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ABSTRACT: We report a potential biomedical material, NbTaTiVZr, and the impact of
surface roughness on the osteoblast culture and later behavior based on in vitro tests of
preosteoblasts. Cell activities such as adhesion, viability, and typical protein activity on
NbTaTiVZr showed comparable results with that of commercially pure Ti (CP-Ti). In
addition, NbTaTiVZr with a smooth surface exhibits better cell adhesion, viability, and typical
protein activity which shows that surface modification can improve the biocompatibility of
NbTaTiVZr. This supports the biological evidence and shows that NbTaTiVZr can potentially

be evaluated as a biomedical material for clinical use.

Cells on NbTaTiVZr
with rough surface
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B INTRODUCTION

Current biomedical alloys still encounter limitations during
clinical applications,l_3 such as stress shielding, tribo-corrosion
failure, and adverse local tissue reactions. Ideal alloys with
enhanced mechanical and chemical properties, including a
moderate elastic modulus, better wear, and corrosion
resistance, have attracted attention as biomedical implants.*”
The bioalloy design has been widely investigated. Surface
modifications, including nanograined, immersion, etching,
dealloying, and coating, have been introduced one after
another to enhance the degradation resistance and biocompat-
ibility."™'* A new generation of multicomponent materials,
called high-entropy alloys (HEAs), has been developed to
meet such demands in the biomedical field. With an
approximately equiatomic ratio of multiple elemental compo-
nents to increase the configurational entropy, the complicated
blend of different atomic elements in HEAs could cause the
formation of solid solutions, which have an obviously distorted
lattice inside and strengthened mechanical properties."> ™"
Because of its nearly equiatomic ratio nature, the constituent
elements of HEAs might be decisive in the microstructure and
biocompatibility, which makes them new metallic biomaterials
(denoted as bio-HEAs).

Formation of a single solid solution'’ could give rise to an
obvious lattice distortion, which accordingly strengthens the
alloy. In the case of HEAs consisting of only simple single
solid—solution phases, the strengthening mechanism is due to
the lattice distortion and shear-modulus distortion.”® It is
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known that hardness and strength are roughly proportional to
each other, so that HEAs with lattice or modulus distortion
result in a higher strength and hardness. In bio-HEA
applications of hip prosthetic arthroplasty, wear resistance is
an important property in biomaterials used in the bearing
surface of articulation. Refractory bio-HEAs, such as niobium—
tantalum—titanium—vanadium (NbTaTiV), may be consid-
ered due to its high hardness at room temperature.”’ In the
previous work, lattice distortion was found to have non-
negligible impacts on the mechanical properties, especially for
HEAs.”” This encouraged us to study the biocompatibility of
this potential bio-HEA for orthopedic implants.

Ti-based titanium—niobium-zirconium—tantalum (TiNbZr-
Ta) alloys have been investigated as superior Ti alloy
biomaterials.*>™>! Moreover, a novel titanium—niobium—
zirconium—tantalum—molybdenum (TiNbTaZrMo) bio-HEA
was developed from nontoxic constituent elements and
showed excellent strength with deformability, excellent
corrosion resistance, and superior biocompatibility.** > The
constituent elements of TiNbTaZrMo bio-HEAs were mainly
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Group IV/V/VI and were similar to refractory HEAs. In this
paper, we investigate another high-entropy alloy, NbTaTiVZr.
It is refractory and thus may possibly be stable in the living
body. In addition, the strength and hardness are within
reasonable values and were found to be correlated with lattice
distortion.”® This makes it potentially suitable for biomedical
applications.

