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Introduction: Fabricating nanostructured surface topography represents the mainstream 

approach to induce osteogenesis for the next-generation bone implant. In the past, the bone 

implant was designed to minimize host repulsive reactions in order to acquire biocompatibility. 

However, increasing reports indicate that the absence of an appropriate immune response cannot 

acquire adequate osseointegration after implantation in vivo. 

Materials and methods: We prepared different topographies on the surface of titanium (Ti) 

specimens by grinding, etching and anodizing, and they were marked as polished specimen 

(P), specimen with nanotubes (NTs) in small diameters (NT-30) and specimen with NTs in 

large diameters (NT-100). We evaluated the ability of different topographies of the specimen 

to induce osteogenic differentiation of mice bone marrow mesenchymal stem cells (BMSCs) in 

vitro and to induce osseointegration in vivo. Furthermore, we investigated the effect of different 

topographies on the polarization and secretion of macrophages, and the effect of macrophage 

polarization on topography-induced osteogenic differentiation of mice BMSCs. Finally, we 

verified the effect of macrophage polarization on topography-induced osseointegration in vivo 

by using Cre*RBP-Jfl/fl mice in which classically activated macrophage was restrained.

Results: The osteogenic differentiation of mice BMSCs induced by specimen with different topog-

raphies was NT-100.NT-30.P, while the osseointegration induced by specimen with different 

topographies in vivo was NT-30.NT-100.P. In addition, specimen of NT-30 could induce more 

macrophages to M2 polarization, while specimen of P and NT-100 could induce more macrophages 

to M1 polarization. When co-culture mice BMSCs and macrophages on specimen with different 

topographies , the osteogenic differentiation of mice BMSCs was NT-30.NT-100$P. The osseointe-

gration induced by NT-100 in Cre*RBP-Jfl/fl mice was much better than that of wild type mice.

Conclusion: It is suggested that the intrinsic immunomodulatory effects of nanomaterials are 

not only crucial to evaluate the in vivo biocompatibility but also required to determine the final 

osseointegration. To clarify the immune response and osseointegration may be beneficial for 

the designation and optimization of the bone implant.

Keywords: nanomaterials, topography, immunomodulatory effects, macrophage polarization, 

osseointegration

Introduction
With the development of nanotechnology, the application of nanomaterials in the 

biological area is considered a promising strategy.1 A number of nanomaterials have 

been produced to induce various biological functions in vivo.2,3 However, the majority 

of the work only focuses on the biological effects of nanomaterials while their intrinsic 

immunomodulatory effects are often neglected.4–6 Take the bone implant materials: 

for example, titanium (Ti) metal is extensively used in clinical practice due to its 
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outstanding osseointegration ability. Recently, the influence 

of Ti implant on macrophage adhesion and the effects of mac-

rophage activation on osseointegration have been noticed.7–10

In fact, the immune response is a primary reaction after 

exogenous pathogen invasion and the category of immune 

cells arriving at implantation sites determines the develop-

ment of inflammation and the consequent healing process.11–13 

Hence, to take the immunomodulatory effects of biomaterials 

into consideration is of great importance.14–16 Specifically, 

macrophages are implicated in almost all parts of the natural 

process of wound healing,17 and the polarization states of 

macrophages have vital effects on wound healing and the 

biological performances of biomaterials.18–20 The M1 phe-

notype of macrophages manifested increased production of 

pro-inflammatory cytokines such as interleukin (IL)-6, tumor 

necrosis factor alpha (TNF-α), interferon gamma (IFN-γ), and 

inducible nitric oxide synthase (iNOS) to promote inflamma-

tion. By contrast, the M2 phenotype of macrophages could 

contribute to the resolution of inflammation and wound heal-

ing by producing various anti-inflammatory cytokines such as 

IL-10 and arginase-1 (Arg-1).21 To comprehensively address 

the osseointegration capability of inserted implants, both 

osteogenic cells and macrophages are required to be evaluated.

