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ABSTRACT

Rapid osseointegration of dental implants will shorten the period of treatment and
enhance the comfort of patients. As the vital role of the angiogenesis played during
bone development and regeneration, it is might be feasible to promote rapid
osseointegration by modifying the implant surface to gain a combined
angiogenesis/osteogenesis inducing capacity. In this study, a novel coating
(MAO-Sr) with strontium-incorporated nanoporous structures on titanium implants
was generated via a new micro-arc oxidation, in an attempt to induce angiogenesis
and osteogenesis to enhance the rapid osseointegration. In vitro, the nanoporous
structure significantly enhanced the initial adhesion of canine BMSCs. More
importantly, sustained release of strontium ions also displayed a stronger effect on the
BMSCs in facilitating their osteogenic differentiation and promoting the angiogenic
growth factors secretion to recruit endothelial cells and promote blood vessels
formation. Advanced mechanism analyses indicated that MAPK/Erk and PI3K/Akt
signaling pathways were involved in these effects of the MAO-Sr coating. Finally,
in the canine dental implantation study, the MAO-Sr coating enhanced faster bone
formation within initial six weeks and the osseointegration effect was comparable to
that of the commercially available ITI implants. These results suggest that the

MAO-Sr coating has the potential for future use in dental implants.
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Introduction

About fifty years ago !, professor Bré&emark first reported the phenomenon of
osseointegration and introduced it into prosthetic dentistry field. Nowdays,
dental implants has become a widely popular method for replacing missing teeth.
However, according to the guideline of classical implant dentistry, the patient needs to
wait at least 3 months to acquire adequate osseo-integrated fixation after implants
installation before prosthetic procedure and loading 2. In order to shorten the healing
period and improve esthetic and masticating functions, various modifications on
titanium implants surface have been applied to enhance the rapid osseointegration by
promoting osteogenic differentiation 3. Actually, more and more evidences indicate
that angiogenesis process in bone and osteogenesis are coupled *”. Blood vessels play
an important role in promoting bone healing because that they are not only transport
essential oxygen and nutrients, but also can deliver osteogenic cells and even secrete

6-8

osteoinductive growth factors to the region of bone defect ™. It has been well

documented that the application of vascularization strategies in tissue engineering can

%12 Histological observation indicated that

obviously enhance bone regeneration
blood vessels are concentrated within the implant surface concavities **. And the
angiogenesis process around dental implants also can facilitate local bone
regeneration and increase the degree of osseointegration ***°. Therefore, we propose
here a concept that the combined angiogenic/osteogenic-inducing ability of dental
implant surface for enhancing rapid osseointegration.

In general, surface treatments of titanium dental implants can be divided into

16, 17 18,19

three broad categories: surface topography , chemical composition and drug
delivery 2> %!, Surface structures, including micro-, nano- and micro-/nano- scales,
have been demonstrated to direct protein adsorption, cell adhesion, osteogenic
differentiation and thus the rate and quality of osseointegration * ?*?*. In addition,
some surface profiles have been reported to enhance angiogenesis by upregulating the
expression of angiogenic growth factors 2> 2°. The chemical compositions of implant
surface also play an important role in the adsorption of proteins and adhesion of

osteoblastic cells. Especially, the incorporation of many bioactive ions (e.g. Ca, Si, Zn,
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Sr and Mg) can significantly induce the osteogenic differentiation of stem cells %%,

Meantime, some of these ions, like strontium, can enhance angiogenesis both in vitro
and in vivo . For drug delivery, recombination proteins have been used to enhance
angiogenesis and bone regeneration around titanium implants " *>. And suitable
surface structures can facilitate drugs loading and improve the release efficiency ** 3,
Taking together, a new implant surface possessing all of these advantages might be

more suitable for promoting both of angiogenesis and osteogenesis, and then rapid

osseointegration.
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Fig. 1. Schematic of the fabrication protocols for the novel strontium incorporated micro-arc
oxidation (MAO) coatings with multifunctions. (a) The first MAO for generating
micro/nano-pores modified coating. (b) The second MAO for incorporating strontium ions. (c)
SEM image shows canine BMSCs (red color) adhesion on the micro/nano-scale structures. (d)
Cumulative release curve of PDGF proteins from the nano-pores on the MAO coatings, detected
by the ELISA assay. (€) Cumulative release of strontium ions from the MAO-Sr coatings, detected
by the ICP-AES assay. (f) The photo of the MAO-Sr coated dental implant, which was implanted

in the canine mandible in this study.