B MATERIALS AND METHODS

Alloy Fabrication. The nominal chemical composition of the
present HEA is Nb,oTa,Ti,0V,0Zr,, in atomic percentage (atom %).
The HEAs were prepared from Nb, Ta, Ti, V, and Zr 99.99 weight
percent (wt %) pure elements using the vacuum-arc-melting facility.
The melting chamber was initially evacuated to a pressure of 10~
Torr. Then, the high-purity argon gas was injected into the chamber
to generate a stable arc beam. To achieve a fully homogeneous
distribution of elements, the ingot was melted and solidified over 10
times by flipping them over between each repeat. From the prepared
ingot alloy, the cylindrical rod samples with a 4 mm diameter and 60
mm length were fabricated using drop casting to conduct the
microstructural investigations and compressive mechanical tests.
These alloys were sealed into a vacuumed (1072 Torr) quartz tube
to avoid oxidation and experienced a systematic heat treatment at
1200 °C for 12 h to achieve chemical homogeneity. Then, the samples
were water quenched. Disc-shaped samples for compression testing
with dimensions of approximately 4 mm in diameter and 2 mm in
height were cut from the ingots by a diamond saw.

Surface Finish. The samples were used in in vitro tests to
investigate biocompatibility. The surfaces of the samples were
mechanically polished using sandpaper and a diamond paste. Prior
to in vitro experiments, the samples were sterilized by ethanol and
placed individually into a 24-well plate (n = 6). Both NbTaTiVZr
alloys and commercially pure Ti (CP-Ti) disc-shaped samples were
mechanically polished on sandpaper to achieve three different surface
finishes from the roughest to the smoothest. Owing to the different
hardness between NbTaTiVZr and CP-Tij, different grits of sandpaper
were used to create a significant difference in the surface roughness on
each material.

(1) For NbTaTiVZr, SiC sandpaper in a sequence of 400, 600, and
400 grit was used to achieve the roughest surface. The 600-grit
sandpaper was employed halfway to ensure that the deepest
scratches on the samples were from 400 grit sandpaper. The
intermediate one was ground using SiC sandpaper in a
sequence of 1200, 2500, and 1200 grit. The 2500-grit
sandpaper was used for the same purpose as mentioned above.
For CP-Ti, SiC sandpaper in a sequence of 600, 1200, and 600
grit was used to achieve the roughest surface. The 1200-grit
sandpaper was employed halfway to ensure that the deepest
scratches on the samples were from 600 grit sandpaper. The
intermediate one was ground using SiC sandpaper in a
sequence of 2500, 4000, and 2500 grit. The 4000-grit
sandpaper was used for the same purpose as mentioned above.
(3) As for the smoothest surface finishes, both NbTaTiVZr and
CP-Ti were ground employing SiC sandpaper of approximately
600, 1200, 2000, 2500, and 4000 grit followed by polishing
with the 1, 0.3, and 0.02 ym aluminum oxide (Al,O;) slurry
sequence to achieve a mirror-like surface.

)

All samples were cleaned in acetone, ethanol, and deionized water
subsequently and characterized before in vitro experiments.

Composition and Microstructure Analysis. The microstruc-
tures of the surfaces of the heat-treated NbTaTiVZr alloys were
studied using backscattered-electron (BSE) imaging of scanning
electron microscopy (SEM) and neutron diffraction. To observe the
atomic-scale elemental distribution to confirm the homogenization of
the NbTaTiVZr HEA, the chemical analysis and atomic distribution
were determined via atom probe tomography (APT) in laser mode to
capture large regions of interest. The acquisition conditions were at a
30 K base temperature, SO pJ laser energy, and 200 kHz pulse
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repetition rate with a detection rate of 0.0005 ions per pulse. Data was
collected through a CAMECA local electrode atom probe (LEAP)
4000XHR equipped with an energy-compensated reflection lens and a
10 ps 355 nm ultraviolet (UV) pulsed laser. The acquired data were
reconstructed and analyzed using the (IVAS) software (version
3.6.12).> SEM was employed by a Zeiss Auriga 40 equipped with
Everhart—Thornley secondary electrons (SE) and a BSE detector.

Surface Morphology and Roughness. After obtaining different
surface finishes, the surface morphologies of the samples were
examined using an OLYMPUS BX51 M optical microscope at 20X
magnification. Moreover, the surface roughness was measured using a
Veeco DEKTAK 150 Stylus Profiler. The profiler employs a diamond-
made probe to traverse the surface of the specimen and thus to
acquire the details of the surface profile. When the probe is scanning
along a surface, feedback forces from the specimen push up against
the probe and spontaneously generate signals recorded by a sensor. In
this paper, a total of six random scans from different positions with a
scanning distance of 1 mm for each scan were carried out on each
specimen. Average and standard deviation values were reported as
surface-roughness results.

