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Osteoporosis is a major challenge to oral implants, and this study focused on

improving the osseointegration ability of titanium (Ti) implants in osteoporosis

environment via surface modification, including doping of strontium ion and

preparation of nanoscale surface feature. Our previous studies have shown that

strontium (Sr) ions can enhance osteogenic activity. Therefore, we aimed to

comprehensively evaluate the effect of hydrothermal treatment of Sr-doped

titanium implant coating on bone-binding properties in the microenvironment of

osteoporosis in this study. We fabricated Sr-doped nanocoating (AHT-Sr) onto the

surface of titanium implants via hydrothermal reaction. The rough Sr-doping had

good biological functions and could apparently promote osteogenic differentiation

of osteoporotic bone marrow mesenchymal stem cells (OVX-BMSCs). Most

importantly, AHT-Sr significantly promoted bone integration in the osteoporosis

environment. This study provides an effective approach to implant surface

modification for better osseointegration in an osteoporotic environment.
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Introduction

Titanium (Ti) implants have been extensively utilized in the field of oral implant based

on their good mechanical properties, bone-binding ability, and biocompatibility (Huang

et al., 2004; Spriano et al., 2018). However, some factors may increase the risk of implant

failure such as osteoporosis, diabetes, cancer, and smoking (Holahan et al., 2008; Chen
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et al., 2016; de Oliveira et al., 2020; Naseri et al., 2020; Zhang

et al., 2021; Wei et al., 2022). Osteoporosis is a systemic bone

metabolic disease caused by an imbalance between osteogenesis

and osteoclast, which is often accompanied by a significant

decrease in bone mineral density (Park et al., 2014; Takahashi

et al., 2016; Russow et al., 2018). Osteoporosis can result in

inadequate bone-implant contact, severely disrupting initial

implant stability and bone integration (Du et al., 2016; Wang

et al., 2021c). Osteoporosis is a challenge to the success of oral

implants. There are significant changes of hormones and

cytokines in bone marrows for patients with osteoporosis (Du

et al., 2016). The pathological environment disrupts

differentiation, proliferation, and intercellular communication

of bone marrow stem cells in osteoporosis patients (Alghamdi

et al., 2013; Dudeck et al., 2014). Therefore, titanium implants

need to be biologically active to undergo bone integration in

osteoporosis environment.

Several studies have shown the positive effects of strontium (Sr),

tantalum, gallium, and zinc on osteogenic differentiation (Lin et al.,

2013; Bonifacio et al., 2017; Zhao et al., 2019; Wang et al., 2021d). Sr

is an important component of bone. It plays a key role in bone

integration by promoting osteoblast differentiation and accelerating

bone formation, while inhibiting osteoclast differentiation and

reducing bone resorption (Choudhary et al., 2007; Bonnelye

et al., 2008; Montagna et al., 2020). Sr-containing drugs play an

active role in clinical application for anti-osteoporosis. However, oral

Sr-containing drugs have low utilization rate and can cause systemic

adverse reactions (Kolodziejska et al., 2021). Extensive efforts have

focused on the construction of Sr-containing implant coatings for

long-term and stable release. of Sr (Xing et al., 2020; Kuo et al., 2022).

Bone marrow-derived mesenchymal stem cells (BMSCs), the

precursors of osteoblastic-lineage cells, play a central role in bone

formation (Bianco et al., 2011; Fu et al., 2022). Previous studies have

demonstrated that Sr can promote MSCs differentiation in an

normal physiological environment (Wang et al., 2020). However,

the effect and underlying mechanism of strontium ion on MSCs in

an osteoporotic environment remains unknown. Alkali heat

treatment is a simple and stable method to construct Sr-

containing coating on the surface of titanium implants, which

leads to formation of nano-scale surface structures (Wang et al.,

2018; Wang et al., 2020; Okuzu et al., 2021). Nanoscale surface

features increase protein adsorption, stimulate osteoblast migration,

and accelerate integration of bone and implants (Ding et al., 2020;

Shu et al., 2020;Wang et al., 2022). By adjusting reaction conditions,

the synergy of the two strategies provide a new idea for promoting

osteoporotic bone bonding.