In the present study, we fabricated a multi-functional titanium surface using a

new micro-arc oxidation (MAO) technique with a high-conductivity solution and low
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operating voltage (Fig. 1a). The novel TiO, layer (MAO group) displayed uniform
hierarchical micro/nano-topography and homogeneously distributed nano-scale pores,
unlike those different sized micro-scale holes generated by traditional MAO technique.
The biological properties of the micro/nano-topography were evaluated by tests on the
proliferation, adhesion and angiogenic/osteogenic differentiation of canine bone
marrow stem cells (BMSCs). In addition, we also tested the drug delivery ability of
these nano-pores system for recombinant human platelet derived growth factor-BB
(rhPDGF-BB) release to induce angiogenic/osteogenic differentiation of BMSCs.
Furthermore, we developed an innovative secondary MAO technique to incorporate
strontium into the new titanium surface (Fig. 1b). And the efficacy and the underlying
mechanisms, by which such a bioactive titanium surface (MAO-Sr group) promotes
rapid osseointegration, were investigated with in vitro and even in vivo canine

mandible implantation models.

Materials and methods

Animals
The canines used in this study were obtained from the Ninth People's Hospital
Animal Center (Shanghai, China) and the experimental protocol was approved by the

Animal Care and Experiment Committee of the Ninth People's Hospital.

Fabrication and characterization of MAO-Sr coating

Commercial TC4 titanium alloy was cut into squares (10><10><lmm or
20>20><Imm for in vitro studies) or machined into dental implants (for in vivo
studies). The samples were ultrasonically cleaned in acetone, acid pickled, and
ultrasonically cleaned with ethanol. Then, the samples were micro-arc oxidized
(MAO) in an electrolyte containing 4.5 g¢/L glycerophosphate disodium salt
pentahydrate (CsH;Na,OgP+5H,0, Kelong, Shanghai, China) and 4.0 g/L sodium
metasilicate nonahydrate (Na,SiO3*9H,0, Sinopharm, Shanghai, China) to fabricate a

porous surface layer (the MAO coating). In order to load strontium into the porous
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surface layer (the MAO-Sr coating), the samples, after micro-arc oxidization, were
further electrochemical treated in a strontium dichloride solution (SrCl,+6H,0,
Sinopharm, 10.0 g/L) by applying a negative potential (0.5 A/cm?) on the samples
(graphite as the counter electrode) for 30 min. The surface morphology of the samples
was observed using a scanning electron microscopy (SEM, JEOL JSM-6700F, Japan)
and the phase structures of the materials was determined by a X-ray diffractometry
(Bruker D8 Discover, Germany). The elemental compositions and mappings (Ti and
Sr) of the MAO-Sr coating were determined by energy-dispersive X-ray spectrometry
(EDS, EPMA, JAX-8100, Japan). The chemical states of strontium (Sr) were
determined by X-ray photoelectron spectroscopy (XPS) (Physical electronics PHI
5802). For the detection of strontium ions release, titanium implants with MAO-Sr
coating were in 5 ml physiological saline (0.9% NaCl, pH 7.0) at 37 <T without
stirring, and the extracts were collected and refreshed with fresh solution at day 1, 7,
14, and 28, and then the amounts of released strontium ions were determined by
inductively-coupled plasma optical emission spectrometry (ICP-OES, Varian, USA).

Scratching test was carried out to evaluate the adhesion strength of the coatings.

