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Abstract: The biocompatibility and osteogenic activity of the newly developed Zr—30Ta and Zr—25Ta—5Ti alloys were
systemically evaluated using cell culture experiments. The surface roughness and contact angle of the alloys were
assessed using profilometer and drop-shape analyzer. The biological properties of the alloys were evaluated in terms of
protein adsorption, cytotoxicity, adhesion, and proliferation of MC3T3-El osteoblasts, NIH3T3 fibroblasts, and
RAW264.7 macrophages. The osteogenic activity was evaluated by means of the alkaline phosphatase (ALP) activity,
extracellular matrix mineralization, and collagen secretion. The immune response was evaluated by determining the
macrophage polarization on the samples using flow cytometry. The results indicated that Zr—30Ta and Zr—25Ta—5Ti
alloys had better biocompatibility compared with commercially-pure titanium (CP-Ti). The osteogenic activity on the
experimental alloys was significantly better than CP-Ti. Zr—30Ta and Zr—25Ta—5Ti alloys also induced a balanced
expression of M1 and M2 macrophage phenotypes in the first 24 h. The favorable surface properties and chemical
compositions of Zr—30Ta and Zr—25Ta—5Ti alloys were responsible for their improved biocompatibility and osteogenic
activity. Overall, it is suggested that Zr—30Ta and Zr—25Ta—5Ti alloys are promising candidates for dental and
orthopedic implant applications.
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vanadium and aluminum from Ti6Al4V, one of
the most widely used titanium alloys, was
associated with cytotoxic effects and adverse tissue

1 Introduction

Titanium and its alloys are the most widely
used materials in dental and orthopedic implants
due to their good mechanical properties and
biocompatibility [1]. However, long-term release of

reactions [2,3]. The large difference in the elastic
moduli between titanium alloys (around 115 GPa)
and bone (10—30 GPa) is another disadvantage
of these alloys due to their significant effect on the
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implant osseointegration [4,5]. This can cause a
stress shielding effect resulting in bone resorption
in low-stress areas around the implant leading to
implant loosening and failure [6]. To overcome
these problems, researchers have focused on using
non-toxic and non-allergic elements such as
niobium, zirconium, molybdenum, and tantalum to
produce alloys with favorable biocompatibility and
low elastic moduli for load-bearing applications [7].

Zirconium (Zr) and titanium belong to the
same chemical group in the periodic table (IVB)
and have similar chemical characteristics [8].
However, Zr has a lower elastic modulus (92 GPa)
and better corrosion resistance than Ti [9]. It also
has good biocompatibility and osteoinductivity [8].
On the other hand, tantalum is known for its
superior  biocompatibility, = hemocompatibility,
good mechanical properties, and high corrosion
resistance [10]. It also enhanced osteoblast adhesion,
proliferation, differentiation, and osteogenesis [11].
However, the high cost, high melting point
(3017 °C), and high density limit the wide use of
tantalum in load-bearing applications [12].

By combining these favorable properties,
several alloys based on Zr, Ta, and Ti have been
fabricated in recent years. Ti—Zr alloys exhibited
excellent mechanical properties, good bio-
compatibility, corrosion resistance, and osteogenic
induction ability comparable to CP-Ti [13]. Ti—Ta
binary alloys also showed good corrosion resistance,
superior strength, low elastic modulus, and good
malleability compared to commercially-pure
titanium (CP-Ti) [14]. OU et al [12] also reported
that the binary Zr—xTa alloys exhibited superior
mechanical properties, good biocompatibility, good
corrosion resistance, and improved osteoblast
adhesion,  proliferation, and  differentiation
compared to CP-Ti. Ti—Ta—Zr alloys with different
compositions were also found to consist of a+f or
phase, with excellent mechanical properties,
superior corrosion resistance, biocompatibility, and
good osteogenic activity [15,16].

