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A B S T R A C T   

Implant loosening remains a major clinical challenge for osteoporotic patients. This is because osteoclastic bone 
resorption rate is higher than osteoblastic bone formation rate in the case of osteoporosis, which results in poor 
bone repair. Strontium (Sr) has been widely accepted as an anti-osteoporosis element. In this study, we fabri-
cated a series of apatite and Sr-substituted apatite coatings via electrochemical deposition under different acidic 
conditions. The results showed that Ca and Sr exhibited different mineralization behaviors. The main miner-
alization products for Ca were CaHPO4·2H2O and Ca3(PO4)2 with the structure changed from porous to spherical 
as the pH values increased. The main mineralization products for Sr were SrHPO4 and Sr5(PO4)3OH with the 
structure changed from flake to needle as the pH values increased. The in vitro experiment demonstrated that 
coatings fabricated at high pH condition with the presence of Sr were favorable to MSCs adhesion, spreading, 
proliferation, and osteogenic differentiation. In addition, Sr-substituted apatite coatings could evidently inhibit 
osteoclast differentiation and fusion. Moreover, the in vivo study indicated that nano-needle like Sr-substituted 
apatite coating could suppress osteoclastic activity, improve new bone formation, and enhance bone-implant 
integration. This study provided a new theoretical guidance for implant coating design and the fabricated Sr- 
substituted coating might have potential applications for osteoporotic patients.   

1. Introduction 

With the acceleration of the aging population, more and more 
people are suffering from bone-related diseases, such as osteoarthritis 
(OA). Statistically, 250 million people are currently affected by OA and 
this number continues to rise [1]. Unfortunately, there is still no ef-
fective cure for OA. Advanced OA patients can only be alleviated by a 
joint replacement surgery to relieve the pain and gain mobility [2,3]. 
Additionally, a large proportion of advanced OA patients often suffer 
from osteoporosis (OP), another bone disease, which results in de-
creased bone repair speed and thus implant loosening [4,5]. Currently, 
implant loosening is still the main reason for the failure of operation, 
which will bring considerable mental and physical pain to patients 

[6–9]. Therefore, improving bone-implant osseointegration and 
bonding strength, especially for the osteoporotic patients, remains a 
clinical challenge. 

As well known, calcium-phosphorus (Ca-P) compound, also known 
as apatite, is the major inorganic composition of bone tissue [10]. With 
this regard, apatite has been widely used as bone filling material and 
implant coating for decades [11–13]. Previous studies have confirmed 
that apatite can promote in vitro osteoblast adhesion, spreading, pro-
liferation, and differentiation [14–16]. In addition, numerous studies 
have proved that apatite coating can enhance in vivo bone-implant os-
seointegration and bonding strength [17,18]. However, apatite fails to 
give satisfying performance in osteoporotic patients [19]. This is mainly 
because apatite can't effectively reduce the overactive osteoclastic 

https://doi.org/10.1016/j.bioactmat.2020.09.024 
Received 12 July 2020; Received in revised form 11 September 2020; Accepted 27 September 2020    

Peer review under responsibility of KeAi Communications Co., Ltd. 
∗ Corresponding author. School of Materials Science and Engineering, Tianjin University, Yaguan Road, Tianjin, 300350, China. 
∗∗ Corresponding author. Key Laboratory for Ultrafine Materials of Ministry of Education & the State Key Laboratory of Bioreactor Engineering, East China 

University of Science and Technology, Meilong Road, Shanghai, 200237, China. (J. Wang). 
E-mail addresses: nanboshan1987@163.com (Z. Geng), zyli@tju.edu.cn (Z. Li), Biomatwj@163.com (J. Wang). 

