and observed under Field
Emission Scanning Electron Microscope (FE-SEM) (FEI − Quanta
200F). Vickers microhardness measurements were made using a 300 g
load for 20s (n = 10). Constituent phases of Ta+MgO coatings were
identified using a Siemens D 500 Kristalloflex diffractometer
(Madison, WI, USA) with Cu Kα radiation.
2.2. In vitro Biocompatibility Assessment. All laser-processed

samples in as-processed conditions were used for cell culture and
MTT assay. Laser processed Ta coatings and Cp-Ti substrates were
used as control. Established protocol for cell culture has been
followed.17,18 Cell morphology was determined after 3 and 7 days of
culture using human osteoblast cell line hFOB 1.19 (ATCC, Manassas,
VA) cells. Cell proliferation was determined by MTT assay after 3, 7,
and 11 days of culture. Statistical analysis was performed using
Student’s t test, and p < 0.05 (n = 3) was considered statistically
significant.

3. RESULTS AND DISCUSSION

3.1. Microstructure, Hardness, and Phase Analysis.
During laser processing, the interaction between laser beam and
powder depends on the incident laser energy, as well as on the
physical properties of powder used. In general, increasing the
laser power, decreasing the scan speed and decreasing the
powder feed rate increases the specific laser energy input
enabling fabrication of dense coatings/parts. In the present
work, we have used 400 W laser power with a scan speed for 10
and 15 mm/s to melt the preplaced MgO on Ta coatings. At
these conditions, considerable amount of burning/evaporation
of MgO was observed during laser melting. Since the melting
temperature of Ta is around 3017 °C a high energy input is
required to completely melt the Ta coating, while ensuring
good bonding between the MgO coating and Ta coating.
Our earlier investigations33,34 show that the presence of

secondary materials in the metal during laser processing can
increase the laser absorbptivity. As a result, the peak melt pool
temperatures are expected to exceed the melting temperatures
of metal matrix (3017 °C for Ta in the present work) and can
reach temperatures as high as 3500 °C. Such a high melt pool
temperatures can melt and even evaporate fine fraction of MgO
particles (melting point: 2830 °C; boiling point: 3600 °C) in
the present coatings. However, the MgO coatings processed at
10 and 15 mm/s scan speed showed distinct MgO particles in
the coatings primarily along the Ta grain boundaries in the
remelted region of the coatings. However, the severity of
burning/evaporation was found to be relatively high in the
coatings processed at 10 mm/s compared to 15 mm/s.

Increasing the scan speed to 15 mm/s resulted in improvement
in the MgO incorporation in the remleted region. As shown in
Figure 1a, the coatings processed at 10 mm/s showed relatively

small amount of MgO compared to the coatings deposited at
15 mm/s (Figure 1b−d). High scan speeds decreased the heat
input to the laser beam-materials interaction zone reducing the
peak melt pool temperatures, which significantly decreased the
burning/evaporation of MgO powder. Since the coatings
processed at 15 mm/s showed relatively high amount of
MgO retention further testing and biological characterization
was carried out on those samples only.
The X-ray diffraction results of laser processed MgO coatings

on Ta are shown in Figure 2. In spite of burning/evaporation of

the MgO during laser processing, the XRD results clearly
demonstrated that the coatings retained measurable amount of
MgO. The retention of MgO in the Ta coatings was further
substantiated by the hardness measurements on these coatings.
The hardness increased to 794 ± 93 HV in Ta+MgO coating
compared to base Ti hardness of 185 ± 2.7 HV. The hardness
of composite region was also higher than the hardness of Ta
coatings without MgO (296 ± 31 HV). The increase in
hardness of Ta+MgO coatings is due to the strengthening effect
of MgO particles, which act as dislocation pinning sites during

Figure 1. Cross-sectional SEM microstructures of MgO coated Ta
coatings processed at 400 W: (a) 10 mm/s, (b−d) 15 mm/s.

Figure 2. X-ray diffraction results of MgO coatings on Ta processed at
400 W and 15 mm/s.
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deformation of matrix. Large variation in the hardness can be
attributed to the variations in concentration and distribution of
MgO particles in the coatings. The high hardness of Ta+MgO
coatings compared to Ta coatings can potentially minimize the
early stage bone-implant interface micromotion induced wear
debris generation and associated implant loosening.35

3.2. In vitro Biocompatibility. hFOB cell proliferation on
the coated samples was determined using MTT assay at 3, 7,
and 11 days of culture and the results are shown in Figure 3.