Based on these favorable characteristics,
Zr—30Ta and Zr—25Ta—5Ti alloys were recently
fabricated by powder metallurgy (P/M) technology
in our group. Zr—30Ta alloy is composed of a phase
and has a relative density of 96% and an elastic
modulus of (99.5+7.2) GPa, whereas Zr—25Ta—5Ti
alloy is composed of near-f phase with little o and
 phases and has a relative density of 98% and an

elastic modulus of (73.6+6.3) GPa. Both alloys
exhibit superior corrosion resistance compared to
CP-Ti [17]. However, Zr—25Ta—5Ti has a lower
elastic modulus and melting temperature than
Zr-30Ta alloy. The evaluation of the antibacterial
activity of these alloys also revealed good
antibacterial activity against Streptococcus mutans
and Porphyromonas gingivalis compared to
CP-Ti [18]. To the best of our knowledge, the cells
response and interaction with these alloys remain to
be investigated.

This study aimed to evaluate the bio-
compatibility and osteogenic activity of Zr—30Ta
and Zr—25Ta—5Ti alloys using cell culture
experiments. As the material surface properties and
protein adsorption play significant roles in the
material interaction with cells, surface roughness,
wettability, and protein adsorption were also
evaluated.

2 Experimental

2.1 Alloys preparation

The fabrication process, microstructure, and
mechanical properties were discussed in detail in
our previous work [17]. Briefly, pure powders of Zr,
Ta, and Ti were mixed and blended using stainless
steel balls. The spark plasma sintering process was
performed at a pressure of 40 MPa at 1600 °C.
Round disks with a size of d10 mm % 2 mm were
wire-electrode cut from the final alloys, and then
consecutively ground with sandpaper up to #2000.
Three samples were studied, namely Zr—30Ta,
Zr—25Ta—5Ti, and CP-Ti as control. CP-Ti was also
prepared by powder metallurgy. The samples were
ultrasonically cleaned and then sterilized in an
autoclave at 120 °C for 30 min before being used in
these experiments.

2.2 Surface roughness and wettability

The surface topography and roughness of the
samples were evaluated using a Dektak-XT Syulus
profilometer (Bruker, USA) at the nanoscale level.
The measurements were taken at 3 mm scan length.
The wettability of the material surfaces was
evaluated by the sessile drop method using a drop
shape analyzer (DSA100, Kriiss, Germany). Blood
plasma was used as a test liquid to mimic
physiological conditions. Three measurements were
recorded from different areas of each sample. The
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experiments were done in triplicate.

2.3 Protein adsorption

The protein adsorption onto the sample
surfaces was measured using a bicinchoninic acid
assay (BCA, Beyotime, China) as described
previously [19]. The samples were incubated with
I mg/mL of high sugar DMEM (containing 10%
FBS) at 37 °C for 4 h. BCA solution was used to
quantify the adherent proteins. A microplate reader
was used to measure the absorbance in the range of
540-590 nm.

2.4 Cytocompatibility evaluation
2.4.1 Cell culture

MC3T3-E1 pre-osteoblast, NIH3T3 fibroblast,
and RAW264.7 macrophage cell lines (Chinese
Academy of Sciences, Shanghai, China) were used
to evaluate the biocompatibility and osteogenic
activity of these alloys. Osteoblasts are responsible
for bone formation and remodeling, while fibro-
blasts are the most common connective tissue cells
in peri-implant tissues. Macrophages are key cells
in the immune response and foreign body reaction
to biomaterials. The cells were cultured in a
complete medium (aMEM/DMEM + 10% FBS +
1% penicillin/streptomycin; Gibco, Thermo Fisher
Scientific Inc., USA) at 37 °C, 95% humidity, and
5% COa.
2.4.2 Cytotoxicity test