Bioactive Materials 6 (2021) 905–915

2452-199X/ © 2020 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC 
BY-NC-ND license (http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/biomat
https://doi.org/10.1016/j.bioactmat.2020.09.024
https://doi.org/10.1016/j.bioactmat.2020.09.024
mailto:nanboshan1987@163.com
mailto:zyli@tju.edu.cn
mailto:Biomatwj@163.com
https://doi.org/10.1016/j.bioactmat.2020.09.024
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2020.09.024&domain=pdf


activity in OP condition, which results in low bone growth rate. 
Strontium (Sr), a necessary trace element for human, is a bone- 

targeting element and mainly found in the skeleton [20]. Previous 
studies have found that Sr could promote MSCs proliferation and os-
teogenic differentiation [21–23]. In addition, studies demonstrated that 
Sr could effectively inhibit osteoclast differentiation and osteoclastic 
activity [24]. Moreover, Xie et al. found that strontium and the sur-
rounding calcium showed a synergistic effect on bone regeneration in a 
dose-dependent manner [25,26]. With this regard, Sr has been widely 
doped into various biomaterials to achieve the desired bone repair ef-
fect [27–29]. For example, Sr-doped ceramics could not only promote in 
vitro osteogenic differentiation but also inhibit osteoclast differentiation 
[30,31]. Moreover, Sr-doped materials could accelerate in vivo bone 
repair through suppressing osteoclast activity in osteoporotic model 
[32–34]. Based on this, Sr-doped apatite coating is expected to have 
desirable performance in osteoporotic model. 

In this study, a series of apatite and Sr-substituted apatite were 
deposited on implant surface via electrochemical deposition method 
under different acidic conditions. Then, their physicochemical proper-
ties and biological performances (including in vitro and in vivo) were 
characterized and evaluated, respectively. 

2. Materials and methods 

2.1. Samples preparation 

To fabricate the apatite (or Sr-substituted apatite P) coating, an 
electrolyte was prepared by dissolving 0.042 mol L−1 Ca(NO3)2·4H2O 
(or Sr(NO3)2) and 0.025 mol L−1 NH4H2PO4 in deionized water. 
Platinum was used as the anode and the pure Ti (in vitro section, Ti 
discs, Φ 20 mm × 1 mm; in vivo section, Ti cylinders, Φ 4 mm × 7 mm) 
as the cathode. Five acidic environments (pH values ranged from 3.7 to 
4.9, adjusted by HCl and NaOH solutions) were chosen to explore the 
mineralization behavior of Ca and Sr. Electrodeposition was carried out 
at a stable cathodic potential of 4 V for 20 min at room temperature. 
After the deposition, all the samples were rinsed with ultrapure water 
and dried at 50 °C for 12 h. The samples are distinguished by the pH 
values and cations (Table 1). For example, Ti-Ca3.7 indicates that the 
sample prepared by Ca(NO3)2·4H2O with a pH value of 3.7. 

2.2. Samples characterization 

Phase analysis of the obtained samples was conducted using X-ray 
powder diffraction (XRD). Scanning electron microscope (SEM) and 
Transmission electron microscopy (TEM) images were obtained on S- 
4800 Hitachi and JEOL JEM2100, respectively. Fourier transitioned 
infrared spectroscopy (FTIR, Bruker Tensor 27, Germany) was used to 
examine the functional groups. The thermogravimetric (TG) analysis 
was performed using a TGA/DSC 1 (METTLER TOLEDO, Switzerland). 
The atomic concentrations of the elements (Ca, Sr, and P) in the sam-
ples were quantified using an inductive coupled plasma emission 
spectrometer (ICP, VISTA-MPX). 

2.3. In vitro section 

2.3.1. MSCs adhesion, spreading, proliferation and osteogenic differentiation 
After being cultured for 12 h and 3 days, MSCs actin cytoskeleton 

and nuclei were stained with phalloidin and DAPI, respectively. MSC 
adhesion was visualized and captured via the microscopy. After being 
cultured for 1 and 3 days, expression of integrin-related genes (in-
cluding integrin α5 (ITG α5) and integrin β1 (ITG β1)) were quantified. 

After being cultured for 3 and 7 days, MTT assay was performed to 
evaluate MSC proliferation. Alkaline phosphatase (ALP) colorimetric 
assay (Abcam, Cambridge, UK) was used to assess the osteogenic dif-
ferentiation of MSCs. In addition, osteogenesis-related genes (including 
the alkaline phosphatase (ALP), runt-related transcription factor 2 
(Runx2), osteocalcin (OCN), and collagen I (Col-I)) were quantified. 