In this study, Sr-doped nanocoating was constructed on the

implant surface by alkali heat treatment. BMSCs from osteoporotic

rats were isolated and cultured and their biological properties, such

as cell proliferation, cell morphology, and osteogenic differentiation,

were estimated after AHT-Sr treatment. In addition, the

osseointegration ability of titanium implants containing Sr-doped

coating was evaluated in vivo in osteoporosis rats.

Materials and methods

Preparation of the materials

Titanium plates with dimensions of 10 mm × 10 mm × 1 mm

and cylindrical implants consisting of titanium (2 mm × 4 mm)

were employed in vitro and in vivo studies, respectively. The

samples were polished to 2,000 grit with SiC sandpaper and

cleaned by ultrasonic with acetone, ethanol, and deionized water.

The samples were immersed in 5 M NaOH solution and

subjected to hydrothermal treatment at 80°C for 6 h to form a

rough surface, thoroughly ultrasonically cleaned in deionized

water, and then wet-oxidized in deionized water at 200°C for 4 h.

After thorough ultrasonic cleaning in deionized water, the

samples were immersed in deionized water and 0.04 M SrCl2.

The samples before alkali heat treatment (AHT) were labeled as

Ti. The obtained samples treated with water and SrCl2 were

labeled AHT and AHT-Sr, respectively.

Surface characterization

The surface topography of the three groups of Ti plates was

examined using field-emission scanning electron microscopy

(FE-SEM; FEI Teneo VS, United States). X-ray energy-

dispersive spectrometry (EDS; S4800, Hitachi) was used to

observe the elemental composition above the three surfaces.

Contact angle measurement (JY-82B Kruss DSA, Germany)

was used to study and measure the wetting properties of the

surface. The amount of Sr2+ leached was assessed by inductively

coupled plasma atomic emission spectroscopy (ICP-MS;

PerkinElmer NexION 300X, United States). The samples were

placed in 10 ml of phosphate buffered saline (PBS) solution at

37°C and without stirring for various durations (1, 2, 3, 5, 7, 14 21,

and 28 days).

Cell culture

Forty 12-week-old female Sprague Dawley rats (average

weight: 250 g) were used in this study. Thirty rats were

randomly selected for bilateral ovariectomies surgery (OVX)

to obtain osteoporotic condition. The remaining 10 rats were

assigned to the control group and subjected to sham surgery.

Twelve weeks later, the femurs of the two groups were taken for

micro-CT to verify whether the model was successfully

constructed. Meanwhile, BMSCs obtained from healthy rats

(H-BMSCs) and OVX rats (OVX-BMSCs) were collected from

the bone marrow of the tibia as well as femora of two rat groups

as previously described. In vitro experiments were performed

using cells from the third to fifth passages. H-BMCSs were seeded

on Ti surfaces (Ctrl) while OVX-BMSCs were seed onto different

Ti disk surfaces (Ti, AHT, and AHT-Sr). Animal experiments
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were performed under the authorization of the ethical committee

of Xuzhou Medical University.

Cell proliferation

BMSCs at a cell density of about 2 × 104 cells/ml were seeded

onto titanium surfaces and then cultured for 1, 4, or 7 days. At

each time point, cell proliferation was assessed by the CCK-8

assay. After rinsing thrice with PBS, the cells were incubated in

400 μl of fresh culture medium (supplemented with 10% CCK-8

solution) at 37°C in the dark. After 2 h, 100 μl/well of the

supernatant was transferred to a 96-well plate and

absorbance at a wavelength of 450 mm was determined using

a microplate reader (Thermo Fisher Scientific, Waltham, MA,

United States).

