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Abstract
A good Ti-based joint implant should prevent stress shielding and achieve good bioactivity and anti-infection performance.
To meet these requirements, the low-elastic-modulus alloy—Ti–35Nb–2Ta–3Zr—was used as the substrate, and functional
coatings that contained bioceramics and Ag ions were prepared for coating on TiO2 nanotubes (diameter: (80±20) nm and
(150±40) nm) using anodization, deposition, and spin-coating methods. The effects of the bioceramics (nano-β-tricalcium
phosphate,microhydroxyapatite (micro-HA), andmeso-CaSiO3) andAg nanoparticles (size: (50±20) nm) on the antibacterial
activity and the tribocorrosion, corrosion, and early in vitro osteogenic behaviors of the nanotubes were investigated. The
tribocorrosion and corrosion results showed that the wear rate and corrosive rate were highly dependent on the features of the
nanotube surface. Micro-HA showed great wear resistance with a wear rate of (1.26±0.06)×10−3 mm3/(N·m) due to adhesive
and abrasivewear.Meso-CaSiO3 showed enhanced cell adhesion, proliferation, and alkaline phosphatase activity. The coatings
that contained nano-Ag exhibited good antibacterial activity with an antibacterial rate of ≥89.5% against Escherichia coli.
These findings indicate that hybrid coatings may have the potential to accelerate osteogenesis.
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Introduction

Millions of knee and hip replacement surgeries are performed
every year globally because of joint injuries and aging [1].
Titanium alloys have been used in the biomedical field for
half a century owing to their high strength, low density, and
outstanding biocompatibility [2–5]. However, a mismatch in
the elastic modulus between titanium joint and bone (about
100 GPa vs. 15–30 GPa) leads to stress shielding, which
can result in bone resorption and implant failure. To pre-
vent this outcome, novel β and near-β-type Ti-based alloys
with a low elastic modulus (30–60 GPa) close to that of
human bone have been developed [6–11]. A specimen of the
alloy—Ti–35Nb–2Ta–3Zr—which is referred to as TNTZ,
having an elastic modulus of 48 GPa, was developed for
this purpose [12–14]. TNTZ was implanted into the iliac
crests of goats, and after three weeks, it was found to have
improved both load transduction and bone remodeling [15].
In another study, Zn nanoparticles (NPs) were incorporated
into a TNTZ alloy via friction stir processing, achieving the
up-regulated expression of adhesion and antibacterial prop-
erties (antibacterial rate: 83%) [16]. In addition, TiO2 NPs

incorporated into aTNTZsubstrate improved corrosion resis-
tance in Hank’s solution [17]. The above-discussed studies
indicate that after modification, TNTZ exhibited good cor-
rosion resistance, antibacterial ability, and osseointegration.
Nevertheless, the bioactivity and wear resistance of TNTZ
need to be further improved.

Surface modification is a strategy commonly used to
increase the bioactivity andwear resistance of titanium alloys
[18–22]. Anodization is a surface modification technology
that can introduce ordered TiO2 nanotubes (TNTs) onto
the surfaces of titanium alloys by adjusting the parameters
of oxidation duration, oxidation voltage, electrolyte solu-
tion type, and concentration [23]. Yu et al. reported that
when the diameter of the nanotubes was adjusted, larger
TNTs improved osteogenic differentiation [24]. Interest-
ingly, Alves et al. reported that TNTs enriched with Ca and P
exhibited improved osteoblastic functions [25]. Meanwhile,
Zhang et al. developed TNT coatings codoped with Sr and
Ca that promoted cell proliferation and osteogenic activities
[26]. Furthermore, Shen et al. produced dexamethasone-
doped TNTs covered with chitosan multilayer films that
showed good osteogenic behavior [27]. Most of these studies

123



672 Bio-Design and Manufacturing (2024) 7:670–686

focused on osteogenic ability, but did not consider antibac-
terial properties.

Ag is a stable antibacterial agent that can be incorporated
in Ti alloys in many studies. Several studies have inves-
tigated the antibacterial mechanisms of Ag NPs. Ag NPs
promoted bacteria to generate reactive oxygen species,which
eventually killed the bacteria [28]. Controlling the Ag con-
centration is key to achieving good antibacterial effects with
low cytotoxicity. It has been reported that the antibacterial
effect and cell activity of Ti–6Al–4 V/Ag produced via fric-
tion stir processing reached a balance when the Ag content
was 4.3%–5.6% (mass fraction) [29]. However, Ag displayed
obvious cytotoxicity when the Ag concentration was greater
than 0.7mg/L [30, 31]. Thus, it is necessary to control the Ag
ion release by designing a slow release layer with bioactivity.

Bioceramics act as a slow ion release platform and can
benefit osteogenic behavior. It was reported that hydrox-
yapatite (HA) layers containing Ag ions in a porous TiO2

coating provided continuous Ag ion release [32]. These lay-
ers showed good cell viability and had a positive effect on the
formation of bone-like calcium sulfate. Similarly, chitosan-
embedded calcium silicate (CaSiO3) layers were used as a
drug release carrier that had good biocompatibility, osteo-
conductivity, and degradability [33]. Similarly, β-tricalcium
phosphate (β-TCP) coatings loaded with Zn, Mg, and Ti ions
were shown to accelerate bone healing [34]. However, the
interaction between Ag ion release and these three bioce-
ramics has not been clarified. After these bioceramics were
coated onto the TNTs, their biological performance was
investigated.Generally, hip implants involve the in vivo inter-
action of mechanical wear and static corrosion [1]. Thus, it
is necessary to evaluate tribocorrosion performance.

