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A B S T R A C T   

To endow Ti-based orthopedic implants immunomodulatory capability and thus enhanced osseointegration, 
different amounts of Sr are doped in Na2TiO3 nanorods in the arrays with identical nanotopographic parameters 
(rod diameter, length and inter-rod spacing) by substitution of Na+ using hydrothermal treatment. The obtained 
arrays are denoted as STSr2, STSr4, and STSr7, where the arabic numbers indicate the incorporating amounts of 
Sr in Na2TiO3. The modulation effects of the Sr-doped nanorods arrays on macrophage polarization and osteo-
genetic functions of osteoblasts are investigated, together with the array without Sr (ST). Moreover, osseointe-
gration of these arrays are also assayed in rat femoral condyles. Sr-doped nanorods arrays accelerate M1 (pro- 
inflammatory phenotype)-to-M2 (anti-inflammatory phenotype) transformation of the adhered macrophages, 
enhancing secretion of pro-osteogenetic cytokines and growth factors (TGF-β1 and BMP2), moreover, the Sr 
doped arrays directly enhance osteogenetic functions of osteoblasts. The enhancement of paracrine of M2 
macrophages and osteogenetic function of osteoblasts is promoted with the increase of Sr incorporating amounts. 
Consequently, Sr doped arrays show significantly enhanced osseointegration in vivo compared to ST, and STSr7 
exhibits the best performance. Our work sheds a new light on the design of surface chemical components and 
structures for orthopedic implants to enhance their osseointegration.   

1. Introduction 

Ti-based orthopedic implants is required to achieve osseointegration 
within a short period in clinic [1,2]. During the physiological process of 
osseointegration, macrophage mediated immune response plays a key 
role [3–5]. It is because that macrophages reveal two kinds of pheno-
types, M1 and M2 [6–8]. Pro-inflammatory M1 macrophages with 
typical surface marker CC-chemokine receptor-7 (CCR-7), secrete cyto-
kines such as interleukin-1β (IL)-1β, interferon-γ (IFN-γ) and inducible 
nitric oxide synthase (iNOS) to provoke inflammation, resulting in bone 
absorption and fibrous encapsulation [9–11]; anti-inflammatory M2 
macrophages with typical surface marker cluster of differentiation 206 

(CD206), produce cytokines including IL-4, IL-10 and arginase 1 (Arg-1) 
to resolve inflammation and enhance osteogenesis [9,11,12] and also 
secrete transforming growth factor-β1 (TGF-β1) and bone morphoge-
netic protein 2 (BMP2) to induce migration, recruitment and osteoge-
netic differentiation of mesenchymal stem cells (MSCs) [12–15]. 
Consequently, to realize high osseointegration efficacy of Ti-based im-
plants, surface modification is required to endow the implants with the 
ability of accelerating macrophage phenotypic transition from M1 
phenotype to M2 phenotype, i.e., osteoimmunomodulatory capability. 

Emerging evidences have shown that surface nanotopographies on Ti- 
based implants is of importance in mediating macrophage phenotypes 
[9,16–19]. For instance, nanopatterned grooves drove macrophages 
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polarizing towards anti-inflammatory M2 phenotype [20]; 2-demensional 
(2D) honeycomb-like TiO2 micro-pores with nanosized pore-diameter 
(~90 nm) were more favored in mediating macrophages towards M2 
phenotype compared to those with sub-micrometer sized pores [19]; 
3-demensional (3D) nanorods-patterned arrays accelerated macrophage 
phenotypic transformation towards M2 more efficiently compared to 2D 
microporous coating [21] and flat Ti [9]; more crucially, our previous 
work revealed that nanorods-patterned array with inter-rod spacing value 
of 75 nm showed significantly enhanced role in M1-to-M2 transformation 
of macrophage relative to the arrays with identical rod diameters and 
lengths but sub-micron inter-rod spacing values [10,18]. These aformen-
tioned results provide the concept of constructing nanorods-patterned 
array with appropriate geometric parameters to accelerate phenotypic 
transition of macorphages from M1 to M2. 

Besides nanotopographical cue, studies have also highlighted the 
significance of inorganic ions (such as Sr2+ [22,23], Mg2+ [24,25] and 
Zn2+ [26]) in controlling polarization behavior of macrophages. Among 
these ions, Sr2+ exhibits great potential in accelerating phenotypic 
transition of macorphages towards M2 compared to other inorganic ions 
[27]. For instance, Sr contained silica-based bioactive materials facili-
tated phenotypic transformation of macrophages towards M2 by the 
released Sr2+ to secrete abundant platelet-derived growth factor-BB 
(PDGF-BB), enhancing angiogenesis and thus osseointegration [28,29]. 
Owing to the Sr2+ and Zn2+ release, Sr–Zn–P coating on Ti preferentially 
polarized macrophages towards M2 phenotype by activing HIF-1 
signaling pathway, leading to the enhanced osseointegration of 
Ti-based implant in rat femur [30]. Moreover, Sr2+ exhibits modulatory 
effects not only on polarization behavior of macrophages but also on 
osteogentic function of osteogenesis-related cells. For instance, Sr2+