Delivery of rhPDGF-BB by the nanopores

GEM 21S® containing rhPDGF-BB was provided by BioMimetic Therapeutics,
Inc., Franklin, TN, USA. Square titanium plates (10 mm in length) with MAO coating
were used to test the ability on the loading of growth factors. According to our
previously described procedures °, a total of 50 uwl rhPDGF-BB solution with a
concentration of 100 ug/ml was added onto each titanium plate, and then the samples
were taken for 10 min vacuum extraction before air-drying at 4 <C overnight. The
release of rnPDGF-BB at selected time points was measured using an ELISA kit (BD
Biosciences, San Jose, CA, USA) %°. Canine BMSCs were isolated and cultured as we
previously described 8. The proliferation activity of these cells on the rhPDGF-BB
loaded MAO surface was detected by MTT assay at day 1, 3, 5, and 7. For angiogenic
and osteogenic differentiation assay, cells total RNA were extracted after 7 days

incubation and measured using the Bio-Rad Quantitative Real time PCR system
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(RT-PCR; Bio-Rad, MyiQ™, USA) (primers see Table S1, Supporting Information).

BMSCs adhesion on MAO-Sr coating

For cell adhesion detection, the expression of integrin 1 after initial seeding was
measured. At the gene level, total RNA were collected at 4 and 12 hours, and then
measured by the RT-PCR (primers see Table S1, Supporting Information). At the
protein level, cells were fixed after 12 hours incubation and detected using the
immunofluorescence method as we previously described 2. Briefly, specific primary
antibody targeting integrin B1 (Abcam, Cambridge, UK) and DyLight 549-conjugated
anti-mouse IgG antibody were used to detect the expression of integrin Bl in the
experiment. Cell cytoskeleton and nuclei were counterstained with FITC-Phalloidin
(Enzo Life Science Ltd., Exeter, UK) and DAPI (Invitrogen, Carlsbad, CA, USA),

respectively.

BMSCs osteogenic differentiation induced by MAO-Sr coating

After incubation in DMEM for 7 days, canine BMSCs were fixed and stained
with ALP kit (Beyotime, Shanghai, China). Meantime, ALP quantitative assay was
measured using the p-nitrophenyl phosphate (pNPP) (Sigma, St. Louis, MO, USA)
according to our previously described procedures 8. Calcium deposition assays were
further performed after culture in DMEM for 14 days. Firstly, cells were stained with
40 mM Alizarin Red S (ARS, Sigma) solution after fixing in 70% ethanol. And then,
the stained wells were eluted using a solution of 10% cetylpyridinium chloride (Sigma)
and the OD values were measured at 590 nm for quantitative assay 2. The expression
of RUNX 2, ALP, OPN, and OCN were further detected using the

immunofluorescence method after incubation in DMEM for 7 days.

Angiogenic effects of the MAO-Sr coating
Canine BMSCs incubating on the MAO-Sr coating, the release of angiogenesis
related growth factors, VEGF and PDGF-BB, were measured using the ELISA

method by collecting the culture medium at day 1, 3, 5, and 7. In addition, we further
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detected the angiogenic effects of these secreted growth factors on the in vitro
recruitment and in vitro angiogenesis abilities of endothelial cells. The culture
medium were collected and added in the lower chambers of the transwell plates with 8
|um pore membranes to test the recruitment capacity on HUVECs (AllCells, Shanghai,
China), which were incubated in the upper chambers '*. After 24 hours culture, these
cells penetrated the membranes of the upper chambers were fixed and observed under
a microscope. The in vitro endothelial tube formation assay was tested on the
ECMatrix™ gel (Millipore, Billerica, MA, USA) according to the manufacturer’s
instructions. In this experiment, endothelial cell growth medium (AllCells) was used
to collect the secreted growth factors, and then was taken for HUVECS culture for 24

hours to form cellular network structures.