In this study, HA, CaSiO3, and β-TCP having different
particle sizes were coated onto TNTs loaded with Ag NPs.
The wear behavior in simulated body fluid (SBF) and the
electrochemical behavior of the coatings were investigated.
In addition, in vitro studies were conducted to identify the
osteogenic capacity (preosteoblast adhesion, proliferation,
and alkaline phosphatase (ALP) activity) and antibacterial
properties of the coatings.

Materials andmethods

Materials

The Ti–35Nb–2Ta–3Zr alloy (mass ratio) was produced by
mixing high-purity Ti sponge, Ti–Nb interalloy, high-purity
Ta, and high-purity Zr in a vacuum arc melting furnace.
The ingot was remelted three times under an argon atmo-
sphere and then annealed for homogenization in vacuum at
950 °C for 1 h. TNTZ plates (referred to as βTi) measur-
ing 10 mm×10 mm×1 mm were polished with 80, 400,

600, 1000, 1500, 2000, and 3000 grit sandpapers and were
then cleaned with deionized water and ethanol. TNTs were
deposited on the βTi substrates using a commercial anodiza-
tion device (62024P-600–8, Chroma, USA) for 30 min at
30 V direct current (DC) in a 0.1 mol/L HF aqueous solu-
tion. The TNTs were then annealed for 2 h at 450 °C [35]
(referred to as TiNT). The TiNT was soaked in a 0.1 mol/L
AgNO3 aqueous solution for 10 min under ultraviolet (UV)
radiation (365 nm wavelength) to incorporate the Ag NPs
(referred to as TiNTAg). Micro-HA particles ((50.2±15.4)
μm), meso-CaSiO3 particles ((160.0±33.3) μm), and nano-
β-TCP particles ((310±90) nm), each at a concentration
of 1 mg/mL polyethylene glycol solution, were applied to
the TiNTAg via spin coating at a speed of 3000 r/min for
20 s (referred to as TiNTAg@HA, TiNTAg@CaSiO3, and
TiNTAg@β-TCP, respectively) [31]. Then, the specimens
were dried in an oven. The hybrid coating process is shown
in Fig. 1a. The sizes of the HA, CaSiO3, and β-TCP parti-
cleswere characterized using a scanning electronmicroscope
(SEM) (see Fig. S1 in Supplementary Information).

Microstructural characterization

The phase analysis and microstructural characterization of
the specimens were performed via X-ray diffraction (XRD)
using Cu-Kα radiation at 40 kV and 40 mA with a step
size of 0.02 (°)/s (D8 ADVANCE, Bruker, Germany) as
well as using a field electron gun SEM at 5–20 kV (250
FEG, Quanta, USA). The location of Ag in the TNTs
was characterized via high-resolution transmission electron
microscopy (HRTEM) and selected area electron diffraction
(SAED) using an FEI Tecnai G2F20 operated at 200 kV.
Fourier transform infrared spectroscopy (FTIR, Nicolet
iS50, Thermo, USA) was conducted on TiNTAg@HA,
TiNTAg@CaSiO3, andTiNTAg@β-TCP over thewavenum-
ber range of 500–4000 cm−1. To evaluate the bonding force
between the coatings and the substrate, scratch tests were
performed, which are presented in Supplementary Informa-
tion.

Ag ion release

The specimens were deposited into an SBF solution at 37 °C
for various durations (6 h, 12 h, 1 d, 2 d, 3 d, 5 d, 7 d, and 14
d), and the resulting ion release wasmeasured using a plasma
spectrometer (SPECTRO BLUE, Germany).

Tribocorrosion tests

Tribocorrosion tests were performed using an HT-1000 tri-
bometer. The counterpart was aGCr15 steel ball with a 4-mm
diameter [31]. The specimens were placed in a container
filledwithSBF solution. Testswere performed at a 4.9-N load

123



Bio-Design and Manufacturing (2024) 7:670–686 673

for 1800 s, with a circular motion of 4-mm sliding diameter
and 4-Hz frequency. Then, the specimens were dried, and
the three-dimensional (3D) structures of the surfaces were
characterized using a super deep scene 3D microscope.

Corrosion tests

Electrochemical measurements of the specimens were taken
by placing an SBF solution on a CS310OH electrochemical
workstation with a three-electrode electrochemical cell, sat-
urated calomel electrode, reference electrode, and a Pt foil
electrode. When the open-circuit potential of the specimens
reached a steady state, electrochemical impedance spec-
troscopy (EIS)was performed at frequencies of 10−2–105 Hz
at room temperature. The resulting data were analyzed using
View 3.1 software. Potentiodynamic polarization curves
were obtained at a sweep rate of 1 mV/s.

In vitro experiments

Cell culture

MC3T3-E1 cells (mouse embryo osteoblast precursor cells
from China Infrastructure of Cell Line Sources) were incu-
bated in an a-minimum essential medium (a-MEM) (Gbico,
Invitrogen, Inc., USA) containing 10% fetal bovine serum
(Gibco, USA) and 1% penicillin/streptomycin (Life Tech-
nologies, USA) in an incubator (5% CO2, 100% humidity,
and 37 °C). The culture medium was replenished every two
days.

