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can enhance osseointegration through Wnt/β-catenin pathway
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Abstract

An entangled titanium wire porous (ETP) scaffold shows similar mechanical properties of cancellous bone and is a promising bone repair
material. However, the ETP scaffold's inert biocompatibility and poor osteogenic ability limit its clinical application. In this study, a Li-
containing nanoporous coating was added on ETP by micro-arc oxidation (MAO). The SEM results indicated that a hierarchical and compact
coating was formed on the Li-MAO-ETP scaffold. In vitro cell tests showed improved osteoblast morphology, adhesion, and viability in the
Li-MAO-ETP group. Moreover, the Li-MAO-ETP scaffold exhibited improved osteogenic differentiation properties by activating the Wnt/
β-catenin signal pathway based on the western blotting and RT-PCR results. The push-out test, sequential fluochrome labeling, and toluidine
staining demonstrated that the Li-MAO-ETP scaffold contained improved osteogenic ability in vivo. The in vitro and in vivo experiments
showed that the Li incorporated entangled porous titanium could be a suitable biomaterial for bone defect repair.
© 2017 Elsevier Inc. All rights reserved.
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Autologous bone, the current gold standard of bone grafts, is
often used to treat bone defects in the clinic.1 However, the
elevated fracture rate, donor site morbidity, and lack of supply
impede the extensive application of autologous bone.2,3

Therefore, the development of bone graft substitutes is required.
An ideal bone graft substitute should contain a similar elastic
modulus to that of natural bone and exhibit a high fracture
toughness. The mechanical support provided by traditional bone
substitutes, such as ceramic-based or polymer-based scaffolds,
often contains insufficient strength for bone repair at the load
bearing site.4,5 Based on our previous studies, the entangled
titanium wire porous (ETP) scaffold could be an ideal bone
substitute owing to its favorable mechanical properties (e.g.,
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adequate toughness and high reliability in use) and intercon-
nected porous structure.6,7 Nevertheless, a long-term implanta-
tion outcome of the ETP scaffold should be further evaluated
because of its suboptimal osseointegration ability, which may
cause aseptic loosening and premature implant failure.

Therefore, to use the ETP scaffold for bone defect repair, the
osteogenic ability and biocompatibility of the ETP scaffold
should be enhanced to guarantee new bone growth when
implanted in vivo. In recent years, surface modified technology
has gained popularity because it can improve the microstructure
and chemical composition of metal materials, while maintaining
its mechanical properties. Specific methods have been employed
to improve the biocompatibility of biomaterials, such as anodic
oxidation, alkali heating, hydrothermal treatment, ion implanta-
tion, and micro-arc oxidation. Micro-arc oxidation (MAO), a
convenient and effective wet-chemical method for regulating
the elemental compositions and surface topographies by tailoring
the components of the electrolytes,8,9 was employed in this
study. Because bone tissue is composed of microstructures, the
nano-porous topographies created by MAO may provide a
favorable environment for cell growth and cell–ECM
interactions10–12 Conversely, incorporating trace elements into
on entangled titanium scaffold can enhance osseointegration through Wnt/
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the MAO coatings will enhance the biological function of the
coatings, which may stimulate osteoblast function and
osseointegration.13 However, only focusing on characteristics
of materials or surface modified technology, leaving alone the
related molecular mechanism or signal pathway for osteogenic
differentiation and ECMmineralization would never fabricate an
ideal bone repair material.

For the molecular mechanism of osteogenesis, several signal
pathways are occupied in osteogenic differentiation and bone
formation, and the Wnt/β-catenin pathway is important.14