2.3.2. Osteoclast differentiation and activity 
Bone marrow mononuclear cells (BMMCs) were obtained from two- 

month-old C57BL/6 mice. M-CSF (R&D, USA, 30 ng/mL) and RANKL (R 
&D, USA, 50 ng/mL) were used to induce the osteoclast differentiation. 
Osteoclastic activity was evaluated via TRAP staining kit and TRAP 
enzyme assay kit (Sigma-Aldrich, USA). In addition, osteoclast fusion 
rate and actin ring formation assays were conducted. Finally, the ex-
pression of the osteoclastogenesis-related genes, including TRAP, os-
teoclast-associated receptor (OSCAR), Nuclear factor of activated T- 
cells cytoplasmic 1 (NFATc1), and Cathepsin K, were quantified. 

2.4. In vivo section 

All animal procedures were performed according to guidelines ap-
proved by the East China University of Science and Technology Ethics 
Committee. New Zealand white rabbits (3.5–4 kg, 1 year old) were used 
in this study. After ovariectomy surgery for 4 months, each rabbit was 
implanted with two rods (distal femur for each leg). At each harvest 
time, X-ray and micro-CT were performed to observe the implants 
condition. Meanwhile, trabecular thickness (Tb·Th) and new bone vo-
lume were analyzed. The bone-implant interface observation and 
bone–implant contact (BIC) calculation were evaluated by hard tissue 
slices. Bone–implant bonding strength was evaluated by biomechanical 
push-in test. Histological analysis was assessed via hematoxylin/eosin 
(HE) and Masson's trichrome staining to investigate the new bone. 
TRAP staining was performed to evaluate the osteoclast activity around 
implant. In addition, immunohistochemical staining, including 
Collagen I (Col-I, Abcam) and osteocalcin (OCN, Abcam), were per-
formed to evaluate the metabolism of new bone. (For more details, see 
Supplementary Information). 

2.5. Statistical analysis 

All values are presented as the means ± standard deviations. The 
statistical analysis was performed using SPSS software, with differences 
among groups being assessed via an analysis of variance followed by a 
Tukey's test and considered statistically significant when p ≤ 0.05. 

3. Results and discussion 

3.1. Samples characterization 

The typical XRD patterns of all samples were shown in Fig. 1a. It 
was evident that the main phases of the mineralized products for Ca2+ 

were CaHPO4·2H2O and Ca3(PO4)2. The main reaction equations could 
be described as follows: 

+ ++Ca HPO 2H O CaHPO •2H O2
4
2

2 4 2 (1)  

+ ++3Ca 2PO 2H O Ca (PO )2
4
3

2 3 4 2 (2)  

where Eq. (1) played a leading role during the reaction in acidic 
environments. With the increase of the pH values, part of the HPO4

2

were converted to PO4
3 , resulting in an increase of Eq. (2). Differing 

from Ca2+, the main phases of the mineralized products for Sr2+ were 
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Table 1 
ICP measured elemental composition of the synthesized samples.         

pH Ca Sr 

Ca (mol.%) P (mol.%) Ca:P Sr (mol.%) P (mol.%) Sr:P  

3.7 51.89  ±  1.05 48.11  ±  1.07 1.08  ±  0.07 55.71  ±  1.16 44.29  ±  1.00 1.26  ±  0.05 
4.0 53.92  ±  1.08 46.08  ±  1.03 1.17  ±  0.08 56.42  ±  1.09 43.58  ±  0.98 1.29  ±  0.04 
4.3 54.53  ±  0.97 45.47  ±  0.95 1.20  ±  0.04 57.08  ±  1.05 42.92  ±  0.96 1.33  ±  0.03 
4.6 54.88  ±  1.12 45.12  ±  1.10 1.22  ±  0.09 58.38  ±  1.12 41.62  ±  0.99 1.40  ±  0.04 
4.9 55.02  ±  0.89 44.98  ±  0.92 1.22  ±  0.06 59.02  ±  1.18 40.98  ±  1.03 1.44  ±  0.06    

Fig. 1. (a) XRD patterns demonstrated that the main phases of the mineralized products for Ca2+ were CaHPO4·2H2O and Ca3(PO4)2. Differing from Ca2+, the main 
phases of the mineralized products for Sr2+ were SrHPO4 and Sr5(PO4)3OH. (b) ICP analysis showed the values of Sr:P were higher than those of Ca:P under the same 
acidic environment. (c) FT-IR spectra showed all samples were characteristic of phosphate compounds. (d) TG curves indicated Sr groups exhibited higher ther-
mostability than Ca groups. 

