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ABSTRACT: To improve the biological performance of titanium implant, a series of Zn-incorporated coatings were fabricated
on the microrough titanium (Micro-Ti) via sol−gel method by spin-coating technique. The successful fabrication of the coating
was verified by combined techniques of scanning electron microscopy, surface profiler, X-ray diffraction, X-ray photoelectron
spectroscopy, and water contact angle measurements. The incorporated zinc existed as ZnO, which released Zn ions in a
sustained manner. The Zn-incorporated samples (Ti−Zn0.08, Ti−Zn0.16, and Ti−Zn0.24) efficiently inhibited the adhesion of
both Gram-positive (Staphylococcus aureus) and Gram-negative (Pseudomonas aeruginosa) bacteria. The in vitro evaluations
including cell activity, alkaline phosphatase (ALP), mineralization, osteogenic genes expressions (Runx2, ALP, OPG, Col I, OPN,
and OC), and tartrate-resistant acid phosphatase, confirmed that Ti−Zn0.16 sample was the optimal one to regulate the
proliferation or differentiation for both osteoblasts and osteoclasts. More importantly, in vivo evaluations including Micro-CT
analysis, push-out test, and histological observations verified that Ti−Zn0.16 implants could efficiently promote new bone
formation after implantation for 4 and 12 weeks, respectively. The resulting material thus has potential application in orthopedic
field.
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■ INTRODUCTION

Titanium (Ti) and its alloys were widely used as artificial joints,
bone fixation devices, dental implants, etc. in orthopedic field,
mainly due to their good mechanical properties, corrosion
resistance, and biocompatibility.1,2 Besides these advantages,
some shortcomings (e.g., bioinertness, wears, etc.) of native
titanium were found to hinder its osseointegration and even
affect the long-term survival of Ti-based implants.3,4 For
practical application, bacterial infection is another clinical issue
to be considered. The analysis showed that the annual infection
rate for orthopedic implants was about 4.3% in the United
States.5 Once infection occurs, bacteria would form a biofilm
onto the surface of implant to inhibit the osseointegration
between implants and surrounding nature bone tissue.6 It
actually became an important reason that led to implantation
failure.7 Therefore, how to promote osseointegration and
simultaneously inhibit bacterial adhesion of Ti-based implant
became a research focus in the orthopedic field.

It is well-known that surface properties (e.g., chemistry,
topography, texture, wettability, roughness, etc.) of a
biomaterial play an important role in the regulation of the
interactions between the biomaterial and cells/tissues.8−11 As
for a nondegradable implant, such as Ti-based implant, the
initial and ultimate interactions with biological environments
(e.g., protein absorption, blood, cells, tissues, etc.) only occur at
its surface. Thus, how to surface engineer titanium so that to
impose it with biofunctionality is essentially important either
for fundamental research or for clinical application.
Because of its potential to induce the differentiation of bone

related cells, the investigation on microrough titanium attracted
more and more attention. For instance, Boyan et al. found that
microrough titanium could promote the differentiation of

Received: July 25, 2014
Accepted: August 22, 2014
Published: August 22, 2014

Research Article

www.acsami.org

© 2014 American Chemical Society 16426 dx.doi.org/10.1021/am5049338 | ACS Appl. Mater. Interfaces 2014, 6, 16426−16440

www.acsami.org


mesenchymal stem cells (MSCs) toward osteoblasts.12 And the
osteoprotegerin (OPG) expression of osteoblasts could also be
improved by the microstructured titanium.13 Another study
proved that microrough titanium could enhance the differ-
entiation of SaOS-2 osteoblast-like cells.14 However, other
studies confirmed that microrough titanium had limitation to
improve the proliferation of osteoblasts comparing with other
biomaterials.8,15

To improve the biological functions of titanium, diverse
strategies have been taken, such as micro/nano structures,15,16

surface coatings,17,18 chemical grafting,8,19 ion implantation,20

etc. For instance, previous studies had reported that the plastic
deformation technologies, such as high-temperature calcination,
high-pressure torsion, severe rolling, etc., could produce surface
mico-nanostructure with nano/ultrafine grains, which in turn
promoted cell adhesion, proliferation and differentiation.21,22 In

Figure 1. (A) Schematic illustration of this study; (B) SEM images of different substrates: (a) Ti, (b) Micro-Ti, (c) Ti−Zn0, (d) Ti−Zn0.08, (e)
Ti−Zn0.16, and (f) Ti−Zn0.24; (C) surface roughness; and (D) water contact angles of different Ti substrates (n = 5).
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another study, Esteban-Tejeda et al. proved that calcination
could result in thermal expansion mismatch in the ZnO
incorporated coatings, which played an important role in
inhibiting the adhesion of Escherichia coli.23 Thus, in this study,
the combined technology of sol−gel and calcination were used
to incorporate zinc with microrough titanium, so that to endow
titanium with biofunctionality. The rationale to incorporate
zinc was that it had many advantages, such as promoting cell
growth,20,24 anti−antibacterial adhesion,24−26 etc.
Zinc is one of the necessary trace elements in human body.

Zinc ions at appropriate dose have positive impact on cells
growth.20,27 However, a high dose of zinc ions would cause
cytotoxicity, although the threshold concentration of zinc ions

was dependent on cell types. For instance, Waẗjen et al.
reported that the mouse fibroblast cell line (NIH3T3) showed
zinc toxicity at only 70 μM, while human lung adenocarcinoma
cell line (A549) displayed zinc toxicity up to 600 μM.28 Brauer
et al. found that zinc concentrations between 50 and 300 μM
could significantly increase the metabolic activity of MC3T3-E1
mouse osteoblast, and higher zinc content would lead to
cytotoxicity.29

Zinc was also used as additive for the development of
biomaterials. For instance, Boccaccini et al. added 0.125 to 1.0
wt % ZnO to biphasic β/α-tricalcium phosphate (TCP), and
thus developed Zn−TCP with good interaction with
osteoblasts.30 Jayakumar et al. developed the chitosan hydro-