Generally, the Wnt/β-catenin pathway plays a vital role in
embryonic development, cell proliferation, cell migration and
tumorigenesis.15 However, recent studies argued that the Wnt/
β-catenin pathway was affected by local trace elements and
implant surface topography that regulated several osteogenic
processes ranging from osteoblast attachment and proliferation
to differentiation and mineralization.16–18 Furthermore, studies
have demonstrated that the activation of the Wnt/β-catenin
signal pathway may promote osteoblast proliferation and
differentiation in vitro19,20 and bone mineralization and
formation in vivo.21,22 However, the activity of this pathway is
constitutively suppressed by glycogen synthase kinase-3β
(GSK-3β).23 The lithium (Li) ion, which can activate the
canonical Wnt signal pathway by inhibiting GSK-3β,24 has been
proved to promote alkaline phosphatase and osteogenic genes
expression in osteoblasts.20,25 Oral administration of Li in mice
can stimulate Wnt/β-catenin-mediated transcription in bone
leading to an increase in bone mass and an improvement in
fracture healing.26,27 However, because Li is a non-selective
GSK-3β inhibitor, systemic administration may induce severe
adverse effects.28 Thus, incorporating a significant amount of Li
on the surface of the ETP scaffold to improve bone regeneration
may be a suitable and effective way.

Previous studies have not evaluated an MAO method to
incorporate Li on the surface of titanium or its scaffold. In this
study, we introduced a Li-coating on the ETP scaffold to
combine the advantages of the Li and MAO coatings, aiming to
modulate theWnt signal pathway and encourage bone formation.
The objectives of this study were (1) to develop and characterize
the Li-incorporated MAO coatings, (2) to determine whether the
Li-incorporated MAO coatings could improve osseointegration,
and (3) to investigate the underlying biological mechanism for
the Li-incorporated MAO coatings on osseointegration.
Methods

Preparation and characterization of the Li-incorporated MAO
coated ETP scaffold

A titanium wire with a diameter of 150 μm was used to
fabricate the ETP scaffold using the filament winding method
detailed in our previous study.29 The yield strength and elastic
modulus of the ETP scaffold were 17.7 ± 0.4 and 684.9 ± 6.6
MPa, respectively, when the porosity was 58.5 ± 0.2 and the
pore size was 124 to 645 μm. Samples (Φ10 × 2 mm2) were
used for in vitro assays, and samples (Φ3 × 10 mm2) were used
for in vivo implantation. Lithium chloride (LiCl) was used as the
Li source (Sigma-Aldrich). MAO was conducted in electrolytes
composed of 0.04 mol/L NaH2PO4 and 0.1 mol/L Ca(CH3-

COO)2 to prepare the Li-free (L0-MAO) and Li-doped coatings
(Lx-MAO). By adjusting the concentrations of LiCl (0.01 mol/L
and 0.02 mol/L) in the electrolytes, the coatings designated as
L1-MAO and L2-MAO were produced. During the MAO
process, the applied voltage was 450 V, and the preparation time
was 3 min. Field-emission scanning electron microscopy
(FESEM, FEINOVA NanoSEM) was employed to observe the
surface topography of the prepared specimens. The morphology
of cross-section was also determined by SEM; the mechanical
properties and pore size measurements were evaluated as our
previous study.29

Ion release from the Li-incorporated MAO coating

The ETP scaffolds with various coatings were placed in
sterile microcentrifuge tubes (15 ml) with 10 ml cell culture
medium DMEM and incubated at 37 °C in a humidified
atmosphere of 95% air and 5% CO2 for 1, 3, and 7 days. At the
end of each incubation period, extracts were collected. The
concentrations of the Ca, P, and Li ions of the extracts were
determined by ICP-MS (Inductively Coupled Plasma Mass
Spectrometer, Thermo Scientific iCAP™ Q).

Observation of cell adhesion, spreading, and morphology

The human MG63 osteoblasts were cultured in Dulbecco's
modified Eagle's medium (DMEM, Gibco) with 10% fetal
bovine serum (Gibco) and 1% penicillin/streptomycin at 37 °C in
a humid atmosphere of 5% CO2. The culture medium was
exchanged every 48 h. The MG-63 cells (1 × 104 cells/well)
were cultured on the various coatings. After 1 and 4 days of
incubation, the samples were washed twice with PBS, fixed in
4% paraformaldehyde for 15 min at room temperature, and
permeabilized with 0.1% Triton X-100 for 2 min. For
immunofluorescence imaging, the F-actin cytoskeleton of the
osteoblasts was stained with phalloidin–rhodamine (Molecular
Probes, Eugene, OR, USA) for 1 h, and the nuclei were
counterstained with DAPI (Sigma, USA) for 15 min. Finally, the
samples were imaged using a confocal microscope (Olympus
Fluoview). SEM was applied to observe the cell morphology.
The MG-63 cells were cultured on different coatings. After
culturing for 4 days, the samples were washed with PBS and
fixed in 2.5% glutaraldehyde at 4 °C for 2 h. Before the SEM
observation, the samples were dehydrated with various concen-
trations of ethanol. Finally, the samples were sputtered coated
with gold and observed with a field emission scanning electron
microscope (FESEM, FEINOVA NanoSEM).

