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A B S T R A C T   

The excessive accumulation of reactive oxygen species (ROS) under osteoporosis precipitates a microenviron-
ment with high levels of oxidative stress (OS). This could significantly interfere with the bioactivity of con-
ventional titanium implants, impeding their early osseointegration with bone. We have prepared a series of 
strontium (Sr)-doped titanium implants via micro-arc oxidation (MAO) to verify their efficacy and differences in 
osteoinduction capabilities under normal and osteoporotic (high OS levels) conditions. Apart from the chemical 
composition, all groups exhibited similar physicochemical properties (morphology, roughness, crystal structure, 
and wettability). Among the groups, the low Sr group (Sr25%) was more conducive to osteogenesis under normal 
conditions. In contrast, by increasing the catalase (CAT)/superoxide dismutase (SOD) activity and decreasing 
ROS levels, the high Sr-doped samples (Sr75% and Sr100%) were superior to Sr25% in inducing osteogenic 
differentiation of MC3T3-E1 cells and the M2 phenotype polarization of RAW264.7 cells, thus enhancing early 
osseointegration. Furthermore, the results of both in vitro cell co-culture and in vivo studies also showed that the 
high Sr-doped samples (especially Sr100%) had positive effects on osteoimmunomodulation under the OS 
microenvironment. Ultimately, the collated findings indicated that the high proportion Sr-doped MAO coatings 
were more favorable for osteoporosis patients in implant restorations.   

1. Introduction 

Famed for its excellent biocompatibility and mechanical properties, 
titanium (Ti) has been widely utilized in dental implants. Along with the 
high success rate of implantation and considerable potential in 
osseointegration when used in healthy individuals, Ti implants have 
now become the cornerstone for edentulous restorations. However, 
when under the influence of certain diseases such as osteoporosis, the 
osseointegration potential of Ti implants may be severely impeded [1,2]. 
This is attributable to the pathophysiology of osteoporosis, causing 
weakening and disintegration of the bone mass in the jaw and hence has 
been considered to be contradictory to implant restorations [3,4]. 
Furthermore, having affected more than 200 million people in China 

alone, the ever-rising incidence of osteoporosis is directly correlated 
with the significant rise in the aging population and life expectancy [5]. 
What’s more, the patients to clinical implant repair are mostly 
middle-age and elder people, which are highly overlapped with osteo-
porosis patients. Consequentially, it is necessary to explore different 
methods in enhancing the early osseointegration and long-term success 
rate of implants under osteoporosis. 

Studies have shown that cellular functions are extremely dependent 
on the surrounding microenvironment (extracellular matrix, body fluid 
components, etc.). Conversely, failure in preserving the homeostatic 
stability of the microenvironment will very likely lead to abnormal 
changes of cells/tissues [6,7]. A previous study has verified that patients 
with osteoporosis exhibit higher levels of oxidative stress (OS) when 
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compared to the healthy population [8]. Moreover, excessive accumu-
lation of oxidant intermediates will have adverse effects on both the 
immune and skeletal systems of the body, exacerbating bone loss and 
impeding implant osseointegration [8,9]. For that reason, studies have 
suggested that the inhibition of excess accumulation of reactive oxygen 
species (ROS) can significantly augment bone mass [10,11]. Therefore, 
the negative regulation of osteoporosis-induced endogenous ROS is ex-
pected to become a more feasible approach to promote bone growth and 
osseointegration potential of Ti implants. 

Surface antioxidant coating preparation is regarded as one of the 
more promising methods in endowing titanium implants with superior 
antioxidant properties. Previous studies have shown that under OS 
conditions, the anodized nanotopologies on Ti implants have superior 
antioxidant potential and are more conducive to osteogenesis compared 
to untreated Ti [12,13]. In recent years, a plethora of functional polymer 
coatings (e.g., silk fibroin, proanthocyanidin, etc.) are utilized in the 
development of antioxidant titanium implants [14,15]. However, the 
poor mechanical stability of the aforementioned anodic oxidation and 
polymer coatings limits their clinical application prospects. For this 
reason, the micro-arc oxidation (MAO) technique has seen a rise in 
popularity among researchers to be used as an alternative. Recently, it is 
demonstrated that MAO results in the formation of a porous oxide layer 
on implant surfaces, further enhancing biocompatibility and bonding 
strength [16]. Furthermore, by adjusting the electrolyte compositions, 
various metal ion-doped coatings can be successfully constructed onto 
implant surfaces [17]. Various metal ions (e.g., Mn, Cu, Sr, etc.) have 
been shown to possess good antioxidant properties, however, most of 
them are rarely studied [18–20], suggesting a multitude of possibilities 
in exploiting the benefits of these metal ions to fabricate Ti implant 
coatings. 

Strontium (Sr), as an essential micro-element, has been proven to be 
an integral feature in the development of bone and/or teeth. Sr-doped 
implants are proved to significantly promote early osseointegration in 
both normal and osteoporotic conditions [21,22]. Previous studies on 
the mechanism of Sr2+ promoting bone formation mainly focused on the 
inhibition of osteoclast maturation and the promotion of osteoblast 
differentiation [23,24]. However, the relevant molecular mechanisms 
have not been fully understood, particularly during osteoporosis. 
Recently, Zhou et al. discovered that the Sr-doped titanium samples 
could significantly promote osteogenesis by decreasing ROS expression, 
inhibiting adipogenic differentiation of mesenchymal stem cells in aging 
rats [25]. With that said, the exploitation of the anti-oxidative stress 
mechanism of Sr-doped implants may be the key to realize its 
anti-osteoporosis potential. 

That being said, however, Sr is demonstrated to be heavily dose- 
dependent. A low dose of Sr is proven to be conducive to osteogenesis 
and in contrast, and a high dose of Sr will be detrimental to the sur-
rounding microenvironment, causing cellular apoptosis [26,27]. Yan 
et al. discovered that the preparation of a Ti surface calcium phosphate 
coating composed of approximately 20% Sr was the most optimal in 
inducing osteogenesis in normal rat models [28]. However, with our 
limited understanding in regards to the effects of Sr and its dosage at the 
molecular level, it is uncertain whether 20% of Sr will be adequate in 
alleviating and preventing the harmful effects of osteoporosis. This may 
be one of the crucial factors in determining the osteogenic efficacy of 
related implant materials. Therefore, it is imperative to carry out 
in-depth investigations to further elucidate the bioactivities and poten-
tial mechanism of different Sr-doped biomaterials under normal and OS 
conditions. 

In this study, we have fabricated a series of Sr-incorporated Ti sub-
strate coatings via MAO and conducted an in-depth investigation into 
their dose-influenced osteogenic and antioxidant potential under 
normal and OS microenvironments. Following our previous study, an in 
vitro cell OS-injury model was established by adding 300 μM of hydrogen 
peroxide (H2O2) into the culture medium [29]. Herein, the following 
three issues are expected to be explored: 1) to study the osteoinductive 

potential of the different proportions of Sr-doped MAO samples under 
normal and OS conditions; 2) to explore the relevant mechanisms 
behind the anti-oxidative stress capabilities of various Sr-doped Ti 
substrates; 3) to verify the viability of Sr-doped Ti equipped with the 
optimal antioxidant properties for osteoporosis-influenced implant 
restorations. 

2. Materials and methods 

2.1. Sample preparation and characterization 

2.1.1. Sample preparation 
Commercial Ti pieces (width: 10 mm, thickness: 2 mm) and Ti rods 

(diameter: 1.5 mm, length: 10 mm) were purchased from Northwest 
Institute for Nonferrous Metal Research (Xi’an, China). According to 
Table S1, different electrolytes containing Sr(CH3COO)2, Ca(CH3COO)2, 
and C3H7Na2O6P⋅5(H2O) with different concentrations were first pre-
pared under magnetic stirring. Afterward, a series of Sr-doped samples 
(Sr0%, Sr25%, Sr50%, Sr75% and Sr100%) were prepared in the cor-
responding electrolyte by MAO technique (Fig. 1A). Briefly, the cleaned 
Ti and platinum substrates were used as anode and cathode, respec-
tively. The MAO process was carried out under a constant voltage mode 
at 550 V for 15 min. The duty cycle and frequency were 15% and 
1000Hz, respectively. During the process, a circulating flow of cold 
water was used to lower the temperature of the electrolyte. After MAO 
treatment, the specimens were cleaned through immersion in distilled 
water for 30 s under ultrasonication. 