The material extracts were prepared according
to the ISO 10993—15:2009 guidelines. The samples
were immersed in DMEM complete medium at
3 cm?mL for 72 h [20]. The extracts were then
collected, diluted (100%, 50% and 10%) and stored
at 4 °C. The cells were incubated with 100%, 50%,
10% extracts, and 10% dimethyl sulfoxide (DMSO,
Sigma, USA; positive control) or DMEM (negative
control) for 24 h. The cell viability was then
determined by cell counting kit-8 (CCK-8, Dojindo,
Japan) using a microplate reader (Infinite 200 Pro,
Tecan, Switzerland) at an OD of 450 nm. The cell
viability is expressed as a relative growth rate (R)
that was calculated as follows:
R=(As/4p)*100% D
where A is the OD of the CP-Ti, Zr-30Ta, or
Zr—25Ta—5Ti samples, and A, is the OD of the
negative control. The experiment was done in
triplicate.
2.4.3 Immunofluorescence staining

The immunofluorescence staining was used
to evaluate the morphology, attachment, and
cytoskeleton development of osteoblasts and
fibroblasts after being incubated with samples for
24h [21]. The osteoblasts were stained with
anti-F-actin and anti-vinculin fluorescent antibodies,
while fibroblasts were stained with anti-FAK
antibodies (all from Abcam, USA). DAPI was used
to stain cell nuclei, and the samples were examined
using a fluorescent microscope (Leica Mi8, Leica
Microsystems, USA). For quantitative analysis, the
cell surface spreading areas were calculated using
ImagelJ software (NIH, USA).

2.4.4 Cell adhesion and proliferation

The DAPI staining and CCK-8 assay were
used to evaluate the time-dependent cell adhesion
and proliferation. The cells were incubated with
samples in a complete medium at standard
conditions for 1, 3, and 5 d. At each time point, the
samples were stained with DAPI and examined
using the fluorescence microscope. The CCK-8
assay was also used to determine cell viability at the
predetermined time points.

2.5 Osteogenic evaluation

The osteogenic activity of the samples was
evaluated in terms of ALP activityy, ECM
mineralization, and collagen secretion. For ALP
activity evaluation, MC3T3-El cells were cultured
with the samples in an osteogenic induction
medium for 7 d. The cell lysate was incubated with
p-nitrophenylphosphate (pNPP), and the optical
density of the solution was measured at 405 nm
using a microplate reader [22]. To evaluate ECM
mineralization, MC3T3-E1  osteoblasts were
incubated with samples in an osteogenic induction
medium for 14d. The cells were stained with
Alizarin red S stain (Sigma, USA) and examined
using a light microscope. The stain was then eluted
with sodium phosphate containing 10% cetyl-
pyridinium chloride, and the OD of solution at
620 nm was measured using a microplate reader.
For collagen secretion evaluation, the osteoblasts
were incubated with the samples in an osteogenic
induction medium for 14 d [23]. The samples were
stained with Sirius red (Sigma, USA) and examined
using a light microscope. The stain was then
washed with a decontamination solution (0.2 mol/L
NaOH/methanol), and the OD of the solution was
measured using a microplate reader at 540 nm.
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2.6 Macrophage polarization

Flow cytometry was used to determine the
macrophage polarization, as described previously in
Ref. [24]. RAW264.7 macrophages were cultured
with the samples for 24 h. The cells were then
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3 Results

3.1 Surface properties
Typical 2D images of the surface topography

cultured with PE-conjugated inducible nitric of the samples are shown in Figs. I(a—c).
oxide synthase (iNOS) antibodies (Ml1), and Zr—25Ta—5Ti and Zr—30Ta alloys exhibited rougher
APC-conjugated  CD206  antibodies  (M2) surfaces than CP-Ti. Quantitative analysis also

(eBioscience, USA). The cells were analyzed by
CytoFLEX A00-1-1102 flow cytometer (Beckman,
USA).