Cell proliferation and differentiation analysis

The MG-63 cells (1 × 104 cells/well) were seeded onto
various coatings. After culturing for 1, 4, and 7 days, 20 μl of
CCK-8 solution and 180 μl of culture medium were added to
each well and then incubated for 2 h. Finally, the absorbance of
the incubated solution was measured using a microplate reader at
a 450-nm wavelength. Cell differentiation was assessed using an
alkaline phosphatase (ALP) activity assay. The cells (1 × 104

cells/well) were cultured on various coatings for 7 and 14 days.
At each time point, p-nitrophenyl phosphate (pNPP) (Sigma)



Figure 1. SEM images of the ETP, MAO-ETP, L1-MAO-ETP and L2-MAO-ETP scaffolds. The images in (A) are macroscopic image of the entangled titanium,
and the (B) images are the surface nano-morphology of the entangled titanium.
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was used as the reaction substrate, and the quantity of
p-nitrophenol produced was measured at 405 nm. The total
protein content was determined using the BCA Protein Assay Kit
(Sigma), and the ALP activity was normalized by the total
protein and expressed as nmol/min/mg protein.

Real-time polymerase chain reaction

Osteoblasts cultured on the scaffolds with different coatings
were collected after incubation for 7 days to evaluate the
osteogenesis-related gene expressions of Col1a1, ALP, OCN,
OPN, and Runx2 as well as the Wnt/β-catenin signal related
gene expressions of LRP5, LRP6, Axin 2, and β-catenin. The
total RNA was extracted using a TRIzol reagent (Invitrogen).
Subsequently, the complementary DNA (cDNA) was synthe-
sized from 2 μg of total RNA using reverse transcriptase
M-MLV (Takara). Quantifications of the selected genes were
performed using real-time PCR with SYBR Premix Ex Taq
(Takara). The primers used in this study are listed in Table S1,
and β-actin was used as a housekeeping gene.

Western blotting

Lysates were extracted from the cultured osteoblasts using a
mixture of T-PER Protein Extraction Reagent (Thermo Fisher
Scientific), PhosSTOP (Roche, Basel, Switzerland), and cOm-
plete Mini (Roche). The protein samples were separated using
8% sodium dodecyl sulfate–polyacrylamide gel electrophoresis
and were transferred to nitrocellulose membranes (Millipore,
Billerica, USA). After blocking in phosphate-buffered saline/
Tween-20 containing 5% non-fat milk, the membranes were
incubated with the following primary antibodies: β-catenin
(Santa Cruz Biotechnology, 1:100), β-catenin (pS37, Bioworld
Technology, 1:100), GSK3-β (Abcam, 1:500), p-GSK3-β
(Abcam, 1:500) or β-actin (Sigma-Aldrich, 1:20,000). The
secondary antibody for β-catenin (pS37) and GSK3-β was
anti-rabbit IgG (Sigma-Aldrich, 1:6000), and the secondary
antibody for β-catenin and p-GSK3-β was anti-mouse IgG
(Sigma-Aldrich, 1:5000). Subsequent visualization was per-
formed with the SuperSignal West Femto Maximum Sensitivity
Substrate (Thermo Fisher Scientific).

Animal experiment

The animal experiments were approved by the Animal Care
Committee of Shanghai Sixth Hospital. Twenty-four adult male
New Zealand white rabbits weighing 2.5 to 3.0 kg were used in
the animal experiment. The rabbits were anesthetized by
pentobarbital (25 mg/kg). After shaving and sterilization with
iodophor disinfectant, the aspect of the femoral shaft was
exposed. Then, two holes with a diameter of 3.0 mm were
drilled, and the implants were pressed into the prepared holes.
Finally, the subcutaneous tissue and skin were closed in various
layers. The implants were placed bilaterally. Cefazolin (10 mg/
kg) was injected into the muscle postoperatively for 3
consecutive days. After 12 weeks of implantation, the animals
were euthanized, and the specimens containing the implants and
surrounding bone tissue were harvested from the bilateral femurs
for further examination.