Previously, our group has devoted tremendous efforts to 

developing controllable nanotopographies on the Ti implant 

surface for enhanced osteoinduction capacity. We have found 

that the different nanotopographies on the Ti surface could 

make differences in osteogenic differentiation of human osteo-

blasts and bone marrow mesenchymal stem cells (BMSCs) 

simply in vitro.22–26 Given the important roles macrophages 

may play in the healing process of Ti implants, it is urgent to 

figure out whether the macrophages can be influenced by dif-

ferent nanotopographies and whether the osseointegration can 

be influenced by nanotopography-induced macrophage activa-

tion. In our previous studies, we have found that the different 

nanotopographies can induce distinct macrophage responses 

both in vitro and in vivo, which might be closely related to the 

osseointegration outcomes.27 Unfortunately, detailed informa-

tion such as the mutual interaction between macrophages and 

BMSCs and the association between macrophage activation and 

osseointegration has not yet been elucidated. Therefore, the aim 

of the present study is to systematically investigate the immuno-

modulatory effects of the nanotopographies and their influences 

on BMSC osteogenic differentiation and osseointegration.

Materials and methods
Fabrication of Ti specimen
The pure Ti rods (1 mm in diameter and 2 mm in length) and cir-

cular Ti plates (15 mm in diameter and 1 mm in thickness) were 

sequentially wet-polished with SiC sandpaper from 400 to 7,000 

meshes to obtain the polished specimen (P). The different nano-

topographies were fabricated by acid etching and anodization after 

polishing according to our previous reports.22–26 TiO
2
 nanotubes 

(NTs) were prepared by anodic oxidation for 1 h in the electrolyte 

comprised of 372 mL deionized water, 23 mL of 85% phosphate, 

5 mL hydrofluoric acid under different voltages of 5 V (NT-30) 

and 20 V (NT-100), respectively. The fabricated topography was 

observed by field emission scanning electron microscope (FE-

SEM; Hitachi Ltd, Tokyo, Japan) and atomic force microscope 

(AFM; Shimadzu, Kyoto, Japan). The fabricated specimens 

were ultrasonically cleaned in acetone, absolute ethanol, and 

deionized water sequentially and then sterilized by soaking in 

75% ethanol for 6–8 h and ultraviolet radiation for at least 30 min.

cell culture
The separation and culture of mice BMSCs
The BMSCs were isolated from femurs and tibias of 6–8-week-

old C57BL/6 mice. In general, the whole bone marrow contents 

were flushed out of the bone cavity using phosphate-buffered 

saline (PBS; HyClone, South Logan, UT, USA) with 1% fetal 

bovine serum (HyClone). Red blood cells were lysed in the 

flushing liquid with the lysing buffer (Tiangen, Beijing, China). 

After centrifugation at 1,200 rpm/min for 5 min, cells were cul-

tured in α-minimal Eagle’s medium (HyClone) supplemented 

with 20% fetal bovine serum (FBS; HyClone) and 50 U/mL 

penicillin–50 μg/mL streptomycin (HyClone) at 37°C in a 100% 

humidity atmosphere of 5% CO
2
. After 9–12 days, the clustered 

adherent cells were considered BMSCs and they were passaged 

and seeded onto blank culture plates (negative control, NC) and 

Ti surface with different topographies in the culture of osteoin-

ductive medium (Cyagen Biosciences, Santa Clara, CA, USA).

The separation and culture of mice bone marrow-
derived macrophages (BMDMs)
BMDMs were isolated in the same way as BMSCs. Cells were 

cultured as described by previous studies.28 The flushing cells 

from bone marrow were seeded on the 10-cm culture plate and 

induced to BMDMs in 15 mL Iscove’s Modified Dubecco’s 

Medium (HyClone), supplemented with 10 ng/mL macrophage 

colony-stimulating factor (Peprotech, Inc., Rocky Hill, NJ, 

USA), 10% FBS and 50 U/mL penicillin–50 μg/mL strepto-

mycin at 37°C in a 100% humidity atmosphere of 5% CO
2
. 