2.7 Statistical analysis

Data are expressed as the mean + SD (standard
deviation) for at least three independent
determinations. Statistical comparisons between the
groups were performed using one-way and two-way
analysis of variance (ANOVA) with Tukey’s
multiple comparison test using Graph-pad Prism
version 7.00 (GraphPad Software, USA). p-values
equal to or less than 0.05 were -considered
statistically significant.

showed a similar trend (Fig. 1(g)). Zr—25Ta—5Ti
had the highest nano-roughness (R,=(34.84+2.2) nm)
followed by Zr—30Ta ((20.7+1.4) nm) and CP-Ti
((13.1£2.3) nm). The differences between samples
were statistically significant (p<0.01).

The surface wettability of the samples was
evaluated with blood plasma using the sessile drop
method. Typical images of the plasma drops on the
sample surfaces are shown in Figs. 1(d—f). The
samples had hydrophilic surfaces with contact
angles <65° (Fig. 1(h)). Zr—25Ta—5Ti had the
smallest contact angle ((30.6+3.5)°) compared to
both CP-Ti ((52+3.9)°) and Zr—30Ta ((46.6+1.95)°).
Zr—30Ta also had better wettability than CP-Ti.

Zr-30Ta

Zr—-25Ta-5Ti

(46.6£1.95)° (30.6£3.5)°
5 2
0 (g) * ok kk 60 F(h) *k kK e 00 @) ***:ﬁ
40 KKk %k g-
— < S 150] -+
B o
g 30f = 40 - g
£ *k g T = 100+
=200 § 20 &é
= B Q. |
10+ S = 50
o
< L B
CP-Ti  Zr—- Zr-25Ta- CP-Ti Zr— Zr-25Ta- CP-Ti  Zr— Zr-25Ta-
30Ta 5Ti 30Ta 5Ti 30Ta 5Ti

Fig. 1 Typical images of surface topography (a—c), blood plasma drops on surface of samples (d—f), quantitative

analysis of surface roughness (g), contact angles (h), and total amount of proteins adsorbed onto samples (i) (**p<0.01;

**%p<0.001; ***#*p<0.0001)
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3.2 Evaluation of protein adsorption

The BCA assay was used to evaluate the
amount of protein adsorbed into the sample surfaces
after 4h at an initial protein concentration of
I mg/mL. As shown in Fig. 1(i), Zr—25Ta—5Ti
sample adsorbed three-fold more protein ((147.4+
13.26) pug) compared to Zr—30Ta ((32.1+4.57) ug)
and CP-Ti samples ((32.4+£3.7) ug). There was
no statistically significant difference in protein
adsorption between Zr—30Ta and CP-Ti (p>0.05).

3.3 Biocompatibility evaluation
3.3.1 Evaluation of cytotoxicity

Figures 2(a—c) show the relative growth rates
(RGR) of osteoblasts, fibroblasts, and macrophages
after culturing with the sample extracts for 24 h,
respectively. The cytotoxicity decreased as the
extract concentrations decreased in the different
materials. Zr—30Ta sample showed a significantly
lower RGR (92%) with osteoblasts. However, it
showed a significant enhancement of RGR of
fibroblasts (152%) and macrophages (107%). On
the other hand, Zr—-25Ta—5Ti showed a significant
enhancement of RGR of the osteoblasts (105%),
fibroblasts (122%), and macrophages (116%).
According to ISO 10993 —5: 2009 specification,
Zr-25Ta—5Ti has Grade 0 cytotoxicity with
NIH3T3 and RAW264.7 cells and Grade 1
cytotoxicity with MC3T3-El cells, while Zr-30Ta
has Grade O cytotoxicity toward NIH3T3 cells and
Grade 1 with MC3T3-El and RAW264.7 cells.
Zr—30Ta and Zr—25-Ta—5Ti are thus considered
suitable for biomedical applications.
3.3.2 Evaluation of cell morphology and attachment