Sequential fluorescent Labeling

At 4 and 8 weeks after the operation, alizarin red (30 mg/kg)
and calcein (20 mg/kg) (Sigma) were injected into the rabbit
intraperitoneally to label the newly formed bone. After 12 weeks
of implantation, the scaffolds in the explanted femurs (n = 6 in
each group) were collected and fixed in a neutral buffered
formalin for 1 week. Then, the explanted femurs were
dehydrated with ethanol and embedded in methyl methacrylate
without decalcification. The nondecalcified sections were made
on a saw microtome (Leica SP1600) and polished to a final
thickness of approximately 50 μm. Then, the sections were
observed using confocal laser scanning microscope (CLSM).
Subsequently, the sections were stained with 1% methylene blue
and measured using a digital image analysis system (Image-Pro
Plus, Silver Spring, USA). The extent of bone ingrowth (ratio of
bone tissue area to the implant pore area within the implant) was
calculated based on toluidine blue staining.



Figure 2. Ion concentrations of the ETP, MAO-ETP, L1-MAO-ETP and L2-MAO-ETP scaffolds immersed in a medium for 1, 3, and 7 days. The cell viability
and ALP activity, (A) Li concentration, (B) Ca concentration, (C) P concentration, and (D) Cell viability of the osteoblasts were tested by CCK-8 at days 1, 4,
and 7. The (E) ALP activity of the cells cultured on the entangled porous titanium at day 7 and 14. The symbols * and # represent P b 0.05 when compared with
ETP and L2-MAO-ETP, respectively. A blank indicates no significant difference, P N 0.05).
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Push-out test

Six samples in each group were harvested 12 weeks
post-operation and fixed on a steel device with bone cement.
The tests were performed at a loading rate of 1 mm/min. The
load-deflection curves were recorded during the pushing period,
and the failure load was defined as the maximum load.

Statistical analysis

The data were expressed as averages ± standard deviations.
The results of the in vitro and in vivo experiments were
statistically analyzed using one-way analysis of variance
(ANOVA), and a P value less than 0.05 was considered to be
statistically significant.
Results

Characterization of the Li-incorporated MAO coating

The SEM images of the ETP scaffolds with various surfaces
are shown in Figure 1. The macroscopic images (Figure 1, A)
show that the surface color changed from gray to white after Li
was incorporated. The lithium oxide formed on the surface may
be responsible for the color variation. The SEM images of the
various coatings on the scaffolds are shown in Figure 1, B. A
non-porous structure with minor scratches was visible on the
uncoated ETP surface. After the MAO treatment, the coatings on
the MAO-EPT ETP scaffold exhibited a nano-porous microstruc-
ture with homogeneously distributed micro-pores. Nevertheless,
when a low concentration of LiCl (0.01 mol/L) was added to the
electrolytes, the coatings on the L1-MAO-ETP displayed
unconspicuous hierarchical micro-porous structures with increased
porosity and surface roughness. Furthermore, when a high
concentration of LiCl (0.02 mol/L) was added to the electrolytes,
more obvious hierarchical nano-porous structures were formed on
the L2-MAO-ETP scaffold, and the porosity, pore number, and
surface roughness were increased. The hierarchical micro-porous
structure and Li of the Li-MAO-ETP scaffold may enhance the
performance of following in vitro and in vivo experiment. The
cross-sectional morphology of the coating samples is shown in
Figure S1. Figure S1 showed similar thickness of coatings about
the three kinds of ETP. The average thickness of the coating was in
the range of 4 to 6 μm; no significant difference was found on the
thickness of coating among groups, which was consistent with
some former studies on MAO coating.11,30,31 The yield strength
and elastic modulus of the coated ETP scaffold were at the range
of 17.5 to 18.2 and 678.7 to 693.6 MPa; no significant difference
was found among the groups, which demonstrated that the
coatings on ETP scaffolds did not significantly influence the
mechanical properties and pore size of ETP.