Figure 2. (A) X-ray diffraction patterns of (a) Ti, (b) Micro-Ti, (c) Ti−Zn0, (d) Ti−Zn0.08, (e) Ti−Zn0.16, and (f) Ti−Zn0.24; (B) XPS survey
spectra of (a) Ti, (b) Micro-Ti, (c) Ti−Zn0, (d) Ti−Zn0.08, (e) Ti−Zn0.16, and (f) Ti−Zn0.24; (g) statistics of chemical compositions on the
surface of different Ti substrates; and (C) zinc ion concentrations in SBF solution with immersion of Ti−Zn0, Ti−Zn0.08, Ti−Zn0.16, and Ti−
Zn0.24 for 28 d.
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gel/nano ZnO composite that demonstrated good antibacterial
property and interaction with fibroblasts.31 Recently, Liu et al.
found that Zn-implanted coatings had great potential to
stimulate bone growth with the release zinc ions.20 In another
study, Hu et al. demonstrated that Zn-incorporated TiO2
coatings could not only inhibit bacteria adhesion but also
promote the proliferation and differentiation of MSCs.24

Nevertheless, much work still needs to be investigated. For
instance, as mentioned above, is there an optimal content of
zinc as additive for titanium coating in an implant? Does the
Zn-incorporated Ti have potential for the regulation of activity
of osteoclasts? What is the preliminary mechanism behind? etc.
The present study has three purposes, as follows: (1) to

fabricate a series of Zn-incorporated microrough titanium; (2)
to screen those samples with optimal zinc content that would
inhibit bacteria adhesion and improve biological functions
(adhesion, proliferation, and differentiation) of osteoblasts/
osteoclasts and to reveal the potential mechanism at molecular
level; (3) to further investigate the osteogenesis of the screened
Zn-incorporated Ti substrates in vivo.

■ RESULTS AND DISCUSSION

To achieve the goals of our vision (Figure 1A), we first
fabricated the microrough surfaces on native Ti substrates by
etching with 0.5% (v/v) hydrofluoric acid (HF) solution.
Native Ti displayed rough surface morphology with discernible
scratches, deriving from the polishing treatments (Figure 1B,a).

After treatment with HF, micrometer-scale valleylike structure
was observed on the surface of Ti substrates. The sample was
designated as Micro-Ti. The distance between the valleys was
∼0.4−1.5 μm (Figure 1B,b). After sol−gel coating with ZnCl2/
EtOH/tetrabutyl titanate, the topological structures of the
coated Ti substrates (Ti−Zn0, Ti−Zn0.08, Ti−Zn0.16, and
Ti−Zn0.24) had only slight changes that the valleylike
structures became slightly shallow comparing with Micro-Ti
substrates (Figure 1B,c−f vs b). The result suggests that the
thickness of the coating layer was ∼1−1.5 μm, comparable to
the dimension of the valleylike structure of Micro-Ti. A
previous study reported that the thickness of Zn layer was ∼5−
10 μm; however, it was fabricated by plasma electrolytic
oxidation.24 Moreover, no delamination phenomenon was
observed on all coated surfaces. The quantitative surface
roughness (Rq) of the samples also demonstrated that there
was only little difference between Micro-Ti and sol−gel-treated
Micro-Ti samples (Figure 1C). As for sol−gel with calcination
approach, a previous study confirmed that high-temperature
calcination could induce the interface diffusion and reaction
between TiO2 film and aluminum alloy substrate, and the
interface gradually blurred with the increasing of annealing
temperature and time.32 In another study, Gan et al. proved
that there was a strong adhesion strength, which was enough to
meet the needs of the clinical application at the interface of
Ti6Al4V substrate and Ca−P coating, which were fabricated by
the combined technology of sol−gel and calcination.33

Figure 3. Antibacterial function assays: the representative fluorescence images of (A) S. aureus and (C) P. aeruginosa after culture for 12 h: (a) Ti,
(b) Micro-Ti, (c) Ti−Zn0, (d) Ti−Zn0.08, (e) Ti−Zn0.16 and (f) Ti−Zn0.24; cell viability of (B) S. aureus and (D) P. aeruginosa adhered to
different Ti substrates after culture for 12, 24, and 48 h (n = 6), respectively.
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To evaluate the property of hydrophilic/hydrophobic, water
contact angles of different substrates were characterized in this
study, respectively. As show in Figure 1D, native Ti substrates
displayed contact angle of ∼72 ± 4°. Micro-Ti substrates
showed hydrophobic wettability with contact angle of 104 ± 5°,
which was related to its relatively regular valley-like surface
structure.34,35 However, the sol−gel coated substrates (Ti−
Zn0, Ti−Zn0.08, Ti−Zn0.16 and Ti−Zn0.24) displayed
moderate wettability with contact angles from 81° to 87°,
which was potentially important for cell adhesion.
To reveal the crystalline structures of different substrates,

XRD patterns were recorded and shown in Figure 2A. Native
titanium displayed characteristic patterns, such as (100), (002),
(101), (102), (110), (103), and (112). After acid etching,
additional peaks at 2θ ≈ 40.3° and 59.5° were observed, which
were attributed to TiH2 (Figure 2A,b). For sol−gel coated
samples, it was found that small feature peaks of rutile phase
were detected, and no feature peaks of Zn were detected in any
samples (Figure 2A,c−f).
To further evaluate the surface elemental composition, the

XPS survey spectra of all substrates were measured and
presented in Figure 2B. From the spectra of Ti (Figure 2B,a),
Micro-Ti (Figure 2B,b) and Ti−ZnO (Figure 2B,c), the feature
peaks of Ti and O could be observed. The peak at 459.8 eV was

assigned to Ti 2p3 and the peak at 530.1 eV was ascribed to O
1s. These results suggest that Ti was mainly presented as a form
of TiO2 at the outermost surfaces of materials.36 Besides the
peaks of Ti and O, the feature peaks of Zn were detected from
the spectra of Zn-incorporated samples (Figure 2B,d−f). It had
been identified that the peaks at ∼1045.2 and 1023.1 eV were
assigned to Zn 2p1 and Zn 2p3, which belong to ZnO.37