Cell morphology

MC3T3-E1 cells were seeded onto the surfaces of each spec-
imen at a density of 5×104 cells/well. After they had been
incubated for 8 and 24 h, respectively, the MC3T3-E1 cells
were cleaned three times and fixed with 2.5% glutaraldehyde
(Sigma, USA) for 12 h. Subsequently, the cells were dehy-
drated with graded alcohol at concentrations of 30%, 50%,
70%, 80%, 90%, 95%, and 100% (volume fraction), and then
were dehydrated with graded tertiary butanol solution at con-
centrations of 25%, 50%, 75%, and 100% (volume fraction),
each for 5min. The specimenswere coveredwith gold before
SEM observation.

Viability and cell proliferation of MC3T3-E1 cells

To assess the activity and proliferation of MC3T3-E1 cells,
the cells were seeded onto the surfaces of the specimens at
a density of 2×104 cells/well. The viability of MC3T3-E1
cells was measured quantitatively using the cell counting kit-
8 (CCK-8, Dojindo, Japan) assay on Days 1, 3, and 5. The
culture medium was removed. A solution containing 10%

CCK-8 solution and 90% culture medium was added to each
well and incubated at 37 °C for 30 min. The optical den-
sity of each well was measured using a microplate reader
(PerkinElmer, USA) at 450 nm. The proliferation of the
MC3T3-E1 cells was qualitatively evaluated using live cell
staining on Days 1, 3, and 5. The specimens were immersed
in 2 μmol/L calcein–AM (Dojindo, Japan) for live cells for
30 min at 37 °C, and live cells (green) on the surfaces of
the specimens were recordedwith a fluorescencemicroscope
(Leica, Germany).

Alkaline phosphatase activity

MC3T3-E1 cells were introduced onto the surfaces of the
specimens at a cell density of 2×104 cells/well for seven
days to evaluate the ALP activity. For quantitative testing, a
radio immunoprecipitation assay (RIPA) lysis buffer (Bey-
otime, China) was placed in eachwell and reacted for 15min.
Afterward, the lysed solutions were centrifuged at 12,000
r/min for 10 min and then measured using an ALP testing
kit (Beyotime, China) and a microplate reader at 410 nm
(PerkinElmer, USA). The ALP activity was standardized
using the total protein content determined by a bicinchoninic
acid (BCA) assay kit (Beyotime, China) using a microplate
reader at 570 nm.

Antibacterial activity

Escherichia coli (E. coli) (ATCC25922) was used to evaluate
the antibacterial activity of the specimens. For the quali-
tative tests, the inhibition ring against E. coli was used to
assess antibacterial ability. Bacterial broth (100μL) at a con-
centration of 1×107 CFU/mL (CFU: colony-forming units)
was added to the plates containing Luria–Bertani (LB) solid
medium. Then, the specimens were incubated for 12 h. For
the quantitative tests, 1 mL bacterial broth having a concen-
tration of 1×107 CFU/mL was seeded into each well of the
surfaces of specimens in 24-well plates and cultured for 12 h.
The bacteria were separated from the specimen into 10 mL
of diluted phosphate-buffered saline (PBS) using ultrasonic
disruption for 5 min. Bacterial broth (100 μL) at a concen-
tration of 2000 CFU/mL was added onto LB solid medium
for each group. The bacterial broth was spread evenly on the
plates using a sterilized spatula and then placed in an incuba-
tor for 12 h. The antibacterial rate was calculated using the
following formula:

Antibacterial rate = (1 − Nx/Nb) × 100%,

where Nx and Nb are the number of colonies on a solid
medium for each group.
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Statistical analysis

All the experiments were performed in quadruplicate. The
results were presented as the mean±standard deviation. The
statistical significance was analyzed using a one-way analy-
sis of variance (ANOVA). Notable differences between the
specimens were indicated as follows: *p<0.05, **p<0.01, and
***p<0.001.

Results

Surface characterization

Figure 1b shows the secondary electron (SE) image of the
specimens with two different TNT diameters ((80±20) nm
and (150±40) nm) of homogeneously distributed TNTs.
Figure 1c shows that the Ag element exists at the yellow
location, and the TiNTAg detail is shown in Fig. S2 (Sup-
plementary Information). Figures 1d–1f show the specimens
with HA, CaSiO3, and β-TCP coated onto the TNTs and
Ag NPs via spin coating. Figure 2a shows the phase present
in the specimens. Typical peaks for both anatase (25.28°,
38.58°, 48.05°) and βTi (38.48°, 55.54°, 69.61°) are present
after annealing, which indicates that the TNTs were trans-
formed from the amorphous state into anatase. No peaks for
the Ag NPs were present in the TiNTAg pattern due to the
small size and low volume fraction of Ag particles. Peaks
of HA (28.94°; 35.47°; 42.13°; 57.13°), CaSiO3 (27.69°;
42.12°; 46.03°), and β-TCP (37.14°; 46.74°; 52.94°) were
present in the patterns for TiNTAg@HA, TiNTAg@CaSiO3,
and TiNTAg@β-TCP, respectively, indicating that the bioac-
tive coating was successfully coated onto the nanotubes.