++Sr HPO SrHPO2
4
2

4 (3)  

+ ++5Sr 3PO OH Sr (PO ) OH2
4
3

5 4 3 (4)  
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SrHPO4 and Sr5(PO4)3OH according to the following reaction equa-
tions:where Eq. (3) dominated the reactions at low pH environments 
(pH ≤ 4.3). Both the concentrations of PO4

3 and OH increased with 
increasing of pH values (pH ≥ 4.3), which led to the formation of 
Sr5(PO4)3OH according to Eq. (4). These results were confirmed by ICP 
analysis, as shown in Table 1 and Fig. 1b. Both the values of Ca:P and 
Sr:P increased with the increase of pH values. Meanwhile, it was worth 
noting that the values of Sr:P were higher than those of Ca:P under the 
same acidic environment. The FTIR spectra of all samples were char-
acteristic of phosphate compounds which were in agreement with the 
XRD results, as shown in Fig. 1c. Meanwhile, it was worth noting that 
the HPO4

2 intensities of Ca groups were stronger than those of Sr 
groups. TG analysis provided additional support for the results of XRD 

and FTIR, as shown in Fig. 1d. Significant loss of weight up to ap-
proximately 200 °C for all samples was due to the loss of adsorbed 
water. There was a sudden weight loss at 200 °C for Ca groups which 
was due to the loss of crystal water [35]: CaHPO4·2H2O → 
CaHPO4 + H2O. HPO4

2 accounted for the weight loss in the range of 
400 °C–500 °C according to the following reaction [36]: 2HPO4

2 O4
2 → 

P O2 7
4 + H O2 . It was apparent that Sr groups exhibited higher ther-

mostability than Ca groups. 
Fig. 2 a presented the typical SEM morphologies of all samples. For 

Ca groups, Ti-Ca3.7 showed a porous structure with a pore size of 
~300 nm. This structure was changed into spherical as the pH values 
increased. Whereas for Sr groups, both Ti-Sr3.7 and Ti-Sr4.0 exhibited 
flake-like structure. With the increase of the pH. 

Fig. 2. (a) SEM images of the synthesized samples. With the increase of the pH values, the morphologies of Ca-groups were changed from porous to sphere structure. 
the morphologies of Sr-groups were changed from flake to needle structure. TEM images of the selected samples: (b) Ti-Ca3.7, (c) Ti-Ca4.9, (d) Ti-Sr3.7, and (e) Ti- 
Sr4.9. Schematic illustrating the mineralization behavior of: (f) Ca and (g) Sr. 
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Values, the morphology was changed from flake to needle structure. 
The aforementioned four typical structures were further confirmed and 
analyzed by TEM observation as shown in Fig. 2b–e. The results mat-
ched those from the SEM observation. Meanwhile, both the high re-
solution TEM (HRTEM) and selected area electron diffraction (SAED) 
images demonstrated all samples had good crystallinity. All these re-
sults indicated that Ca2+ and Sr2+ had different mineralization beha-
viors in acidic environments as schematic illustrated in Fig. 2f–g. The 
mineralized products for Ca2+ were CaHPO4·2H2O and Ca3(PO4)2. In 
addition, the structure turned from nano-porous into nano-sphere with 
increasing pH values. Being different from Ca2+, the mineralized pro-
ducts for Sr2+ were SrHPO4 and Sr5(PO4)3OH. Meanwhile, the structure 
turned from nano-flake into nano-needle with increasing pH values. 

3.2. MSCs adhesion, spreading, proliferation and osteogenic differentiation 

MSCs initial adhesion and spreading are very important for sub-
sequent proliferation and differentiation [37–38]. After culturing for 
12 h, MSCs were stained with phalloidin and DAPI and observed via 
laser confocal microscopy, as shown in Fig. 3a. The results showed that 
MSCs exhibited good adhesion on all samples. In addition, it was found 
that Ti-Sr4.9 and Ti-Ca4.9 showed better MSCs spreading than Ti-Sr3.7 
and Ti-Ca3.7, respectively. In order to clarify this phenomenon, ex-
pressions of ITG α5 and ITG β1 were measured, as shown in Fig. 3b–c. 
We found the expressions of both ITG α5 and ITG β1 on Ti-Sr4.9 and Ti- 
Ca4.9 were higher than that of Ti-Sr3.7 and Ti-Ca3.7, respectively. 