Surface Free Energy (SFE). The surface free energy (SFE) for
the samples was determined through the sessile drop contact angle
measured by a contact angle goniometer, a First Ten Angstroms 32
(FTA 32). On the basis of the Owens—Wendt model,** polar and
dispersive interactions are considered in the calculation of the SFE.
During the measurements, a 0.5 L droplet of polar (deionized water,
DI water) and dispersive (diiodomethane, DII) liquids was placed on
each specimen. The two specific liquids were chosen to simulate the
growth medium of human body fluids comprised of inorganic and
organic ingredients. Seven measurements from different positions of
each specimen were carried out, and their average and standard
deviation values were reported as contact angle results. Contact angle
results not only reveal the surface wettability but also serve as required
components of the SFE calculation based on the Owens—Wendt
model.>* The SFE results reported in the paper were calculated using
the Owens—Wendt equation™

1+ cos @ = Z(J/Sd)l/z[(]qd)l/z/}’l] + Z(KP)I/Z[(}/IP)I/Z/]/]] (1)

where 6 is the contact angle, y; is the SFE of the liquid used in the
measurements, ¥, is the SFE of the test specimen, and superscripts d
and p denote the dispersive and polar components of SFE. The SFE
of each specimen can be calculated as

d
n=r ()

Cell Culture and Cell Seeding. The murine calvarial
preosteoblast cell line, MC3T3-El, has been widely used as a
model system in bone biology and represents results from human
cells,**® MC3T3-E1 subclone 4 (ATCC) was used in in vitro
biochemical tests. Cells were cultured in a Petri dish with a growth
medium comprised of a minimum amount of essential medium with
alpha modifications (MEM a) supplemented with 10 wt % (wt %)
fetal bovine serum (FBS) and 1 wt % antibiotics. The medium was
renewed every 2—3 days. After culturing, cells were detached from the
Petri dish using trypsin and seeded in a 24-well culture plate on the
surface of each specimen. Cells were subsequently incubated in an
incubator at 37 °C with S wt % CO, supplied. The incubation time
varied in different in vitro tests.

Cell Morphology. Cell morphologies for all samples were imaged
using SEM after 4 h of incubation; 1 X10* cells were seeded on each
specimen and incubated for 4 h. Before imaging, the cells were fixed
and dried in advance through the steps described below. After 4 h of
incubation, the cells were washed with phosphate-buffered saline
(PBS) three times followed by primary fixation with 3 wt %
glutaraldehyde for 1 h at room temperature (RT). After rinsing the
samples with PBS another three times, postfixation was performed
with 1 wt % osmium tetroxide for 1 h at RT. Postfixed samples were
dehydrated with ascending grades of ethanol (25, 50, 75, 95, and 100
wt %) for 10 min each grade. The dried samples were prepared by a
critical point drying method®” prior to examination by SEM.

https://doi.org/10.1021/acsabm.1c01103
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(a) Microstructure and phase of Homogenized NbTaTiVZr HEA
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Figure 1. (a) SEM-BSE image and neutron diffraction pattern of the homogenization-treated NbTaTiVZr refractory HEA. (b) Three-dimensional
atom maps of individual elements (left), and concentration—depth profile of all alloying elements taken along the S1 nm cylindrical sample via the

APT technique.

Actin Cytoskeleton Development. Actin cytoskeleton develop-
ment was demonstrated with fluorescent imaging after 16 h of
incubation; 2.5 X 10° cells were seeded on each specimen and
incubated for 16 h. Prior to imaging, actin filaments (F-actin) of the
cytoskeleton were labeled by incubating the cells with CytoPainter
Phalloidin-iFluor 488 reagent (1:1000 dilution) (Abcam). Cell nuclei
were stained with ClonFluor Mounting Medium with 4’,6-diamidino-
2-phenylindole dihydrochloride (DAPI) (Taiclone), which is
commonly used in labeling nuclei. All samples were viewed with a
fluorescence microscope, Leica TCS SP8 stimulated emission
depletion (STED).