Meanwhile, the other zinc peaks, such as Zn 2s, Zn 3s, and Zn
3sp1, also belonged to ZnO by referring to the NIST X-ray
Photoelectron Spectroscopy Database. Except for the peaks of
Ti, O, and Zn, the C signal was also observed mainly due to
surface contamination.38 Quantitative element contents of
different Ti substrates are listed in Figure 2B,g. At ∼8.05
atom %, 13.54 atom %, and 19.73 atom % of Zn contents were
found from Ti−Zn0.08, Ti−Zn0.16, and Ti−Zn0.24 substrates,
respectively.
Previous studies reported that zinc ions with high

concentration would cause cytotoxicity.28,29 Thus, it was
necessary to optimize the content of zinc in the Zn−TiO2

coatings. The release of Zn ions from different Zn-incorporated
Micro-Ti substrates was measured via ICP-OES. Approximately
1.08, 1.65, and 2.06 ppm of zinc ions released from Ti−Zn0.08,
Ti−Zn0.16, and Ti−Zn0.24 substrates within four weeks,
respectively (Figure 2C). Relative to the whole release process,

Figure 4. Biocompatibility assays: (A) LDH of osteoblasts cultured on different substrates for 3 d (n = 6); (B) Representative fluorescence images of
osteoblasts adhered to (a) Ti, (b) Micro-Ti, (c) Ti−Zn0, (d) Ti−Zn0.08, (e) Ti−Zn0.16, and (f) Ti−Zn0.24; (g) quantitative fluorescence intensity
of vinculin from osteoblasts grown onto different substrates (n = 50); (C) Cell viability of osteoblasts adhered to different substrates after culture for
4 and 7 d (n = 6), *p < 0.05, **p < 0.01.
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a quick release of zinc ions occurred at the first week. The
concentration of zinc ions reached ∼0.62, 0.86, and 1.12 ppm
from above corresponding samples. Because of the reduction of
zinc ions at the coating layer and deposition of other ions on
surface,39 the release rate of zinc ions slowed after the first
week. Previous studies confirmed that maximum concentration
of 2 ppm Zn ions was in the safe range without obvious
cytotoxicity.28,40 Thus, we could proceed to further biological
assays using the prepared samples.
Second, we evaluated the antibacterial property of the

different Ti substrates to both Gram-positive (Staphylococcus
aureus) and Gram-negative (Pseudomonas aeruginosa) bacteria
via fluorescent staining and CCK-8 assay. Confocal laser
scanning microscopy (CLSM) was first employed to investigate
the colony formation of bacteria adhered to different Ti
substrates. CLSM images of S. aureus (Figure 3A) and P.
aeruginosa (Figure 3C) revealed that there were no significant
difference in cell number between Ti, Micro-Ti, and Ti−Zn0.
Compared with Ti, Micro-Ti, and Ti−Zn0 samples, however,
fewer cells were found on the surface of Zn-incorporated
substrates in an order of Ti−Zn0.24 < Ti−Zn0.16 < Ti−
Zn0.08. The results suggest that the Zn-incorporated samples
had antibacterial property, which was positively correlated to
the zinc concentration in the coating layer.
Following, we quantitatively measured cell viability regarding

S. aureus (Figure 3B) and P. aeruginosa (Figure 3D) grown onto

different Ti substrates via CCK-8 method. Compared with Ti,
Micro-Ti, and Ti−Zn0 substrates, Zn-incorporated samples
displayed efficient antibacterial activities against either S. aureus
or P. aeruginosa in an order of Ti−Zn0.24 > Ti−Zn0.16 > Ti−
Zn0.08 at different intervals of time. It was consistent with
CLSM observation (Figure 3A,C). Previous studies confirmed
that antibacterial mechanism of Zn-related materials was
attributed to the high concentration of zinc ions or production
of reactive oxygen species (ROS).41−43 In this study, the
highest concentration of zinc ions was only ∼2 ppm (Figure
2C). Therefore, the generation of ROS was the most likely
antibacterial mechanism.
Third, we investigated the cytocompatibility, proliferation

and differentiation of MSCs grown onto different substrates in
vitro. To determine whether the materials had cytotoxicity,
LDH assay was performed in this study. It was known that
LDH was a cellular protein. Only low LDH level could be
detected from cell medium in normal condition. However, once
cell apoptosis caused by materials’ cytotoxicity was happened,
the extracellular LDH would greatly increase and be easily
measured via a LDH kit.44 In this study, no differences about
extracellular LDH were found among all samples (Figure 4A).
It suggests no obvious cytotoxicity was observed among all
substrates
When cells come into contacting with a biomaterial, cell

adhesion is the first cellular cascade,45 following by cell

Figure 5. Cellular function assay: (A) Alkaline phosphatase activity of osteoblasts adhered to different Ti substrates after culture for 4 and 7 d,
respectively; (B) Mineralization of osteoblasts after culture for 7 and 14 d, respectively; and (C) Osteocalcin production of osteoblasts cultured onto
different Ti substrates for 14 d. Error bars represent means ± SD for n = 6, **p < 0.01.
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proliferation, migration and differentiation, which would be
highly regulated by cell adhesion event.46 It is well-known that
surface chemistry, topography, wettability, etc. of a biomaterial
would affect cell adhesion. To evaluate cell adhesion behavior,
the morphologies of osteoblasts gown onto different Ti
substrates were first characterized via CLSM. Discernable
differences in morphologies of the osteoblasts adhered on
different Ti substrates was observed. Osteoblasts grown on
Micro-Ti and Ti−Zn0 substrates spread with small size relative
to other substrates (Figure 4B,a−f), which could be attributed
to the hydrophobicity of Micro-Ti and the absence of Zn
element for Ti−Zn0 substrates, respectively.
Meanwhile, a previous study confirmed that vinculin was a

critical cytoplasmic protein for cell focal adhesion, and the
higher expression of vinculin could promote higher cell
attachment and spreading.47 Therefore, we then quantified
the vinculin expressions of osteoblasts adhered to different Ti
substrates (Figure 4B,g). Average fluorescence intensity of
vinculin showed that Ti−Zn0.16 and Ti−Zn0.08 were
statistically higher (p < 001) than those of Ti, Micro-Ti, and
Ti−Zn0 substrates. There were no significant difference among
Ti, Micro-Ti, and Ti−Zn0 substrates. Ti−Zn0.16 substrates
displayed the highest vinculin expression among all groups. The
result suggests that Ti−Zn0.16 substrate was beneficial for cell
adhesion with appropriate Zn contents.
Moreover, to evaluate the proliferation of osteoblasts