The fluorescent images of the cytoskeleton and
focal adhesion structures of the osteoblast are
shown in Fig. 3. The adherent osteoblasts on
Zr—30Ta and Zr—25Ta—5Ti alloy samples exhibited
a well-spreading morphology with multiple cellular
pseudopodia and wide distribution of vinculin
(Figs. 3(b, c, e, f)). In contrast, the osteoblasts
that adhered to CP-Ti samples exhibited spindled
shapes with smaller cell spreading areas, fewer
pseudopodia, and less vinculin distribution. As
indicated in Fig. 4(d), the average osteoblast
cell spreading areas on the CP-Ti samples were
(1057+42) um?, which were significantly lower
than on Zr—30Ta ((1975+217) um?) and Zr—25Ta—
5Ti samples ((1969+335) um?).
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Fig. 2 Relative growth rates (RGR) of MC3T3-El
osteoblasts (a), NIH3T3 fibroblasts (b), and RAW 264.7
macrophages (c) in 100%, 50%, and 10% extract
contents of samples for 24 h (DMSO: Dimethyl
sulfoxide; Cytotoxicity Grade 0: >100%; Grade 1: 75%—
99%) (**p<0.01; ***p<0.001; ****p<0.0001)

The fibroblasts exhibited a wide distribution of
activated FAK on Zr—30Ta and Zr-25Ta—5Ti alloy
samples, as shown in Fig. 4. However, they showed
less distribution of activated FAK on CP-Ti samples,
indicating lower cell adhesion potential compared
to experimental samples. The average fibroblast cell
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F-actin DAPI

Combined

Vinculin DAPI

Fig. 3 Immunofluorescent staining of F-actin and vinculin of MC3T3-E1 cells on surface of CP-Ti (a, d), Zr—30Ta (b, ¢),

CP-Ti

Zr-30Ta

Zr-25Ta-5Ti

CP-Ti

Zr-30Ta

Zr-25Ta-5Ti

and Zr-25Ta—5Ti (c, f) after 24 h (red) (Cell nuclei stained by DAPI (blue))
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Fig. 4 Immunofluorescent staining of FAK in NIH3T3 cells on surface of CP-Ti (a), Zr—30Ta (b), and Zr-25Ta—5Ti (c)
after 24 h (red) (Cell nuclei stained by DAPI (blue)), and quantitative evaluation of cell surface area of MC3T3-E1
osteoblasts (d) and NIH3T3 fibroblasts (e) (**p<0.01; ***p<0.001)

spreading areas were (2014+381) um? on Zr—30Ta
and (2327+101) pm?> on Zr—25Ta—5Ti samples,
significantly larger than on CP-Ti samples ((1359+
235) um?; Fig. 4(e)). The results suggest that
Zr—30Ta and Zr—25Ta—5Ti alloys promoted
cytoskeleton development and enhanced the
attachment and spreading of the osteoblasts and
fibroblasts.
3.3.3 Evaluation of cell adhesion and proliferation
Figures 5(a—c) show the typical fluorescent
images of adherent osteoblasts, fibroblasts, and
macrophages on different samples. The cells

showed a time-dependent increase in the adherent
cells from 1 to 5d. As shown in the quantitative
analysis (Figs. 5(d—f)), there were no significant
differences between the samples at most time points
(p>0.05). Only Zr—25Ta—5Ti showed a significant
increase in adherent macrophages compared to the
CP-Ti sample after culturing for 5d (Fig. 5(f);
p<0.01).

Figures 6(a—c) show the cell proliferation on
the surfaces of samples after 1, 3, and 5 d. The cell
proliferation increased time-dependently. Zr—30Ta
sample enhanced the osteoblasts proliferation after
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co-culturing for 1 and 5 d (p<0.01; Fig. 6(a)). Both
Zr—30Ta and Zr—25Ta—5Ti samples showed a
significant increase in fibroblast cell proliferation
compared to CP-Ti samples at all times (p<0.05;
Fig. 6(b)). For macrophages, only Zr—25Ta—5Ti
showed a significant increase in cell proliferation
after co-culturing for 5 d (p<0.05; Fig. 6(c)).