The bond structure and functional groups in TiN-
TAg@HA, TiNTAg@CaSiO3, and TiNTAg@β-TCP
(Fig. 2b) were investigated via FTIR spectroscopy. The
troughs corresponding to the bonding of the CO3

2− and
H2O groups are present in the spectra of all the three spec-
imens at 1540, 1630, and 3386 cm−1. The presence of the
characteristic bands of CO3

2− indicates that C is dissolved
in polyethylene glycol as well as in the HA, CaSiO3, and
β-TCP crystals [32]. The strong bands in the TiNTAg@HA
spectra at 602 and 1033 cm−1 correspond to the bending
and asymmetric stretching modes of the PO4

3− groups,
respectively. The band at 1033 cm−1 in the TiNTAg@HA
spectra arises from O–P–O [36]. The bands at 934, 1008,
and 1062 cm−1 correspond to the different bending modes
of SiO3

2−. In the TiNTAg@β-TCP spectra, the bands at
573, 601, and 1019 cm−1 correspond to PO4

3− [37]. These
results show that HA, CaSiO3, and β-TCP particles were
successfully coated onto TiNTAg.

Figure 2c shows the Ag+ concentration of the specimens
as a function of time. The Ag+ concentration was as high as

0.85 mg/L in the TiNTAg group. The cumulative Ag+ con-
centrations were 0.54, 0.33, and 0.61 mg/L in TiNTAg@HA,
TiNTAg@CaSiO3, and TiNTAg@β-TCP, respectively, sug-
gesting that the slow release of the Ag+ was achieved by
covering the bioceramics. The total Ag+ release was domi-
nated by the dissolution of TiNTAg.

To determine the spatial distribution of the Ag NPs in
the TNTs, TiNTAg was characterized using a transmission
electron microscopy (TEM) (Figs. 1g–1j). As expected, the
Ag NPs, which were (50±20) nm in diameter, were present
inside the TNTs (Figs. 1g and 1h). To identify the exact
locations of the Ag NPs, HRTEM imaging and SAED were
obtained, as shown in Figs. 1i and 1j. The crystalline structure
of Ag inside the TNTs is evident in Fig. 1j, and an interplanar
distance dhkl (111) of 0.2359 nm was measured. Based on
these results, it was confirmed that the Ag NPs were in the
metallic state and were embedded into the nanotubes.

Tribocorrosion behavior

The wear interactions between a joint implant and the sur-
rounding tissue are crucial to the lifetime of the implant.
According to the American Society of Testing Materials
(ASTM) F3446-20, joint implants need to meet the require-
ments of wear and friction. Figure 3a shows the coefficient
of friction (COF) for βTi, TiNT, TiNTAg, TiNTAg@HA,
TiNTAg@CaSiO3, and TiNTAg@β-TCP under tribocorro-
sion conditions for 1800 s. For the substrate, the COF was
0.61. Initially, the COF of the TiNT was considerably lower
than 0.61; however, after a short period, the COF increased
and remained stable at 0.75. The COFs of TiNTAg@HA,
TiNTAg@CaSiO3, and TiNTAg@β-TCP were low and sta-
ble for 600 s because of the bioceramics.

The wear rate (mm3/(N·m)) was calculated based on the
measurements of the wear tracks discussed in [38]:

wear rate = V /(W · L) = S · C/(W · 2πr · n), (1)

where V is the volume loss, W is the normal load, L is the
sliding distance, S is the cross-sectional area of the worn
surface, C is the sliding girth, r is the sliding radius, and n
is the number of wear circles. The cross-sectional profiles
of the wear tracks are shown in Fig. 3b. The wear tracks
of βTi and TiNTAg@CaSiO3 were the deepest and had a
maximum depth of about 90 μm, whereas TiNTAg@HA
had the shallowest tracks, which were about 60 μm. As
shown in Fig. 3c, the wear rates of βTi, TiNT, TiNTAg, TiN-
TAg@HA, TiNTAg@CaSiO3, and TiNTAg@β-TCP in the
SBF solution are (2.03±0.24)×10−3, (1.62±0.01)×10−3,
(1.53±0.13)×10−3, (1.26±0.06)×10−3, (1.86±0.11)×
10−3, and (1.62±0.03)×10−3 mm3/(N·m), respectively.
Notably, the TiNTAg@HA shows the lowest wear rate,
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Fig. 1 a Schematic of the hybrid coating preparation process; SE images
of b TiNT, c TiNTAg, d TiNTAg@HA, e TiNTAg@CaSiO3, and
f TiNTAg@β-TCP; g BF TEM image of TiNTAg viewed perpendic-
ular to the surface; h BF TEM image showing the location of Ag
NPs within the TNTs; i HRTEM image of Ag NPs in (h); j SAED

pattern of Ag NP in (h). SE: secondary electron; BF: bright field;
TEM: transmission electron microscopy; NPs: nanoparticles; HRTEM:
high-resolution transmission electronmicroscopy; SAED: selected area
electron diffraction; UV: ultraviolet
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Fig. 2 a XRD patterns of the specimens; b FTIR spectra of TiNTAg@HA, TiNTAg@CaSiO3, and TiNTAg@β-TCP; c Ag+ release vs. time after
immersion in the SBF solution. XRD: X-ray diffraction; FTIR: Fourier transform infrared spectroscopy; SBF: simulated body fluid

which is also indicated by the 3D surface morphologies
(Figs. 3d–3i).

Figure 4 shows the SE images of the surfaces after the tri-
bocorrosion tests. The wear track surface of the βTi is quite
wide, and microplowing can be clearly observed (Figs. 4a
and 4b), accompanied by considerable plastic deformation.
The wear tracks of the other specimens were shallow, and
the wear debris consisted of spalled coatings and oxide parti-
cles. In particular, TiNTAg@HA showed the narrowest wear
track. The wear mechanism is discussed in “Wear behavior”
section.