Moreover, it could be seen that Ti-Sr4.9 exhibited better MSCs 
spreading and higher ITG α5 and ITG β1 expressions than any other 
group. As well known, ITG α5β1 played an important role in mod-
ulating cell adhesion and spreading [39]. These results demonstrated 
that the mineralized products fabricated at high pH condition with the 
presence of Sr, for example Ti-Sr4.9, were beneficial to ITG α5β1 ex-
pression and MSCs adhesion and spreading. MSCs grew well on all 
groups after culturing for 3 days (Fig. 3d). Unsurprisingly, both the 
MSCs proliferation and ALP activity results demonstrated that Ti-Sr4.9 
and Ti-Ca4.9 showed higher MSCs proliferation and ALP activity than 
Ti-Sr3.7 and Ti-Ca3.7, respectively. Finally, we measured the expres-
sions of osteogenesis-related genes, including Runx2, ALP, Col-I, and 
OCN, as shown in Fig. 3g–j. Similar with the results of MSCs pro-
liferation, Ti-Sr4.9 and Ti-Ca4.9 showed higher osteogenesis-related 
gene expressions than Ti-Sr3.7 and Ti-Ca3.7, respectively. Furthermore, 
compared with Ca-contained samples, Sr-contained samples promoted 
the osteogenic differentiation of MSC. 

3.3. Osteoclast differentiation and activity 

After culturing for 3 and 5 days, we performed TRAP staining and 
quantitative analysis, as shown in Fig. 4a–c. The results showed that 
BMMCs differentiated well on Ti group. However, compared with Ti 
group, both the number of TRAP positive cells and TRAP activity were 
decreased on Ti-Ca3.7 and Ti-Ca4.9 groups, especially for Ti-Ca3.7. 
This result was consistent with previous study that calcium-deficient 

Fig. 3. (a) Representative confocal images of MSCs post seeding for 12 h, scale bars, 10 μm. Relative mRNA expression of (b) ITG α5 and (c) ITG β1 after culturing for 
1 and 3 days on different samples. (d) Representative confocal images of MSCs after culturing for 3 days, scale bars, 50 μm. (e) MSCs proliferation on different 
samples measured by MTT assay. (f) ALP activity of MSCs after 3 and 7 days of incubation on each sample. Osteogenesis-related genes expression of MSC on different 
samples after culturing for 3 and 7 days: (g) Runx2, (h) ALP, (i) Col-I, and (j) OCN. Statistically significant differences, *p  <  0.05 and **p  <  0.01. 
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apatite was unfavorable for osteoclast differentiation [40]. Moreover, 
both Ti-Sr3.7 and Ti-Sr4.9 groups showed significantly reduced TRAP 
positive cells and TRAP activity than other groups. Then, we performed 
immunofluorescence staining to evaluate the F-actin ring area and % 
nuclei in osteoclasts, as shown in Fig. 4d–f. Consistent with the TRAP 
staining results, both Ti-Sr3.7 and Ti-Sr4.9 groups showed significantly 
decreased F-actin ring area and % nuclei in osteoclasts than other 
groups. Finally, we investigated the expression of osteoclastogenesis- 
related genes, as shown in Fig. 4g–j. As well known, NFATc1 and 
OSCAR played important roles in regulating intracellular fusion [41]. 
Whereas for TRAP and Cathepsin K, they were involved in osteoclast 
activation [42]. The results demonstrated that Sr-substituted apatite 
coatings apparently inhibited the expressions of these osteoclastogen-
esis-related genes. In a word, Sr-substituted apatite coating suppressed 

BMMCs fusion and osteoclast activity through inhibiting the expression 
of NFATc1, OSCAR, TRAP, and Cathepsin K, as schematically illustrated 
in Fig. 4k. 