3.4 Evaluation of osteogenic activity
Osteogenic induction of osteoblasts by the

-- 2()() 00 um

Fig. 5§ Typical DAPI fluorescent images and quantitative analysis of adhesion of MC3T3-E1 osteoblasts (a, d), NIH3T3
fibroblasts (b, e), and RAW264.7 macrophages (c, f) on surface of samples after 1, 3, and 5 d (**p<0.01)
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samples was investigated in terms of ALP activity,
ECM mineralization, and collagen secretion
(Fig. 7). Typical images of the calcified nodules
on the samples are shown in Figs. 7(a—c). Zr—25Ta—
5Ti exhibited more mineralization-positive areas
compared to Zr-30Ta and CP-Ti samples.
Figures 7(d—f) show typical images of collagen on
Zr—30Ta, Zr—25Ta—5Ti, and CP-Ti alloy samples.
There was no apparent difference in collagen
secretion of the osteoblasts cultured in different
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Fig. 6 Proliferation of MC3T3-E1 osteoblasts (a), NIH3T3 fibroblasts (b), and RAW264.7 macrophages (c) on surface
of samples after 1, 3, and 5 d (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001)
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Fig. 7 Typical images of Alizarin Red S staining of ECM mineralization (a—c) and Sirius Red staining of collagen

fibers (d—f), and quantitative evaluation of ALP activity (g), ECM mineralization (h), and collagen secretion (i)

(*p<0.05; ***%p<0.0001)

samples. Both Zr—-30Ta and Zr-25Ta—5Ti alloy
samples exhibited significantly higher ALP activity
than CP-Ti sample in the early stage of osteogenesis
(»p<0.05; Fig. 7(g)). There was no statistically
significant difference in the ALP between Zr—30Ta
and Zr—25Ta—5Ti samples (p>0.05). Figure 7(h)

also showed significantly more mineralization of
the ECM on Zr—25Ta—5Ti compared to Zr—30Ta
and CP-Ti (p<0.0001). ECM mineralization was
also significantly higher in Zr-30Ta compared to
CP-Ti (p<0.0001). Figure 7(i) also showed a
significant enhancement of collagen secretion on
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Zr—30Ta followed by CP-Ti and then Zr—25Ta—5Ti
sample. Apparently, the significant increase of the
mineralization in the Zr—25Ta—5Ti group was
associated with less collagen secretion indicating its
better osteogenic activity.

3.5 Evaluation of macrophage polarization
Figures 8(a—c) show representative dot plots of
the expression levels of iINOS (M1) and CD206
(M2) markers for macrophage phenotypes induced
by CP-Ti, Zr—30Ta, and Zr—25Ta—5Ti alloys after
24h. There were no statistically significant
differences between the materials in the polarization
of M1 and M2 macrophage phenotypes (Fig. 8(d)).
This suggests a balanced induction of macrophages
at the early stage of cell interaction with Zr-30Ta
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and Zr-25Ta—5Ti. This also implies that all the
samples induce favorable immune responses at an
early stage.

4 Discussion

In the present study, the biocompatibility and
osteogenic activity of two novel implant materials,
Zr—30Ta and Zr—25Ta—5Ti, were evaluated, in cell
culture experiments using osteoblasts, fibroblasts,
and macrophages. The material surface properties,
such as roughness and wettability, strongly affect
the biological response to the implant material [25].
Using a profilometer, Zr—30Ta and Zr—25Ta—5Ti
showed significantly higher roughness at a nano-
level compared to CP-Ti despite surface polishing
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(Fig. 1(g)). Implant surface roughness can enhance
protein adsorption, cell adhesion, proliferation, and
osteogenesis.