Corrosion behavior

Figure 5 shows the electrochemical characteristics of all
the specimens in the SBF solution. To determine the cor-
rosion process, the potentiodynamic polarization curves of
βTi, TiNT, TiNTAg, TiNTAg@HA, TiNTAg@CaSiO3, and
TiNTAg@β-TCP are presented in Fig. 5a.

Ecorr and icorr were obtained through Tafel extrapola-
tion (see Table 1). Ecorr represents the potential difference

between metal surface and corrosion medium. Generally,
the more positive the Ecorr value, the greater the corrosion
resistance. TiNTAg@β-TCP showed a more positive Ecorr

compared to the other specimens. icorr is related to the cor-
rosion rate (CR) and mass loss rate (MR). The calculation is
presented in Supplementary Information. The lower the icorr
value, the greater the corrosion resistance. TiNTAg@β-TCP
showed the lowest icorr of 0.001 mA.

Consequently, βTi showed the highest MR and CR
(12.54 g/(m2·d) and 0.73 mm/a, respectively), whereas the
MR and CR of TiNTAg@β-TCP were only 0.26 g/(m2·d)
and 0.02 mm/a, respectively.

Figure 5b shows theNyquist plots of the EIS spectra of the
specimens. Table 2 lists theEISfitting parameters of the spec-
imens. The corrosion resistance improves with the increase
in the arc radius of the Nyquist plots. The arc radius val-
ues were ranked as βTi < TiNTAg@CaSiO3 < TiNTAg@HA
< TiNT < TiNTAg < TiNTAg@β-TCP. Alternating current
(AC) impedance at high frequencies showed the coating
characteristics, whereas AC impedance at low frequencies
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Fig. 3 a COFs of specimens in the SBF solution at (37±0.5) °C under
tribocorrosion (the dashed lines represent the failure point of differ-
ent coatings during the friction process); b cross-sectional profiles
of the wear tracks for each specimen; c wear rate under tribocorro-
sion conditions; three-dimensional surfacemorphologies recorded after

tribocorrosion tests for d βTi, e TiNT, f TiNTAg, g TiNTAg@HA,
h TiNTAg@CaSiO3, and i TiNTAg@β-TCP. Data are represented as
mean±standard deviation (n=3); *p<0.05 and **p<0.01 compared to
the βTi group. COF: coefficient of friction; SBF: simulated body fluid

reflected the double-layer capacitance (Cdl) and charge trans-
fer resistance (Rct) [39]. The Bode plots and phase angle
plots in Figs. 5c and 5d demonstrate that TiNTAg@β-TCP
exhibits a higher |Z | and higher phase angle with greater sta-
bility of the corrosion product passive film, and |Z | and phase
angle are much higher than those of βTi. In summary, the
TiNTAg@β-TCP coating considerably increased corrosion
protection.

The equivalent electric circuit (EEC) is shown in Fig. 5e,
where the upper part represents the equivalent circuit of
the βTi and the lower part reflects the equivalent circuit
of TiNT, TiNTAg, TiNTAg@HA, TiNTAg@CaSiO3, and
TiNTAg@β-TCP. Rs, Rf, CPE, and Rct are the solution resis-
tance, oxide film resistance, constant phase element, and
charge transfer resistance, respectively.

Effect of coatings on theMC3T3-E1 cells

Adhesion, viability, and proliferation of the MC3T3-E1 cells

Figure 6 shows the osteoblast shapes after 8 and 24 h of incu-
bation. Specifically, cells having a spindle shape adhered to
theβTi surface.However, the number ofMC3T3-E1cellswas
substantially lower on the TiNTAg surface than on the βTi
surface due to the toxicity of the Ag NPs, which can lead to

oxidative stress [40]. A large number of cells on the surfaces
of TiNTAg@HA, TiNTAg@CaSiO3, and TiNTAg@β-TCP
had polygonal osteoblast shapes and spread over a consider-
ably greater area than those on the surface of the βTi, which
showed high cell adhesion.

Figure 7 shows thefluorescent staining images and the via-
bility ofMC3T3-E1 cells after 1, 3, and 5 days. ForβTi, TiNT,
TiNTAg@HA, TiNTAg@CaSiO3, and TiNTAg@β-TCP, the
live cells cultured for 3 and 5 days exhibited remarkable
increase in OD value, which indicated great cell prolifer-
ation ability. The large number of cells on TiNTAg@HA,
TiNTAg@CaSiO3, and TiNTAg@β-TCP exhibited consid-
erably higher proliferative capacity compared to those onβTi.
As shown in Fig. 7b, TiNTAg exhibited obvious toxicity due
to a significant negative difference in OD value compared
to βTi. TiNTAg@HA, TiNTAg@CaSiO3, and TiNTAg@β-
TCP exhibited cell viability as good as the βTi. This shows
that the addition of bioceramics reduces the toxicity of Ag.

Alkaline phosphatase activity of MC3T3-E1 cells

Figure 8 shows the quantitative results of the ALP activity of
MC3T3-E1 cells. The ALP activity of the specimens follows
the trend: TiNTAg@CaSiO3 > TiNTAg@HA>TiNTAg@β-
TCP > TiNT > βTi > TiNTAg. Compared to βTi, all the
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Fig. 4 SE images of the wear tracks after tribocorrosion tests in the
SBF solution for a, b βTi, c, d TiNT, e, f TiNTAg, g, h TiNTAg@HA,
i, j TiNTAg@CaSiO3, and k, l TiNTAg@β-TCP. Schematic of the

tribocorrosion process of m TiNT and n TiNTAg@HA in the SBF
solution. SE: secondary electron; SBF: simulated body fluid

specimens show improvement in terms of ALP activity,
except for TiNTAg. TiNTAg@CaSiO3 improves osteogen-
esis in vitro by considerably promoting ALP activity.