upregulated adhesion, proliferation and osteogenetic differentiation of 
MSCs [27,31,32] through activating extracellular regulated protein ki-
nases (ERK)/mitogen-activated protein kinase (MAPK) and/or Wnt 
signaling pathway [33,34]. However, our previous work showed that 
the enhanced role in osteogenesis of Sr-doped hydroxyapatite coating on 
Ti was dependent on the doped amounts of Sr2+, revealing higher 
amount of doped Sr2+ inducing more significant osteogenesis [35]. 
Although recent work has shown that different amounts of Sr2+ con-
tained in culture medium could induce different polarization behaviors 
of macrophages [29,36,37], the immunomodulation and subsequent 
osseointegration of nanorods-patterned coatings doped with different Sr 
content have not been illustrated yet. 

In the present study, sodium titanate (ST) nanorods arrays with 
identical rod diameter, length and inter-rod spacing value but doped 
with different Sr content were constructed on Ti. The regulatory effects 
of these arrays on macrophage polarization and osteogenetic functions 
of osteoblasts were assayed respectively using separate culture and co- 
culture systems, moreover, osseointegration of these arrays were also 
examined in rats femoral condyles. 

2. Experimental methods 

2.1. Fabrication of strontium-incorporated sodium titanate coatings 

⌀14 × 2 mm sized pure Ti discs and M1.7 × 4 mm sized pure Ti 
screws were machined and cleaned. To construct Na2TiO3 nanorods 
arrays, each disc or screw was soaked in 10 mL NaOH solution (1 M) 
contained in a Teflon-lined autoclave to undergo hydrothermal treat-
ment (HT) for 1.5 h at 100 ◦C. Subsequently, the hydrothermal treated 
sample was immersed in NaOH solution (0.5 M) to undergo another HT 
at 220 ◦C for 4 h, and the resultant coating is termed as ST. 

For Sr-doped ST with different Sr content, ST coated Ti were received 
ion exchange at 100 ◦C for 24 h in 10 mL Sr(CH3COO)2 aqueous solution 
with different concentrations of 0.1, 10 and 1000 mM, and these 
resultant Sr-doped coatings were respectively termed as STSr2, STSr4 
and STSr7. All the samples for biological experiments were sterilized 
with cobalt 60 irradiation for 48 h. 

2.2. Characterization of coating structure 

The morphologies and chemical components of formed nanorods 
arrays were observed under a scanning electron microscope (SEM; 
SU6600, Japan) affiliated with energy dispersive X-ray spectrometer 
(EDX). The geomorphological parameters of the nanorods, including 
inter-rod spacing, rod diameter and length, were examined with Image J 
(Pawak Incorporation, Germany) from surface and cross-sectional SEM 
images. Four random areas were measured to get the average values. 
Phase compositions was identified by an X-ray diffractometer in thin 
film model (XRD; XRD- 7000, Japan) over a 2θ angle of 20–80◦. An 
individual nanorod scratched from each kind of nanorods arrays was 
characterized by a transmission electron microscope (TEM; G2F30, 
USA) equipped with EDX in STEM model. The element composition and 
chemical bonds of the arrays were identified using an X-ray photoelec-
tron spectroscopy (XPS; Thermo Electron Corporation, USA), with Al Kα 
radiation and photoelectron take-off angle of 45◦. C1s peak with 284.6 
eV binding energy was used to calibrate peak positions. 

2.3. Ion release 

The nanorods-arrayed coatings were respectively soaked in 50 mL 
physiological saline (PS, 0.9 wt% NaCl) at 37 ◦C for 1, 3, 7, 14, 30, and 
60 d. Sr concentrations of sample-immersed solutions were detected 
using an inductively coupled plasma-mass spectrometry (ICP-MS; Agilent 
7700, U.S.A.). The release profiles were acquired from five replicates for 
each kind of the sample-immersed solutions at each immersion time. 

2.4. Cell culture 

RAW 264.7 macrophage and mouse pre-osteoblast cell, MC3T3, 
purchased from Chinese Academy of Sciences were employed in sub-
sequent in vitro biological tests. Macrophages were incubated in 10% 
fetal bovine serum (FBS; Gibco, USA) and 1% penicillin/streptomycin 
(Gibco, U.S.A.) contained Dulbecco’s modified Eagle’s medium (DMEM; 
Gibco, U.S.A.). MC3T3 were incubated in Minimum Essential Medium α 
(α-MEM; Gibco, U.S.A.) with 10% FBS (Gibco, U.S.A) and 1% antibiotics 
(Gibco, USA). Both cells were cultured at 37 ◦C in a humidified incu-
bator filled with 5% CO2 with refreshing the culture media of the cells 
every other day. 