Initial cell adhesion

The BMSCs at a cell density of ~2 × 104 cells/ml were seeded

onto titanium surfaces for 24 h. At various time points, the cells

were washed thrice with PBS and then fixed with 4% PFA for

10 min at room temperature (RT). The samples were

permeabilized using 0.1% Triton™ X-100 in PBS for 15 min.

The samples were then stained with FITC-phalloidin and with

DAPI for another 5 min in the dark following the manufacturer’s

instructions. Cytoskeletal F-actin (red fluorescence) and cell

nuclei (blue fluorescence) were assessed under an inverted

fluorescence microscope (Olympus, IX73, Japan).

Cell migration

BMSCs (cell density: 5,000 cells/well) were seeded onto the Ti

substrate for 24 h, and a straight wound was made on the cell layer

using a 1-ml pipette tip. After culturing for another 24 h, the cells

were fixed with 4% PFA and stained with FITC-phalloidin and

DAPI, then observed under fluorescence optics. Cell migration

capacity was evaluated by measuring the width of the cell wound.

Alkaline phosphatase staining

BMCSs were seeded at a density of about 2 × 104 cells/ml and

cultured in osteogenic induction media after adhering

supplemented with 100 μg/ml ascorbic acid, 2 mmol/L β-
glycerophosphate, and 10 nmol/L dexamethasone. Alkaline

phosphatase (ALP) staining was conducted using a BCIP/NBT

ALP kit (Beyotime, Shanghai, China) on days 4 and 7 of the cell

culture following the manufacturer’s instructions.

Quantitative Real-time PCR

BMSCs were seeded onto each sample at a density of 2 ×

105 cells/well. After culturing for 4 and 7 days, total RNA was

extracted using TRIzol reagent (Takara Bio, Japan). A

PrimeScript RT reagent kit (Takara Bio, Shiga, Japan) was

used in reverse transcription of total RNA to cDNA. Real-time

RT-PCR was conducted using a Quantitative SYBR Green Kit

(Takara Bio, Shiga, Japan) and was detected by

LightCycler480 System (Roche Diagnostics, Rotkreuz,

Switzerland). Table 1 shows the primer sequences. The

PCR conditions were as follows: 1) initial denaturation at

95°C for 30 s; 2) PCR: 95°C, 5 s; 60°C, 20 s, for 40 cycles; 3)

melting: 95°C, 5 s; 60°C, 1 min; 95°C, for 1 cycle; and 4)

cooling: 50°C, 30 s for 1 cycle. β-actin was used as control.

The results were calculated using the 2−ΔΔCT method.

Animal implant surgery

Twelve weeks post bilateral ovariectomy, the 20 OVX

Sprague Dawley rats were randomly assigned to two groups

(10 each), namely, AHT implants and AHT-Sr implants.

After inducing general anesthesia using 10% sterile chloral

hydrate solution, we made 1.8-mm-diameter implant holes in

the femoral metaphysis (approximately 7 mm above the knee

joint). A single implant was randomly placed into each femur.

At 2 and 4 weeks after surgery, five rats in each group were

sacrificed. We collected the femora and removed adherent

tissues, and fixed these in 4% paraformaldehyde at RT for

subsequent analysis.

Micro-CT analysis of femora

The rats were sacrificed, and their femora were fixed with 4%

phosphate buffered PFA. The samples were scanned using a

SCANCO μCT 100 system (SCANCO Medical AG, Brüttisellen,

Zurich, Switzerland) at a 4-μm resolution, 160 μA tube current,

and 50 kV tube voltage. Regions of interest were selected within

the 0.5–4.5 mm area below the growth plate at the distal ends of

each femur.

Statistical analysis

Data were expressed as the mean ± standard deviation (SD).

Statistical analysis was performed using the IBM SPSS ver. 18.0.

We assessed statistical differences using the two-way analysis of

variance. Differences with a p < 0.05 were considered statistically

significant.