After 7 days, BMDMs were scraped off and seeded onto blank 

culture plates and Ti surface with different topographies.

The collection, preparation, and application of 
macrophage conditioned medium (MCM)
BMDMs were seeded onto blank culture plates and Ti sur-

face with different topographies. After 3-day culture, the 

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2018:13 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

4031

Effect of nanotopography on osseointegration via macrophage regulation

supernatants in NC, P, NT-30, and NT-100 were harvested, 

centrifuged at 12,000 rpm/min for 10 min respectively, and 

stored at -80°C. The supernatants were then diluted 1:1 in the 

complete culture medium of BMSCs and denoted as MCM 

of NC, P, NT-30, and NT-100, respectively.

BMSCs were seeded onto blank culture plates and 

Ti surface with different topographies. After culturing 

for 24 h, the osteoinductive medium of BMSCs in each 

group was replaced by the corresponding topography-

mediated MCM.

animal surgery
The animal procedures were in accordance with guidelines 

for the management and use of laboratory animals and 

approved by the University Research Ethics Committee of 

The Fourth Military Medical University. Twenty-four male 

wild-type (WT) mice and 8 male Cre*RBP-Jfl/fl (knockout 

[KO]) mice, aged 6–8 weeks and weighing approximately 

20 g, were included. The 24 WT mice were randomly dis-

tributed into 3 groups (n=8 per group). After intraperitoneal 

anesthesia with 1% sodium pentobarbital (0.1 mL/10 g body 

weight), a hole of 1 mm in diameter was prepared in the 

distal end of metaphysis of the femurs of mice by a fissure 

bur for the implantation. Then, Ti specimens with differ-

ent topographies (P, NT-30, and NT-100) were implanted 

into the holes in bilateral femurs of mice respectively, and 

the bilateral femurs of each mouse were implanted with a 

Ti specimen with the same topography. A Ti specimen of 

NT-100 was inserted into the femurs of KO mice following 

the procedures above. After implantation, muscles and skins 

were sutured severally and carefully. After 3 weeks, the mice 

were sacrificed and femur samples were obtained.

Micro-computed tomography (CT) 
scanning
After fixation in 4% paraformaldehyde for 24 h, femur 

samples (n=8 per group) were scanned by a micro-CT 

scanner (YXLON International GmbH, Hamburg, Germany). 

The region of interest (ROI) was defined as 2 mm around 

the implant, and the images were analyzed via VGStudio 

Max 2.2 (Volume Graphic, Heidelberg, Germany). Samples 

of each group were measured for calculation of the new 

bone volume ratio (bone volume to total volume, BV/TV), 

trabecular thickness (TbTh), trabecular numbers (TbN), and 

trabecular separation (TbSp).

Push-in tests
Femur samples (n=8 per group) containing an implant were 

embedded into autopolymerizing resin with the top surface 

at the implant level. The osseointegration intensity of the 

implants was evaluated by an AGTA electronic universal 

testing machine (Shimadzu). The implant was loaded verti-

cally downward by a pushing rod of 0.7 mm in diameter at 

a crosshead speed of 1 mm/min. The value of the push-in 

test was determined by measuring the peak of the load-

displacement curve.

Immunohistochemical (IHC) staining
After micro-CT scanning, samples (n=8 per group) were decal-

cified in 10% EDTA (Sigma-Aldrich Co., St Louis, MO, USA) 

for 3 weeks. After decalcification, Ti rods were easily removed 

from femurs. After dehydrating sequentially by serial ethanol, 

samples were embedded in paraffin and sectioned (4 μm thick-

ness), followed by IHC staining of iNOS (Abcam, Cambridge, 

UK) and CD163 (Santa Cruz Biotechnology Inc., Dallas, TX, 

USA) using the streptavidin–peroxidase method. The detailed 

procedure for IHC followed the manufacturer’s protocols 

(ZSGB-BIO, Beijing, China). Target molecules were then visu-

alized using diaminobenzidine (ZSGB-BIO). The histological 

images were photographed by optical microscope (Olympus 

Corporation, Tokyo, Japan) and analyzed by ImageJ soft-

ware (National Institutes of Health, Bethesda, MD, USA).