2.5. Behavior of macrophages or MC3T3 seeded on bare and nanorods- 
arrayed Ti 

Macrophages or MC3T3 were respectively seeded on the bare and 
nanorods-arrayed Ti discs centrally put into tissue culture plates (TCP) 
with 24 wells with a density of 2 × 104 cells/well and incubated for 
different time. After one day of incubation, the cells adhered on the 
samples were fixed with 4% paraformaldehyde, dehydrated with 
gradient ethanol and spraying gold, and then the adhered cell morphol-
ogies were observed using SEM (SU6600, Japan). Cytoskeleton, vinculin 
and nuclei of cells cultured on the samples were stained using FAK100 kit 
(Abcam, U.S.A). Briefly, the cells adhered on the samples were rinsed 
with PBS, followed by fixing with 4% paraformaldehyde and staining 
with the kits. The fluorescence-stained samples were observed with a 
laser scanning confocal microscope (LSCM; FV1200, Olympus, Japan). 

To examine modulation effects of the samples on macrophage po-
larization, mRNA expressions of CCR-7 and CD206 in macrophages 
incubated on samples for 1, 3, 7 days were detected with real-time 
quantitative polymerase chain reaction (RT-qPCR; LightCycler@96, 
Roche, Switzerland). Typically, total cellular RNA was isolated with 
TRIZOL reagent (Invitrogen, U.S.A.) and converted into cDNA with the 
Reverse Transcription Reagents Kit (Takara, Japan) following the in-
struction of manufacturer. Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) was used as an endogenous reference gene. The primer se-
quences of the tested genes in this work were displayed in Table 1. 
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Furthermore, fluorescence staining assays of proteins, iNOS and Arg- 
1, were carried out to visualize polarized macrophages. The macro-
phages seeded on the discs for 3 days were fixed using 4% para-
formaldehyde at 4 ◦C for 30 min. After fixation, the cells were permeated 
with 0.1% Triton X-100 for 10 min followed by blocking with 5% bovine 
serum albumin for 1 h. Rabbit anti-mouse primary antibody of iNOS 
with dilution ratio of 100 (Abcam, U.S.A) and goat anti-mouse primary 
antibody of Arg-1 with dilution ratio of 100 (Abcam, U.S.A) were 
applied to incubate cells adhered on the samples at 4 ◦C overnight. After 
that, respective fluorescence labelled secondary antibodies, donkey anti- 
rabbit IgG antibody (Bioss, China) with dilution ratio of 200 and donkey 
anti-goat IgG antibody (Bioss, China) with dilution ratio of 200, were 
applied to label the markers, and iNOS was marked in green, Arg-1 was 
marked in red. Nuclei were marked in blue color using 4, 6-diamidino-2- 
phenylindole (DAPI; Servicebio, China). The fluorescence-labelled cells 
were observed using LSCM (FV1200, Olympus, Japan). 

IL-1β and IFN-γ, IL-4 and IL-10 as well as TGF-β1 and BMP2 in the 
supernatant of culture media secreted by macrophages at 1, 3 and 7 d of 
incubation were detected with corresponding Enzyme-linked immune-
sorbent assay kits (ELISA; Thermo Fisher Scientific, U.S.A.). 

The osteogenic mRNA expressions in MC3T3 cultured on discs for 3, 
7 and 14 d, such as runt-related transcription factor 2 (Runx2), osteo-
pontin (OPN) and osteocalcin (OCN), were detected with RT-qPCR. 
Corresponding genes expressions were normalized to GAPDH and the 
primer sequences of the tested genes were exhibited in Table 1. 

2.6. MC3T3 co-cultured with macrophages adhered on the samples 

A transwell chamber system was applied to evaluate osteogenetic 
behavior of MC3T3 co-cultured with macrophages seeded on the discs. 
Macrophages were inoculated on the samples with a density of 2 × 104 

cells/well in TCP with 24 wells. 8 μm pore sized membrane filters were 
gently mounted above 24-well TCP and MC3T3 (2 × 104 cells/well) 
were seeded in the upper chamber. After co-culturing for predetermined 
time, the MC3T3 on top side of permeable membrane were carefully 
removed using cotton swabs, while the cells adhered on the bottom 
surface of permeable membrane were tested in following experiments. 
The gene expressions of Runx2, OPN and OCN in MC3T3 co-cultured 
with macrophages seeded on bare and nanorods-arrayed Ti discs for 3, 
7 and 14 d were assayed with RT-qPCR. Alkaline phosphatase (ALP) and 
Alizarin Red staining of MC3T3 migrated to the bottom surface of 
permeable membrane was respectively performed at days 3 and 14 after 
co-culturing with macrophage on the samples. Briefly, the cells were 
fixed with 4% paraformaldehyde and stained with ALP and Alizarin Red 
staining kits (Servicebio, China) followed by observing with a micro-
scope (Olympus IX 73, Japan). 5 images were captured from randomly 
selected areas on the permeable membrane. 

2.7. Animals and in vivo implantation 

Surgical operations on experimental animals were identified by 
Institutional Lab Animal Centre and Ethics committee of Fourth Military 
Medical University and conducted according to animal welfare re-
quirements. After clinical check, forty-five eight-week-old SD rats (male, 
~200 g/rat) were allocated into five groups (nine per group) randomly 

for implantation. The rats were intraperitoneally injected 20 mg 
pentobarbital sodium solution for anesthesia. For each rat, two ⌀1.5 × 4 
mm sized holes were drilled on both sides of femoral condyles for screw 
implantation (one implant per femoral condyle), followed by skin su-
ture. All the post-implantation rats were intramuscularly injected 
penicillin for 3 days to prevent infection. 