Figure 3. Cytoskeleton staining and cell adhesion on the entangled titanium. The images in (A) show the cell skeleton staining of the cells cultured on the
materials at day 1. F-actin was stained red by rhodamine phalloidin, and nuclear was stained with blue by DAPI. The bar was 50 μm. The images in (B) are the
cell skeleton staining at day 4, and (C) shows the SEM images of the cells cultured on the materials at day 4. The bar was 20 μm.
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Ion release from the scaffolds

The scaffolds were immersed in DMEM for 1, 3, and 7 days.
The concentrations of Ca, P, and Li were determined by ICP-MS.
Larger amounts of Ca, P, and Li were released in the first 3 days.
Then, the ion release rate slowed down (Figure 2, A-C). The
Li-incorporated scaffolds released less Ca and P ions than the
Li-free MAO scaffold (Figure 2, A-B). The Li concentration of
the extracts for the Li-incorporated scaffolds was also deter-
mined. Figure 2, C shows that the L2-MAO-ETP scaffold
released more Li ion than the L1-MAO-ETP scaffold when
immersed in DMEM. The different release characteristics
between the Li-free MAO and Li-incorporated scaffolds may
be attributed to the hierarchical, compact surface coating on the
Li-incorporated ETP scaffold.

Effect of the Li-incorporated MAO coating on cell adhesion and
morphology

To investigate the cytoskeletal organization and cell density,
osteoblasts on various surfaces were stained with Rhodamine–
phalloidin and DAPI. As shown in Figure 3, A cells adhering to
ETP, MAO-ETP, L1-MAO-ETP and L2-MAO-ETP were 6, 6, 7
and 7, respectively. The cell density and cytoskeletal organiza-
tion on each sample contained a minimal change after incubation
for 1 day. However, after incubation for 4 days, the osteoblasts
on the L2-MAO-ETP scaffold displayed a high cell density and
well-spread cytoskeletons. Cells adhering to ETP, MAO-ETP,
L1-MAO-ETP and L2-MAO-ETP were 12, 16, 21 and 30,
respectively, indicating that the L2-MAO coating provided a
favorable environment for cell adhesion and growth (Figure 3,
B). To further assess the interaction between the cells and
various coatings, osteoblasts cultured on the coatings were
observed by SEM. As shown in Figure 3, C, the filopodia of the
cells on the L2-MAO coatings were more developed than those
on other coatings. Furthermore, the mutual cross-linked cells on
the L2-MAO coatings showed ingrowth behavior.

Effect of the Li-incorporated MAO coating on cell viability

The viability of the MG63 cells cultured for 1, 4, and 7 days on
various scaffolds was evaluated by the CCK-8 assay (Figure 2,D).
After incubation for 1 day, the cell viability of each sample
contained no significant difference (P N 0.05). However, after
incubation for 4 and 7 days, the cell viability of the L2-MAO-ETP
scaffold was significantly higher (P b 0.05) than that of the other
samples. Furthermore, there was no difference in the cell viability
between the MAO-ETP and L1-MAO-ETP scaffolds. Therefore,
the incorporation of an appropriate amount of Li into the MAO
coatings on the ETP scaffold would be beneficial for osteoblast
proliferation.

Effect of the Li-incorporated MAO coating on the ALP activity

As an early marker of the osteoblast differentiation, the ALP
activity was measured at days 7 and 14 to investigate the
osteogenic differentiation potential of MG63 cultured on the
samples. As shown in Figure 2, E, the L2-MAO-ETP scaffold



Figure 4. Osteogenesis-related gene expressions of the cells cultured on the entangled porous titanium for 7 days for (A) ALP, (B) COL1a1, (C) OPN, (D) OCN,
and (E) RUNX-2. The symbols * and # represent P b 0.05 when compared with ETP and L2-MAO-ETP, respectively. A blank indicates no significant
difference, P N 0.05.
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displayed the highest ALP activity, and there was no statistical
difference between the MAO-ETP and L1-MAO-ETP groups.
Therefore, the ALP activity of MG63 on various coatings
positively correlates with the Li amounts of the MAO coatings,
and the L2-MAO coating increased the ALP activity in the early
stage.