cultured onto different substrates, CCK-8 assay was performed
(Figure 4C). Osteoblasts adhered to different substrates all
proliferated along with time increasing. It could be found that
osteoblasts adherent to Micro-Ti and Ti−Zn0 substrates grew
not so well as other groups. However, after incorporation of
zinc, the Ti−Zn0.08 and Ti−Zn0.16 (rather than Ti−Zn0.24)
substrates promoted cell growth, in particular of Ti−Zn0.16
substrates. The viability of osteoblasts grown onto Ti−Zn0.16
substrates was statistically higher (p < 0.01) than those of other

groups except for tissue culture polystyrene (TCPS) after
culture for 4 and 7 d. The result suggests that incorporation of
appropriate content of Zn into the surfaces of Micro-Ti would
be helpful for osteoblasts proliferation.
To investigate the differentiation of osteoblasts cultured onto

different Ti substrates, ALP activity, mineralization and
osteocalcin production were measured in this study. ALP and
osteocalcin were commonly employed to reflect the osteoblast
differentiation at the early and late stage, and mineralization
was also used to evaluate the degree of cell differentiation.8,48

The ALP activity of osteoblasts grown on different substrates is
shown in Figure 5A. There was no statistical difference among
Ti, Micro-Ti, and Ti−Zn0 substrates. Ti−Zn0.08 and Ti−
Zn0.16 substrates displayed significantly higher (p < 0.01) ALP
activity than those of Ti, Micro-Ti, and Ti−Zn0 substrates after
culture for 4 and 7 d. The Ti−Zn0.16 substrates showed the
highest ALP activity among all groups, even slightly higher than
TCPS; however, no significant difference existed between them.
Next, mineralization was investigated by alizarin red staining

after culture for 7 and 14 d (Figure 5B). After culture for 7 d,
the mineralization of osteoblasts grown onto Zn-incorporated
Ti (Ti−Zn0.08, Ti−Zn0.16, and Ti−Zn0.24) was significantly
higher (p < 0.01) than those of Micro-Ti and Ti−Zn0
substrates. Ti−Zn0.16 substrates displayed the highest
mineralization among all groups. Similar trend was also found
after culture for 14 d.
Osteocalcin (OC) was a marker of the late stage of

osteoblasts.48 Thus, we also measured osteocalcin production
with an enzyme-linked immunosorbent assay (ELISA) kit after
culture for 14 d. Osteoblasts grown on Ti−Zn0.16 substrates
displayed significantly higher (p < 0.01) osteocalcin production
than other groups except for TCPS (Figure 5C). All above
results suggest that Ti−Zn0.16 substrates were beneficial for
the differentiation of osteoblasts. A previous study confirmed
that the released zinc ions from Zn-loaded nanotube arrays

Figure 6. Relative mRNA expression of (A) Runx2, (B) ALP, (C) OPG, (D) Col I, (E) OPN, and (F) OC analyzed by real-time PCR. The value
was normalized to β-actin. Error bars represent mean ± SD for n = 4, **p < 0.01.
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improved the ERK1/2 signaling which played an important role
in cells differentiation.44 Seo et al. also proved that zinc would
lead to a higher production of ALP and collagen to increase
bone formation. Thus, we assumed that zinc ions released from
the Zn−TiO2 layer played an important role in the promotion
of the differentiation of osteoblasts.49

To further evaluate cell differentiation at molecular level, the
mRNA expressions of bone formation related genes, including
Runt-related transcription factor 2 (Runx2), ALP, osteoprote-
gerin (OPG), collagen type I (Col I), osteopontin (OPN), and
osteocalcin (OC), expressed by osteoblasts grown onto
different Ti substrates were measured by real-time PCR (RT-
PCR) analysis after culture for 14 d. Previous studies proved
that Runx2, a stimulator factor, played an important role in
osteogenesis and could regulate the transcription of down-
stream osteogenic genes, such as ALP, Col I, OC, and
OPN.18,50 Moreover, OPG played an important role in the
protection of osteogenesis and inhibition the activity of
osteoclast.51 The result displayed that osteoblasts adhered to
Ti−Zn0.16 substrates had the highest Runx2 expression among
all groups. Meanwhile, Runx2 was also up-regulated by Micro-
Ti substrates comparing with Ti substrates (Figure 6A). It was
consistent with previous studies.12,13 The expressions of ALP
and OPG by osteoblasts demonstrated the same trend as Runx2
(Figure 6B,C). Moreover, Col I, OPN, and OC genes had the
similar expression trend on different samples (Figure 6D−F).
Osteoblasts cultured onto Micro-Ti and Ti−Zn0.16 substrates
showed relatively higher Col I, OPN, and OC genes
expressions than other groups, nevertheless, no significant
difference was observed between them. From the results, we
could find that Runx2, ALP, and OPG genes expressions were
more sensitive to Zn-incorporated substrates, and Ti−Zn0.16
substrates had the highest genes expression level among all
groups (Figure 6A−C). For Col I, OPN, and OC genes,
although Ti−Zn0.16 substrates could also up-regulate gene

expressions, there were no significant differences between
Micro-Ti and Ti−Zn0.16 (Figure 6D−F). Previous studies
proved that either microstructure or zinc ions alone could
affects the expressions of osteogenic genes.12,13,52 The different
expression tendency of the genes could attribute to the
synergistic effects of microstructure and zinc ions. Furthermore,
microstructure played a more important role than zinc in the
regulation for the expressions of Col I, OPN, and OC genes,
whereas the expressions of Runx2, ALP, and OPG genes were
dominantly regulated by zinc ions. In short, we could conclude
that Ti−Zn0.16 substrates were beneficial for inducing
osteogenesis in vitro.
Fourthly, we investigated the antiosteoclast potential of the