Antibacterial activity

Figure 9 shows the antibacterial results of the inhibition
ring experiment against E. coli. These results indicate that
the βTi and TiNT groups have no antibacterial effect. It
is worth noting that the groups containing Ag show excel-

lent antibacterial activity. The antibacterial rates of TiNTAg,
TiNTAg@HA, TiNTAg@CaSiO3, and TiNTAg@β-TCP are
94.7%, 90.7%, 89.5%, and 92.8%, respectively. These results
show thatAgNPs exhibit efficient antibacterial behavior. The
antibacterial mechanisms of the Ag NPs were outlined in our
previous study [31].
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Fig. 5 Electrochemical results for various specimens in SBF: a poten-
tiodynamic polarization curves; b Nyquist plots; c Bode plots of lg |Z |
vs. frequency; d phase angles vs. frequency; e EEC for the specimens.

SBF: simulated body fluid; EEC: equivalent electric circuit; Rs: the
solution resistance; Rf: the oxide film resistance; CPE: constant phase
element; Rct: the charge transfer resistance

Table 1 Electrochemical
parameters of the specimens in
the SBF solution

Specimen Ecorr (V) icorr (mA) MR (g/(m2·d)) CR (mm/a)

βTi −0.18 0.047 12.54 0.73

TiNT −0.19 0.040 10.55 0.62

TiNTAg −0.10 0.013 3.37 0.20

TiNTAg@HA −0.09 0.011 2.87 0.17

TiNTAg@CaSiO3 −0.10 0.017 4.45 0.26

TiNTAg@β-TCP −0.09 0.001 0.26 0.02

SBF: simulated body fluid; MR: mass loss rate; CR: corrosion rate

Table 2 EIS fitting parameters of each specimen in the SBF solution

Specimen Rs (�·cm2) Rf (�·cm2) CPE1 (�−1·cm−2·sn) n1 CPE2 (�−1·cm−2·sn) n2 Rct (�·cm2)

βTi 11.1 – 9.54×10−6 0.75 – – 2.17×104

TiNT 14.0 1.57×105 6.83×10−4 0.026 7.01×10−5 0.62 5.70×104

TiNTAg 20.3 6.93×103 9.89×10−6 0.70 2.02×10−5 0.68 7.35×104

TiNTAg@HA 20.8 4.72×104 1.30×10−5 0.69 6.1×10−4 0.32 4.80×104

TiNTAg@CaSiO3 22.7 4.48×103 1.02×10−4 0.11 9.71×10−5 0.81 3.46×104

TiNTAg@β-TCP 10.3 4.54×104 1.61×10−4 0.49 1.20×10−4 0.76 7.73×104

EIS: electrochemical impedance spectroscopy; SBF: simulated body fluid
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Fig. 6 SE images of MC3T3-E1 cells on the surface of the specimen after 8 and 24 h of incubation. SE: secondary electron

Fig. 7 Fluorescent staining images and viability of MC3T3-E1 cells in
response to various surfaces after evaluation with a calcein–AM stain-
ing (scale bar: 100μm) and bCCK-8 assay for 1, 3, and 5 days. Data are

represented asmean±standard deviation (n= 3); *p<0.05 and **p<0.01
compared to βTi. OD450: optical density at 450 nm; CCK: cell counting
kit-8

Discussion

Wear behavior

Friction and wear are important factors in metal-to-bone
contact during the osseointegration process. Tribocorro-
sion resistance depends on surface characteristics, especially
surface coatings. Notably, COFs under purely mechanical
wear are quite different from tribocorrosion. Some stud-
ies have reported that the COFs of Ti alloys were higher
under conditions of tribocorrosion than under conditions
of purely mechanical wear because the fluid environment
accelerated wear loss [38, 41]; in particular, the coatings
corroded, increasing frictional forces under tribocorrosion,
which caused further wear loss [31]. In this study, the COFs

under tribocorrosion conditionswere higher than those under
purely mechanical wear conditions (Fig. 3a) [31]. A similar
phenomenonwas observed in a study byXu et al. [41], which
showed that for Ti–16Mo and Ti–Mo–Cu, the COFs during
tribocorrosion were higher than those obtained under dry
wear conditions.

To further clarify the tribocorrosion mechanisms, we dis-
cuss the wear track surface morphologies. The wear tracks
of the βTi showed irregular and deep plowing lines along
the direction of the circle because the debris from the TNTZ
alloywas embedded in the contact region andmovedwith the
counterpart of GCr15 [42, 43] (see Figs. 4a and 4b). This can
be attributed to the high hardness of the GCr15 ball. Severe
plastic deformation was observed along the tracks due to the
TNTZ debris. Based on this evidence, the wear mechanism
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Fig. 8 ALP activity of MC3T3-E1 cells incubated for seven days.
Data are represented as mean±standard deviation (n=3); **p<0.01 and
***p<0.001 compared to βTi; #p<0.05, ##p<0.01, and ###p<0.001 com-
pared to TiNT; %%p<0.01 and %%%p<0.001 compared to TiNTAg;
@p<0.05 compared to TiNTAg@CaSiO3. ALP: alkaline phosphatase

of the βTi involves abrasive wear during the tribocorrosion
process.