Cell Viability. Cell viability was analyzed by a 2,3-bis(2-methoxy-
4-nitro-S-sulfophenyl)-2H-tetrazolium-S-carboxanilide (XTT)-based
cell proliferation kit (Cayman) after 3 and 7 days of incubation due
to a large number of cells forming. The XTT assay can detect the
average nucleic acid content or metabolic activity in viable cells, which
are generally applied in cell growth and differentiation studies; 1 X10°
cells were seeded on each specimen for the 3 day XTT assay, and 5 X
10° cells were seeded for the 7 day XTT assay. After incubation,
samples were placed in a well with a culture medium as 50 uL of
activated XTT reagent (20 uL of the activation reagent per milliliter
of XTT reagent) was added in it and then incubated for 3 h. Gentle
shaking was performed after 3 h of incubation in order to distribute
the dye in the well. The absorbance of the supernatants was measured
against the blank at 450 nm using a spectrophotometer, TECAN
Infinite 200 Pro.

Cell Differentiation. Cell differentiation from preosteoblasts to
osteoblasts was characterized as the alkaline phosphatase (ALP)
activity; 5 X10? cells were seeded on each specimen. After 7 days of
incubation, our growth medium was supplemented with 107 M
dexamethasone (Sigma-Aldrich, USA), 50 ug mL™' ascorbic acid
(Sigma-Aldrich, USA), and 8 mM p-glycerophosphate (Sigma-
Aldrich, USA) to allow cell differentiation for 21 days.
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Alkaline Phosphatase Activity (ALP). The ALP activity
measurement by Western Blot using an Alkaline Phosphatase Activity
Colorimetric Assay Kit (BioVision, USA) was determined by the
amount of p-nitrophenol (pNP) produced by hydrolysis of the p-
nitrophenyl phosphate (pNPP) in the presence of ALP as a catalyst. It
is a common test in clinical settings. During the measurement, cell
layers were lysed with 100 uL of assay buffer. Afterward, S0 yL of the
lysate was added into another 24-well plate, and the total volume was
brought to 80 uL with assay buffer. Then, 50 uL of pNPP was added
to each well and mixed well. After 60 min of incubation at RT and
being protected from light, 20 uL of the stop solution from the kit was
added to each well to terminate the reaction. The absorbance was
measured at 405 nm.

Statistical Analysis. Cell-culture experiments were all performed
simultaneously, and each was repeated at least once. Data is reported
as the mean + standard error of the mean. Student’s t-test and the P-
value approach were involved in statistical comparisons. A P value less
than 0.0S is considered statistically significant (denoted by asterisks).

B RESULTS AND DISCUSSION

Microstructural Characterization, Phase Identifica-
tion, and Atomic Distribution. Figure 1a shows the SEM-
BSE image and neutron diffraction pattern of the homogenized
NbTaTiVZr HEA. The typical single-phase microstructure was
obtained after the homogenization treatment at 1200 °C for 12
h. With the simple microstructure, the neutron diffraction
pattern reveals the existence of a single body-centered cubic
(BCC) phase with a lattice constant of 3.3092 A. The atomic-
scale elemental distribution for the present HEA was
confirmed by the APT technique, as illustrated in Figure 1b.
The three-dimensional (3D) atom maps for each of composed
elements show the homogeneous atomic distribution of
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Figure 2. Optical microscopic images of the surface textures of NbTaTiVZr and CP-Ti samples after surface treatments.

alloying elements without any chemical segregation. The
chemical homogeneity for NbTaTiVZr HEA was quantitatively
verified by a one-dimensional chemical concentration profile,
as shown on the right side of Figure 1b. Consistent with the
results of the 3D atom maps, there is no statistically
considerable concentration fluctuation, indicating a random
elemental distribution in the single BCC solid—solution phase.
The measured averages of atomic fraction for Nb, Ta, Ti, V,
and Zr are 19772, 18 100, 20267, 19993, and 20 683 atom
percent, respectively, showing that each element was
distributed as a nearly equiatomic percentage throughout the
51 nm cylindrical sample.