Zn-incorporated Ti substrates with macrophage cells
(RAW264.7) in vitro. Bone formation is a dynamic balance
between bone formation deriving from osteoblasts differ-
entiation and bone resorption from osteoclasts differentiation.53

Excessive osteoclasts differentiation leads to osteoporosis. Thus,
osteoclasts played an important role in the process of
osseointegration.54 Previous studies confirmed that zinc was a
potent inhibitor for osteoclastic maturation.55,56 Thus, Ti,
Micro-Ti, and Ti−Zn0.16 substrates were chosen to evaluate
their effects on osteoclast differentiation. In this study,
RAW264.7 were cultured on different substrates, because it
was reported to be differentiated into osteoclasts with the
presence of m-CSF and RANKL.57 A large number of
multinuclear cells (osteoclasts, dash circles) were easily found
on Ti and Micro-Ti substrates in comparison with few cells on
Ti−Zn0.16 substrates (Figure 7A,a,b vs c). Quantitative
tartrate-resistant acid phosphatase (TRAP) activity analysis of
RAW264.7 was also performed. The result showed that TRAP
activity of RAW264.7 cells grown onto Ti−Zn0.16 substrates
was significantly lower (p < 0.01) than those of Micro-Ti and
Ti substrates, in an order of Ti−Zn0.16 < Micro-Ti < Ti
(Figure7B). The result suggests that Ti−Zn0.16 substrates had

Figure 7. RAW264.7 cells response to different Ti substrates: (A) CLSM images of cells cultured onto (a) Ti, (b) Micro-Ti and (c) Ti−Zn0.16,
respectively; and (B) Enzyme activity of TRAP from cells grown onto different Ti substrates (n = 6), **p < 0.01.
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a great potential for inhibiting the differentiation of RAW264.7
cells. It implies that Ti−Zn0.16 materials could be employed
for the fabrication of functional orthopedic implants for
patients suffering from osteoporosis.
Finally, we further investigated the osteogenesis of the

screened substrates in vivo. To evaluate the locations of
implants and/or inflammatory reactions after implantation, we
took X-ray radiographs after implantation for four weeks
(Figure 8A). The images showed that Ti, Micro-Ti, and Ti−
Zn0.16 implants were located well at the surgery sites. No
dislocation or loosening was observed with all implants.
Meanwhile, no obvious inflammatory reactions or adverse
effects around the implants were observed.
To investigate osseointegration of different Ti implants,

Micro-CT analysis was performed. The new bone volume
(BV), trabecular thickness (TH) and trabecular separation/
spacing (SP) were referred to new bone formation. From the
three-dimensional images of new bone surrounding different

implants after implantation for 4 and 12 weeks (Figure 8B,a−f),
it could be found that there were more new bone (gray/white
parts) around Ti−Zn0.16 implants than other groups in an
order of Ti−Zn0.16 > Micro-Ti > Ti. The new bone formation
around all implants gradually increased from 4 weeks to 12
weeks (Figure 8B,d−f vs a−c). Quantitative analysis of new
bone (NB) and TH showed that those around Ti−Zn0.16
implants were significantly higher (p < 0.05 or p < 0.01) than
Micro-Ti and Ti implants (Figure 8B,g,h). Moreover, better
bone formation around Micro-Ti implants than that of Ti
implants was also observed.
Furthermore, we measured the trabecular separation/spacing

(SP) between implants and nature bone with three-dimensional
simulation (Figure 8C,a−f) and quantitative analysis (Figure
8C,g). In the three-dimensional simulation, various colors were
used to refer the trabecular separation. The colors from black to
red represent trabecular separation changing from small to
large. The SP of Ti−Zn0.16 was the lowest among all groups

Figure 8. X-ray observation and Micro-CT assay: (A) X-ray photographs of (a) Ti, (b) Micro-Ti and (c) Ti−Zn0.16 after implantation for 4 weeks;
(B) New bone formation around different implants: (a, d) Ti, (b, e) Micro-Ti, and (c, f) Ti−Zn0.16 after implantation for 4 weeks (a−c) and 12
weeks (d−f); quantitative analysis of new bone volume (g) and trabecular thickness (h); and (C) Trabecular separation with different implants of (a,
d) Ti, (b, e) Micro-Ti, and (c, f) Ti−Zn0.16 after implantation for 4 weeks (a−c) and 12 weeks (d−f); quantitative analysis of trabecular separation
(g). Error bars represent mean ± SD for n = 4, *p < 0.05, **p < 0.01.
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and significantly lower (p < 0.01) than that of Ti implants
(Figure 8C,g). All above results indicate that Ti−Zn0.16
implants were superior to Ti and Micro-Ti implants for
inducing the formation of new bone.
To evaluate the interfacial strength of different implants at

the interface between implants and native bone, push-out test
was performed after implantation for 4 and 12 weeks in this
study (Figure 9). After implantation for four weeks, the

interfacial strength of Ti−Zn0.16 implants was significantly
higher (p < 0.05 and p < 0.01) than those of Micro-Ti and Ti
implants, respectively. After implantation for 12 weeks, the
interfacial strength of Ti−Zn0.16 implants was statistically
higher (p < 0.01) than those of Micro-Ti and Ti implants,
respectively. Meanwhile, Micro-Ti implants displayed higher (p
< 0.05) interfacial strength than that of Ti implants after
implantation for either 4 weeks or 12 weeks.
To investigate osteogenesis at the bone-implant interface,

hematoxylin and eosin (H&E) and Masson’s trichrome (MT)
staining were employed for decalcified samples, respectively. A
little loose osteoid tissue was found at the interfaces of Ti-bone
and Micro-Ti-bone, whereas relatively compact osteoid tissue
was observed at the interface of Ti−Zn0.16-bone after
implantation for four weeks (Figure 10A,a−c, arrows). After
implantation for 12 weeks, all osteoid tissues around different
Ti implants increased when comparing with those after
implantation for 4 weeks (Figure 10A,d−f vs a−c, arrows). It
could be found that there was no gap between new bone and
native bone surrounding the Ti−Zn0.16 implants (Figure
10A,f, arrows).
Next, to further evaluate the mature degree of newly formed