Quantitative reverse transcription 
polymerase chain reaction (RT-qPCR)
The total RNA of mice BMDMs and mice BMSCs was 

extracted using Trizol reagent (Takara, Tokyo, Japan) and 

quantified using a Nanodrop 2000 (Thermo Fisher Scientific, 

Waltham, MA, USA). Then, 500 ng total RNA was reverse 

transcribed for the first-strand cDNA (Takara) which was 

used to perform RT-qPCR. The detailed procedure for 

RT-qPCR followed the manufacturer’s protocols (Takara). 

The primers used in this study are presented in Table 1.

Cytoimmunofluorescence staining
BMDMs were seeded onto blank culture plates and Ti sur-

face with different topographies in 24-well plates (1.5×105 

cells/well). After 3-day incubation, cells were rinsed twice 

with PBS and fixed in 4% paraformaldehyde for 20 min at 

ambient temperature. Permeabilization with 0.1% Triton 

X-100 for 10 min was followed by washing twice with 

PBS. Then, cells were blocked by 1% bovine serum albumin 

(BSA) in PBS for 20 min at ambient temperature. After that, 

cells were incubated with the anti-iNOS antibody (Abcam) 

or the anti-CD163 antibody (Santa Cruz) after 1% BSA 

incubation overnight at 4°C. Target molecules were then 

visualized using Cy3-conjugated secondary antibodies 

(CW-BIO, Beijing, China). Cells were counterstained with 
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4′,6-diamidino-2-phenylindole (Hoffman-La Roche Ltd., 

Basel, Switzerland) and photographed using a confocal laser 

scanning microscope (Olympus). All samples were analyzed 

in triplicate and fluorescence intensities were quantitatively 

analyzed using NIH ImageJ software.

Flow cytometry
BMDMs were seeded onto blank culture plates and Ti sur-

face with different topographies in 24-well plates (1.5×105 

cells/well). Macrophage surface markers CCR7 (M1) 

and CD206 (M2) were detected by flow cytometry for 

evaluating the different phenotypes. After 3-day incuba-

tion, cells were scraped off, centrifuged, and resuspended in 

purified anti-mouse CD16/32 (Biolegend, San Diego, CA, 

USA) for 10 min at 4°C to block the nonspecific antigens. 

Then, BMDMs were incubated with PE-conjugated CCR7 

(Biolegend) and PerCP-conjugated CD206 (Biolegend) for 

30 min at 4°C. The isotype controls were PE-conjugated rat 

IgG2a, k and PerCP-conjugated Rat IgG2a, k (Biolegend). 

After washing twice in PBS, BMDMs were resuspended in 

PBS and analyzed on a flow cytometer (NovoCyte; ACEA 

Biosciences, San Diego, CA, USA). All samples were ana-

lyzed in triplicate.

Cytokine profiling
BMDMs were seeded onto blank culture plates and Ti sur-

face with different topographies in 24-well plates (1.5×105 

cells/well). After 3-day incubation and 7-day incuba-

tion, the supernatants were collected and centrifuged at 

12,000 rpm/min respectively. Cell cytokines in supernatants 

of each group were measured and analyzed by protein array 

(Ray Biotech, Guangzhou, China) and three replicates were 

set in each assay.