Regarding surface wettability, all the samples
were found to have hydrophilic surfaces (Fig. 1(h)).
The hydrophilic implant surface can also increase
protein adsorption and strongly stimulate cell
adhesion, proliferation, and function [26].
Zr—25Ta—5Ti alloy exhibited significantly better
wettability than Zr—30Ta and CP-Ti. In agreement
with the favorable effect of surface roughness on
wettability, a positive relationship is confirmed in
this study, in which the samples surface wettability
increased with increasing its surface roughness
(Zr-25Ta—5Ti>Zr—30Ta>CP-Ti).

To understand the nature of the biological
response to biomaterials, it is essential to
understand the factors affecting the cell responses.
The process of cell interaction with the implant
surface involves several phases. First, plasma
proteins adsorb onto the implant surface. The cells
are then attached to these proteins through special
integrin  receptors that can recognize the
extracellular proteins and mediate the interaction of
cells with the substrate [15]. This process is
accompanied by the reorientation of the cell
cytoskeleton, the establishment of strong focal
adhesion contacts, the phosphorylation of focal
adhesion kinase, and the stimulation of the various
cellular transduction pathways, leading to cell
activation and proliferation [15].

Proteins from the blood and body fluids are
thus the first structures that interact with the
implant surface [27]. In this study, Zr—25Ta—5Ti
alloy showed a three-fold higher amount of
adsorbed protein compared to the other samples. At
the same time, there was no significant difference
between CP-Ti and Zr—30Ta (Fig. 1(i)). Zr—25Ta—
5Ti exhibited the highest surface roughness of all
samples. Surfaces with nano-roughness have higher
surface energy and a larger surface area available
for protein anchorage and stability, which enhances
protein adsorption [27]. Zr—-25Ta—5Ti alloy also
exhibited higher wettability than Zr—30Ta and
CP-Ti. Hydrophilic surfaces favor protein
adsorption as a result of increasing the contact area
between the proteins in the fluids and the material
surface [25].

To be considered for medical applications, a
material must possess good cytocompatibility. In

this study, both Zr-30Ta and Zr—25Ta—5Ti alloys
exhibited no cytotoxicity to different cells, with a
noticeable promotion of the cell growth (Fig. 2).
The material cytotoxicity reduced as the extract
concentration decreased in different groups. These
results are consistent with the general biological
safety of Zr and Ta, which have not been associated
with any adverse tissue reaction previously [12,28].
In our previous work, the surfaces of Zr—30Ta and
Zr—25Ta—5Ti alloys were found to be covered by an
oxide layer composed of ZrO,, Ta;Os, and TiO»[17].
These oxides enhance the passivation of the alloy
surfaces, increase the material corrosion resistance,
and subsequently improve their cytocompatibility.
As the samples exhibited grade 0 and 1 cytotoxicity,
Zr—30Ta and Zr—25Ta—5Ti are thus suitable for
medical applications according to ISO 10993—5:
2009 specification.

The attachment of cells to the implant surface
is also crucial for osteogenesis and the
establishment of pre-implant soft tissues necessary
for implant success [29]. In this study, Zr-25Ta—5Ti
and Zr—30Ta alloys promoted cell attachment and
spreading better than CP-Ti (Figs. 3 and 4). This is
constant with previous studies that reported the
favorable effects of Zr, Ta, and their derivatives
on cell attachment [30,31]. The higher surface
nano-roughness of Zr—-25Ta—5Ti and Zr—30Ta
alloys played a vital role in promoting cell
attachment and spreading as the surface area
available for cell attachment increased with
increasing surface roughness [32]. The higher
wettability of Zr—30Ta and Zr—25T-5Ti also
enhances cell attachment and spreading as
hydrophilic surfaces influence the cytoskeleton
arrangement and cell adhesion through the exposure
of specific domains on the adhesion proteins [33].
Noteworthy, the process of cell attachment to the
implant surfaces is not direct but rather is mediated
by the layer of adsorbed proteins. It is thus
suggested that the increased protein adsorption on
the surfaces of the material significantly increases
cell attachment and adhesion [27,34]. Compared
with Zr—30Ta, cells on the Zr—25Ta—5Ti sample
exhibited larger cell spreading areas and focal
adhesion. This can be attributed to increased
roughness,  hydrophilicity, and significantly
improved protein adsorption on Zr—25Ta—5Ti
compared with Zr—30Ta alloy.