Higher cell density was observed on both Ta and Ta+MgO
coatings compared to Ti control throughout the experiment.
Effect of MgO in cell proliferation was not found at early time
points and only realized at 11 days of culture.
Cellular attachment and growth of the hFOB cells on the

control Ti, Ta coatings and Ta+MgO coatings were analyzed by
FESEM. Figure 4 shows the cellular morphology and

attachment behavior on uncoated and coated surfaces after 3
days of culture. As noted in Figure 4a, hFOB cells on the
control Ti surface show only few filopodia extensions indicating
inadequate cellular attachment and spreading. Comparatively,
cells on the Ta surfaces had a flattened morphology with larger
cellular microextensions, as can be seen in Figure 4b. Similar to
Ta coatings, hFOB cells exhibited the phenotypic expressions
on Ta+MgO coatings, however, with greater surface coverage,
as shown in Figure 4c. Figure 5 shows the cellular morphology
after 7 days of culture. Cells grew in numbers and spread well
to cover both Ta and Ta+MgO surfaces. hFOB cells reached
near confluence on the coated surfaces and therefore any
morphological differences were not noticed in these samples. In

comparison to coated surfaces, cells did not reach confluence
on control Ti surface (Figure 5a).
The success and desired performance of orthopedic implants

are largely dependent on the cellular activity at the implant
surface. Orthopedic implant surface chemistry plays an
important role in osteoblast adhesion, proliferation and
subsequent differentiation.18,22 Osteoblast cells use integrins
as signal transduction and adhesive proteins to attach to a
substrate surface. It has been shown that presence of Mg in
bioceramics can significantly increase the expression of β1,
α5β1, and α3β1 integrins, which are essential for osteoblast
activity.36,37 Along with integrins, other key signaling proteins,
such as Shc (Src homology collagen), focal adhesion kinase,
and collagen type 1 are also highly expressed by osteoblast cells
in presence of Mg.38 The flattened morphology of the hFOB
cells at day 3 on the Ta+MgO coating surface with numerous
cellular microextensions indicate a better adhesion which can
be attributed to the presence of Mg in the coating.18,21 After
adhesion, the osteoblast cells proliferate on the implant surface
before differentiation and biomineralization. At day 7 we see
higher number of cells covering both the coating surfaces which
is in line with recent publications indicating that Ta surface
with or without MgO provide a suitable surface for cell
proliferation.13,14 However, due to the presence of MgO in the
coating, hFOB cells proliferate rapidly at later stage of the
culture. The phenomenon can be explained in many ways.
Among several factors, melastatin-like transient receptor
potential 7 (TRPM7), which is also known as Mg ion channel,
plays an important role in osteoblast proliferation and
survival.39 TRPM7 channels are also responsible for intra-
cellular Mg ion homeostatis in osteoblast cells. Presence of Mg
in the Ta+MgO coatings help in up regulating these ion
channels and facilitate osteoblast cell proliferation compared to
pure Ta coatings. Moreover, intracellular Mg ion controls
intracellular Ca ion concentration that controls cell prolifer-
ation and secretion.26 The multifunctional role of Mg results in
higher cell density on Ta+MgO coatings at day 11. In summary,
incorporation of MgO in laser processed Ta coatings is proven
beneficial to improve not only mechanical properties, but also
facilitates osteoblast activity. Further studies will be focused on
determining the biocompatibility of the coatings with matured
osteoblasts and its ability to support differentiation of
mesenchymal stem cells into matured bone cells.

4. CONCLUSIONS
Using LENS, we have successfully deposited pure and MgO
incorporated Ta coatings on Cp-Ti substrate. The structural
incorporation of MgO in Ta matrix resulted in a 4-fold increase
in coating hardness compared to Cp-Ti. In vitro biocompat-
ibility study indicated superior biocompatibility of Ta coatings
compared to uncoated Ti which was further improved by
incorporating MgO in the Ta coatings. Good initial adhesion of

Figure 3. Optical density measurement illustrating hFOB cell
proliferation on Ti, Ta coating, and Ta+MgO coating after 3, 7, and
11 days of culture (*p < 0.05 and **p > 0.05, n = 3).

Figure 4. FE-SEM micrographs illustrating the hFOB cell
morphologies after 3 days of culture: (a) Ti, (b) Ta coatings, (c) Ta
+ MgO coatings. The spherical objects in (b, indicated by white
arrow) are Ta particles and that of c are apatite nodules.