As shown in Figs. 3 and 4, the TiNT exhibited shal-
lower plowing lines and less debris than βTi. The TNTs were
crushed between the TiO2 debris and the TNTZ substrate,
where the TiO2 acted as the third-body wear debris (see
Fig. 4m) [44]. The middle region in Fig. 4d shows that the

mainbehaviorwas crushingTNTsanddensification in the top
zone, which resulted in delamination and even detachment of
the TNTs and the generation of wear debris under a continu-
ous tangential friction force and a normal load [45]. Thewear
debris was compressed to form a plastically deformed hard-
ened coating that protected the substrate. The TiO2 debris
accelerated the abrasive wear and caused small scratches.
The dynamic pressure lubrication effect decreased the nor-
mal pressure and improved the antiadhesive wear property.
Moreover, the TNTs enhanced the hydrophilicity and held
fluid at the interface. TNTs covered the substrate, which led
to thicker lubrication, and turned the boundary lubrication
into fluid lubrication. To summarize, the wear process of
TiNT is demonstrated in Fig. 4m. The wear process can be
divided into three phases, i.e., partial crushing, full densifi-
cation, and failure.

The wear rates of TiNTAg@HA, TiNTAg@CaSiO3, and
TiNTAg@β-TCP showed remarkable differences. The rea-
son for this was that both HA and β-TCP particles contained
dispersed nano- and microparticles, whereas the CaSiO3

powder was inhomogeneous and consisted of large agglom-
erated particles. After HA, CaSiO3, and β-TCP particles
coated Ag NPs, different particle sizes showed the differ-
ence of wear processes. In TiNTAg@HA, the HA particles
protected the TNTs as a barrier from the shear force gen-
erated by the pressure and lateral friction and delayed the
damage to the nanotubes. Meanwhile, the microbar rolled at
the interface of the counterpart, and the TNTs produced a
slight plow, which resulted in the lowest wear rate (Figs. 4g
and 4h). However, the β-TCP particle debris could not be
pressed into the nanotubes, and instead, it stuck to the GCr15

Fig. 9 a Inhibition ring experiment against E. coli after 12 h incubation of each group; b inhibition rates against E. coli; c E. coli colonies on agar
plates after 12-h incubation of each group. E. coli: Escherichia coli
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ball, which prevented the counterpart from moving. This led
to deep plowing in the wear tracks (Figs. 4k and 4l). The
CaSiO3 particles accelerated the destruction of the TNTs
because of their large size (Figs. 4i and 4j). In the final stage
of the wear process, all three specimens underwent partial
densification, total densification at the top of the nanotubes,
and then failure. Eventually, the substrate was exposed, and
the counterpart contacted the substrate.

Corrosion behavior

The corrosion behavior mainly depends on the passive films
being able to delay liquid penetration into the substrate
[46]. The passive films on the surface of titanium alloys are
affected by changes in pH and surface wear. Toxic ions can
be released into the regions that surround implants, and these
ultimately end up in the blood, urine, and organs, which may
impact cell function and provoke an immune response. To
endow TNTZ with better corrosion resistance, specific coat-
ings can be applied to the surface as a barrier to reduce its CR.
In this study, the coatings brought about remarkable improve-
ments to the CR of the substrate. Hence, it is of great interest
to clarify how the β-TCP particle-doped TNTs improve their
corrosion behavior when they are subjected to SBF.

In general, two main factors can improve the functional-
ity of passive films, including the thickness of the films and
their structure [17].The electrochemical behavior of the spec-
imens was investigated in SBF (Fig. 5). Although an oxide
film formed on the TNTZ substrate, it was thin and loose and
had difficulty in inhibiting corrosion. Rct reflects the ease
that the charge transition goes through the interface between
the electrode and the electrolyte solution. In contrast, the Rct

values of all the modified composites were higher than those
of the substrate (Table 2).

The incorporation of particles decreased the corrosion
current density of the anodic polarization curve by several
orders of magnitude (Table 1). Mazare et al. [47] found that
the corrosion resistance of TNTs improved with increasing
annealing temperature (from 350 to 750 °C), leading to the
rutile contents increasing from 15% to 95%. In another study,
it was demonstrated that the corrosion protection offered by
TNT coating decreased with increasing anodization voltage
(from 10 to 50 V) [48]. In this study, the TNTs have outer
tube films and inner barrier films. Hence, the EEC of the
TiNT can be described using Rs(CPE1Rf)(CPE2Rct), where
CPE2 and Rf represent the TNT film and oxide film resis-
tance at high frequencies, respectively. CPE1 and Rct reflect
the double-layer capacitance and charge transfer resistance
at low frequencies [39]. Hence, TNTs show better corrosion
resistance than βTi, which is in agreement with the findings
of other studies [47, 49].