An overdose of anesthesia was used to sacrifice the rats respectively 
at 2, 4, and 6 w of post-surgery. Sixty femoral condyles containing 
screws (twelve per group) were harvested and subsequently examined 
with micro-computed tomography (Micro-CT; Y.CHEETAH, Germany) 
under the parameters of 90 kV, 50 μA and scanning resolution of 7 μm to 
evaluate peri-implant new bone. The obtained data were analyzed using 
micro-CT machine equipped VG Studio MAX software. For histological 
examination, each of the femoral condyles containing screws was fixed 
and dehydrated, followed by embedding in polymethyl methacryate 
(PMMA) for cutting into 150 μm thick sections (Leitz 1600, Germany). 
The obtained sections were thinned into 20 μm thick foils and polished 
for Van Gieson’s picric-fuchsine (VG) staining. These stained sections 
were observed using a microscope (Olympus IX 73, Japan) followed by 
analyzing with Image Pro Plus software (IPP). 

In addition, screws contained in other thirty femoral condyles (six 
per group) were removed. Subsequently, the left femoral condyles were 
fixed (4% paraformaldehyde), decalcified (10% EDTA solution) and 
dehydrated (gradient ethanol) followed by embedding in paraffin. 5 μm 
thick sections were cut (Leica, Germany), followed by staining with 
Hematoxylin and eosin (HE) dye solution set and Masson dye solution 
set (Servicebio, China). HE and Masson staining images were captured 
using a Panoramic scanner (250/MIDI, Hungary) and the acquired im-
ages were quantitatively evaluated using IPP. 

2.8. Statistical analysis 

Experimental data collected was quantitatively evaluated with SPSS 
19.0 software and presented in the form of means ± standard deviation. 
The determination of significance was carried out using one-way 
ANOVA and Student-Newman-Keuls post hoc tests, and p value < 0.05 
was considered significant and p value < 0.01 was considered to be 
highly significant. 

3. Results and discussion 

3.1. Structural characterization of Sr-doped nanorods arrays 

Fig. 1a exhibits the surface morphologies of these HT derived 
nanorods-patterned arrays, which exhibit similar geometric parameters 
with rod diameter of 65.10 ± 4.53 nm and inter-rod spacing of 75.20 ±
4.64 nm. Based on the EDX spectrum of Ti, O and Na detected on the 
cross-sectional views of these arrays, it is revealed that these nanorods in 
arrays are quasi-upright aligned on Ti substrates with similar length of 
2.00 ± 0.15 μm. As confirmed by XRD (Fig. 1b), the four kinds of 
nanorods-patterned arrays compose of sodium titanate (Na2TiO3, 
shortened as ST), while (1 1 2), (2 1 1) and (2 0 0) diffraction peaks 
detected on the nanorods-patterned arrays underwent ion exchange in 
Sr-contained solution shift to a lower angle compared to the array 
formed without ion exchange. Moreover, the shift to lower angle tends 
to be more obvious with the increase in Sr2+ concentration in the so-
lutions used for ion exchange. The results indicate the successful 
incorporation of Sr in these nanorods, which are further confirmed by 
TEM. Fig. 1c show the TEM images of an individual nanorod obtained 
from the array underwent ion exchange in 10 mM strontium acetate 
contained solution as a representative. The selected area electron 
diffraction (SAED), high-resolution TEM (HRTEM) image and EDX 
spectrum confirm that nanorod consists of Sr doped Na2TiO3, and the 
doped Sr leads to the increase in interplanar spacing of Na2TiO3 [38]. 
Based on the atomic contents of the doped Sr in these nanorods detected 
by TEM (Table 2), the Sr-doped nanorods arrays are termed as STSr2, 

Table 1 
Sequences of genes primers.  

Gene Forward primer sequence (5′-3′) Reverse primer sequence (5′-3′) 

CCR7 TGAGGTCACGGACGATTACAT GTAGGCCCACGAAACAAATGAT 
CD206 CTCTGTTCAGCTATTGGACGC CGGAATTTCTGGGATTCAGCTTC 
Runx2 GAACCAAGAAGGCACAGACAGA GGCGGGACACCTACTCTCATAC 
OPN TACGACCATGAGATTGGCAGTGA TATAGGATCTGGGTGCAGGCTGTA 
OCN ACCATCTTTCTGCTCACTCTGCT CCTTATTGCCCTCCTGCTTG 
GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA  
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STSr4 and STSr7, respectively, and the nanorods-patterned array with 
out Sr incorporation is named as ST. The successful incorporation of Sr 
in the nanorods-patterned arrays is also identified by XPS full spectrum 
together with high-resolution spectrum of Sr 3d as shown in Fig. 1d, 

which depict increased intensities of Sr peaks in STSr2, STSr4 and STSr7, 
suggesting the tendency of gradually increased amounts of incorporated 
Sr in these coatings. Moreover, two peaks of Sr 3d respectively locate at 
132.7 eV (3d5/2) and 134.5 eV (3d3/2), in agreement with SrTiO3 in 
previous report [31], which is confirmed that Sr in the form of Sr2+ is 
incorporated into Na2TiO3 nanorods by the partial substitution of Na+

[39,40]. 