2.1.2. Sample characterization 
The surface morphology and roughness of specimens were charac-

terized by scanning electron microscopy (SEM, Zeiss AURIGA FIB, 
Germany) and atomic force microscopy (AFM, Dimension, Bruker, 
Germany). The elemental compositions of the coatings were analyzed 
via an energy dispersive X-ray microanalysis system (EDS, Zeiss AURIGA 
FIB, Germany) and X-ray photoelectron spectroscopy (XPS, Model PHI 
5400, Perkin Elmer, USA). The crystalline phases and wettability anal-
ysis of different samples were determined by X-ray diffraction (XRD, D/ 
Max 2500 PC, Rigaku, Japan) and contact angle measuring instrument 
(DSA30, Kruss, Germany), respectively. 

2.2. Osteoblast experiments in vitro 

2.2.1. Endogenous ROS expression 
MC3T3-E1 cells (1 × 104 cells/cm2) were cultured onto different 

samples for 3 d in α-Minimum Essential Medium (α-MEM, Hyclone) 
supplemented with 300 μM of hydrogen peroxide (H2O2) [13,29]. After 
fixation in 4% fixative solution (Solarbio Co.) for 30 min, MC3T3-E1 
cells were stained using Reactive Oxygen Species Assay Kit (Beyotime 
Biotechnology Co.), and then observed through a confocal laser scan-
ning microscope (CLSM, Nikon DS-Ri2, Nikon Instruments Inc., Japan). 
The CLSM instrument was equipped with a 16-megapixel color camera. 
The excitation/emission wavelengths (λex/λem) of 2′,7′-Dichlorodihy-
drofluorescein diacetate (DCFH-DA) dye were 488/525 nm. Moreover, 
the applied Amplification/Numerical Aperture (NA) of the objective lens 
were 20 × /0.50. Finally, the fluorescence intensity was quantitatively 
analyzed using Image-Pro Plus software. 

2.2.2. Antioxidant enzyme activity 
MC3T3-E1 cells (1 × 104 cells/cm2) were cultured in an H2O2-sup-

plemented medium for 3 d. Samples were rinsed 3 times using phosphate 
buffered saline (PBS), then 200 μL of sodium dodecyl sulfate (SDS) lysis 
buffer was added to each well and shook for 5 min. The catalase (CAT) 
and superoxide dismutase (SOD) in different groups was then deter-
mined by Catalase Assay Kit (Beyotime Biotechnology Co.) and Total 
Superoxide Dismutase Assay Kit (Beyotime Biotechnology) according to 
the instructions. Their absorbance was finally measured at 520 nm and 
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450 nm using a microplate reader (Multiskan Spectrum, Thermo Fisher 
Scientific Inc., USA), respectively. 

2.2.3. Cell morphology 
MC3T3-E1 cells (1 × 104 cells/cm2) were cultured in an H2O2-sup-

plemented medium for 3 d. The adherent cells were then fixed with 4% 
fixative solution and perforated with 0.2% Triton-X solution (Beyotime 
Biotechnology Co.). After that, the fixed cytoskeleton and nucleus were 
stained with tetramethylrhodamine (TRITC) phalloidin (Solarbio Co.) 
and 4′,6-diamidino-2-phenylindole (DAPI, Solarbio Co.), and observed 
by a CLSM. The λex/λem of TRITC-phalloidin and DAPI dyes were 540/ 
565 and 358/461 nm, respectively. The applied Amplification/NA of the 
objective lens were 20 × /0.50. 

2.2.4. Cell viability 
MC3T3-E1 cells (1 × 104 cells/cm2) were cultured in both normal or 

H2O2-supplemented medium for 3 d. The mixture solution of medium 
and tetrazolium bromide (MTT, Solarbio Co.) was added to each well 
and incubated for another 4 h. Dimethyl sulfoxide (DMSO) was then 
used to dissolve the formed formazan crystals. 200 μL of the dissolved 
solution was collected to measure the optical density (OD) value with a 
microplate reader at 490 nm. 

2.2.5. Alkaline phosphatase (ALP) activity 
MC3T3-E1 cells (1 × 104 cells/cm2) were cultured in both normal 

and H2O2-supplemented medium for 7 d, separately. For ALP staining, 
the adherent cells were firstly immobilized with 4% fixative solution, 
stained with 5-Bromo-4-Chloro-3-Indolyl Phosphate/Nitroblue 

tetrazolium chloride (BCIP/NBT) Alkaline Phosphatase Color Develop-
ment Kit (Beyotime Biotechnology Co.), and then observed under a 
stereomicroscope. For ALP activity detection, cells were first lysed with 
1% Triton-X solution. Then, 200 μL of lysate from each group was 
collected to measure the ALP activity and total protein concentration 
using Alkaline Phosphatase Assay Kit (Nanjing Bioengineering Institute) 
and Bicinchoninic Acid (BCA) Protein Assay Kit (Beyotime Biotech-
nology Co.). Their OD values were measured using a microplate reader 
at 520 and 562 nm, respectively. 

2.2.6. Collagen secretion 
MC3T3-E1 cells (1 × 104 cells/cm2) were cultured in both normal 

and H2O2-supplemented medium for 14 d, separately. After fixation of 
adherent cells with 4% fixative solution, they were stained using Sirius 
red dye (Solarbio Co.) and visualized under a stereomicroscope. Finally, 
the stained collagen crystals were dissolved in 0.1 M NaOH solution and 
detected using a microplate reader at 540 nm. 

2.2.7. Osteocalcin (OCN) expression 
MC3T3-E1 cells (1 × 104 cells/cm2) were cultured in an H2O2-sup-

plemented medium. On the 14th day, supernatant of each cell culture 
medium was collected. The concentration of OCN in each group was 
measured with an enzyme-linked immunosorbent assay kit (Biomedical 
Technologies Inc.) according to the instruction. The OD value of the final 
solution was determined by a microplate reader at 450 nm. 

2.2.8. Osteogenic gene expression 
MC3T3-E1 cells (1 × 104 cells/cm2) were cultured in an H2O2- 

Fig. 1. Surface physicochemical properties: (A) schematic diagram of micro-arc oxidation treatment; (B) representative SEM/EDS images and corresponding ratios of 
Sr/(Sr + Ca) and (Sr + Ca)/P; (C) AFM images of different samples; (D) quantitative statistics of surface roughness and pore pitch/depth/number according to the 
above AFM images. 
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supplemented medium for 7 d. The total RNA was extracted using an 
RNA simple Total RNA Kit (Tiangen Biotech Co.) following the provided 
protocol. The PrimeScript RT reagent Kit with gDNA Eraser (Takara Bio 
Inc.) and SYBR Premix EX Taq kit (Takara Bio Inc.) were then used to 
prepare the first-strand cDNA. Quantitative reverse transcription PCR 
(RT-qPCR) analysis was utilized for the detection of the following target 
genes: runt-related transcription factor 2 (Runx2), ALP, collagen type I 
(COL І), bone sialoprotein (BSP), osteopontin (OPN) and OCN. The 
primer sequences are listed in Table S2. 

2.3. Macrophage experiments in vitro 

2.3.1. Endogenous ROS expression 
RAW264.7 cells (5 × 104 cells/cm2) were seeded onto the different 

substrates and cultured in Dulbecco’s Modified Eagle Medium (DMEM, 
Hyclone, high glucose) supplemented with 300 μM of H2O2. After 3 d, 
the expression of endogenous ROS in RAW264.7 cells was measured 
following an aforementioned experimental protocol with reference to 
section 2.2.1. 