Figure 5. FE-SEM micrographs illustrating the hFOB cell
morphologies after 7 days of culture: (a) Ti, (b) Ta coatings, (c) Ta
+ MgO coatings.
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hFOB cells and increased later stage proliferation was noticed
due to MgO incorporation in Ta coatings compared to pure Ta
coatings. The results indicated that LENS processing of Ta
+MgO coatings can improve both mechanical and biological
properties simultaneously.

■ ASSOCIATED CONTENT

*S Supporting Information
Materials, methods, and characterization information regarding
cell culture. This material is available free of charge via the
Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION

Corresponding Author
*Tel: 509-335-7461. Fax: 509-335-4662. E-mail: sbose@wsu.
edu.

■ ACKNOWLEDGMENTS
The authors acknowledge the financial support from National
Institutes of Health (Grant NIH-R01-EB-007351), M. J.
Murdock Charitable Trust, and National Science Foundation
(NSF). The authors also acknowledge the financial support
from the W. M. Keck Foundation to establish a Biomedical
Materials Research Lab at WSU.

■ REFERENCES
(1) Das, K.; Bose, S.; BandyopadhyayS, A. Acta Biomater. 2007, 3,
573−585.
(2) Mak̈ela,̈ K. T.; Eskelinen, A.; Pulkkinen, P.; Paavolainen, P.;
Remes, V. J. Bone Jt. Surg., Am. Vol. 2008, 90, 2160−2170.
(3) Chambers, B.; Clair, S. F.; Froimson, M. I. J. Arthroplasty 2007,
22 (s1), 71−74.
(4) Narayanan, R.; Seshadri., S. K.; Kwon, T. Y.; Kim, K. H. J. Biomed.
Mater. Res. 2008, 85B, 279−299.
(5) Wazen, R. M.; Lefebvre, L. P.; Baril, E.; Nanci, A. J. Biomed.
Mater. Res. 2010, 94B, 64−71.
(6) Kato, H.; Nakamura, T.; Nishiguchi, S.; Matsusue, Y.; Kobayashi,
M.; Miyazaki, T.; Kim, H. M.; Kokubo, T. J. Biomed. Mater. Res. 2000,
53, 28−35.
(7) Bobyn, J. D.; Stackpool, G. J.; Hacking, S. A.; Tanzer, M.; Krygier,
J. J. J. Bone Jt. Surg., Br. Vol. 1999, 81B, 907−914.
(8) Hacking, S. A.; Bobyn, J. D.; Toh, K.; Tanzer, M.; Krygier, J. J. J.
Biomed. Mater. Res. 2000, 52, 631−638.
(9) Matsuno, H.; Yokoyama, A.; Watari, F.; Motohiro, U.; Kawasaki,
T. Biomaterials 2001, 22, 1253−1262.
(10) Miyazaki, T.; Kim, H. M.; Kokubo, T.; Ohtsuki, C.; Kato, H.;
Nakamura, T. Biomaterials 2002, 23, 827−832.
(11) Kokubo, T.; Kim, H. M.; Kawashita, M. Biomaterials 2003, 24,
2161−2175.
(12) Balla, V. K.; Bose, S.; Davies, N. M.; Bandyopadhyay, A. JOM
2010, 62, 61−64.
(13) Balla, V. K.; Banerjee, S.; Bose, S.; Bandyopadhyay, A. Acta
Biomater. 2010, 6, 2329−2334.
(14) Balla, V. K.; Bodhak, S.; Bose, S.; Bandyopadhyay, A. Acta
Biomater. 2010, 6, 3349−3359.
(15) Roy, M.; Balla, V. K.; Bandyopadhyay, A.; Bose, S. Adv. Eng.
Mater. (Adv. Biomater.) 2010, 12, B637−B641.
(16) Boanini, E.; Gazzano, M.; Bigi, A. Acta Biomater. 2010, 6, 1882−
1894.
(17) Bose, S.; Tarafder, S.; Banerjee, S. S.; Davies, N. M.;
Bandyopadhyay, A. Bone 2011, 48, 1282−1290.
(18) Roy, M.; Bandyopadhyay, A.; Bose, S. J. Biomed. Mater. Res., Part
B − Appl. Biomater 2011, 99B, 258−265.
(19) Banerjee, S. S.; Tarafder, M. S.; Davies, N. M.; Bandyopadhyay,
A.; Bose, S. Acta Biomater. 2010, 6, 167−4174.
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