3.2. Sr2+ release from the Sr-doped nanorods arrays 

Fig. 2 shows the Sr2+ release from the nanorods arrays incorporated 
with Sr during immersion. Obviously, Sr concentrations of the coatings 
immersed physiological solutions (PS, i.e., 0.9% NaCl) tend to signifi-
cantly increase in the first 10 days and gradually reach stability, sug-
gesting that Sr incorporated into these nanorods can be long-termly 
released into the PS solutions. Due to the different Sr incorporating 
amounts, the released amounts of Sr from these arrays follow the order 
of STSr7 > STSr4 > STSr2 at each immersion time point. 

Fig. 1. (a) The morphologies of surfaces and cross-sections, EDX spectrum together with (b) XRD patterns of the HT derived arrays; (c) TEM images of an individual 
nanorod obtained from STSr4: (c1) panoramic bright-field image and (c2) SAED pattern, (c3) HRTEM image and (c4) EDX spectrum detected on the circle-dotted 
micro-region in (c1); (d) XPS full spectrum and high-resolution spectrum of Sr 3d detected on STSr2, STSr4 and STSr7. 

Table 2 
Chemical compositions of individual nanorods obtained from the nanorods ar-
rays examined using EDX equipped TEM.  

Nanorod Elemental composition (At.%) Stoichiometric 
formula 

Ti O Na Sr 

ST 17.0 ±
0.7 

50.0 ±
0.7 

33.0 ±
0.5 

– Na2TiO3 

STSr2 17.0 ±
0.8 

50.0 ±
0.8 

25.4 ±
0.4 

7.6 ±
0.2 

Na1.54Sr0.23TiO3 

STSr4 16.9 ±
0.8 

50.1 ±
0.9 

17.8 ±
0.3 

15.2 ±
0.3 

Na1.08Sr0.46TiO3 

STSr7 16.8 ±
0.9 

50.1 ±
1.0 

8.4 ±
0.2 

24.7 ±
0.4 

Na0.50Sr0.75TiO3  
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3.3. Phenotypic transition of macrophages on the nanorods arrays and 
bare Ti 

Fig. 3a exhibits the morphologies of macrophages adhered on the 
nanorods arrays and bare Ti for 1 d. The macrophage adhered on Ti 
exhibits spherical morphology without pseudopod extension, while the 
macrophages adhered on the nanorods-patterned arrays are elongated 
with obvious filopodia compared to that on Ti, moreover, the cells on the 
Sr-doped nanorods arrays exhibit more pronounced elongation and 
more amounts of filopodia with the tendency of STSr7, STSr4 and STSr2. 
As known, cell adhesion and the assembly of filopodia and lamellipodia 
are mediated by the vinculin-associated formation of focal adhesion 
(FA) that functions as an adaptor protein of F-actin [41]. Thus, vinculin, 
F-actin and nuclei of macrophages adhered on these nanorods arrays and 
bare Ti for 1 d were visualized using fluorescent staining (Fig. 3b). 
Compared to Ti, nanorods-patterned arrays stimulate macrophages to 
secrete more vinculin (red color labelled) and F-actin (green color 

Fig. 2. Sr2+ concentrations of the PS solutions immersing STSr2, STSr4 and 
STSr7 with prolonging immersion time. 

Fig. 3. (a) SEM morphology, (b) vinculin (marked in red), actin (marked in green) and nuclei (marked in blue) fluorescence-stained images of macrophages adhered 
on the nanorods arrays and bare Ti after 1 d of incubation. 
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labelled), and the enhancement is more significant for the cells on the 
Sr-doped arrays following the trend of STSr7, STSr4 and STSr2. 
Collectively, Sr-doped nanorods arrays significantly enhance macro-
phage adhesion and rapidly stimulate cell elongation compared to the 
array without Sr, which become more pronounced with increasing the 
amounts of incorporated Sr. This is attributed to that more amount of 
released Sr2+ from the array doped with higher content of Sr can 
enhance cellular intergrins expression and subsequent FA formation to 
promote cell adhesion and pseudopod formation [42,43]. 