Effect of the Li-incorporated MAO coating on
osteogenesis-related gene expressions

The expression of the osteogenic-related markers in the cells
after incubation on the samples for 7 days was detected by a
quantitative real-time polymerase chain reaction (qRT-PCR).
The results were normalized to β-actin and expressed as relative
expression levels to the uncoated ETP scaffold (Figure 4).
Compared to uncoated ETP scaffold, the other scaffolds with
different coatings promoted the expression of the tested genes.
Furthermore, the expression levels for ALP, OPN, OCN, Col1a1,
and Runx2 in the MG63 cells cultured on the L2-MAO coatings
were higher than those on the MAO and L1-MAO coatings
(P b 0.05). Therefore, the L2-MAO coating provided the
greatest cell differentiation. However, no significant difference
was observed between the MAO and L1-MAO coatings; thus,
the low amount of Li incorporated into the MAO coatings was
insufficient to promote osteogenic gene expression.

Effect of the Li-incorporated MAO coating on the
Wnt signal pathway

The expressions of the Wnt/β-catenin pathway modulators
were monitored by real-time PCR. After 7 days of incubation, the
expression levels of LRP5 and LRP6 in the MG63 culture on the
L2-MAO coatings were higher than those on the MAO and
L1-MAO coatings (P b 0.05) (Figure 5, A-B), while no
significant changes were observed (P N 0.05) between the
MAO and L1-MAO coatings (Figure 5, A-B). For Axin2, the
expression levels were significantly greater on the L1-MAO and
L2-MAO coatings than those on the ETP and MAO-ETP
scaffolds (P b 0.05) (Figure 5, C). β-Catenin, the core protein of
the Wnt/β-catenin signal pathway, was further examined by a
western blot after 7 days of incubation. As shown in Figure 5, E
and the gene expression shown in Figure 5, D, the L2-MAO
coatings showed the highest β-catenin levels, while no
significant difference were observed between the MAO and
L1-MAO coatings (Figure 5, F). In addition, the L2-MAO
coatings decreased the amount of phosphorylated β-catenin.
Thus, the L2-MAO coatings activated the β-catenin signal by
up-regulating the expression of β-catenin and reducing the
phosphorylation of β-catenin. Moreover, we also investigated
the expression of GSK-3β through western blotting. Figure S2
showed that less activated p-GSK-3β was observed in Li
containing ETP groups than ETP or MAO-ETP group, which
indicated that the activity of GSK-3β was inhibited by Li.

Effect of the Li-incorporated MAO coating on
in vivo osseointegration

After 12 weeks, push-out experiments (Figure 6, A) were
performed to analyze the interfacial binding capacity between the
implants and bone tissues. The average push-out loads and
typical load-deflection curves are shown in Figure 6, B-C. The



Figure 5. Wnt signal pathway related gene expression at day 7 for (A) LRP5, (B) LRP6, (C) Axin 2, (D) β-catenin, and (E) western blotting results of β-catenin
and β-catenin (pS37). The symbols * and # represent P b 0.05 when compared with ETP and L2-MAO-ETP, respectively. A blank indicates no significant
difference P N 0.05.
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average maximum push-out loads obtained from the ETP,
MAO-ETP, L1-MAO-ETP, and L2-MAO-ETP groups were
249.33 ± 35.30 N, 357.67 ± 26.65 N, 387.33 ± 31.56 N, and
473.00 ± 17.78 N, respectively. The ETP scaffold with MAO
coatings (with or without Li) had a higher bonding strength than
the uncoated ETP scaffold. In addition, the push-out load of the
L1-MAO-ETP group was higher than that of the MAO-ETP
group; however, there was no significant difference. The
L2-MAO-ETP group contained a higher push-out load than
that of the MAO-ETP and L1-MAO-ETP groups. Therefore, the
higher Li content in the MAO coatings improved the interface
osseointegration and new bone ingrowth.
Fluorescent microscopy of the sequential fluorochrome labels
revealed the location and the dynamics of new bone formation in
the various implants. After 4 weeks, the fluorescence of Alizarin
Red S (red) was only present inside the marginal portion of the
scaffold in the uncoated ETP group. For the MAO-ETP and
L1-MAO-ETP groups, a widely spread area of Alizarin Red S
fluorescence (red) was observed; however, it was not present in the
center of the scaffolds. The fluorescence was shown in approxi-
mately all of the scaffold pores in the L2-MAO-ETPgroup (Figure 7).
At 8 weeks, calcein (green) was incorporated into the bone closest
to the titanium wires demonstrating similar patterns. Thus, the
L2-ETP-MAO group showed the highest bone tissue growth.