bone, Masson’s trichrome (MT) staining was employed. With
MT staining, the matured bone was revealed as red color while
newly formed bone was presented as blue color. There were
much newly formed bone (blue) around Ti−Zn0.16 implant,
which was slightly higher than those of Ti and Micro-Ti
implants after implantation for 4 weeks (Figure 10B,c vs a,b,
arrows). After implantation for 12 weeks, similar trend was also
observed. More importantly, the new bone formed at the
interface of Ti−Zn0.16-bone became to be mature (Figur-
e10B,f, arrows).
Generally, Zinc was used as one kind of additive element in

the preparation of biomaterials for promoting osteogenesis.58

Nevertheless, an appropriate content of zinc was critically
important for the biological functions of cells. Previous studies
verified that high concentrations of zinc ions even led to
cytotoxicity.28,29 In this study, the content of zinc for the
fabrication of Zn-incorporated samples were optimized and
confirmed that Ti−Zn0.16 (13.5 at%) substrate was the
optimal one, which was proved by cells experiments
(osteoblasts/osteoclasts) in vitro. Moreover, in vivo results
also confirmed that Ti−Zn0.16 could efficiently induce new
bone formation. The preliminary mechanism is proposed as
follows: first, the sustained release of zinc ions promoted the
proliferation of osteoblasts,20 up-regulated the genes expres-
sions of Runx2, ALP and OPG,52 as well as inhibited the
osteoclast differentiation;56 second, microstructure contributed
to the expressions of Col I, OPN and OC genes. Both factors
synergistically promoted the osseointegration of Ti−Zn0.16
implants for bone formation. More detailed molecular
mechanism should be investigated by using signal blocking
techniques in the future.

■ CONCLUSION
In summary, we fabricated Zn-incorporated coatings with
optimal zinc contents onto the surface of micro-Ti via a sol−gel
process with assistance of spin-coat technique, which
demonstrated great potential for improving osteoblasts
proliferation/differentiation from cellular and molecular levels,
inhibiting bacteria adhesion and osteoclasts differentiation in
vitro, as well as osseointegration in vivo. The potential
mechanism was proposed that both microstructure and zinc
ions contributed to the improved osseointegration of Ti−
Zn0.16 implant. This study provides an alternative for the

Figure 9. Push-out strength of different implants after implantation for
4 and 12 weeks, respectively. Error bars represent mean ± SD for n =
4, *p < 0.05, **p < 0.01.

Figure 10. Histological observations: (A) H&E staining images of
different implantations: (a, d) Ti, (b, e) Micro-Ti, and (c, f) Ti−
Zn0.16 after implantation for 4 weeks (a−c) and 12 weeks (d−f),
respectively. I: implant; NB: natural bone. The arrows refer to the
newly formed bone; and (B) Masson’s trichrome staining images of
different implantations: (a, d) Ti, (b, e) Micro-Ti, and (c, f) Ti−
Zn0.16 after implantation for 4 weeks (a, b, c) and 12 weeks (d, e, f),
respectively. The arrows represent the formed bone trabeculae (TB).
Scale bar: 150 μm.
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biofunctionalization of titanium-based implants for orthopedic
applications.

■ EXPERIMENTAL SECTION
Materials. Native titanium (Ti) disks (diameter: 15 mm;

thickness: 3 mm) and rods (diameter: 3 mm; length: 13 mm)
were provided by Northwest Institute for Nonferrous Metal
Research, China. Cell counting kit-8 (CCK-8) kit, lactate
dehydrogenase (LDH) assay kit, p-nitrophenyl phosphate, and
bicinchoninic acid (BCA) assay kit were obtained from
Beyotime Biotechnology Co. (Jiangsu, China). Osteocalcin
assay kit was provided by Uscnlife Science and Technology Co.,
Ltd. (Wuhan, China). Mouse recombinant receptor activator of
nuclear factor κ-B ligand (RANKL) and macrophage colony-
stimulating factor (m-CSF) were purchased from PeproTech,
Inc. (NJ, USA). Rhodamine−phalloidin was bought from
Invitrogen Co. (USA). Hoechst 33258 was provided by Sigma-
Aldrich Co. (St. Louis, MO, USA). Antivinculin antibody was
purchased from Santa Cruz Biotechnology Co. (USA). Mouse
antigoat fluorescein isothiocyanate (FITC)-conjugated secon-
dary antibody was supplied by ZSGB-BIO Co. (China). Other
chemicals were purchased from Oriental Chemical Co.
(Chongqing, China).
Sample Preparation. Ti disks were first polished with

diamond pastes (No. 600−2000) and then ultrasonically
cleaned with ethanol, acetone, ethanol, and distilled water,
each for 15 min. After drying, the disks were etched with 0.5%
hydrofluoric acid (HF) at 80 °C for 30 min to obtain the
microrough titanium (Micro-Ti). The Micro-Ti substrates were
then rinsed with distilled water, and ZnCl2 solutions with
different concentrations (0, 0.08, 0.16, and 0.24 M) in EtOH/
0.1 M tetrabutyl titanate were spin-coated (3000 rpm for 45 s)
on the surface of Micro-Ti substrates. Finally, the coated disks
were calcined at 450 °C for 2 h with a heating rate of 5 °C/min
and then naturally cooled to ambient temperature. The coated
samples were denoted as Ti−Zn0, Ti−Zn0.08, Ti−Zn0.16, and
Ti−Zn0.24, respectively.
Sample Characterization. Surface morphologies of differ-

ent Ti substrates were characterized by field emission scanning
electron microscopy (SEM) (FEI Nova 400 Nano SEM,
Phillips Co, Holland). The crystalline phases of samples were
characterized by X-ray diffraction (D/Max 2500PC, Rigaku,
Japan). The surface chemistry of the different Ti substrates was
determined by X-ray Photoelectron Spectroscopy (XPS)
(Model PHI 5400, PerkinElmer, USA). The surface roughness
(Rq) of different samples was measured by a surface profiler
(Veeco Dektak 150, USA), and water contact angle measure-
ments were performed with a video-based optical system
(Model 200, Future Scientific, Taiwan, China). Each water
drop (5 μL) was deposited to the sample surface and kept for
15 s at ambient temperature.33 Then, an image of the drop was
recorded by a camera and analyzed with the software supplied
by the manufacturer. All measurements were conducted at
room temperature.
Zn Ion Release. Ti−Zn0 and Zn-incorporated samples