Surface Morphology and Roughness. The surface
morphologies of the NbTaTiVZr and CP-Ti samples after
surface-roughing treatments were inspected with an optical
microscope (OM), as shown in Figure 2. The surface of each
sample was intentionally scratched along the same direction,
creating oriented grooves with different depths for later cell
experiments. The width and roughness using different orders
of sandpaper grinding correspond with the sandpaper grits
where the widest grooves were generated by the lowest orders
of sandpapers and those from the higher orders of sandpapers
were narrower. The depth of the two samples could be roughly
compared by the contrast of the OM images. The polished
samples display nearly mirror-like surfaces. Note that
inconspicuous grooves found on the polished surfaces, which
might be generated during mechanical polishing, were much
less visible than those from the other two conditions of
treatments. Hence, the effects of surface conditions from later
cell experiments could provide reasonable comparisons.

The surface roughness values of those samples were
measured and are listed in Table 1. The values were higher
(the surface was rougher) when the grits of the used
sandpapers were lower in both NbTaTiVZr and CP-Ti. The

Table 1. Values of Surface Roughness after Surface
Treatments”

NbTaTiVZr CP-Ti
600 grit 0.113 + 0.0197 0.310 + 0.0671
1200 grit 0.086 + 0.0015 0.102 + 0.0179
polished 0.028 + 0.0045 0.028 + 0.0050

“n = S. Units: micrometers.
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quantitative roughness was confirmed. The two types of
materials with intermediate and smoothest surface finishes led
to nearly identical roughness. However, since NbTaTiVZr
possesses a much higher hardness than CP-Ti does, it was
difficult for us to leave wide and deep grooves on NbTaTiVZr.
Therefore, the difference between the two types of the
roughest samples were significant. Nevertheless, we compared
the cell behaviors on the types of materials and surface
roughness separately. Note that the roughness measured on
the specimens is below 0.5 um, so the impact that rou%hness
has on the contact angle is thought to be insignificant.’

SFE. The SFE was determined by the dispersive and polar
contact angle measurements of different alloy samples before
in vitro tests. The SFE results before in vitro experiments are
shown in Table 2. The SFE values were comparable in both
materials. This trend may indicate that NbTaTiVZr may have a
comparable biocompatibility with CP-Ti since the SFE value of
the specimens may imply the chance for cells to attach,
achieving a reduction of the Gibbs free energy. Subsequent in
vitro tests were carried out to provide evidence for our
prediction.

Cell Morphology. The cell morphology after 4 h of
incubation on the specimens was examined by SEM (Figure
3). The SEM images, in which specimens were covered with
cells, suggested that most cells were initially well fixed or highly
adhered on all of the specimen surfaces.

Actin Cytoskeleton Development. The cell morphology
of the adhered cells after 16 h of incubation was shown in the
fluorescence images (Figure 4). As the actin cytoskeleton is
responsible for the cell-structure support, alteration in shape,
and cell migration, the shape and distribution of the cells and
actin filament (F-actin) arrangement were studied. After 16 h
of incubation, the cells developed the actin cytoskeleton
(green) and dendritic filopodia. On the roughest surfaces, the
cells were mostly presented in an elongated slender shape and
extended along the grooves. With the surface being smoother,
more polygonal cells were observed. On the smoothest
surfaces, the cells were not aligned in a specific direction due
to no grooves to attach on or anchor to. Figure 4 shows cells
after 16 h of incubation where cells were mostly present in an
elongated slender shape and extended along the grooves on
rough surfaces. We presumed that the grooves on a rough
surface act as high-energy sites for cells to easily attach on,
achieving a reduction of the Gibbs free energy.