Figure 6. Push-out tests of the implants inserted in the femurs, toluidine blue staining of the sections, and percent of bone growth in the scaffolds. (A) Process of
the push-out test, red arrow indicates implant. (B) Quantitative results of push-out test. (C) Typical load-deflection curves of push-out test. (D) ETP. (E)
MAO-ETP. (F) L1-MAO-ETP. (G) L2-MAO-ETP. (H) Percent of bone ingrowth. (* and # represent P b 0.05 when compared with ETP and L2-MAO-ETP,
respectively. A blank indicates no significant difference, P N 0.05.)
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A histological analysis was performed to provide a detailed
analysis on the new bone formation inside the pores of the
scaffolds (Figure 6, D-G). In the uncoated ETP scaffold group,
there was less bone formation around the periphery of the
scaffolds, and the bone ingrowth was minimal. In the MAO-ETP
and L1-MAO-ETP groups, more bone ingrowth was observed;
however, some regions of the pores were not filled with bone.
Furthermore, for the L2-MAO-ETP group, a larger amount of
new bone grew into the interior of the scaffold, and
approximately all pores were occupied by new bone. The bone
ingrowth of the L2-MAO-ETP scaffold (66.98 ± 9.12%) was
higher than those of the ETP (23.73 ± 5.47%, p b 0.05),
MAO-ETP (45.22 ± 6.86%, p b 0.05), and L1-MAO-ETP
(48.11 ± 6.68%, p b 0.05) scaffolds (Figure 6, H). Thus, the
L2-MAO coatings promoted osteogenesis and osseointegration
in vivo.



Figure 7. Sequential polychrome labeling of the new bone. The new bone was labeled with alizarin (red) and calcein (green).
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Discussion

The activation of the Wnt/β-catenin signal transduction
pathway has been reported to promote bone formation by
affecting each step of the osteogenic process.32 Based on the
important role of the Wnt/catenin signal in osteogenesis (shown
in Figure 8, A), Li and nano-porous coatings were simultaneous-
ly introduced on the surface of the ETP scaffold with MAO. Li
was located on the coating, released to the surrounding
microenvironment, then entered the cell through ion channels.
Subsequently, Li stimulated the Wnt/β-catenin pathway by
inhibiting the activity of GSK-3β and enhancing the concentra-
tion of β-catenin in the cytoplasm (Figure 8, B).26 The MAO
coating was designed to provide a nano-porous structure and to
deliver Li to the implant sites. The hierarchical and compact
coating on Li-MAO-ETP should be noticed. The micro-pores
and hierarchical structure on the surface of the MAO titanium
were beneficial for cell adhesion and proliferation.33 Moreover,
in this study, Li was incorporated into the coatings. Because the
effect of the Li ion on cell proliferation and differentiation is dose
dependent,34 two MAO coatings with different amounts of Li on
the surface of the ETP scaffold were prepared by adding 0.01
mol/L or 0.02 mol/L LiCl into the electrolytes. The ETP
scaffolds with or without MAO coatings were used as controls.
The stimulation effects and related mechanisms of the Li
modified MAO coatings on the differentiation of MG63 in vitro
were investigated, and then, an animal model was established to
explore the effects of in vivo bone ingrowth.

The adhesion and spread of the anchorage-dependent cells on
the surfaces were important for the cell division and growth.35 In
this study, the results of CLSM showed that well-developed actin
filaments were apparent within the MG63 cells on the L2-MAO
coatings. However, relatively sparse and diffuse actin filaments
were observed within cells on the controls and L1-MAO
coatings. Furthermore, SEM showed that the cells cultured on
the L2-MAO coatings presented more filopodia extending to the
edges. Thus, the metabolism and synthetic activity of the
osteoblasts may be enhanced by the Li, which was also related