Molecular mechanism detection

Canine BMSCs were incubated on the titanium plates with different coatings in
6-well plates for 12 hours. Total cell protein was harvested using a protein extraction
regent (Kangchen, Shanghai, China) with phosphatase inhibitor cocktail. Western blot
analysis was taken to observe the activation of MAPK/Erk and PI3K/Akt signaling
pathways by testing the expression of Erk1/2, p-Erk1/2, AKT, and p-AKT. In addition,
the released ions were collected and tested on the activation of these two signaling
pathways. Canine BMSCs were incubated in the extracts from different coatings for
12 hours before taking for western blot assay. More experiments were further
designed to test whether the activation of these two signaling pathways are involved
in the angiogenic/osteogenic effects of the MAO-Sr coating. Canine BMSCs were
incubated on the MAO-Sr coating in the culture medium containing Erk1/2 signaling
pathway inhibitor PD98059 (CST, Beverly, MA, USA) or/and Akt signaling pathway
inhibitor LY294002 (CST) with a final concentration of 10 uM. After 3 days culture,
cell total RNA was isolated and used for RT-PCR detection on the expression of

VEGF, PDGF-BB, ALP, and OCN (primers see Table S1, Supporting Information).

In vivo animal study
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Totally twelve adult beagle dogs, about 18 months old, were used for in vivo
mandible dental implantation study. Under general anesthesia, all premolars and first
molar of the left mandible of six dogs were extracted and left for 3 months for tooth
extraction wound healing. At the edentulous area, three implant holes were drilled and
randomly inserted with the following dental implants, MAO, MAO-Sr and ITI. Two
kinds of fluorochromes were administered intraperitoneally at a sequence of 30 mg/kg
Alizarin Red S and 20 mg/kg Calcein (CA, Sigma) at 2 and 4 weeks after the surgery,
respectively. Six weeks later, all animals were sacrificed and the left mandibles with
three implants were harvested. And then, the specimens were fixed, dehydrated,
embedded in polymethylmetacrylate (PMMA) and sectioned using a Leica SP1600
saw microtome (Leica, Hamburg, Germany). Finally, the sections were taken for
fluorescence labeling observation before being staining with Von Gieson’s picro
fuchsin for new bone formation and osseointegration observation. Another six beagle
dogs were used for rapid osseointegration evaluation on the femur implantation model,

according to our previously reported procedures 2.

Statistical analysis

The data were presented as mean =standard deviation (SD). Statistical analysis
was performed with One-way ANOVA followed by Tukey’s post hoc test using a
SAS 8.2 statistical software package. Values of p < 0.05 and p < 0.01

were considered to be statistically significant.

Results and discussion

Fabrication and characterization of the nano-scale pores

New coatings (MAO and MAO-Sr groups) were fabricated on the acid-etched
titanium surface (Ti group) and still displayed micrometer-sized pits (Fig. 2a, 1kx),
and covered with uniform sub-micro-scale particles (Fig. 2a, 5k>). More importantly,
high dense nano-scale (&, 50-500 nm) pores were found among these particles (Fig.

2b). From the cross-section (Fig. 2c), the thickness of the new coatings was about 1
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um, which is much less than that fabricated by traditional MAO technique (about 10
um). There were abundant tunnels connected with the surface opening nano-scale
pores in these new coatings, but no obvious gaps were found at the interface between
the coatings and titanium basal body. And the adhesion strength of these coatings was
as high as 30 N (Fig. S1, Supporting Information). Together, these micro-/nano-
structures increased the surface area, which is favorable for drug delivery and element
incorporation. We firstly tested the function of these nanopores for rhPDGF-BB
delivery to promote angiogenesis and osteogenesis. Protein particles were loaded
through vacuum method as we previously reported %°. There was obvious release of
rhPDGF-BB during the initial 24 hours, following a low level continuous release up
to 14 days (Fig. 1d and Fig. S2a, Supporting Information). PDGF-BB is a potent
mitogen and also well known for its angiogenic and osteogenic effects 2°. By loading
rhPDGF-BB into nanopores, the new titanium surface not only promoted the
proliferation of canine BMSCs (Fig. S2b, Supporting Information), but also enhanced
the expression of angiogenic and osteogenic related genes (Fig. S2c, Supporting
Information). Therefore, drug delivery is one of the major functions of these
nanopores, to further promote rapid osseointegration and even to treat osteoporotic
patients 2°.