https://doi.org/10.1021/acsabm.1c01103
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Table 2. SFE Results for Samples before In Vitro Tests”

d

e ” s
NbTaTiVZr CP-Ti NbTaTiVZr CP-Ti NbTaTiVZr CP-Ti
roughest 32.35 + 045 24.59 + 0.99 2.69 + 0.36 0.84 + 0.22 35.04 + 043 25.42 + 0.85
intermediate 33.38 + 0.78 36.08 + 0.50 1.69 + 0.36 424 + 0.44 35.07 + 0.98 40.31 + 0.57
smoothest 33.18 + 1.11 35.90 + 1.37 4.62 + 0.60 0.97 + 0.17 37.79 + 0.81 36.87 + 1.29

“n = S. y?, polar part of SFE; y%, dispersive part of SFE; y,, SFE.

y
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=

Figure 3. SEM images showing MC3T3-El cell morphology after 4 h of incubation on specimens.
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Figure 4. Fluorescence images for MC3T3-E1 cells adhered on the samples after 16 h of incubation, showing the cytoskeleton (green) and nuclei
(blue). Phalloidin (green) stains actin filaments (F-actin), and DAPI (blue) stains nuclei.

Cell Viability. A histogram of the XTT assay results
(Figure S) shows the cell viability after 3 and 7 days of
incubation, and CP-Ti #600 was set as the benchmark (100%)
for easy comparison. A significant increasing trend was found
in NbTaTiVZr, while the roughness effect was trivial in CP-Ti
in the first 3 days. However, the cell viability after 7 days was
not affected by roughness, possibly because the specimen
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surfaces were covered by cells and thus reduce the roughness
effect. In general, NbTaTiVZr had a comparable biocompat-
ibility with CP-Ti, which was coherent with our prediction
based on comparable SFE values. Moreover, NbTaTiVZr
exhibited a general higher level in the XTT activity as its
surface became smoother and was superior to CP-Ti for the 7
day XTT assay. This feature not only showed that it may be

https://doi.org/10.1021/acsabm.1c01103
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Figure 5. XTT assay results representing viability of MC3T3-E1 cells
after 3 and 7 days of incubation. Results are presented as percentage
of that on the samples (n = 3, *P < 0.05). P value less than 0.0S is
considered statistically significant (denoted by asterisks).

feasible to improve the biocompatibility of NbTaTiVZr by
polishing but also implied that NbTaTiVZr may become a
potential biomedical material in the near future.

Cell Differentiation. In order to monitor cell maturation
from preosteoblast MC3T3-E1 cells to osteoblasts, the alkaline
phosphatase (ALP) activity was examined as it is one of the
typical proteins released during cell differentiation. The ALP
activities (Figure 6) after 7 days of growth and 21 days of
differentiation were normalized to the total protein content,
and CP-Ti #600 was set as the benchmark (100%) for easy
comparison. The results showed that the ALP activity on
NbTaTiVZr has a dependence on the surface roughness, where
the typical protein activity increased as the surface became
smoother. Although an overall superior ALP activity was
shown on CP-Ti and was also less affected by the surface
roughness, NbTaTiVZr still was competitive when complete
polishing was achieved.

B CONCLUSIONS

In summary, we reported a potential biomedical material,
NbTaTiVZr, and the impact of surface roughness based on in
vitro tests of preosteoblasts. Cell activities, such as adhesion,
viability, and typical protein activity on NbTaTiVZr, showed
comparable results with that of CP-Ti, which was coherent
with the prediction based on comparable SFE values.
Moreover, a slight increase in biocompatibility can be found
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CP-Ti (BioVison)
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Figure 6. Normalized ALP activities of MC3T3-E1 cell lysates after 7
days of growth and 21 days of differentiation. Results are presented as
the percentage of that on the samples (n = 3, *P < 0.0S). P value less
than 0.0S is considered statistically significant (denoted by asterisks).

in NbTaTiVZr as the surface became smoother. These results
show a way of improving the biocompatibility of NbTaTiVZr
and also propose a potential biomedical material with
biological evidence.
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