(Ti−Zn0.08, Ti−Zn0.16, and Ti−Zn0.24) were immersed in 5
mL simulated body fluid (SBF) solution and kept in an
incubator at 37 °C for 1, 4, 7, 14, 21, and 28 d. The
concentrations of released zinc ions at different intervals of time
were measured by an inductively coupled plasma/optical
emission spectroscopy (ICP-OES; Vista AX, Varian, USA).
Bacteria Culture. Both S. aureus and P. aeruginosa were

purchased from ATCC. The bacteria were cultured in Mueller−

Hinton Broth (MHB) medium with shaking (150 rpm) at 37
°C. Then, the bacteria were used in the following experiments.

Bacteria Viability. Bacteria of S. aureus and P. aeruginosa
were cultured onto Ti, Micro-Ti, Ti−Zn0, Ti−Zn0.08, Ti−
Zn0.16, Ti−Zn0.24, and tissue culture polystyrene (TCPS) at
an initial density of 1 × 106 cells/cm2 for 12, 24, and 48 h,
respectively. After rinsing with phosphate buffered saline (PBS)
three times, 200 μL of fresh MHB medium and 20 μL of CCK-
8 solution were added and incubated at 37 °C for another 1 h.
The optical density of the solution was determined with a
spectrophotometric microplate reader (Bio-Rad 680, USA) at a
wavelength of 450 nm. In addition, the colony formation of
both S. aureus and P. aeruginosa onto different substrates was
observed by confocal laser scanning microscopy (CLSM, TCS
SP5, Leica, Germany) after culture at 37 °C for 24 h.

Cell Culture. Osteoblasts were isolated from neonatal rat
calvaria and RAW264.7 cells (osteoclast-like cells) were
provided by the Third Military Medicine University (Chongq-
ing, China). Both osteoblasts and RAW264.7 cells were
cultured in DMEM (with high glucose) supplemented with
10% fetal bovine serum (FBS) at 37 °C under 5% CO2
atmosphere. Cell culture media was initially changed at the
first day and every 2 d thereafter. Osteoblasts at the third
passage were used for the following experiments.

Lactate Dehydrogenase Activity Assay. Lactate dehy-
drogenase (LDH) was a marker to cytotoxicity of materials.
Osteoblasts were seeded onto different Ti substrates at a
density of 1 × 104 cells/cm2. After it was cultured for 3 d, the
culture media were collected and then centrifuged to obtain the
supernatant for measuring LDH activity. The activity was
measured with an LDH assay kit. The absorbance of the
solution was measured with a spectrophotometric microplate
reader (Bio-Rad 680, USA) at a wavelength of 490 nm.

Cell Morphology. Osteoblasts were cultured onto different
substrates at an initial density of 4 × 103 cells/cm2 in a 24-well
plate for 48 h. Then, cells were fixed with 4% paraformaldehyde
at 4 °C for 30 min and permeabilized with 0.2% Triton X-100
for another 2 min. After rinsing with PBS three times,
nonspecific binding sites were blocked with 10% bovine
serum albumin (BSA) for 30 min. Next, 200 μL of primary
antibody against vinculin (1:200) was added to each well and
kept at 4 °C overnight. Next, after rinsing with PBS three times,
200 μL of second antibody (1:400) was added and kept at
ambient temperature for another 1 h. Subsequently, samples
were stained with rhodamine-phalloidin at 4 °C overnight and
counter stained with Hoechst 33258 for 5 min, respectively.
Finally, the stained samples were mounted with 90%
glycerinum and observed with CLSM (TCS SP5, Leica,
Germany).

Proliferation Assay. CCK-8 assay was used to evaluate
proliferation of osteoblasts cultured on different substrates (n =
6). Osteoblasts were seeded onto different Ti substrates at a
density of 1 × 104 cells/cm2. After culture for 4 and 7 d, 200 μL
of new medium and 20 μL of CCK-8 solution were added to
each well of a 24-well plate and then incubated for another 1.5
h. Finally, the incubated solution was measured was measured
with a spectrophotometric microplate reader (Bio-Rad 680,
USA) at a wavelength of 450 nm.

Alkaline Phosphatase (ALP) Activity. The ALP assay was
performed according to a previous study.59 Osteoblasts were
seeded onto different Ti substrates at a density of 1 × 104 cells/
cm2. After culture for 4 and 7 d, osteoblasts were lysed by 1%
Triton X-100 with three freeze−thaw cycles. Following
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centrifugation the lysate, the total intracellular protein and ALP
activity were determined from the supernatant, respectively. In
this study, p-nitrophenyl phosphate and bicinchoninic acid
(BCA) assay kit were used to measure the total intracellular
protein content and ALP activity. The solution absorbance
regarding ALP and total intracellular protein content were
measured with a spectrophotometric microplate reader (Bio-
Rad 680, USA) at wavelengths of 490 and 570 nm, respectively.
Osteocalcin Assay. Osteoblasts were seeded onto different