Frontiers in Bioengineering and Biotechnology frontiersin.org03

Geng et al. 10.3389/fbioe.2022.1011482

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1011482


Results

Characterization of Sr-doped
nanocoating surface

Figure 1A Shows the SEM micrographs of samples with

different coating parameters. The surface of Ti groups showed

obvious polishing scratches. The AHT groups were

characterized with a sponge network structure that was

similar to our previous findings. Evenly distributed

nanoscale (Ø 200–300 nm) particles could be found on

AHT-Sr specimens. The EDS spectrum of AHT-Sr is shown

in Figure 1B. The main elements of the AHT-Sr coating

included Ti, O, Al, V, and Sr. Relative to the other two

groups, Sr content increased in AHT-Sr, indicating that we

had successfully Sr-doped the coating. The elemental

composition of various samples as determined by EDS are

shown in Table 2.

In addition, the hydrophilic/hydrophobic ability of

multiple samples were evaluated by water contact angle

measurement (Figure 2A). The contact angle on the Ti and

AHT was around 76.05° ± 0.47° and 46.32° ± 1.00°, respectively.

However, the contact angle was 13.77° ± 0.73° on the AHT-Sr,

indicating a high degree of hydrophilicity. This phenomenon

may be attributable to the increase in surface roughness.

Previous studies have indicated that osseointegration is

influenced by the response of osteoblast cells to surface

roughness and alteration in wettability. Protein adsorption

test showed that AHT-Sr surface adsorbed more protein than

Ti surface (Figure 2B). Figure 2C shows Sr ion release from

AHT-Sr for 28 days. The accumulation concentration over the

full 28 days was 260 μg/L.

FIGURE 1
Surface characterizations of Ti, AHT, and AHT-Sr. (A) Representative SEM images showing the rough surface of Ti, AHT, and AHT-Sr. Scale bars:
500 nm. (B) EDS spectra and mappings of Ti, AHT, and AHT-Sr substrates.
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Establishment of osteoporotic conditions

OVX, a time-honored model to obtain osteoporotic

condition, was used in this study. Here, bone conditions were

evaluated by animal micro-computed tomography after 12 weeks

of post-surgery to confirm whether our in vivo model of

osteoporosis was established after OVX. Three-dimensional

reconstruction showed a decline in bone level after OVX

(Figure 3A). Twelve weeks after OVX, the volume of new

bone and the thickness and number of trabecular bones

significantly decreased, while the trabecular space significantly

increased (Figure 3B).

Cell attachment and proliferation on
Titanium, AHT, and Sr-doped nanocoating
samples

With cell proliferation, the number of OVX-BMSCs steadily

increased over time. Similar proliferation rates of cells cultured

on Ti, AHT, and AHT-Sr surfaces were observed for 7 days

(Figure 4A). A scratch experiment was performed to assess MSC

migration capacity (Figure 4B). After 12 h, the wound closure

condition of OVX-BMSCs grown on an AHT or AHT-Sr surface

was better compared to the Ti surface. Immunofluorescence

staining of F-actin and nuclei were performed to evaluate

initial cell attachment 4 h after cell seeding. OVX-BMSCs

grown on the AHT and AHT-Sr surface showed clear

TABLE 1 Primers used in qRT-PCR.

RNA Sequence, 59-39

β-actin Forward: GTAAAGACCTCTATGCCAACA

Reverse: GGACTCATCGTACTCCTGCT

ALP Forward: TATGTCTGGAACCGCACTGAAC

Reverse: CACTAGCAAGAAGAAGCCTTTGG

BMP-2 Forward: GAAGCCAGGTGTCTCCAAGAG

Reverse: GTGGATGTCCTTTACCGTCGT

BSP Forward: AGAAAGAGCAGCACGGTTGAGT

Reverse: GACCCTCGTAGCCTTCATAGCC

COL-I Forward: GCCTCCCAGAACATCACCTA

Reverse: GCAGGGACTTCTTGAGGTTG

OCN Forward: GCCCTGACTGCATTCTGCCTCT

Reverse: TCACCACCTTACTGCCCTCCTG

OPN Forward: CCAAGCGTGGAAACACACAGCC

Reverse: GGCTTTGGAACTCGCCTGACTG

TABLE 2 Element contents on the surface of Ti, AHT, and AHT-Sr samples determined by EDS.