Our previous work revealed that macrophage morphology is asso-
ciated with their polarization phenotypes. It is suggested that macro-
phages with M1 phenotype usually display round-like morphology, 
while macrophages with M2 phenotype exhibit spindle-like morphology 
with extended lamellipodia [9,18]. To determine the macrophage 

phenotype, the gene expressions of CCR-7 and CD206 in macrophages 
adhered on the samples were detected and shown in Fig. 4a. The results 
reveal that the nanorods-patterned arrays are beneficial in polarizing 
macrophages towards M2 phenotype compared to Ti, as confirmed by 
the downregulated CCR-7 and upregulated CD206 in the cells at each 
time point. It is because of the enhanced cell adhesion and pseudopod 
formation by nanorods-patterned arrays significantly actives actin stress 
fibers (RhoA)/Rho-associated protein kinase (ROCK) signaling pathway 
to polarize macrophages towards M2 phenotype [18,19]. Moreover, the 
trend of the adhered macrophages polarizing towards M2 phenotype 
becomes more pronounced with the increased amounts of doped Sr in 
the nanorods. Fluorescence images of M1-featured cytokine, iNOS, and 
M2-featured cytokine, Arg-1, in the macrophages adhered on the 
nanorods and bare Ti for 3 days are photographically and statistically 

Fig. 4. Phenotype polarization of macrophages seeded on ST, STSr2, STSr4 and STSr7 and bare Ti: (a) inflammation-related gene expressions of CCR-7 and CD206 at 
1, 3 and 7 days of incubation; (b) fluorescence images of iNOS (marked in green), Arg-1 (marked in red) and nuclei (marked in blue) together with the statistical 
fluorescent intensities of CCR-7 and Arg-1 to characterize their expressions at day 3 of incubation; secretion of (c) IL-1β and IFN-γ, (d) IL-4 and IL-10 and (e) TGF-β1 
and BMP2 by macrophages incubated on the nanorods arrays and bare Ti for 1, 3 and 7 days. *p < 0.05, **p < 0.01. 
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shown in Fig. 4b. Ti induces macrophages to secrete much more amount 
of iNOS compared to the nanorods-patterned arrays, while the arrays 
provoke more secretion of Arg-1 by the macrophages following the trend 
of STSr7, STSr4, STSr2 and ST. The fluorescence staining results further 
confirmed the enhanced role of Sr-doped nanorods arrays in polarizing 
macrophages towards M2. Consequently, Sr doped arrays downregulate 
M1 macrophage secreted pro-inflammatory factors of IL-1β and IFN-γ, as 
well as upregulate M2 macrophage secreted anti-inflammatory cyto-
kines of IL-4 and IL-10 compared to ST and Ti at each incubation time 
point. Simultaneously, M2 macrophage secreted TGF-β1 and BMP2 are 
highly expressed in the protein levels for Sr-doped nanorods arrays 
compared to ST and Ti, especially the arrays doped with higher Sr 

amounts. Taken together, Sr doped arrays accelerate phenotypic tra 
nsformation of the adhered macrophages towards M2 phenotype 
compared to the array without Sr and bare Ti, leading to the upregula-
tion of M2 macrophage secreted anti-inflammatory cytokines and grow 
factors, and the acceleration tends to be more pronounced with the in-
crease of Sr incorporating amounts. 

3.4. Osteogenic behaviors of MC3T3 on bare and nanorods-patterned Ti 

Adhesion behavior of osteoblasts, MC3T3 cultured on bare and 
nanorods-patterned Ti for 1 day was examined and shown in Fig. 5a. All 
the cells adhered on bare and nanorods-patterned Ti exhibit polygonal- 

Fig. 5. Adhesion and osteogenic differentiation of MC3T3 incubated on ST, STSr2, STSr4 and STSr7 and bare Ti: (a) morphologies, and (b) fluorescence-stained 
vinculin (marked in green) and nuclei (marked in blue) of MC3T3 after culturing on the samples for 1 d; (c) expressions of osteogenesis-related genes (Runx2, 
OPN and OCN) in MC3T3 after culturing on the samples for 3, 7 and 14 d. *p < 0.05, **p < 0.01. 
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like morphology but different in spread sizes and amounts of filopodia. 
Larger sized osteoblasts appear on nanorods-patterned Ti compared to Ti 
and the spreading size of cells increases with Sr incorporating amounts. 
Moreover, amplified images exhibit that more amounts of filopodia form 
at the borders of cells on the Sr doped arrays (especially on the array 
doped with higher amount of Sr) compared to ST and Ti. To further 
examine cell adhesion on the arrays, the vinculin and nuclei of MC3T3 
adhered on the arrays and bare Ti for 1 day are stained and shown in 
Fig. 5b. The fluorescence images show that a few vinculin-denoted foc 
al adhesion contacts appear in MC3T3 on Ti, however, many focal 

adhesions formed in the cells on ST, while they are less than those on Sr 
doped arrays, which increase with Sr incorporating amounts in the 
nanorods. It is revealed that higher amount of released Sr upregulates the 
gene expressions of integrins subunits, such as α2, α5, and β1 [44], which 
engage the cells and active focal adhesion kinase through binding to 
fibronectin to facilitate cell adhesion and filopodia formation [42,45]. It 
has been shown that the enhanced cell adhesion and filopodia formation 
plays a positive role in osteogenetic differentiation of ostetoblasts [46]. 
To identify the modulation effects of the arrays doped with different 
Sr amounts on osteoblastic differentiation, osteogenesis-related genes 