In the present study, strontium ions were added to the processed surface via a
lower voltage for a short time, so these sub-micro-particles and nano-pores had not
been destroyed (Fig. 2a,b). By linking the sample to the negative pole during
secondary MAO, strontium ions quickly moved to the sample and were eventually
incorporated into the surface. The quantity and the invasion depth of these immersed
ions could be simply controlled through adjusting working voltage and processing
time (data not shown). According to the energy-dispersive X-ray spectrometry (EDS)
mappings (Fig. 2d), there were uniform distributions of Sr on the surface of MAO-Sr
group sample. The X-ray diffraction (XRD) spectra of the materials (Fig. 3a)
indicated that anatase and rutile forms of titanium dioxide were the major phases in
the coatings of MAO and MAO-Sr groups (the a-Ti and B-Ti were from the titanium

substrate). And the trace components in the MAO-Sr group were evidenced by

Page 10 of 23



Page 11 of 23

Nanoscale

using the X-ray photoelectron spectroscopy (XPS) technique. As depicted in Fig. 3b,
the Sr 3d doublets at 133.58 eV /135.29 eV and 132.74 eV /134.50 eV, with a
separation of approximately 1.7eV, correspond to strontium carbonate (SrCOs3) and
strontium titanate (SrTiO3). Accordingly, the Sr-loading process can be expressed as:

Firstly, strontium dichloride was dissolved to produce strontium ions

SrCl, — Sr** +2Cl- (1)

The resulted strontium ions were driven toward the sample surface by the electric
field. And some of them were inserted into the titanium dioxide lattices to produce

strontium titanate (SrTiOs), the others were reduced to become metallic strontium

Sr* +2e — Sr 2)

The metallic strontium was further oxidized due to expose to atmosphere, and
transferred into strontium carbonate (SrCO3).

Additionally, the incorporated strontium ions were continuously released at a
relatively high level within 28 days and without initial robust release (Fig. 1e), which
might maintain the long term bioactive effects. The new surface fabrication technique
is also suitable for three dimensions implants and has the advantages of simple
operation, good repeatability and low cost. The bio-functional dental implants
(MAO-Sr coated surface, Fig. 1f) were fabricated and could be easily preserved and

shipped, raising the likelihood for potential future clinical applications.
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Fig. 2. Surface and cross-sectional microstructures of the coatings. (a) Surface microstructures of
the titanium before and after MAO (or MAO-Sr ) treatment. (b) Typical surface nano-pores
structures of the MAO-Sr coating in high magnification. (c) Typical cross-sectional microstructure
of the MAO-Sr coating. (d) Energy-dispersive X-ray mapping of titanium (Ti) and strontium (Sr)

on MAO-Sr coating.
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Fig. 3. (a) X-ray diffraction patterns acquired from the coatings. (b) XPS Sr 3d spectra of the

MAO-Sr group.
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Nano-scale pores promote cell adhesion

Canine BMSCs were cultured on different titanium plates in vitro, although there
were no significant differences of cells metabolic activity among the three groups
displayed by MTT results (Fig. 4a), nano-scale pores obviously enhanced cell
adhesion. According to the quantitative real-time PCR (RT-PCR) results, the
expression levels of adhesion related gene integrin B1 at two early time points (4 and
12 hours) in group MAO and group MAO-Sr were significantly higher than that in
group Ti, while no significant differences were detected between the two groups of
coatings covered with nanopores (Fig. 4b). Cell immunofluorescence staining of
integrin B1 was further taken to confirm above findings at the protein level (Fig. 4c).
At 24 h of culture, red fluorescence stained integrin B1 in group Ti was less abundant
than that for the other two groups with nanoporous structure, and these results were
consistent with that at gene level. As far as we know, the nano-scale pores promoted
BMSCs adhesion might occur through facilitating serum proteins absorption 2% *.
Good cell adhesion activity, especially the up-regulation of integrin 1, plays an
important role in stimulating Integrin/FAK signaling pathways, which can further
activate many downstream pathways, such as MAPK/Erk and PI3K/Akt, having close

relationship with both of angiogenic and osteogenic differentiation %,
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Fig. 4. The proliferation and adhesion activities on the new titanium coatings. (2) Canine BMSCs

were cultured on the titanium plates for 1, 3, 5, and 7 days, and detected by MTT assay. Error bars
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represent SD (n=4). (b) RT-PCR detection of integrin 1 gene expression in canine BMSCs after
incubating on the titanium plates for 4 and 12 hours. Error bars represent SD (n=3). (c) The
expression of integrin 1 at the protein level was detected by immunofluorescence assay after
incubating on the titanium plates for 24 hours. “Merge” represents the merged images of actin

(green), integrin B1 (red) and nuclei (blue). (% %, represents p < 0.01).