Ti (wt%) O (wt%) Al (wt%) V (wt%) Sr (wt%)

Ti 86.3 1.5 5.7 4.9 0.6

AHT 73.5 16.2 4.4 4.4 0.6

AHT-Sr 71.8 17.6 4.0 3.7 1.9

FIGURE 2
Surface physicochemical properties of Ti, AHT, and AHT-Sr. (A)Measurement of water contact angles in various specimens (n = 3). (B) Protein
adsorption assay. (C) Cumulative release profile of Sr2+ ions from AHT-Sr within 28 days after incubation in PBS. The results are presented as the
mean ± SD, n = 3, *p < 0.05.
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filopodia extensions (Figure 4B). However, no significant

differences in the initial adherent cell number on the Ti,

AHT, and AHT-Sr samples were observed.

Sr-doped nanocoating promotes
osteogenic differentiation of osteoporotic
bone marrow mesenchymal stem cells
osteogenic differentiation in vitro

ALP activity and osteogenic gene expression of OVX-

BMSCs were assessed to investigate osteogenic differentiation

of OVX-BMSCs in vitro. First, ALP activity was detected by

ALP staining after 4 and 7 days as a representative marker of

early stage of osteogenic differentiation. According to

Figure 5A, the cells cultured on the AHT-Sr surface showed

darker purple dye effect compared to those cultured on the

AHT coatings. Second, we assessed the expression of osteogenic

markers using RT-PCT after culturing for four and 7 days.

Compared with our findings from OVX-BMSCs cultured on

AHT, the OVX-BMSCs grown on AHT-Sr exhibited

upregulated ALP, BMP-2, COL-1, OCN, OPN, and BSP

expression (Figure 5B). These results suggest that AHT-Sr,

with released Sr2+ ions, facilitates early osteogenesis of OVX-

BMSCs.

Sr-doped nanocoating implant
osseointegration in vivo

Previous studies have shown that AHT implants can

enhance their osteogenic activity compared to Ti implants

with smooth surface (Zhang et al., 2020; Wang et al., 2021).

And treated implants with hydrophilic surfaces have been

widely used in clinic. Therefore, we selected AHT as the

control group in vivo experiments. Micro-CT was

performed to analyze primary bone healing. Figure 6A

shows the schematic diagram of 3D reconstruction

including associated parameters. Significantly higher

osteogenesis of AHT-Sr implants was observed relative to

AHT implants after 2 and 4 weeks (Figure 6B). The volume of

the newly formed bone and thickness and number of

trabecular bones around the AHT-Sr implant were

significantly higher than the AHT implants while trabecular

space was significantly lower (Figure 6C).

Discussion

Dysfunctional BMSCs result in bone formation defects in

osteoporosis that in turn may cause implant failure (Du et al.,

2016). In previous studies, coating with Sr ions on the implant

FIGURE 3
Establishment of OVX rat model for osteoporosis. OVXwas performed at 12 weeks usingmicro-CT scanning to validate bone conditions. (A) 3D
representative micro-CT micrographs of femoral condyles in the OVX and sham groups. Scale bars: 2 mm. (B) Quantitative parameters used to
assess morphological bone alterations such as trabecular bone volume percentage (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tp.N)
and trabecular separation (Tb.Sp) (n = 6). Asterisks represent significant differences among groups (*p < 0.05).
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surface can achieve better osteogenesis effect in health model

(Zhao et al., 2019). However, the quantitative effect of AHT-Sr

coatings on the osteoporosis model remains unclear. It would be

of great significance to comprehensively evaluate the

osseointegration following AHT-Sr implantation in vivo.