Alkaline phosphatase (ALP) assay
BMSCs were seeded onto blank culture plates and Ti sur-

face with different topographies in 24-well plates (1.5×105 

cells/well) in the culture of osteoinductive culture medium 

or MCM. After 7 days of culture, cells were fixed with 4% 

paraformaldehyde for 30 min. After washing twice with PBS, 

cell staining was performed using the BCIP/NBT ALP color 

development kit (Leagene, Beijing, China) overnight at ambi-

ent temperature. In addition, BMSCs were washed and lysed 

in 1% Triton X-100 and the ALP activity in the lysis was 

determined by a colorimetric assay based on p-nitrophenyl 

phosphate. The intracellular total protein content was deter-

mined with a BCA kit (Solarbio, Beijing, China). The ALP 

activity was normalized to total intracellular protein.

Quantification of mineralization
BMSCs were seeded onto blank culture plates and Ti sur-

face with different topographies in 24-well plates (1.5×105 

cells/well). After 3 weeks of culture, cells were fixed with 

4% paraformaldehyde for 30 min. After washing twice with 

PBS, cells were stained with alizarin red S (pH 4.2; Sigma-

Aldrich) at ambient temperature for 30 min. After washing 

with PBS 3 times, results were imaged for qualitative data 

by a stereomicroscope (Leica Microsystems, Wetzlar, 

Germany). To quantify alizarin red stain, each well had 10% 

cetylpyridinium chloride solution added and the absorbance 

of samples was measured via spectrophotometry at 620 nm 

in triplicate using a spectrophotometric microplate reader 

(Bio-Rad Laboratories Inc., Hercules, CA, USA).

statistical analysis
All data are shown as mean±standard deviation and were 

analyzed using one-way analysis of variance followed by 

Bonferroni’s post-hoc test for parametric data and Kruskal–

Wallis test followed by a Dunn’s Multiple comparison test 

for nonparametric data through the GraphPad Prism statistical 

program (GraphPad Software Inc., La Jolla, CA, USA). 

p,0.05 was considered to be significant and p,0.01 was 

considered to be highly significant.

Table 1 Primers used for quantitative reverse transcription polymerase chain reaction

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

Runx2 aTgcTTcaTTcgccTcacaaa gcacTcacTgacTcggTTgg
iNOS ggacccagTgcccTgcTTT caccaagcTcaTgcggccT
Arg-1 cTccaagccaaagTccTTagag aggagcTgTcaTTagggacaTc
IL-6 TagTccTTccTaccccaaTTTcc TTggTccTTagccacTccTTc
IL-10 gcTcTTacTgacTggcaTgag cgcagcTcTaggagcaTgTg
BMP-2 gggacccgcTgTcTTcTagT TcaacTcaaaTTcgcTgaggac
GAPDH TgTgTccgTcgTggaTcTga TTgcTgTTgaagTcgcaggag

Abbreviations: Runx2, runt-related transcription factor 2; iNOS, inducible nitric oxide synthase; Arg-1, arginase-1; IL, interleukin; BMP-2, bone morphogenetic protein-2; 
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Results
The topography of nanostructured 
Ti specimens
Through FE-SEM observation, densely and uniformly dis-

tributed TiO
2
 NTs could be detected with diameters of 30 nm 

(NT-30) and 100 nm (NT-100) respectively and the surface of 

P was specular with some polishing scratches (Figure 1A–B). 

The AFM showed that the surface roughness of the P group 

material was the smallest, while the surface roughness of the 

NT-30 and NT-100 groups was much bigger (Figure 1C). 

The roughness parameters of average height and root mean 

square height also revealed the same trend (Figure 1D).

The effects of topography of Ti implants 
on the osteogenic differentiation of 
BMSCs
The induction of nanostructured Ti to the osteogenic dif-

ferentiation of BMSCs was determined by staining for 

ALP, mineralized extracellular matrix (ECM) as well as 

RT-qPCR analysis of osteogenesis-related gene expres-

sion (Figure 2). The expression of BMP-2 and Runx2 

was significantly enhanced in NT-100 compared with 

NT-30 (Figure 2A). At 1 week, ALP synthesis by BMSCs 

of NT-30 and NT-100 was increased compared with that 

of NC and P, but BMSCs of NT-100 still produced more 

ALP than those of NT-30 (Figure 2B). At 3 weeks, through 

alizarin red staining, we found that BMSCs on the NT-100 

surface showed the highest mineralization ability, while the 

mineralization ability of BMSCs on P was almost as low as 

it was in NC (Figure 2C).