2.3.2. Antioxidant enzyme activity 
RAW264.7 cells (5 × 104 cells/cm2) were cultured in an H2O2-sup-

plemented medium for 3 d. Then, the CAT and SOD activity of 
RAW264.7 cells on different substrates were detected with reference to 
section 2.2.2. 

2.3.3. Cell morphology 
RAW264.7 cells (5 × 104 cells/cm2) were cultured in an H2O2-sup-

plemented medium for 3 d. The morphology (cytoskeleton and nucleus) 
of cells was visualized through fluorescence staining with reference to 
section 2.2.3. The applied Amplification/NA of the objective lens were 
40 × /0.75. Based on the fluorescence results, the normalized cell area 
and circularity were then calculated using Image-Pro Plus software. 
Moreover, for SEM observation, the adherent cells were fixed with a 4% 
fixative solution and dehydrated with gradient ethanol. After gold spray 
treatment, the cell morphology was further evaluated by SEM. 

2.3.4. Gene expression 
RAW264.7 cells (5 × 104 cells/cm2) were cultured in an H2O2-sup-

plemented medium for 3 d. Next, RT-qPCR was utilized to detect several 
inflammation-specific genes: cluster of differentiation 206 (CD206), C–C 
chemokine receptor type (CCR7), arginase-1 (Arg), induced nitric oxide 
synthase (iNOS), interleukin 10 (IL-10), interleukin 1 receptor antago-
nist (IL-1ra), interleukin 6 (IL-6), tumor necrosis factor alpha (TNFα), 
transforming growth factor beta (TGFβ), and bone morphogenetic pro-
tein 2 (BMP2), following the same experimental protocol with reference 
to section 2.2.8. The primer sequences are listed in Table S2. 

2.3.5. Expression of inflammatory factors 
RAW264.7 cells (5 × 104 cells/cm2) were cultured in an H2O2-sup-

plemented medium for 3 d. The culture medium was then collected and 
Mouse IL-10 Quantikine ELISA Kit (R&D Systems Co.) as well as Mouse 
TNF-alpha Quantikine ELISA Kit (R&D Systems Co.) were utilized for the 
detection of the concentration of anti-inflammatory IL-10 and pro- 
inflammatory TNFα concentration, respectively. Subsequently, their 
OD values were measured using a microplate reader at 450 nm and 540 
nm, respectively. 

2.4. Co-culture of macrophage and osteoblast in vitro 

The medium of RAW264.7 cells cultured on different Ti-based sub-
strates for 3 d was collected as conditional medium, which was then used 
to culture MC3T3-E1 cells directly seeded on cell culture plate (Fig. 5A). 
Referring to sections 2.2.4-2.2.6 and 2.2.8, the cell viability (3 d), ALP 
activity (7 d), collagen secretion (14 d) and osteogenic gene expression 
(7 d) of the co-cultured MC3T3-E1 cells were performed. In addition, the 

mineralization of MC3T3-E1 cells at 14 d was also detected. Briefly, after 
immobilization of adherent cells with 4% fixative solution, the cells 
were stained using alizarin red dye (Solarbio Co.) and visualized under a 
stereomicroscope. Next, the stained calcium nodules were dissolved in 
10% cetylpyridinium chloride solution and detected using a microplate 
reader at 540 nm. 

2.5. Animal experiments 

2.5.1. Establishment and implantation of osteoporosis animal model 
Fifty female Sprague-Dawley rats (~200 g), provided by Wenzhou 

Medical University, were randomly divided into normal [Sr25% (n = 5) 
& Sr100% (n = 5)] and osteoporotic groups [Ti (n = 10), Sr0% (n = 10), 
Sr25% (n = 10) & Sr100% (n = 10)]. All conducted animal experiments 
were approved by the ethics committee of Wenzhou Medical University 
[SYXK (Zhe) 2019-0009]. According to the previous study, all rats un-
derwent bilateral ovariectomy in order to establish the osteoporosis 
model [30]. Subsequently, the different Ti implants were implanted into 
the femoral epiphysis of both normal and osteoporotic rats. 

2.5.2. Macrophage polarization 
After implantation for 7 d, three osteoporotic rats in each group were 

sacrificed and their femurs were collected. The extracted femurs were 
fixed using 10% formalin for 24 h before decalcification, gradient 
alcohol dehydration, and xylene transparency treatment. Chengdu Lilai 
Biological Technology Co., Ltd. was commissioned to prepare paraffin 
sections of the femurs for a following immunofluorescence staining 
analysis. The expression of arginase І (Arg, M2 macrophage marker), 
inducible Nitric oxide synthase (iNOS, M1 macrophage marker), and 
CD68 (monocyte marker) proteins were detected by specific Arg (Pro-
teintech Group, Inc.), iNOS (Proteintech Group, Inc.) or CD68 (Santa 
Cruz Biotechnology, Inc.) monoclonal antibodies and fluorescein iso-
thiocyanate (FITC)/TRITC-labeled fluorescent second antibodies, 
respectively. The Nuclei of the tissues were further stained with DAPI 
staining solution. The λex/λem of FITC, TRITC, and DAPI dyes for CLSM 
detection were 495/513, 540/565 and 358/461 nm, respectively. The 
applied Amplification/NA of the objective lens were 10 × /0.30. Finally, 
we collated the data obtained from the company and further quantitated 
the analysis. 

2.5.3. Oxidative stress level 
To investigate the OS level around different implants, after 6 d, 25 

mg/kg of dihydroethidium (DHE, Sigma Chemical Co.) fluorescence dye 
was intravenously administered into the osteoporotic rats (two rats in 
each group) [30]. A day after, the rats were sacrificed and their femurs 
removed, followed by decalcification procedure using a mixture of 100 
mL nitric acid, 150 mL formaldehyde, and 750 mL deionized water 
under dark condition. Subsequently, the femurs were dehydrated with 
gradient sucrose solutions and embedded using optimum cutting tem-
perature compound (SAKURA Tissue-Tek®) in a cryostat (LEICA 
CM1950, Leica Biosystems, German). Finally, the samples were 
sectioned, observed under CLSM (λex/λem: 300/610 nm; Amplifica-
tion/NA: 10 × /0.30), and quantitatively analyzed using Image-Pro Plus 
software. 

2.5.4. Local osteogenesis 
After 1 month, the remaining normal and osteoporotic rats (five rats 

in each group) were sacrificed and their femur removed. The collected 
samples were fixed 10% formalin solution prior to histochemical 
double-staining of hematoxylin-eosin (HE) and Masson trichrome for the 
detection of new bone mass and bone maturity around different im-
plants. With reference to section 2.5.3, Chengdu Lilai Biotechnology Co., 
Ltd. was commissioned to prepare the paraffin sections of the samples 
for staining and visualization after decalcification, gradient alcohol 
dehydration and xylene transparency treatment. Furthermore, we uti-
lized the micro-computed tomography system (micro-CT, Skyscan1176, 
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Bruker, Germany) for further verification of new bone formation around 
the implants. CTAn software was used to quantify and analyze the ratio 
of new bone volume/total volume (BV/TV), trabeculae number (Tb.N), 
trabeculae thickness (Tb.Th), and trabeculae space (Tb.Sp). The analysis 
area for the new bone formation was set to a 0.5 mm radius around the 
implant. 

2.6. Statistical analysis 

All experiments were conducted with a minimum of 3 repetitions. 
Initially, the Kolmogorov-Smirnov (K–S) test was employed to ensure 
that all data conformed to the normal distribution. All of the data were 
then applied to the final charting and presented as means ± standard 
deviation. Because there was only one variable (various experimental 
samples) throughout the whole statistical analysis procedure in this 
work, the gathered data were evaluated through Student’s t-test and 
one-way analysis of variance (ANOVA) using OriginPro software 
(version 8.5). A level of *p < 0.05 was considered to be statistically 
significant. 