3.4. In vivo evaluation of the bone-implant condition 

At each point of time, we first performed X-ray, a simple and 
commonly used clinical detection method, to quickly get an observation 
of the implant condition, as shown in Fig. 5a. It could be seen that all 
implants showed good biocompatibility with surrounding bone tissues. 
Then, we performed a push-in test to evaluate the bone-implant 
bonding strength, as shown in Fig. 5a. The results showed that both Ca- 
contained groups and Sr-contained groups could significantly promote 
the bone-implant bonding strength when compared with Ti group. In 

Fig. 4. (a) TRAP staining of osteoclasts after culturing for 3 and 5 days, scale bars, 400 μm. (b) Quantification of the number of TRAP-positive cell. (c) TRAP enzyme 
activity was measured at OD 405 nm. (d) Representative confocal images of differentiated osteoclasts immunostained for F-actin (green) and cell nuclei (blue), scale 
bar, 200 μm. (e) Quantification of the F-actin ring area and (f) % nuclei in osteoclasts. Osteoclastic genes expressions after culturing for 3 and 5 days: (g) NFATc1, (h) 
OSCAR, (i) TRAP, (j) Cathepsin K. (k) Schematic illustrating the effect of Sr on osteoclast differentiation. Statistically significant differences, *p  <  0.05 and 
**p  <  0.01. 
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addition, the bone-implant bonding strength of Ti-Ca4.9 was compar-
able with that of Ti-Sr3.7, which was higher than that of Ti-Ca3.7. 
Moreover, Ti-Sr4.9 exhibited the highest bonding strength throughout 
the experiment. Undecalcified bone slicing accompanied by BIC ana-
lysis were conducted to further explore the bone-implant interface, as. 

3.5. Histological analysis 

After 1, 2, and 3 months of implantation, we performed decalcified 
histological analysis via HE and Masson's trichrome staining to gain 
more information of the new formed bone, as shown in Fig. 6. At 1 
month post-implantation, there were many gaps accompanied with rare 
new bone formed (black arrows) around Ti group. In addition, although 
the gaps were decreased when compared with Ti group, only a few bone 
formed in Ti-Ca3.7, Ti-Ca4.9, and Ti-Sr3.7 groups. Moreover, Ti-Sr4.9 
group exhibited apparent more new bone than other groups. At 2 

months post-operation, all groups showed obvious increased new bone 
formation, especially for Ti-Sr4.9 group. At 3 months post-surgery, 
there were still lots of gaps in the new bone for Ti group. At the 
meantime, new bone around Ti-Sr4.9 exhibited dense structure, which 
was similar with mature bone. All these results indicated that Sr-con-
tained samples, especially for Ti-Sr4.9 group, were in favor of bone 
formation and maturation. 

3.6. TRAP and immunohistochemical analysis 

In order to understand the underlying mechanism of the effect of 
coatings on new bone growth, TRAP and immunohistochemical 
staining were performed, as shown in Fig. 7. It was evident that both Ti- 
Ca3.7 and Ti-Ca4.9 showed comparable N. TRAP+ with Ti. Whereas for 
Sr-contained coatings, both Ti-Sr3.7 and Ti-Sr4.9 showed significantly 
decreased N. TRAP+ compared with other groups (Fig. 7a–b). The 

Fig. 5. (a) X-ray observation of the implant conditions. (b) Bone-implant bonding strength measured by a push-in test. (c) Undecalcified histological observations of 
the bone-implant interface. (d) Bone-implant contact (BIC) values at each harvest time. (e) Micro-CT images of the implant & surrounding new bone 2 months post- 
surgery. Quantitative analysis of: (f) trabecular thickness and (g) new bone volume. Statistically significant differences, *p  <  0.05 and **p  <  0.01 shown in  
Fig. 5c–d and Fig. S1a. It was obvious that BIC values increased over time for all groups. In addition, Ti-Sr4.9 and Ti-Ca4.9 showed higher BIC values than Ti-Sr3.7 
and Ti-Ca3.7, respectively. Moreover, Ti-Sr4.9 exhibited the highest BIC values throughout the experiment. Finally, we performed micro-CT scan to investigate the 
trabecular thickness and new bone volume surrounding implant, as shown in Fig. 5e–g and Fig. S1b. The results showed that both the trabecular thickness and new 
bone volume increased over time for all groups. In addition, both Ca-contained groups and Sr-contained groups could significantly promote the trabecular thickness 
and new bone volume when compared with Ti group. Moreover, Sr-contained groups, especially for Ti-Sr4.9 group, showed higher trabecular thickness and new bone 
volume than other groups. 
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results of immunohistochemical staining revealed that both the Ca- 
coatings and Sr-coatings could significantly promote the expressions of 
Col-I and OCN. Moreover, Sr-coatings, especially for Ti-Sr4.9, showed 
significantly higher N. Col-I+ and N. OCN+ than Ca-coatings 
(Fig. 7c–f). All these results demonstrated that the Sr-coatings, espe-
cially for Ti-Sr4.9, accelerated in vivo bone formation through pro-
moting the expressions of Col-I and OCN and suppressing osteoclast 
activity. 