Therefore, in this study, we successfully established an

osteoporosis rat model. In addition, we coated nanoscale Sr

onto AHT surfaces and found that in the osteoporosis model,

AHT-Sr exhibited great osteogenic activity both in vitro and

in vivo.

OVX rat models have been used in many studies for

postmenopausal osteoporosis (Tao et al., 2015; Tao et al.,

2016). In the present study, the trabecular bone volume of

OVX rats markedly decreased in the distal femur 12 weeks

after surgery, and BV/TV calculated by Micro-CT was

significantly lower, which indicates that an osteoporosis model

had been successfully established. Compared with H-BMSCs,

VOX-BMSCs had decreased osteogenic differentiation ability

and were used in in vitro studies.

As stated in the in vitro tests, OVX-BMSCs on AHT and

AHT-Sr exhibited highly branched pseudopods extending into

the microstructures of the coating (Figure 5). This result may be

related to the roughness and good wettability of AHT-Sr surface.

Previous studies have shown that that Ti implants with rough

surfaces enhance osteoblast adhesion and extension compared to

those with smooth surfaces (Gittens et al., 2014; Salou et al.,

2015). The micro/nanotopography structures generated by

hydrothermal treatment in this study were similar to those

described in other studies (Kim et al., 2016). These micro/

nanoscale structures observed through SEM on the AHT-Sr

implant surface may enhance bone formation. In addition,

osteoblast attachment could be promoted by implants with

higher surface hydrophilicity (Le et al., 2021). Kubo et al.

(2009) have reported that uniformly distributed 300-nm nano

surface structures significantly enhance ALP activity, mRNA

expression of Col1, and Ocn, and total calcium deposition in

BMSCs. After alkali heat treatment, AHT-Sr induced VOX-

BMSC differentiation in vitro with microstructures of

approximately 300 nm in size that were randomly distributed.

Surface wettability also influences implant osseointegration.

Wilson et al. have shown that hydrophilic surfaces improve

binding of adhesive proteins onto the osteoblast surface and

promote their growth (Wilson et al., 2005; Deng et al., 2010).

Moreover, greater surface wettability can speed healing and early

FIGURE 4
Biocompatibility studies on Ti disks. (A) Proliferation of H-BMSCs grown on Ti surfaces and OVX-BMSCs grown on different Ti disk surfaces.
(B) F-actin immunostaining images of H-BMSCs and OVX-BMSCs grown on Ti, AHT, and AHT-Sr. Representative images of three separate
experiments. Scale bars: 100 μm. Error bars indicate the SD of three separate experiments.
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bone bonding. We assumed an alike increase in osteogenic

activity as wettability gradually increased from Ti and AHT to

AHT-Sr (Figure 2).

As expected, the AHT-Sr had better osseointegration than

the AHT considering Sr release. The chemical composition of

coating is an important factor affecting the adhesion

and attachment of osteoblasts (Wang et al., 2020). The release

of Sr ions can alter local pH, increase cell microenvironment

basicity, modify cell transmembrane protein structure, and

improve the binding of cells onto proteins adsorbed on the

AHT-Sr surface to promote adhesion (Zhang et al., 2014;

Zhang et al., 2016; Schmidt et al., 2020). Over the years, in

various experimental studies and clinical trials, a large number of

studies have shown that stable Sr ions can promote bone

formation and reduce bone resorption (Alghamdi and Jansen,

2013; Zhang et al., 2021).