3. Result 

3.1. Surface characterization 

As depicted from the SEM images (Fig. 1B), pure Ti samples dis-
played a relatively smooth surface in both low and high magnification, 
whereas Sr-doped Ti samples displayed a sporadic formation of sponge- 
like pores on its surface with an average diameter of approximately 1.5 
μm. Through EDS analysis (Fig. 1B & Table S3), we verified that the 
amount of P element in the various coatings were similar, however the 
amount of Ca element decreased and the proportion of Sr element 
increased with the increase of Sr(CH3COO)2 concentration (from 0 to 

0.2 mol/L). Moreover, we discovered that the ratio of Sr in several Sr/ 
(Ca + Sr) groups (Sr25%, Sr50% and Sr75% groups) did not meet their 
expected/theoretical values (25%, 50%, 75% respectively), and the 
quantitative values were 19.2 ± 0.9, 39.2 ± 0.4 and 63.8 ± 0.7, 
respectively. The ratio of (Ca + Sr)/P also gradually decreased with the 
increase of initial Sr(CH3COO)2: Sr0% (1.98 ± 0.05), Sr25% (1.91 ±
0.10), Sr50% (1.81 ± 0.08), Sr75% (1.70 ± 0.09), and Sr100% (1.21 ±
0.06). AFM images (Fig. 1C) further verified the presence of rough 
porous structures on the Ti surface of all groups apart from pure Ti 
samples. Their surface roughness was quantified at approximately 0.8 
μm (Fig. 1D). Through in-depth analysis of AFM results, it was clear that 
the pitch (~1.1 μm), depth (~4.5 μm) and number (~5 × 104 pores/ 
cm2) of all pore structures were similar (Fig. 1D). 

As for the composition of the compounds in all MAO-treated samples, 
XPS analysis was further performed and the results were shown in Fig. 2 
& S3. From the Ti2p data (Fig. 2A and D), we could observe the presence 
of three different Ti-related, notably the TiO2, (Sr/Ca)TiO3 and 
Ti3(PO4)4 compounds on all Sr-incorporated (Sr25%, Sr50%, Sr75%, 
Sr100%) surfaces. The proportions for each compound, however, were 
different among the groups. The proportion of TiO2 was similar in all 
groups at approximately 53%, meanwhile, (Sr/Ca)TiO3 compound 
decreased with the increase of Sr amount, whereas Ti3(PO4)4 com-
pounds increased correspondingly with the increase of Sr proportion. 
The split-fitting spectra of P2p (Fig. 2B and D) also followed a similar 
trend showing a decrease in (Sr/Ca)TiO3 and an increase in Ti3(PO4)4. 
Next, the Sr3d data (Fig. 2C and D) displayed the presence of three Sr- 
related compounds, namely SrTiO3, Sr3(PO4)2, and SrO. The propor-
tion of SrTiO3 compounds stayed relatively unchanged with the increase 
of Sr proportion. However, there was a decrease in Sr3(PO4)2 and an 
increase in SrO at a higher concentration of Sr. Finally, the Ca2p data 
(Fig. S3) showed no significant differences in the ratios of Ca3(PO4)2, 
CaO, or CaTiO3 among the Sr25%, Sr50% and Sr75% groups. 

Fig. 2. Chemical composition of Sr-incorporated coatings: split-fitting spectra of Ti2p (A), P2p (B) and Sr3d (C) peaks in different samples (Sr25%, Sr50%, Sr75% & 
Sr25%) based on XPS data; (D) the proportion of different compounds containing Ti, P or Sr in various coatings and the formation diagram of Sr compounds [SrO, 
SrTiO3 & Sr3(PO4)2]. 
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To further investigate the difference in the surface wettability and 
crystalline structures of the different samples, both WCA and XRD an-
alyses were carried out. The quantified data are displayed in Fig. S1 & 
S2. The surface water contact angle of Ti was about 64.6◦, and only Ti 
peak (JCPDS 05-0682) was detected on its surface. After MAO treat-
ment, the surface contact angles of the five samples were around 7◦, 
which were significantly less when compared to Ti. XRD analysis of post- 
MAO treated samples all showed similarity in their peaks, showing 
peaks of rutile (JCPDS 21-1276) and anatase (JCPDS 21-1272) at spe-
cific angles (rutile: 25.1, 37.6, 41.1 & 55.0◦; anatase: 27.3, 35.9 & 
53.8◦). The collated results proved that apart from the physicochemical 
properties which were similar in all samples, the addition of high con-
centration of Sr2+ would alter the chemical composition of MAO coating 
(the only variable), especially the increase of water-soluble SrO. 

The release evaluation of Sr2+ from Sr25% or Sr100% was displayed 
in Fig. S4. It was found that the release duration of Sr2+ from the samples 
of both groups exceeded 21 d. With the increase of soaking time, the 
release rate of ions gradually slowed down. However, the release rate 
and amount of Sr2+ in the Sr100% group were significantly higher than 
those of the Sr25% group. At the first, second, and third week, Sr2+ from 
Sr25% was released at a concentration of around 7.3, 2.2, 1.5 ppm, 
respectively. Meanwhile, a concentration of 17.8, 5.0, 3.2 ppm of Sr2+

were released from the Sr100% group, respectively. 

3.2. Effects of different coatings on MC3T3-E1 cells 

To evaluate the anti-oxidative stress potential of MC3T3-E1 cells on 
different substrates, the endogenous ROS levels and antioxidant enzyme 
activities were detected. Fig. 3A depicted a significant decrease in the 
fluorescence intensity of adherent cells with the increase of Sr doping: 
Ti ≈ Sr0% < Sr25% < Sr50% < Sr75% ≈ Sr100% (comparison of Ti and 
Sr25% groups: p < 0.05; comparison of Sr50% and Sr100% groups: p <

0.05; comparison of Ti/Sr0%/Sr25% and Sr50%/Sr75%/Sr100% 
groups: p < 0.05). Because the intensity reflects the degree of OS, the 
results suggested that the antioxidation capacity of high Sr groups 
(Sr75% & Sr100%) were better (p < 0.05) than that of the other groups. 
In contrast to the fluorescence intensity of ROS, the activities of the 
antioxidant enzymes (CAT & SOD) increased with the increase of Sr 
concentration (Fig. 3B). Compared to Ti and Sr0%, all samples in Sr25%, 
Sr50%, Sr75% and Sr100% groups significantly promoted CAT activity 
(p < 0.05), however, only the latter two groups effectively enhanced the 
activity of SOD. Moreover, we found that the CAT activity of MC3T3-E1 
cells on Sr75% and Sr100% was significantly higher (p < 0.05) than that 
of the Sr25% group. From these data, we verified that high-dose Sr 
doping in MAO coatings had positive effects on the CAT and SOD ac-
tivity of adherent osteoblasts, thus enhancing the antioxidant efficacy 
under OS conditions. 

Cytological studies, including morphological observation, cell 
viability, ALP activity, collagen expression, OCN secretion, and osteo-
genic gene expression were carried out to assess the osteoinductive ca-
pacity of different samples under OS microenvironment (Fig. 3C–H). 
Fluorescent staining images (Fig. 3C) illustrated a similarity in the 
shrinking morphology of the cells in all six groups. MTT evaluation on 
the viability of MC3T3-E1 cells showed a corresponding increase in the 
cell viability with the increasing proportion of Sr2+ (Sr0% < Sr25% <
Sr50% < Sr75%) when compared to pure Ti group. However, we could 
observe a slight decrease in cell viability in the Sr100% group (Fig. 3D). 
Although the cell viability results indicated that Sr25%, Sr50%, Sr75% 
and Sr100% groups were significantly better (p < 0.05) than that of the 
Ti group, no significant difference was found among the four groups. 
ALP activity (Fig. 3E & Fig. S6), collagen expression (Fig. 3F), and OCN 
secretion (Fig. 3G) results followed a similar trend to the cell viability 
data, validating Sr75% group to be the most optimal [ALP activity: 
comparison of Ti/Sr0%/Sr25% and Sr75% groups (p < 0.05); collagen 