Ti substrates at a density of 1 × 104 cells/cm2. The osteocalcin
production was measured with an enzyme-linked immunosorb-
ent assay (ELISA) after culture osteoblasts for 14 d. Briefly, 1
mL of culture medium was collected and reacted with
antiosteocalcin monoclonal antibody and horseradish perox-
idase (HRP)-conjugated antibody. Tetramethylbenzidine
(TMB) was used as chromogenic substrate. The reaction was
quenched with hydrochloric acid. Then the absorbance of the
mixture solution was measured with a spectrophotometric
microplate reader at a wavelength of 450 nm.
Quantification of Mineralization. Osteoblasts were

seeded onto different Ti substrates at a density of 1 × 104

cells/cm2. After culture for 7 and 14 d, osteoblasts grown onto
different substrates were stained by alizarin red S according to a
previous study.57 Briefly, cells were fixed with 4% paraformal-
dehyde at 4 °C for 30 min and stained with alizarin red S (40
mM, pH 4.1) at ambient temperature for another 20 min. After
washing with distilled water three times, acetic acid (10% v/v)
solution was added to each well and incubated at 37 °C for 30
min. Subsequently, cells were scraped from the sample surface
and transferred to a vial and vortexed for 30 s. After it was
heated at 85 °C for 10 min and centrifuged for 15 min, the
supernatant was transferred to a new vial, and 10% ammonium
hydroxide was added to neutralize the acid. The absorbance of
the solution was measured with a microplate reader (Bio-Rad
680, USA) at a wavelength of 405 nm.
Real-Time Polymerase Chain Reaction. Osteoblasts

were seeded onto different Ti substrates at a density of 1 ×
104 cells/cm2. After culture for 14 d, the total RNA was
extracted according to the instruction of RNA extract kit
(Bioteck Co.). Then, the extracted RNA was reversely
transcribed for the first strand cDNA synthesis. Real-time
PCR was performed with Bio-Rad CFX Manager system.
Amplification was performed with two-step cycling conditions
at 98 °C for 3 min, followed by 40 cycles at 98 °C for 2 s, 58 °C

for 10 min.48 The primers are listed in Table 1, and the targeted
gene expression was normalized to β-actin.

Osteoclasts Differentiation. RAW264.7 cells were seeded
onto different Ti substrates at a density of 3 × 104 cells/cm2

and cultured with the differentiation media containing 10%
FBS, 50 ng/mL receptor activator of nuclear factor κ-B ligand
(RANKL) and 20 ng/mL macrophage colony-stimulating (m-
CSF). After culture for 7 d, the cytoskeleton and nuclei of
osteoclast-like cells were stained with rhodamine−phalloidin
and Hoechst 33258 as above-mentioned. The cell morphology
was observed with CLSM (TCS SP5, Leica, Germany).
After culture for 7 d, the tartrate-resistant acid phosphatase

(TRAP) activity of RAW264.7 cells was measured.48 Briefly,
cells were lysed with 0.1% Triton X-100 buffer containing 80
mM sodium tartrate and 90 mM citrate (pH 4.8) for 10 min.
Then, the p-nitrophenyl phosphate substrate solution was
added and incubated 37 °C for 5 min. The reaction was
stopped with 0.5 M NaOH. The optical density of the mixed
solution was measured with a microplate reader (Bio-Rad 680,
USA) at a wavelength of 405 nm.

Implantation Surgery. The in vivo experiments were
conducted according to the guidelines of the Institutional
Animal Care and Use Committee of China. 60 mature New
Zealand white rabbits with average weight of ∼2.5−3 kg were
used in this study. The Ti, Micro-Ti, and Ti−Zn0.16 implants
were implanted into the epiphysis of femur. The operation
process was performed as a previous report.48 The rabbits were
anesthetized by intravenous injection of 2% pentobarbital
sodium. The operation areas were shaved and sterilized, and an
incision of ∼3 cm was made to expose the femoral epiphysis.
Then, a cylindrical hole (3.0 mm in diameter) with length more
than 13 mm was created using a surgical drill, and different rods
were implanted into the holes. Finally, the skin and soft tissue
layers were sutured with the absorbable sutures.

X-ray Observation and Micro-CT Assay. After implanta-
tion for four weeks, X-ray radiographs were taken to reveal the
conditions of the implants. After implantation for 4 and 12
weeks, the rabbits were sacrificed via intravenous injection of
air. The femora epiphyses containing implants were collected
and fixed immediately with 10% formalin. The samples were
scanned with Micro-CT (SCANCO Medical AG, Viva CT40)
to measure the new bone formations at the range of 1 mm
surrounding implants.

Push-out Test. The push-out test was performed using a
universal material testing system (Instron, High Wycombe,

Table 1. Real-Time Polymerase Chain Reaction Primers Used in This Study

target gene gene bank (accession no.) primers product size (bp)

β-actin NM_031144.2 GGAGATTACTGCCCTGGCTCCTA 150
GACTCATCGTACTCCTGCTTGCTG

Runx2 NM_053470.2 GCCGTAGAGAGCAGGGAAGAC 150
CTGGCTTGGATTAGGGAGTCAC

ALP NM_013059 AGCGACACGGACAAGAAGC 183
GGCAAAGACCGCCACATC

Col I NM_053304.1 CCTGAGCCAGCAGATTGA 106
TCCGCTCTTCCAGTCAG

OPN M99252 GACAGCAACGGGAAGACC 216
CAGGCTGGCTTTGGAACT

OC M11777 GAGGGCAGTAAGGTGGTGAA 154
CGTCCTGGAAGCCAATGTG

OPG RNU94330 GCCCAGACGAGATTGAGAG 173
CAGACTGTGGGTGACGGTT
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U.K.). The tests were performed at the rate of 5 mm/min.60

The failure load was defined as the maximum push strength.
The ultimate interfacial strength (δ) was calculated according
the equation61 δ = P/πdh; where P was the push-out load (N),
d (mm) was the diameter of the rods, and h (mm) was the
length of the rods.
Histological Analysis. After implantation for 4 and 12

weeks, all femoral epiphysis containing implants were collected
and immediately fixed with 10% formalin at 4 °C for 48 h.
Then, the samples were decalcified with 12% ethylene diamine
tetraacetic acid (EDTA) for 21 d. The EDTA solution was
changed every 3 d. After decalcification treatment, all Ti
implants were taken out carefully without destroying bone
tissue surrounding implants. Next, samples were dehydrated in
graduated ethanol solutions and then embedded with paraffin.
Finally, the decalcified sections were stained with hematoxylin
and eosin (H&E) and Masson’s trichrome (MT). The images
of the slices were taken with an inverted microscope (Olympus,
Japan).
Statistical Analysis. All data were expressed as means ±

standard deviation (SD). The statistical analysis was performed
with OriginPro (version 7.5) via Students’s t test and one-way
analysis of variance (ANOVA). The confidence levels were set
as 95% and 99%.
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