The osseointegration of Ti implants with 
different topographies in vivo
The osseointegration of Ti implants with different topo-

graphies was assessed in vivo (Figure 3). The micro-CT 

scanning indicated that the implants were surrounded by bone 

without any notable gap in all groups, indicating the success-

ful bone formation around implants (Figure 3A). However, 

the analysis of BV/TV, TbTh, TbSp, and TbN in the ROI 

revealed that the bone trabecula around implants in NT-30 

was the thickest and densest (Figure 3B). Furthermore, in 

push-in examinations, implants of NT-30 exhibited the great-

est resistance force, suggesting the better osseointegration in 

NT-30 group (Figure 3C).

The effects of topography on the 
recruitment of macrophages with 
different subtypes in vivo
The polarization states of macrophages infiltrating around 

implants were evaluated (Figure 4). From the results of 

IHC staining, both iNOS-positive cells and CD163-positive 

cells could be found in the bone tissues around the implants 

(Figure 4A). However, compared with other groups, the ratio 

Figure 1 The topography of Ti in different groups.
Notes: Ti implant was either P or anodized under 5 V (NT-30) and 20 V (NT-100), respectively. (A) The topography observation by FE-SEM. (B) The diameter distribution of 
TiO2 nanotubes (NTs). (C) The topography observation by AFM. (D) Surface roughness of Ti in different groups quantified by AFM.
Abbreviations: AFM, atomic force microscope; FE-SEM, field emission scanning electron microscope; NT, nanotube; P, polished specimen; Sa, average height; Sq, root 
mean square height; Ti, titanium.
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Figure 2 The influence of different topographies on mice BMSC osteogenic differentiation.
Notes: BMSCs were seeded on the blank plastic culture plates NC or titanium surface with different topographies in the complete culture medium. (A) After 3-day 
incubation, the mRNA expression of osteogenesis-related genes was analyzed. (B) After 1-week incubation, ALP staining and ALP activity were measured. (C) After 3-week 
incubation, alizarin red staining and semiquantitative analysis were performed. Means were compared with one-way analysis of variance combined with Bonferroni’s post-hoc 
test. *p,0.05; **p,0.01.
Abbreviations: ALP, alkaline phosphatase; BMP-2, bone morphogenetic protein-2; BMSC, bone marrow mesenchymal stem cell; Runx2, runt-related transcription factor 2; 
P, polished specimen; NC, negative control; NT-30, titanium nanotube anodized under 5 V; NT-100, titanium nanotube anodized under 20 V; OD, optical density.

Figure 3 The effects of Ti with different topographies on osseointegration in vivo.
Notes: The Ti implants with different nanotopographies were inserted in the femurs of normal mice and allowed to heal for 3 weeks. (A) Micro-computed tomography 
analysis of osseointegration around the implants with different topographies. (B) Analysis of the ratio of BV/TV, TbTh, TbN, and TbSp in the region of interest. (C) Analysis 
of push-in resistance in different groups. Means were compared with one-way analysis of variance combined with Bonferroni’s post-hoc test. *p,0.05; **p,0.01.
Abbreviations: BV/TV, bone volume to total volume; P, polished specimen; NT-30, titanium nanotube anodized under 5 V; NT-100, titanium nanotube anodized under 20 
V; Ti, titanium; TbTh, trabecular thickness; TbN, trabecular numbers; TbSp, trabecular separation.
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of M1/M2 macrophages in NT-30 was much lower than that 

in P and NT-100, and the ratio of M1/M2 macrophages in 

NT-100 was the highest (Figure 4B).