Fig. 3. In vitro assays of H2O2-stimulated MC3T3-E1 cells: (A) DCFH-DA staining images and the corresponding fluorescence intensity statistics; (B) SOD and CAT 
activities of the adherent cells on different substrates after 3 d; (C) representative staining images of cell morphology (red: cytoskeleton; blue: nucleus); quantitative 
statistics of cell viability (D), ALP activity (E), collagen secretion (F), and OCN secretion (G); (H) expression of some osteogenesis-related genes in different groups. 
Error bars represent mean ± SD for n = 6, *p < 0.05. 
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expression: comparison of Ti and Sr50%/Sr75% groups (p < 0.05); OCN 
secretion: comparison of Ti/Sr0% and Sr50%/Sr75% groups (p < 0.05)]. 
We also discovered that the expression of the osteogenesis-related genes 
(Runx2, ALP, COL І, BSP, OPN & OCN) in high Sr groups (Sr75% or 
Sr100%) was significantly higher (p < 0.05) than that of Ti, Sr0% and 
Sr25% groups (Fig. 3H). In addition, compared with Sr100% group, the 
expression of Runx2, ALP and OPN genes were significantly (p < 0.05) 
increased in Sr75% group, but the expression of COL І, BSP and OCN 
genes showed no significant difference. 

In order to compare the cellular behaviors under OS microenviron-
ment, we conducted an in-depth investigation of the effects of different 
coatings on the proliferation and differentiation of MC3T3-E1 cells 
under normal conditions. From Fig. S5, we could also observe a similar 
trend in the cell viability, ALP activity, and collagen secretion of the 
adherent cells with that of OS-exposed cells, following an initial increase 
then decrease pattern with the increase of Sr2+ in the coatings. However, 
the optimal proliferation and osteogenic differentiation of MC3T3-E1 
cells were observed in the Sr25% group. Compared with the Sr25% 
group, the biological functions of MC3T3-E1 cells in the Ti, Sr75% and 
Sr100% groups significantly decreased (p < 0.05). 

The aforementioned results indicates that the biological activities of 
the various Sr-doped samples were different under normal and OS mi-
croenvironments. Under normal condition, low Sr samples (Sr25%) 
were the most conducive for the proliferation and osteogenic 

differentiation of MC3T3-E1 cells. In contrast, high Sr materials (Sr75% 
and Sr100%) proved to be more beneficial to osteogenesis under OS 
microenvironment. This phenomenon may be linked to the increase of 
CAT/SOD activity and the decrease of endogenous ROS level. 

3.3. Effects of different coatings on macrophages 

The ROS expression and SOD/CAT activity analysis were carried out 
to assess the antioxidant ability of RAW264.7 cells on different Sr-doped 
substrates. DCFH-DA staining images and statistical results (Fig. S7A) 
showed that the green fluorescence intensity of the surface cells 
decreased with the increase of Sr in MAO coatings (comparison of Ti and 
Sr0% groups: p < 0.05; comparison of Ti/Sr0% and Sr25%/Sr50%/ 
Sr75%/Sr100% groups: p < 0.05; comparison of Sr25%/Sr50% and 
Sr50%/Sr75% groups: p < 0.05). Similar to osteoblasts (Fig. 3A), this 
suggested that Sr2+ also enhanced the antioxidant capacity of macro-
phages. Next, from Fig. S7B, we also discovered that the activities of CAT 
and SOD increased correspondingly with Sr [SOD activity: comparison 
of Ti/Sr0% and Sr25%/Sr50%/Sr75%/Sr100% groups (p < 0.05), 
comparison of Sr25% and Sr100% groups (p < 0.05); CAT activity: 
comparison of Ti/Sr0%/Sr25% and Sr75%/Sr100% groups (p < 0.05), 
comparison of Ti and Sr50% groups (p < 0.05)], which may be one of the 
key factors in the improvement of antioxidant ability of RAW264.7 cells 
in the high Sr group (Sr75% & Sr100%). 

Fig. 4. In vitro assays of H2O2-stimulated RAW264.7 cells: (A) representative SEM/fluorescence images of cell morphology and quantitative statistics of cell area/ 
circularity; (B) expression of genes related to cell polarization (M1 macrophage: CD206 & Arg; M1 macrophage: CCR7 & iNOS), inflammation (anti-inflammation: IL- 
10 & IL-1ra; pro-inflammation: IL-6 & TNFα) and osteogenesis (TGFβ1 & BMP2) in different groups; the concentration of TNFα (C) and IL-10 (D) in medium su-
pernatant; (E) schematic diagram of phenotypic regulation by peroxidase pathway in high strontium group. Error bars represent mean ± SD for n = 6, *p < 0.05. 
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To investigate the phenotypic difference of RAW264.7 cells on 
different samples under OS, the cell morphology and gene/cytokine 
expression were studied. From SEM and CLSM images (Fig. 4A), we 
observed that RAW264.7 cells in Sr75% and Sr100% groups were in a 
spreading state, while the other four groups were spherical. The quan-
titative analysis further confirmed that the cell area and circularity of 
RAW264.7 cells in Sr75% and Sr100% groups were significantly (p <
0.05) different from those in the other four groups, showing an increased 
in cell area and a decrease cell circularity with the increase of Sr doping. 
Next, the gene expression (Fig. 4B) of both macrophage M2 phenotypic 
markers (CD206 and Arg) and M1 phenotypic markers (CCR7 and iNOS) 
in Sr75% and Sr100% groups were significantly higher (p < 0.05) and 
lower (p < 0.05), respectively, than those in Ti, Sr0%, Sr25% and Sr50% 
groups. The expression of anti-inflammatory (IL-10, IL-1ra) and osteo-
genic (TGFβ1, BMP2) related genes also increased in the high Sr groups 
(Sr75% & Sr100%). Furthermore, the expression of pro-inflammatory 
genes (IL-6, TNFα) was obviously inhibited. Also, similar to the gene 
results, the extracellular secretion of TNFα (pro-inflammatory factor, 
Fig. 4C) decreased and IL-10 (Fig. 4D) increased proportionately with 
the increase of Sr2+ in MAO coatings [TNFα: comparison of Ti and 
Sr25%/Sr50% groups (p < 0.05), comparison of Ti/Sr0%/Sr25%/ 
Sr50% and Sr75%/Sr100% groups (p < 0.05); IL-10: comparison of Ti/ 
Sr0%/Sr25% and Sr75%/Sr100% groups (p < 0.05)]. 

In summary, the high proportion strontium-doped samples could 
effectively eliminate the OS-induced damages of macrophages and 
accelerate their M2 phenotype polarization, thus promoting early 
osseointegration of Ti-based implants. 

3.4. The behaviors of MC3T3-E1 cells in macrophage conditioned 
medium 

Because M2 macrophages have been reported to be conducive to 
osteoinduction, we further evaluated the osteogenic ability of MC3T3- 
E1 cells in different macrophage-conditioned medium. The cell 
viability, ALP activity, collagen expression, mineralization level, and 
osteogenic gene expression studies were conducted. Fig. 5B depicted 
that the MC3T3-E1 cells in the Sr100% group had the best viability 
(comparison of Ti and Sr100% groups: p < 0.05; comparison of Sr25%/ 
Sr50% and Sr100% groups: p < 0.05), which was different from that in 
the independent culture (as shown in Fig. 3D: the S75% group was the 
best). No significant differences in cell viability were observed in the 
other five groups (Ti, Sr0%, Sr25%, Sr50% & Sr75%). The results of 
collagen secretion (Fig. 5D) presented a similar trend to the cell viability 
result. Although the amount of collagen secreted by MC3T3-E1 cells on 
Sr100% substrates was the highest, there were no significant differences 
among the Sr-incorporated groups apart from Ti group (comparison of Ti 
and Sr100% groups: p < 0.05). It was also observed that the ALP activity 
and mineralization level of MC3T3-E1 in Sr75% and Sr100% groups 
were significantly higher (p < 0.05) than those in Ti and/or Sr0% groups 
in the conditioned medium (Fig. 5C and E). The RT-qPCR analysis of 
Runx2, ALP, COL І, OPN and OCN gene expressions were significantly 
increased for both Sr100% (highest expression) and Sr75% groups 
[Fig. 5F; Runx2/COL І: comparison of Ti/Sr0%/Sr25% and Sr50%/ 
Sr75% groups (p < 0.05); Runx2/COL І/OPN/OCN: comparison of Ti/ 
Sr0%/Sr25%/Sr50%/Sr75% and Sr100% groups (p < 0.05); ALP: 
comparison of Ti/Sr0% and Sr75%/Sr100% groups (p < 0.05); OPN: 