Sr, an element located in the same main group with Ca, has gained 
wide concern in recent years. Due to its good biocompatibility and si-
milarity with Ca, Sr was generally incorporated into bone filling ma-
terials and implant coatings [43–45]. In addition, because of its anti- 
osteoclast property, Sr also had applications in the field of drugs. For 
example, strontium ranelate, an anti-osteoporosis drug, has achieved 
remarkable clinical success in reducing the risk of fracture of post-
menopausal women [46]. Therefore, Sr-contained biomaterials have a 
good clinical application prospect. Based on this, we fabricated a series 
of apatite and Sr-substituted apatite coatings in this study. Our findings 
found that Ca2+ and Sr2+ showed different mineralization behaviors. 
The in vitro study revealed that Sr-substituted coating could regulate 

MSCs adhesion and osteogenic differentiation through promoting the 
expression of ITG α5β1, ALP, Runx2, OCN, and Col-I. In addition, Sr- 
substituted coating inhibited osteoclast differentiation and activity 
through suppressing the expression of NFATc1, OSCAR, TRAP, and 
Cathepsin K. What's more, we found that nano-needle Sr-substituted 
coating fabricated at high pH condition showed optimal biological 
performance, as illustrated in Fig. 8. All these features gave it better in 
vivo performances, such as suppressing osteoclastic activity, promoting 
bone formation and osseointegration. Above all, this study offered a Sr- 
substituted apatite coating with promising application for treatment of 
osteoporotic patients and might provide a basic reference for implant 
coating design. 

4. Conclusion 

In this study, a series of apatite and Sr-substituted apatite coatings 
were fabricated via electrochemical deposition. The results indicated 
that Ca2+ and Sr2+ showed different mineralization behaviors. The in 
vitro experiment revealed that nano-needle Sr-substituted apatite 
coating fabricated at high pH condition exhibited optimal 

Fig. 6. Histological analysis by HE and Masson's trichrome staining after 1, 2, and 3 months of implantation. The results indicated that Sr-contained samples, 
especially for Ti-Sr4.9 group, were in favor of bone formation and maturation. OB, old bone; NB, new bone; black arrow, new bone; green dotted line, the interface 
between OB and NB. Scale bars, 400 μm. 
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Fig. 7. TRAP and immunohistochemical staining were performed after implantation for 14 days. (a) TRAP staining and (b) quantitative analysis. (c–d) 
Immunohistochemical staining and (e–f) quantification of positive cells. The results showed that the Sr-coatings, especially for Ti-Sr4.9, promoted the expressions of 
Col-I and OCN and suppressed the expression of TRAP in vivo. Scale bars, 200 μm. Statistically significant differences, *p  <  0.05 and **p  <  0.01. 

Fig. 8. Schematic illustrating the effect of nano-needle Sr-substituted apatite on promoting osteogenesis and inhibiting osteoclastogenesis.  
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comprehensive properties in promoting MSCs adhesion, spreading, 
proliferation, and osteogenic differentiation and inhibiting osteoclast 
differentiation and fusion. In addition, the in vivo study demonstrated 
that nano-needle Sr-substituted apatite coating suppressed osteoclastic 
activity, promoted new bone formation, and improved bone-implant 
integration. It was believed that the bifunctional Sr-substituted coating 
might have potential clinical applications. 
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