Figure 8. Mechanism of Li releasing from the Li-MAO-ETP scaffold in the activating Wnt signal pathway. (A) Canonical Wnt/β-catenin pathway in bone, (B)
Li, released by the Li-MAO-ETP scaffold, in activating the Wnt signal pathway on bone differentiation.
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with the amount of incorporated Li. The exiting Li localized on
the surface and released to the surroundings enhanced the cell
adhesion and spreading. In addition, the surface morphology
changed by MAOmay also favor cell adhesion. For the effects of
the Li-incorporated MAO coating on cell proliferation and
differentiation, the L2-MAO coatings enhanced MG-63 cell
proliferation and early differentiation. Most importantly, the
Runx2 mRNA expression of the MG63 cells on the L2-MAO
coating was significantly higher than that on the controls. Runx2
is known to be an osteoblast-specific transcription factor that is
essential for the differentiation of osteoblasts and can activate the
expressions of downstream osteogenic genes, such as ALP,
Col1a1, OC, and OPN.36,37 In this study, the up-regulation of the
early (Col1a1 and OPN), middle (ALP) and late (OC)
osseo-specific markers of osteogenesis demonstrated that the
L2-MAO coatings promoted the cell maturation and facilitated
ECM mineralization at the early stage. For the L1-MAO
coatings, although enhanced performances were observed,
there was no significant difference when compared to the
MAO coating.

The results of the in vivo experiments correlated with the
above-mentioned in vitro results. The micro-CT evaluation,
histological observations, and sequential fluorescent labeling
demonstrated that the L2-MAO coatings could efficiently
promote bone ingrowth, and approximately all pores were filled
up with new bone. The push-out test revealed that the mechanical
fixation of the L2-MAO-ETP scaffold was significantly stronger
than the other scaffolds, thus confirming the enhanced
osseointegration of the L2-MAO coatings. In general, a
significant amount of Li was introduced into the MAO coatings
thereby promoting the cell response in vitro and facilitating the
bone formation in vivo. In addition, the degree of accelerated
osteogenesis appeared to be associated with the Li content.

Recent studies have stated that the oral administration of Li
stimulated the Wnt/β-catenin-mediated transcription in bone
creating an increase in bone mass and an improvement in fracture
healing.26,27 In this study, our results also indicated similar
results, and the Li-incorporated MAO coatings provided a steady
release of Li ions into the surrounding growth medium.
Therefore, the incorporation of Li into MAO coatings can
stimulate the Wnt signal pathway, enhance cell proliferation and
differentiation in vitro, and stimulate bone ingrowth in vivo.

The Wnt/β-catenin signal related gene expressions of LRP5,
LRP6, Axin 2, and β-catenin were evaluated in this study. Lrp5,
a co-receptor for the Wnt/b-catenin signal, regulates bone
density. Early studies have shown that loss of function in Lrp5
could decrease the bone volume, formation rate, and osteoblast
number. However, a gain of Lrp5 function could induce an
increase in bone mass.38–40 Axin is recognized as the most
accurate reporter gene in the Wnt canonical pathway, since the
association of the axin complex with the phosphorylated Lrp6 is
believed to inhibit β-catenin phosphorylation and activate the
β-catenin signal.41 In this study, the up-regulation of LRP5,
LRP6, Axin2, and β-catenin genes suggested that the Wnt/
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β-catenin signal pathway could be activated by the L2-MAO
coatings and thereby promote the cell response in vitro and
enhance bone formation. Furthermore, the phosphorylated
β-catenin protein levels were investigated by a western blot to
verify that the incorporation of Li into the MAO coatings may
inhibit the degradation of β-catenin in the cytoplasm. As
estimated, the L2-MAO coatings significantly decreased the
amount of phosphorylated β-catenin. Various studies have also
demonstrated that Li ions or the Li-incorporated bioactive
scaffolds could inhibit GSK3β activity, thereby allowing
β-catenin to accumulate in the cytoplasm for Wnt pathway
activation (Figure 8, B).42,43 Therefore, we believed that
incorporating a significant amount of Li into the MAO coatings
could promote osteogenic proliferation and differentiation in
vitro and in vivo through the Wnt/β-catenin pathway. In
addition, the optimal amount of Li incorporated on the ETP
scaffold requires further investigation.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.nano.2017.09.006.
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