Fig. 5. Co-culture experiments with H2O2-stimulated RAW264.7 and MC3T3-E1 cells in vitro: (A) schematic diagram of cell co-culture process; quantitative statistics 
of cell viability (B), ALP activity (C), collagen secretion (D), and mineralization (E); (F) expression of osteogenesis-related genes in different groups. Error bars 
represent mean ± SD for n = 6, *p < 0.05. 
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comparison of Ti/Sr0%/Sr25%/Sr50% and Sr75% groups (p < 0.05)]. 
For BSP, the gene expression of Sr25%, Sr50%, Sr75% and Sr100% 
groups were significantly higher (p < 0.05) than that of Ti and Sr0% 
groups, and no observable differences could be observed among the four 
groups. 

With the collected data, we were able to determine that the cytokines 
(e.g., TGFβ1, BMP2, etc.) of RAW264.7 cells in Sr100% group could 
effectively promote the osteogenic differentiation of MC3T3-E1 cells, 
thus was the most conducive to osteogenesis. This was different from the 
optimal performance of Sr75% group in independent culture. 

3.5. In vivo osseointegration 

Based on the collected in vitro results, we were able to determine that 
the low and high Sr-doped samples were favorable for osteogenesis 
under normal and osteoporotic conditions, respectively. Thus, we had 
screened 4 groups for the following in vivo study: Ti, Sr0%, Sr25%, and 
Sr100% implants. To verify the success of fabricating an osteoporotic rat 
model, HE staining was first utilized to observe the presence of vacuoles, 
which could be seen in the bone tissue of ovariectomized rats, indicated 
with blue arrows (Fig. S8A). 

Micro-CT was then utilized to observe the new bone formation 
around different implants in normal and osteoporotic rats and the results 
are displayed in Fig. S8B and Fig. 6. Three specific regions were selected 
to evaluate the osteogenesis in osteoporotic groups: epiphysis (E), 
epiphyseal line (EL), and diaphysis (D). The purple areas represented Ti- 
based implants, and the white tissue (blue arrows) around the implant 

represented the new bone formation. From Fig. S8C, it was discovered 
that in normal rats, the new bone volume (BV/TV) and trabecular 
number (Tb.N) in Sr25% group were slightly better than those in 
Sr100% group, but there was no significant difference between the two 
groups. However, in the osteoporosis model, the Sr100% group showed 
a better bone-implant integration, with the most obvious new bone 
formation (Fig. 6A). Further quantitative data (Fig. 6B–E) also showed 
that new bone formation occurred around each group, but became more 
apparent with the increase of Sr doping. No significant difference could 
be observed between Ti and Sr0% groups for their BV/TV, Tb.N, Tb.Th 
and Tb.Sp results in the three regions (E, EL and D). In comparison to Ti 
and Sr0% groups, the Tb.N and Tb.Th of Sr25% [Tb.N (%): 121.9 ± 8.0 
(E), 133.9 ± 9.1 (EL), 103.1 ± 6.5 (D); Tb.Th (%): 138.8 ± 16.9 (E), 
161.9 ± 7.4 (EL), 132.3 ± 8.2 (D)] and Sr100% [Tb.N (%):139.2 ± 5.2 
(E), 149.7 ± 4.9 (EL), 122.4 ± 7.9 (D); Tb.Th (%): 171.2 ± 12.1 (E), 
179.6 ± 8.5 (EL), 156.1 ± 8.4 (D)] increased significantly (p < 0.05), in 
which the latter group has the most increase. In addition, the BV/TV (%) 
[9.3 ± 1.0 (E), 10.8 ± 1.5 (EL), 7.3 ± 0.5 (D)] was significantly higher (p 
< 0.05) and the Tb.Sp (%) [72.0 ± 4.0 (E), 72.1 ± 3.4 (EL), 86.8 ± 3.3 
(D)] was significantly lower (p < 0.05) in Sr100% group when compared 
to the other three groups. 

We had utilized both HE and Masson trichrome staining to further 
analyze the formation of new bone around different implants. The HE 
staining images (Fig. 7A) showed that a thicker new bone tissue (black 
arrows) around the Sr-doped implants were formed (Sr25% & Sr100%, 
especially the latter) in the E, EL and D regions. The contact area of 
Sr25% and Sr100% with the new bone were also significantly increased 

Fig. 6. Investigation of osteogenesis in osteoporotic rats: (A) representative micro-CT scan images of different groups; quantitative statistics of BV/TV (B), Tb.N (C), 
Tb.Th (D) and Tb.Sp (E) according to the above micro-CT images. Error bars represent mean ± SD for n = 10, *p < 0.05. 
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compared with the control group. Next, similar results were observed in 
Masson trichrome staining images (Fig. 7B). More new bone formation 
(black arrows) could be also observed in the Sr25% and Sr100% groups. 
Due to the gradual colour change of the Masson trichrome stain as bone 
matures (from blue to red), we came to a conclusion that compared to 
the new bone formation of Sr25% group, the newly formed bone of 
Sr100% group was more mature. Overall, Sr100% implants not only 
promoted the formation of new bone, but also had a positive effect on its 
maturation. 

To study the phenotypes of macrophages around different implants 
in vivo, CD68 (red, monocyte maker), Arg (green, M2 macrophage 
maker) and iNOS (green, M1 macrophage maker) were detected by 
immunofluorescence staining. As depicted in Fig. 8A, the fluorescence 
intensity of Arg increased correspondingly with higher Sr accumulation 

and showed that the highest intensity appeared in Sr100% group 
(comparison of Ti/Sr0% and Sr25%/Sr100% groups: p < 0.05; com-
parison of Sr25% and Sr100% groups: p < 0.05). In contrast, the fluo-
rescent staining intensity of iNOS was opposite to that of Arg, where it 
decreased with the increase of Sr in the coatings (Fig. 8B; comparison of 
Ti/Sr0% and Sr25%/Sr100% groups: p < 0.05). Further quantitative 
analysis (Fig. 8C) also showed that when compared to Ti group, the Arg 
intensity of Sr75% and Sr100% increased to 129% and 152%, while 
iNOS decreased to 76% and 73%, respectively. The Arg/iNOS ratio, 
which was often used to assess macrophage phenotypes, was also 
significantly higher (p < 0.05) in the Sr75% and Sr100% groups, 
increasing to about 170% and 203%, respectively. 

In addition, DHE staining was further utilized to detect the level of 
ROS and its effect on different implants in vivo. The intensity of red 

Fig. 7. Evaluation of new bone mass and maturity in vivo: (A) representative HE staining images of bone tissue (BT) around different implants (Im) in epiphysis, 
epiphyseal line and diaphysis regions; (B) representative Masson staining images of new bone maturity at different sites. The blue and red represent low and high 
maturity bone tissue, respectively. 
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fluorescence represented the expression of ROS in living tissues. As 
shown in Fig. S9, the fluorescence intensity gradually darkened with the 
increase of Sr content. The corresponding data further confirmed that 
the intensity in Sr100% group was the lowest (comparison of Ti/Sr0% 
and Sr25%/Sr100% groups: p < 0.05; comparison of Sr25% and Sr100% 
groups: p < 0.05), which suggested that high concentration of Sr2+ had 
an excellent effect on decreasing the expression of ROS in osteoporosis. 
In conclusion, the results of immunofluorescence staining were consis-
tent with those of cell culture in vitro, and high Sr-doped calcium 
phosphate coatings could effectively promote the formation of more M2 
macrophages and decrease ROS expression. 