Fig. 6. Osteogenetic differentiation and ECM mineralization of MC3T3 co-cultured with macrophages seeded on ST, STSr2, STSr4 and STSr7 and bare Ti: (a) 
schematic illustration showing the co-culture system; (b) expressions of osteogenic genes by MC3T3 co-cultured with macrophages adhered on the samples for 3, 7 
and 14 days; (c) staining images and quantification of ALP activities of MC3T3 co-cultured with macrophages seeded on the samples for 3 days as well as (d) Alizarin 
Red staining images and quantification of mineralized nodules of MC3T3 co-cultured with macrophages seeded on the samples for 14 days. *p < 0.05, **p < 0.01. 
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expressions, including Runx2, OPN and OCN in MC3T3 incubated on the 
nanorods arrays and Ti for 3, 7 and 14 d were assayed (Fig. 5c). The gene 
expressions of Runx2, OPN and OCN in MC3T3 on the nanorods arrays 
and Ti are upregulated during the incubation period (3–14 days) but with 

different magnitude. Their expressions in the cells on Sr doped arrays are 
significantly higher than those on ST and much higher than those on bare 
Ti at each incubation time point with the trend of STSr7, STSr4, STSr2, ST 
and Ti. Collectively, Sr incorporated into nanorods-patterned arrays 

Fig. 7. HE and Masson staining analyses of the new bone surrounding the screws implanted in rat femoral condyles for 2, 4 and 6 weeks: (a) HE and (b) Masson 
staining images of new bone formed in the regions adjacent to the screws-removed spaces (SRS); (c) HE staining assayed and (d) Masson staining assayed quali-
fication of new bone area to total area ratios. The black-dotted lines represent the boundaries between SRS and tissue. *p < 0.05, **p < 0.01. 
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further enhance adhesion and subsequent osteogenic differentiation of 
osteoblasts compared to the array without Sr, and the enhancement tends 
to be more obvious with the increase of Sr incorporating amounts. 

3.5. Osteogenesis of MC3T3 co-cultured with macrophages on the 
nanorods arrays and bare Ti 

Given that osseointegration originates from macrophages polariza-
tion that sequentially regulates osteogenic cell recruitment and differ-
entiation for osteogenesis [47], the osteogenetic function of MC3T3 in 
response to the mediators produced by macrophages seeded on the bare 
Ti and nanorods arrays was assessed in a transwell model, schematically 
shown in Fig. 6a. The osteogenic gene expressions (Runx2, OPN and 
OCN) and ALP activities in MC3T3 co-cultured with the macrophages 
seeded on the samples for 3, 7 and 14 days were shown in Fig. 6b and c. 
Compared to MC3T3 co-cultured with macrophages on bare Ti, osteo-
genetic differentiation of MC3T3 co-cultured with macrophages on the 
nanorods arrays is significantly enhanced at each time point. Moreover, 
the enhancement is far more pronounced in response to macrophages on 
the Sr doped arrays, following the order of STSr7, STSr4 and STSr2. The 
extracellular matrix (ECM) mineralization at day 14 of MC3T3 in 
response to macrophages on the samples reveals the similar results 
(Fig. 6d). As known, M2 macrophage secreted IL-4, TGF-β1, and BMP2 
function as chemotactic factors to recruit osteogenesis-related cells [13, 
48,49], moreover, IL-10 actives p38/MAPK signaling pathway to pro-
mote osteogenetic differentiation of osteogenesis-related cells [50], and 
TGF-β1 and BMP2 (especially the latter) strongly induce osteoblastic 

differentiation of osteoblasts [14,15]. Consequently, Sr doped arrays 
derived increase in secretion amounts of M2-featured IL-4, IL-10, 
TGF-β1 and BMP2 by the adhered macrophages (Fig. 4b and e) en-
hances osteogenetic differentiation of MC3T3, and the enhancement is 
increased with Sr incorporating amounts in the nanorods. 

Notably, as shown in Fig. 5c vs. 6b-d, there is no difference in 
osteogenetic functions of MC3T3 between direct culturing on Ti and co- 
culturing with macrophages on Ti at each incubation time point. 
Nevertheless, osteogenetic functions of the osteoblasts co-cultured with 
macrophages on the nanorods arrays, especially on the Sr doped arrays 
with higher content, are significantly promoted than those of MC3T3 
directly culturing on the corresponding arrays. It is indicated that the 
paracrine of macrophages, such as anti-inflammatory cytokines and pro- 
osteogenic growth factors, plays a more crucial role than nano-
topography and released Sr2+ in enhancing osteogenetic functions of 
MC3T3. 