Notably, a passivation zone appeared at an icorr of 1×
10−6 A/cm2 for TiNTAg@β-TCP, which corresponded to a

higher |Z | and a higher phase angle (see Fig. 5). The passive
region extended over a wide potential range, which sug-
gested the rapid passivation behavior of TiNTAg@β-TCP.
This phenomenon primarily depends on the fast blockage of
the current supplied by the β-TCP particles. The equivalent
circuit for the β-TCP nanocomposite can be described using
Rs(CPE1Rf)(CPE2Rct), which is in agreement with an ear-
lier study on Ca/P-doped TNTs [25]. In particular, the circuit
required that a higher charge be involved in the process to
provide better corrosion resistance. The good corrosion resis-
tance of TiNTAg@β-TCP could be attributed to three factors.
First, the compact coating with a combination of TNTs and
β-TCP restricted the movement of metal ions from themetal-
lic surface to the surrounding solution, which provided a high
physical barrier. Second, β-TCP induced the depositions of
Ca and P products on the implants. The products covered
the coating, thickened the barrier, and delayed the corrosion
behavior of the substrate. Third, the NPs and TNTs provided
a twisty route, thereby producing a maze effect. The maze
effect increased the distance between the matrix and the cor-
rosion solution, delaying the corrosion behavior.

Cell response

As is well known, cell behavior depends on surface features
and chemical composition of coatings [23]. Osteoblast adhe-
sion is the first step inmaterial surface interactions and affects
cell proliferation and ALP activity.

Generally, high cytotoxicity can be attributed to metal ion
release. It was found that TNTZ, TNTs, Ag NPs, and β-TCP
present no detectable cytotoxicity to bonemarrowmesenchy-
mal stem cells (BMSCs) [31]. Cytotoxicity due to Ag ion
can be prevented using a slow release layer and keeping the
Ag+ concentration (HA: 0.54 mg/L; CaSiO3: 0.33 mg/L;
β-TCP: 0.61 mg/L) below the concentration threshold of
0.66 mg/L [50]. In particular, the Ca2+ and anions released
from the specimen surface had great effects on the pro-
liferation of the MC3T3-E1 cells. More MC3T3-E1 cells
adhered to the surfaces of TiNTAg@HA, TiNTAg@CaSiO3,
and TiNTAg@β-TCP than TiNTAg after early-incubation (8
and24h) andmid-incubation (1, 3, and5days) periods.These
studies are in good agreement with other studies [51–53].

ALP activity in osteoblasts is an early biochemical indi-
cator of osteogenesis [26, 54, 55]. High levels of ALP
activity can induce the initial mineralization and further
growth of hydroxyapatite crystals [56]. In this study, Si-
loaded coatings displayed more positive ALP activity than
TiNTAg@CaSiO3. This effect may have been caused by the
release of SiO3

2− from TiNTAg@CaSiO3, which plays a
role in the growth factor of MC3T3-E1 cells. Thus, the pres-
ence of Si was favorable to the MC3T3-E1 cells during early
growth [33]. Ando et al. [57] showed that the incorpora-
tion of Si into calcium phosphate had a positive effect on
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Fig. 10 Schematic of MC3T3-E1 cell growth on the specimen. ALP: alkaline phosphatase; NPs: nanoparticles

osteoblast proliferation and on the expression of transform-
ing growth factor-β (TGF-β) mRNA in human osteoblasts.
In another study [58], CaSiO3 promoted osteogenesis. More-
over, Si induced osteoblast proliferation and the formation of
the bone extracellular matrix [32]. In the present study, the
cell growth encountered no cytotoxicity and showed good
osteogenic performance on the CaSiO3 surface. The incor-
poration of CaSiO3 into TNTs can transform their surface
characteristics, which leads to the up-regulated expression
of osteogenic genes and improves cell adhesion, prolifera-
tion, and differentiation [52]. Figure 10 shows a schematic
of the interaction between theMC3T3-E1 cell and the bioce-
ramics. After it comes into contact with the coating surface,
the MC3T3-E1 cell with a spindle shape and good out-
stretched filopodia spreads to a larger area. The Ca2+ and
anions, including PO4

3− and SiO3
2−, were released from

the particles. These ions entered cells through cell membrane
channels, causing an up-regulation of the ALP activity.

As noted earlier, osteogenic behavior depends on surface
feature and chemical composition of the implant, which play
a key role in promoting cell response and enhancing inter-
actions between the bone and the implant. Surface features,
such asmicro-HA,meso-CaSiO3, and nano-β-TCP particles,
and the released mineral ions from the hybrid coatings, such
as SiO3

2− and PO4
3−, promote ALP activity.

Conclusions

In this study, TNTs were coated with Ag NPs and
bioceramics (nano-β-TCP, micro-HA, and meso-
CaSiO3) using anodization, deposition, and spin-coating
methods. Their effects on the wear, corrosion resis-
tance, and bioactivity of multiscale structures were
studied. The conclusions of this study are as fol-
lows:

(1) The micro-HA ((50.2±15.4) μm) coating on the TNTs
produced substantial tribocorrosion resistance (wear
rate: 1.26×10−3 mm3/(N·m)), where the wear mech-
anism was a combination of adhesive and abrasive wear
(including third-body abrasion).

(2) The nano-β-TCP ((310±90) nm) coating exhibited
excellent corrosion resistance with a low CR of
0.02 mm/a because of the physical barrier, deposition,
and maze effect.

(3) The incorporation of Si and P improved adhesion and
proliferation as well as the ALP activity of the MC3T3-
E1 cells. Within the safety threshold (0.66 mg/L), Ag+

endowed the coatings with antibacterial properties and
exhibited an antibacterial rate of ≥89.5%.
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Hence, these multiscale coatings containing ceramics are
a promising method for controlling surface structure and
composition as well as for improving wear resistance and
corrosion resistance.
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