DAPI staining and CCK-8 assay were also
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used to evaluate the time-dependent cell adhesion
and proliferation (Figs. 5 and 6). In agreement with
the literature, cell adhesion and proliferation
increased with time. This further reflects the
excellent cytocompatibility of samples with
different cells. Although there were no statistically
significant differences in cell adhesion among
samples, Zr—30Ta and Zr—25Ta—5Ti alloys
exhibited significant enhancement of cell
proliferation with different cells. As mentioned
earlier, promoting protein adsorption and enhancing
cell attachment and spreading will subsequently
enhance cell proliferation and adhesion. It is based
on the fact that good cell attachment and spreading
establish intercellular connections and mediate the
transmission of nutrients and signals among cells,
which subsequently promotes cell proliferation and
adhesion [29].

Good osteogenic activity is fundamental for all
implant materials (Fig. 7). In this study, Zr-30Ta
and Zr—25Ta—5Ti samples showed a significant
enhancement of the osteogenic indicators,
indicating Dbetter osteogenic activity of these
samples at both early and late stages. These results
are constant with the good osteogenic activity of Zr,
Ta, and their alloys [12]. It is worth noting that the
significant enhancement of osteoblast attachment,
adhesion, and proliferation subsequently results in a
significant enhancement of osteogenic activity in
the experimental samples. It is also suggested that
the chemical reactions between the alloys and
components of the osteogenic medium result in the
formation of Zr—OH, Ta—OH, and Ti—OH on the
alloy surfaces that act as nucleating sites for
mineralization initiation and subsequently result in
accelerated bone deposition [35]. Noteworthy,
Zr—-25Ta—5Ti exhibited better osteogenic activity
compared with Zr—30Ta. This results from the
higher surface nano-roughness and higher
hydrophilicity of Zr—25Ta—5Ti alloy that induced
more protein adsorption, better attachment,
adhesion, and proliferation of osteoblasts and
subsequently resulted in better osteogenic activity
compared with Zr—30Ta alloy.

As the macrophages are the key cells in
immune response and foreign body reactions to the
implant material, the macrophage response to the
new alloys was investigated. Macrophages may
be activated into either pro-inflammatory M1
macrophages that propagate inflammation and may

result in an unfavorable response or anti-
inflammatory M2 macrophages associated with
inflammation resolution and wound healing,
fastening the bone—implant integration [36]. In
addition to the good biocompatibility with
macrophages, Zr—30Ta and Zr—25Ta—5Ti induced a
balance in the expression levels of macrophage
phenotypes during the first 24 h. It can be inferred
that Zr—30Ta and Zr—25Ta—5Ti alloys induce a
favorable immune response. However, in this study,
only the short-term immune response to these alloys
was evaluated. Further in-vivo studies with long
time duration and specific indicators are still
required to evaluate the osseointegration, immune
response, and the effects of interrelated factors in

the biological responses to these alloys.
5 Conclusions

(1) The favorable surface composition, nano-
roughness, and hydrophilicity of Zr—30Ta and
Zr—25Ta—5Ti alloys increased protein adsorption,
promoted cells attachment, adhesion, proliferation,
and function, and enhanced osteogenic activity at
both early and late stages compared with CP-Ti.

(2) Zr-25Ta—5Ti alloy exhibited better
biological response and better osteogenic activity
compared with Zr—-30Ta alloy.

(3) The overall evaluation of Zr—30Ta and
Zr—25Ta—5Ti  alloys
biocompatibility with osteoblasts, fibroblasts, and
macrophages at different time points as promising
candidate materials for dental and orthopedic
implants compared to titanium.

demonstrated  excellent
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