New coatings enhance in vitro angiogenic activity and osteogenic differentiation

As described above, the combined angiogenic/osteogenic ability might enhance
in vivo fast oseeointegration. The effects of these new coatings (MAO and MAO-Sr)
on the differentiation of canine BMSCs were evaluated by a wide array of
experiments. For osteogenic differentiation, both of ALP activity and calcium
deposition ability of MAO group were significantly enhanced when compared with Ti
group, and these osteogenesis activities were further enhanced after strontium ions
incorporation at MAO-Sr group (Fig. 5a-c). Moreover, after 14 days incubation in
DMEM culture medium, there was obviously calcium deposition in MAO-Sr group,
which definitely reflects the potent osteoinductive capacity of the new coating.
According to the immunofluorescence staining results after 7 days culture (Fig. 5d,e),
the expression of four major osteogenic markers (RUNX 2, ALP, OPN and OCN)
were all higher in MAO group than those in the control group, and the highest
expression of these markers were found in MAO-Sr group.

As for the angiogenic activity, the secretion of VEGF and PDGF-BB proteins
were also enhanced in the MAO group, but were lower when compared to the
MAO-Sr group according to the ELISA detection results (Fig. 5f,g). Both of VEGF

39,40 50 the sustained secretion of those

and PDGF-BB are vital angiogenic regulators
growth factors might promote angiogenesis activity around the implants. These
secreted growth factors were further collected and tested on the recruitment and in
vitro endothelial tube formation of human umbilical vein endothelial cells (HUVECS).
As we expected, more and more HUVECs were recruited as the increase of these
growth factors from group Ti to group MAO, and then to group MAO-Sr, and there

were significant differences among the three groups (Fig. 5h,i). A similar tendency
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was also observed in the in vitro tube formation experiment (Fig. 5h,j). We must
explain here that the collected culture medium include released ions from the titanium
coatings. Although we did not eliminate the effects of these ions in the two in vitro
experiments on HUVECs, we still can speculate that the new coatings, when
implanted in vivo, might promote initial angiogenesis mainly via stimulating attached
cells to secrete angiogenic growth factors to recruit and facilitate endothelial cells to

form blood vessels.
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Fig. 5. The angiogenic and osteogenic effects of the new coatings on canine BMSCs. (a) ALP
staining and alizarin red s (ARS) staining were performed after incubating the BMSCs on titanium
plates for 7 days and 14 days, respectively. (b) Quantitative analysis of ALP activity of the
BMSCs after 7 days culture. Error bars represent SD (n=4). (c) Quantitative assay of the calcium

deposition capacity of the BMSCs after 14 days culture. Error bars represent SD (n=4). (d) The
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expressions of RUNX 2 and ALP in BMSCs were simultaneously detected by
immunofluorescence assay after 7 days culture. (¢) The expression of OPN and OCN at the protein
level in BMSCs after 7 days culture. (f-g) Canine BMSCs were incubated on titanium plates and
the secretion of VEGF and PDGF-BB proteins into the culture medium at different times were
detected by the ELISA assay. Error bars represent SD (n=6). (h) Images in the upper panels
displayed the HUVECs penetrated the transwell membranes, under the induction of the collected
BMSCs culture medium, containing VEGF and PDGF-BB proteins, for 24 hours. Images in the
lower panels showed the in vitro tube formation of HUVECs incubated in the collected BMSCs
culture medium for 24 hours. (i) The statistics of the numbers of these HUVECs penetrated the
transwell membranes. Error bars represent SD (n=6). (j) The statistics of the numbers of the in
vitro formed vessels. Error bars represent SD (n=6). (%, represents p < 0.05; % %, represents p <

0.01).