4. Discussion 

Reports have claimed that the bioactivities of biomaterials are 
closely correlated to their surface physicochemical properties (e.g., 
roughness, wettability, crystal structure, etc.) [29,31,32]. Consequen-
tially, surface modifications have been widely utilized in the recent 
decade in order to improve the osteoinductive capacity of Ti-based 
materials. By studying osteoclast activity on titanium surfaces with 
varying surface roughness, Zhang et al. revealed that the different 
roughness would influence osteoclastogenesis [33]. Another study 
conducted by Hotchkiss et al. demonstrated a significant augmentation 
in the activation of macrophage anti-inflammatory properties by regu-
lating the surface morphology and wettability of titanium, thus creating 
a microenvironment that could potentially reduce healing time and 
enhance osseointegration [34]. In our study, a series of Sr-doped tita-
nium surface coatings (Sr0%, Sr25%, Sr50%, Sr75% and Sr100%) were 
successfully fabricated through MAO. The changes in the ratio of Sr and 
Ca doping were depicted to be the only variable in regards to the 
physicochemical properties of the sample surfaces (Figs. 1–2 & 
Fig. S1-S3). This made it possible to further investigate the effects of the 

different proportions of Sr2+ under normal and OS conditions. 
As one of the most commonly used surface modification techniques, 

MAO treatment creates a porous oxide layer on the surface of Ti with 
superior bonding strength to enhance biocompatibility [35]. The pro-
cess involved in MAO is not only limited to the production of hydrogen 
and oxygen at the cathode and anode, respectively, but also the depo-
sition of oxide compounds on the surface of the anode metal [16,17,36]. 
Yerokhin et al. demonstrated that, when a direct electric current was 
passed through, H+ and a part of Cationn+ in the electrolyte would 
migrate to the cathode and undergo reduction to form H2 and Cation0 

[37]. In contrast, the oxidation of both O2− and anode Metal0 would 
form O2 and Metaln + at the surface of the anode. Furthermore, a portion 
of Cationn+ and Metaln+ in the electrolyte will be combined with O2− to 
form a relative oxide layer on the surface of the anode metal [37]. In our 
study, the XPS results (Fig. 2A–D) showed that the MAO coatings con-
sisted of CaO/SrO, (Ca/Sr)3(PO4)2, (Ca/Sr)TiO3, and TiO2 compounds. 
The observed ratio of Sr/(Ca + Sr) was lower than its theoretical value 
(Fig. 1B), indicating that the deposition of Ca2+ on the coatings was 
greater than its theoretical value. Because Cationn+ was replenished by 
diffusion after being reduced by deposition near the anode metal, the 
diffusion rates of the various Cationn+ were proportional to their con-
centration in the produced MAO coatings. The atomic radius of Sr is 
much larger than that of Ca, which makes the diffusion rate of Sr2+ in the 
electrolyte relatively slow [38,39]. This may be the main reason for the 
higher Ca2+ content in the coating than the theoretical value. 

In-depth evaluation of the composition of Sr compounds in the 
coatings showed that the ratio of SrTiO3 remained unchanged while 
Sr3(PO4)2 decreased and SrO increased gradually with the increase in Sr 
proportion. We speculated that Ti was firstly oxidized into Ti4+ by high 
voltage, which then combined with O2− resulting in the formation of 
TiO3

2− , and then followed by its reaction with the free Sr2+ in the 
electrolyte to form SrTiO3 on the surface of titanium pieces [40,41]. 

Fig. 8. Polarization characterization of macrophages in vivo: representative immunofluorescence staining images of Arg/CD68/DAPI (A) and iNOS/CD68/DAPI (B) 
after implantation for 7 d (BT: bone tissue; Im: implants); (C) the relative fluorescence intensities of Arg, iNOS and Arg/iNOS according to the above fluorescent 
images. Error bars represent mean ± SD for n = 8, *p < 0.05; (D) schematic diagram of high Sr-incorporated samples inhibiting ROS injury and promoting new bone 
formation under OS conditions. 
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Because PO4
3− had a certain rate of migration, the consumed PO4

3− that 
reacted with Sr2+ and Ca2+ could not be supplemented in time, which 
led to the reduction of local PO4

3− concentration. In addition, Sr2+ that 
had not reacted with PO4

3− , combined with O2− to form SrO and were 
deposited on the surface of titanium. This resulted in an increase of SrO 
proportions, which corresponded to an increase of Sr2+. The enhanced 
SrO component in the high Sr coatings would easily react with water to 
generate Sr(OH)2 and subsequently dissolve in aqueous solution [42], 
resulting in a greater release rate of Sr2+ in the Sr100% group than in the 
Sr25% group, as demonstrated in our work (Fig. S4). 

Previously reported study has also claimed that Sr is readily incor-
porable with anions to form various compounds such as Sr3(PO4)2 and 
SrO during the MAO process [43]. These Sr-contained compounds will 
then progressively degrade, releasing Sr2+ into the surrounding envi-
ronment, thereby promoting osteogenesis and inhibiting osteolysis [44]. 
The in vitro studies (Fig. S5) verified that an appropriate amount of Sr 
doping was advantageous for cellular bioactivity under normal condi-
tions, demonstrating that the high Sr samples (particularly Sr75% and 
Sr100%) had similar bioactivity to the control (Ti) group, but had some 
cytotoxicity compared with the Sr25% group. In concurrence with 
previously reported studies, the exploitation of Sr for its osteogenic 
properties was highly dose-dependent [26,27,36]. However, in contrast 
to the results obtained for the normal microenvironment, high dose 
Sr-doped samples (Sr75% and Sr100%) exhibited good osteogenic 
properties under the OS microenvironment (Figs. 3–7). This could be 
correlated to the up-regulation of the antioxidant system by high dose 
Sr2+ on osteoblasts/macrophages, thus effectively eliminated the 
excessive accumulation of endogenous ROS. Furthermore, coupled with 
the findings of the in vivo implantation procedures in normal and oste-
oporotic rats, we confirmed that the high Sr-doped samples had no 
detrimental impacts on the development of the surrounding new bone. 
As a result, we considered that all of the Sr-doped specimens prepared in 
this study were biologically safe enough for potential clinical uses. 

Results of a previous study also showed that Ca2+ had a 
concentration-dependent osteoinductivity [45]. It was demonstrated 
that when the optimum concentration range was determined, osteo-
genesis would be enhanced when Ca2+ increased within the range (1–16 
mM) [45]. Surpassing this limit, however, would result in cytotoxicity. 
According to the in vitro cell findings, the Sr0% specimens with the 
greatest Ca2+ concentration exhibited no observable cytotoxicity to 
MC3T3-E1 cells under both normal and OS conditions (Fig. S5A & 3D). 
This indicated that the Ca2+ released from all the MAO-treated samples 
did not surpass the maximum tolerance limit of the MC3T3-E1 cells. As a 
result, the decrease in Ca2+ in the high Sr-doped samples could not have 
contributed to their improved osteogenesis properties. Furthermore, no 
substantial antioxidant activities of Ca2+ have been demonstrated in 
previous studies. Therefore, we believed that the superior capacities of 
osteoinduction and anti-oxidation in high Sr-doped groups under OS 
conditions were mainly due to the slow release of Sr2+ rather than Ca2+. 