Clinically, early osteogenesis has a significant impact on the

success of implants. The degree of early osteogenesis relies on the

FIGURE 5
AHT-Sr promoted osteogenic differentiation of OVX-BMSCs. (A) ALP staining of H-BMSCs and OVX-BMSCs cultured on Ti, AHT and AHT-Sr
disks for 4 and 7 days. Representative images of three separate experiments. (B)mRNA expression of selected osteogenic markers in H-BMSCs and
OVX-BMSCs that were cultured on different Ti disks for 4 and 7 days. Error bars indicate the SD of three separate experiment. *p < 0.05.
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ability of osteoblasts to generate new bone, which is controlled by

related genes and proteins. ALP, COL-1, BMP-2, OCN, OPN, and

BSP are indicators of osteoblast differentiation and mineralization

and thus were assessed in this study (Figure 5B). ALP and COL-1

genes are early markers of osteoblast differentiation (Ding et al.,

2016; Sun et al., 2021). OPN can adjust cell adhesion, migration, and

mineral deposition as a multifunctional extracellular matrix protein

(He et al., 2018). BMP-2 has an important role in activate osteoblasts

and promote bone formation (Wang et al., 2021). OCN influences

late differentiation of osteoblasts, which mainly occurs in the

mineralization stage (Wan et al., 2022; Yu et al., 2022). In vitro

RT-PCR analysis showed that the expression levels of these genes in

cells cultured on AHT-Sr were significantly higher than those

cultured on AHT. In addition, compared with AHT, ALP

FIGURE 6
Osseointegration of AHT and AHT-Sr implants was measured by micro-CT. (A) Schematic of the surgery. (B) Reconstructed pictures of AHT
implants (Control) and AHT-Sr implants at 2 and 4 weeks post surgery. Scale bar representing 1 mm; n = 5 per group. (C) BV/TV, Tb.Th, Tb.N, and Tb.
Sp were measured. n = 5. *p < 0.05.
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protein secretion, which promotes the mineralization of collagen

matrix, was enhanced both in vitro and in vivo (Figure 5A). These

findings suggest that AHT-Sr coating induces osteogenesis in vitro

and in vivo by simultaneously maintaining bone regeneration and

disrupting bone resorption. However, despite its beneficial effects,

the mechanism by which Sr ions induce bone formation remains

unclear. Sr can activate the CaSR and NFATc/Wnt signaling

pathways and regulate OPG/RANKL and other mechanisms (Cui

et al., 2020). Therefore, Sr imparts different effects on osteoclasts and

osteoblasts, thereby resulting in increased bone mass, bone strength,

and bone structure. Furthermore, Sr also influences the ras-MAPK

signaling pathway. Peng et al. (2009) have reported that Sr

upregulates Runx2 transcription and increases phosphorylation

levels in human bone mesenchymal stem cells via the Ras-

MAPK pathway, resulting in the upregulation of OCN, COL2A,

OPN, and other genes that in turn enhances osteoblast

differentiation. Zhang et al. (2018) found that micro structures

and Sr ions could synergistically promote osteogenic

differentiation by activating ERK1/2 and p38 MAPK signaling

pathway. However, the mechanism of Sr ion induced bone

formation remains unclear, and further studies are needed to

clarify its underlying molecular mechanism.

The impact of AHT-Sr on osseointegration was assessed by

histological analysis of micro-CT images for its potential clinical

application. The results of this investigation showed that AHT-Sr

coatings enhanced implant osseointegration and improved

implant trabecular microstructure, thereby enhancing early

implant osseointegration.

Conclusion

In this study, we simulated the osteoporotic environment

in vitro by culturing BMSCs isolated from the bone marrow of

OVX Sprague Dawley rats to evaluate the therapeutic effect of

AHT-Sr. After alkali heat treatment, AHT-Sr exhibited a rough

surface with low contact angle and steadily released Sr ions. Based

on our results, we showed that Sr-incorporated surfaces treated

via hydrothermal reactions enhanced osteogenesic

differentiation and early bone osseointegration using

osteoporotic models and thus may potentially be used as a

surface modification method for implant surfaces.
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