3.6. Osseointegration of the nanorodspatterned arrays 

Osseointegration driven by nanorods arrays and bare Ti were 
examined in rat femoral condyles at the time points of 2, 4 and 6 weeks 
after implantation (Figs. 7 and 8). After 2 weeks of implantation, no 
mature bone surrounding the bare Ti and nanorods-patterned arrays 
are observed in H&E and Masson stained sections (Fig. 7a and b). 
However, more organized and compact collagen fibers form around 
nanorods-patterned arrays (especially STSr7) compared to those 
around ST, which subsequently induce more compact structure and 

Fig. 8. Osseointegration of the nanorods-arrayed Ti and bare Ti screws after implantation in rat femoral condyles for different time: (a) Micro-CT images of the 
arrayed Ti and bare Ti (presented in white color) with surrounding new bone (presented in yellow color); (b) the quantitative ratios of new bone volume to total 
reconstructed peri-implant areas obtained from Micro-CT reconstruction; (c) histological stained images of peri-implant new bone; and (d) quantified percentage of 
new bone volumes (BV, %) as well as (e) corresponding contact ratios between new bone and screw (BIC, %) calculated from the stained images at implantation time 
of 2, 4 and 6 w (BM: bone marrow, NB: new bone). *p < 0.05, **p < 0.01. 
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higher mechanical resistance of peri-implant new bone, ensuring the 
early fixation between new bone and implants [21]. In addition, osteoid 
appears surrounding Sr-doped nanorods arrays, which increase with Sr 
incorporating amounts in the nanorods. After 4 weeks of implantation, 
a few of mature bone forms around Ti, while continuous and mature 
bone forms around these nanorods-patterned arrays, and its amounts 
follow the trend of STSr7, STSr4, STSr2 and ST. The newly formed bone 
increases around all the samples with prolonging implantation time to 6 
weeks, and the new bone amounts surrounding each kind of the sam-
ples exhibit a similar trend to that at week 4, which is statistically 
presented in Fig. 7c and d. It is revealed that the Sr-doped arrays more 
pronouncedly enhance osteogenesis compared to ST and much more 
pronouncedly compared to Ti, and the enhancement is promoted with 
the increase of Sr incorporating amounts. The results are further 
confirmed by Micro-CT reconstruction after different implantation 
time, which are photographically and quantitatively shown in Fig. 8a 
and b. The new bone-implant contact ratios were assessed with VG 
staining, as shown in Fig. 8c–e. The Sr-doped nanorods arrays signifi-
cantly enhance bone-implant contact in comparison with ST and much 
more significantly in comparison with Ti, following the sequence of 
STSr7, STSr4 and STSr2. 

In summary, compared to ST, on one hand, the Sr-doped nanorods 
arrays accelerate phenotypic transformation of the adhered macro-
phages towards M2, leading to the upregulation of M2 macrophage 
secreted Arg-1, TGF-β1 and BMP2 (Fig. 4), which facilitate recruitment 
and osteogenetic differentiation of MC3T3 (Fig. 6). On the other hand, 
Sr2+ released from the Sr-doped nanorods arrays can directly promote 
osteogenetic differentiation of the adhered osteogenesis-related cells 
(Fig. 5). Simultaneously, the enhancement of osteogenesis by the Sr- 
doped nanorods arrays according to paracrine of macrophages or 
direct effects on osteoblasts becomes more pronounced with the increase 
of Sr incorporating amounts in the arrays. Consequently, STSr7 exhibits 
the best performance in new bone apposition and thus osseointegration 
(Figs. 7 and 8). 

4. Conclusions 

To identify the modulation effects of Sr incorporating amounts in 
nanorods-patterned arrays on polarization behavior of macrophages and 
thus osseointegration, Na2TiO3 nanorods arrays with identical nanorod 
diameter of 65.10 ± 4.53 nm, length of 2.00 ± 0.15 μm and inter-rod 
spacing value of 75.20 ± 4.64 nm but different Sr incorporating 
amounts were fabricated on Ti and termed as STSr2, STSr4 and STSr7, 
respectively, together with the array without Sr incorporation and bare 
Ti as controls. We identify that Sr is incorporated in Na2TiO3 lattice in 
the format of the substitution of Na+. The doped Sr exhibits a long-term 
release feature, and STSr7 releases higher Sr2+ amount compared to 
STSr4 and much higher compared to STSr2 within a same duration. The 
released Sr2+ enhances expressions of integrins subunits to promote the 
formation of focal adhesion, resulting in the enhanced adhesion and 
filopodia formation of macrophage on Sr doped arrays compared to 
those on Sr-free array. Consequently, compared to Sr-free array, Sr- 
doped arrays accelerate phenotypic transformation of macrophages to-
wards M2, leading to the upregulated production of pro-osteogenetic 
cytokines and growth factors (TGF-β1 and BMP2). Moreover, the 
released Sr2+ can also directly enhance osteogenetic functions of oste-
oblasts, MC3T3. Based on the enhanced role of Sr2+ in paracrine of M2 
macrophages and osteogenetic function of osteoblasts, Sr doped arrays 
show significantly enhanced osseointegration in vivo compared to the 
array without Sr incorporation, moreover, the enhancement is promoted 
with the increase of Sr incorporating amounts. Consequently, STSr7 
exhibits the best performance in osseointegration in vivo. This work 
identifies the key role of Sr2+ incorporation into nanorods arrays on 
immunomodulation and its subsequent osseointegration, shedding a 
new light on the surface chemical and structural design for an ortho-
pedic implant in favor of osteointegration. 
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