Erk1/2 and Akt pathways involve in the angiogenic/osteogenic effects of the new
coatings on canine BMSCs.

Experiments were further taken to examine the signaling mechanisms of the new
coatings in promotion of angiogenic/osteogenic activities. MAPK/Erk1l/2 and
PI3K/Akt are known as two main signaling pathways that responsible for the inducing
of both of angiogenic and osteogenic activities **. Activation of Erk1/2 can enhance
the expression of hif-1a, which plays an important role in the coupling of
angiogenesis and osteogenesis “* . And PI3K/Akt can work as the downstream
signaling of hif-1a during the hypoxia-induced angiogenic and osteogenic responses
*_ In addition, PI3K/AKkt has been reported as the main signaling pathway involved in
PDGF-BB induced angiogenesis during coupling with osteogenesis *>. In our study,
western blot (WB) analysis showed that both of the two new coatings could induce
phosphorylation of Erk1/2 and Akt signaling pathways, and the activation effects of
MAO-Sr group were higher than that of MAO group (Fig. 6a, b). To distinguish the
effect of surface structure and released ions on the activation of these two pathways,
extracts from three samples were collected and tested on canine BMSCs. WB results

indicated that extracts from MAO group mainly activate Akt pathway, but the two
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tested pathways were all activated by extracts from MAO-Sr group (Fig. 6c, d). Based
on above results, we might speculate that the surface structure was mainly involved in
the Erk1/2 pathway, and the released ions, especially Sr**, activated both of Erk1/2
and Akt pathways.

Samples of MAO-Sr group were selected to identify whether the activation of
Erk1/2 and Akt pathways is necessary for the angiogenic/osteogenic effects. Erk1/2
and Akt pathways were specifically inhibited by PD98059 and LY294002,
respectively. RT-PCR results (Fig. 6e-h) showed that the new coating significantly
enhanced the expression of angiogenic (VEGF and PDGF) and osteogenic (ALP and
OCN) genes when compared with the control group (Ti group). More importantly,
these advantages of MAO-Sr group were attenuated after the adding of single or both
of the signaling inhibitors, but the genes expression in Ti group were not affected. The
results confirmed that both of Erkl/2 and Akt pathways are involved in the

angiogenic/osteogenic effects of MAO-Sr coating on canine BMSCs.

Ti
¥ g f MAO-Sr
b 3 VEGF £ PDGF
a o o ° & < o
& §F & §F ¥ g z
E
2 s H
Erk1/2 3 3 E FH
10 41 8.7 1.0 1.5 5.7
PD98OSY - + -+ -+ -+ PD98059 — +—+ - + -+
LY294002 - — ++ — - ++ LY294002 - — ++ - — + +
9 g ALP g OCN
c Extracts d Extracts : <
¥ eg. E E
I«x \sr°¢s-°§l I«\ s"e?] £ E
] k-] -
1.0 1.2 34 1.0 14 3.0 PD98059 - + -+ -+ -+ PD98059 — + -+ -+ -+
LY294002 - — ++ — - ++ LY294002 — — ++ - — ++

Fig. 6. The mechanisms of the angiogenic/osteogenic effects of the new coatings on canine
BMSCs. (a-b) Western blot analysis showed the activation of Erk1/2 and Akt signaling pathways
in canine BMSCs incubating on the titanium plates for 12 hours. (c-d) The activation of Erk1/2
and Akt signaling pathways in canine BMSCs was induced by the extracts from different coatings.
(e-h) The expression of VEGF, PDGF-BB, ALP, and OCN genes in canine BMSCs incubating on

the titanium plates for 3 days with or without specific signaling inhibitors. Error bars represent SD
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(n=3). (%, represents p < 0.05; % %, represents p < 0.01).