As is known, the excessive accumulation of ROS is detrimental to 
bone homeostasis, ultimately causing osteocyte apoptosis and bone loss 
[46]. Consequentially, studies regarding anti-oxidative stress have 
garnered widespread attention in recent years. The mechanisms of 
anti-oxidative stress had been partially summarized as follows: 1) 
inhibiting the formation of free radicals (representative antioxidants: 
SOD, CAT, Cu, etc.); 2) elimination of free radicals to mitigate subse-
quent adverse effects (representative antioxidants: vitamin C, vitamin E, 
etc.); 3) repairing free radicals-induced damages (representative anti-
oxidants: lipases, proteases, etc.) [47]. Qi et al. used strontium fructose 
1,6-diphosphate (FDP-Sr) to further show the anti-oxidative stress 
mechanism of Sr, demonstrating its efficacy through the inhibition of 
osteoblast apoptosis by inducing caspase 3 to reduce ROS production 
[48]. In our study, we discovered that the anti-oxidative stress property 
of both MC3T3-E1 and RAW264.7 cells was significantly improved in 
high Sr groups under OS microenvironment (Fig. 3A & S7A). To eluci-
date this phenomenon, we detected the activity of CAT/SOD and found 

that both showed significant improvement in response to high doses of 
Sr (Fig. 3B & S7B). SOD enzyme has been shown to expedite the process 
that converts ⋅O2

− into H2O2, whereas CAT enzyme catalyzes the 
transformation of H2O2 into H2O and O2 [49,50]. Therefore, we can 
conclude that the anti-oxidative stress capability of high Sr-doped 
samples (Sr75% and Sr100%) was improved due to the increased ac-
tivity of CAT and SOD in the OS microenvironment. 

Another critical issue to consider is the interaction between the 
biomaterial and the host’s immune system. According to previous 
studies, osteoimmnunomodulation has become more widely acknowl-
edged as an essential component in bone regeneration because it 
effectively regulates the bone immune environment to promote bone 
tissue regeneration [51,52]. Also, it is shown that ROS acts as both the 
signaling and effector molecules during an inflammatory response, 
resulting in the recruitment of immune cells to the implant site which 
could interfere with osseointegration as well as cause damage and 
fibrosis to the surrounding tissues [53,54]. In addition, because of their 
capacity to be stimulated to develop into osteoclasts, close correlation to 
osteo-immunomodulation, and the heterogeneity of M1/M2 polariza-
tion, macrophages have attracted a great deal of attention [55–57]. As 
for osteogenesis, M2 macrophage could significantly stimulate mesen-
chymal stem cells (MSCs)/precursor osteoblast cells to differentiate into 
mature osteoblasts and enhance bone mineralization, which was 
ascribed in part to M2 macrophages secreting anti-inflammatory factors 
(e.g., IL-4, IL-10, etc.) and growth factors (e.g., BMP2, TGFβ, etc.) [58, 
59]. In angiogenesis, factors secreted from M2 macrophage, especially 
platelet-derived growth factor-BB (PDGF-BB), could effectively promote 
the formation of new blood vessels, thus accelerating the process of bone 
repair [60]. Furthermore, in the prevention of osteolysis, M2 cytokines 
such as IL-4 and IL-13 could inhibit bone resorption by inhibiting not 
only the differentiation of osteoclast precursors but also the activities of 
mature osteoclasts [61]. As a result, M2 macrophages play a pivotal role 
in facilitating osteogenesis/angiogenesis and inhibiting osteolysis, 
which has considerable theoretical and practical importance in 
improving the bone health of patients with osteoporosis. In our study, 
we found that the macrophages in the high Sr groups (especially 
Sr100%) exhibited larger cell surface area and more pseudopodia 
(Fig. 4A), which was similar to the cell morphology of M2 macrophage 
described by Kazimierczak et al. [62]. This further confirms that the 
high Sr specimens significantly increase the polarization of macrophages 
from M0 to M2 as well as the expression of the various 
anti-inflammatory genes/factors (IL10 & IL1ra; Fig. 4B–D). We also 
found a decrease in the expression of pro-inflammatory genes/factors 
(TNFα & IL6) under OS conditions. In addition, the overexpression of 
BMP2 and TGFβ1 could be observed, further verifying that M2 macro-
phages promoted the osteogenic differentiation of MC3T3-E1 cells 
(Fig. 5). This was consistent with the findings of Chen et al. that the 
antioxidant Ag@TiO2-NTs could effectively enhance the M2 polariza-
tion of macrophages by eliminating ROS, therefore providing a favor-
able microenvironment to regulate osteoimmunomodulatory activities 
[63]. 

Having proven the efficacy of the antioxidative as well as the 
osteogenesis properties of Sr-doped Ti implants in vitro, we further 
investigated the osseointegration capacity of said implants through in 
vivo studies. In this study, we have subjected the rats to bilateral 
ovariectomy (OVX), which was consistent with a previous study and 
could simulate the high OS microenvironment in osteoporotic patients 
[30]. All of the micro-CT, HE, and Masson’s staining results (Figs. 6 and 
7) proved that Sr100% implants were the most conducive to osteo-
genesis. From the immunofluorescence observations (Fig. 8A–C), we 
also discovered that the M2 biomarker (Arg) was significantly increased, 
while the M1 biomarker (iNOS) decreased in the Sr100% group. This 
indicated an increase in the number of M2 macrophages. Furthermore, 
when compared with both Ti and low Sr groups, the DHE observations 
(Fig. S9) revealed a significant decrease in the ROS expression of the 
Sr100% group. Ultimately, the collated data verified that the high 
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proportion of Sr doping (Sr100%) could promote osteogenesis, induce 
M2 polarization of macrophages, and decrease ROS level in the sur-
rounding bone tissue, which was in line with our in vitro results. 

In conclusion, the high Sr samples could regulate both osteoblasts 
and macrophages in an osteoporosis-induced high OS microenviron-
ment by releasing high doses of Sr2+, facilitating the early osseointe-
gration of implants. The mechanisms (Fig. 8D) involved are summarized 
as follows: 1) the released Sr2+ enhances the antioxidative enzyme (CAT 
& SOD) activity to eliminate excessive endogenous ROS of osteoblasts, 
endowing superior osteoinduction and anti-oxidative properties of 
Sr75% and Sr100% samples; 2) Sr2+ influences both the cellular struc-
ture and the CAT/SOD activity of macrophages by inhibiting the pro-
duction of OS and the inflammation levels, thereby promoting the 
polarization of M0 macrophages into M2; 3) the overexpression of 
osteogenic-related cytokines, such as TGFβ1, BMP2 by M2 macrophages 
could ameliorate osteogenesis. Although we were able to sufficiently 
demonstrate the functional differences between high and low Sr-doped 
samples in normal and osteoporotic models, the following limitations 
remain to be addressed: 1) there has been inadequate research into the 
mechanisms of anti-oxidative stress and osteoimmunomodulation in 
high Sr groups; 2) it is unclear if patients with osteoporosis should 
choose various proportions of Sr-doped implants depending on the 
severity of the illness. Having said that, we will perform comprehensive 
research in the future to investigate the functions and potential mech-
anisms between different OS levels and Sr-doped implants, which will be 
critical for patients with varying degrees of osteoporosis in order to 
select the most appropriate Sr-doped implants. 

5. Conclusion 

In this study, we have successfully fabricated an MAO-assisted tita-
nium coating consisting of varying proportions of Sr and Ca ions. We 
discovered that when the initial Sr2+ concentration in the electrolyte 
increased, the ratio of Sr compounds (particularly SrO) on the target 
coating increased significantly. This resulted in the large release of Sr2+

from the high Sr samples (Sr75% or Sr100%) at the early stage, which 
led to the cytotoxicity of MC3T3-E1 cells under normal conditions. In 
contrast, the aforementioned effects facilitated the cellular bioactivity 
under OS, showing excellent cell viability, anti-oxidation, anti-inflam-
mation, and osteogenesis properties of Sr75% and/or Sr100% groups. 
This was attributable to the up-regulation of CAT/SOD enzyme activity, 
causing the elimination of excess ROS. Furthermore, the high Sr coatings 
significantly enhanced the M2 polarization of macrophages and the 
expression of multiple osteogenesis-related factors (TGFβ1 & BMP2), 
and were favorable to osteoimmunomodulation. We believe that the 
fabrication of a high proportion Sr-doped Ti coatings utilizing MAO, 
notably the Sr100% group, holds a promising theoretical and practical 
significance for the future development of ion-doped implants equipped 
with antioxidative properties to promote the early osseointegration of 
implants in patients with osteoporosis. 
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