New coatings promote rapid osseointegration

Large animal experiments were further adopted to evaluate the effect of these
new coatings on promoting rapid osseointegration. Firstly, the titanium rods were
inserted into canine femur bone marrow cavity, containing abundant BMSCs, so we
can test the osteoinduction capacity of these coatings on stem cells in vivo. X-ray
images were taken after six weeks implantation (Fig. S3b, Supporting Information),
obvious newly formed bones were found around the implants with the new coatings in
the cavity. From the histological images (Fig. S3c-e, Supporting Information), more
dense new bones close by the implants were observed in MAO-Sr group, and both of
new bone area and the percentage of bone implant contact (BIC) of the MAO-Sr
group were significantly higher than the other two groups. These results strongly
demonstrated that the new coating containing strontium ions possessed potent

osteoinductive ability in vivo.

a Observation b

Region

Tooth 6 weeks later
Extraction AB

Q 3 months later

Implant placement

BIC (%)

€© ARS(2W) CA(4W) Merge

Area of new bone (%)

Fig. 7. New coatings promoted rapid osseointegration in canine mandible. (a) Schematic view of
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the experimental protocol for the dental implantation surgery. The green rectangular area,
including all of the threads, indicated the histological observation region. (b) Histological sections
stained with Van Gieson’s picro fuchsin solution. (c-d) The statistical results of the percent of BIC
and the area of newly-formed bones around the implants. () Sequential fluorescent labeling
observations. White arrows indicated the main directions of new bone growth. Error bars represent

SD (n=3). (%, represents p < 0.05; % %, represents p < 0.01).

Then, the new coatings were applied to titanium dental implants, which were
screwed in canine mandibles to test the early osseointegration at 6 weeks (Fig. 7a),
and the commercially available ITI implants (Straumann AG) were taken as the
positive control. Histological images (Fig. 7b) showed new bones adhere closely to
the MAO technique processed implant surface, which demonstrated the good
biocompatibility of these coatings. In addition, more and robust bones grew around
the implant surface containing strontium ions. As we known, the percentage of BIC
and the quantity of peri-implant bone area are two vital factors contributing to the
quality of osseointegration. Both of the BIC (Fig. 7c) and the area of new bone (Fig.
7d) in the MAO-Sr group were significant higher than that of MAO group. Although
the BIC was less when compared to the ITI group, the percent of BIC already reached
as high as about 60% and peri-implant new bone area was significantly higher in the
MAO-Sr group. Taking all of these results together, the MAO-Sr coating has driven
the osseointegration to a high level, which is close to the effect of ITI implants.
Interestingly, sequential fluorescent labeling results (Fig. 7€) from week 2 to week 4
indicated that new bones grew outward from the implant surface in the ITI group, but
the newly formed bones extended along the surface in the MAO-Sr group. Therefore,
the percent of BIC in the MAO-Sr group would be further increased over time, six
weeks later. In addition, the released strontium ions in vivo might also play a remote
action that inducing angiogenesis and osteogenesis in the gap between implant surface
and host bones (Fig. 8), to promote rapid new bone formation which could be
supported by the more active mineralization around the implants in the MAO-Sr

group at both observation time points (Fig. 7e).
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Fig. 8. A general schematic view of the mechanisms of the MAO-Sr coating on promoting rapid

integration by facilitating angiogenesis and osteogenesis activities.

Conclusion

Multi-functional titanium implant coatings were fabricated by a new micro-arc
oxidation technique for dental implant application. The nanoporous structure not
only directly promoted cells adhesion and differentiation, but also could deliver
growth factors to enhance its biofunctionalization. Moreover, after strontium ions
incorporation, MAO-Sr coating showed obvious angiogenic and osteogenic effects on
canine BMSCs via MAPK/Erk and PI3K/Akt signaling pathways. In details, the
MAO-Sr coating facilitated their osteogenic differentiation and promoted angiogenic
growth factors secretion to recruit endothelial cells and form blood vessels. On the
large animal implantation models, the MAO-Sr coating significantly enhanced fast
bone formation within initial six weeks. The in vivo performance of the MAO-Sr
coated dental implants on rapid osseointegration was comparable to that of
commercially available ITI implants. These results therefore suggest a novel

implant coating to achieve rapid osseointegration by enhancing both of angiogenesis
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and osteogenesis.
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