The effects of topography on macrophage 
polarization in vitro
The induction effects of Ti topography on mice macrophage 

polarization were detected (Figure 5). Firstly, gene expres-

sions of M1 macrophage markers (iNOS and IL-6) and 

M2 macrophage markers (Arg-1 and IL-10) were detected. 

A higher expression level of iNOS and IL-6 was found in 

NT-100 while a higher expression level of Arg-1 and IL-10 

was found in NT-30 (Figure 5A).

Additionally, BMDMs were stained with iNOS (M1) and 

CD206 (M2) through cytoimmunofluorescence. As shown in 

the results, the expression of iNOS in different groups showed 

the following trend: NT-100$P.NT-30$NC. However, the 

expression of CD206 in different groups showed the reverse 

trend: NT-30.NT-100$P$NC (Figure 5B–C).

Moreover, the immunomodulatory effects of topo-

graphy were further confirmed by the scatter plot of flow 

cytometry detection of CCR7 (M1) and CD206 (M2), the 

surface markers of M1/M2 macrophages. Results showed 

that many more cells in NT-100 preferred to exhibit the M1 

phenotype, while cells seeded on the NT-30 surface were 

dominated by M2 macrophages. Similarly to NC, cells in 

P were more likely to exhibit the M0 phenotype and not be 

activated (Figure 5D–E).

The effects of topography on cytokine 
secretion by macrophages
The analysis of protein array revealed the expression levels of 

inflammation-related cytokines in different groups at 3 days 

and 7 days (Figure 6). The expression of pro-inflammatory 

cytokines such as IFN-γ and IL-1β was similar between 

NT-30 and NT-100 at 3 days. However, at 3 days, cells 

of NT-100 manifested a significantly higher expression of 

IL-12p70, while cells of NT-30 were found to express a sig-

nificantly higher level of TNF-α (Figure 6A). By contrast, 

at 7 days, compared with that of 3 days, the secretion level 

of pro-inflammatory cytokines was partly decreased in each 

group. But the expression of IFN-γ in NT-100 and P was more 

increased than that of NT-30. In addition, IL-1β and TNF-α 

manifested a much higher expression level in P, while the 

expression level of IL-1β and TNF-α in NT-100 was almost 

as low as that in NT-30. However, the expression of IL-12p70 

Figure 4 The effects of different topographies on the recruitment of macrophages with different subtypes in vivo.
Notes: The titanium implants with different nanotopographies were inserted in the femurs of normal mice and allowed to heal for 3 weeks.  After decalcification of the 
femoral samples, the implants were removed and the remaining tissue was dehydrated and embedded to make paraffin sections. (A) Immunohistochemical staining of M1 
macrophage marker (iNOS) and M2 macrophage marker (CD163) in the tissues around the implants. Red arrows represent iNOS-positive cells, green arrows represent 
CD163-positive cells. Magnification ×200. (B) The ratio of iNOS-positive cells/CD163-positive cells per group. Means were compared with Kruskal–Wallis test combined with 
a Dunn’s multiple comparison test. *p,0.05; **p,0.01.
Abbreviations: P, polished specimen; NT-30, titanium nanotube anodized under 5 V; NT-100, titanium nanotube anodized under 20 V; iNOS, inducible nitric oxide synthase.
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in NT-30 was significantly higher than that of other groups 

at 7 days (Figure 6B).

Besides pro-inflammatory cytokines, the secretion level 

of anti-inflammatory cytokines varied in a time-dependent 

manner as well. At 3 days, cells of NT-100 showed a higher 

expression level of IL-4 and IL-9, while the expression of 

IL-10 in P was significantly higher than that of other groups 

(Figure 6A). In addition, at 7 days, the expression levels 

of IL-4, IL-5 and IL-9 were all significantly increased in 

NT-30; however, the expression level of IL-10 in P was 

significantly decreased and its expression level in other 

groups almost remained the same level compared with that 

of 3 days. Nonetheless, the secretion level of IL-10 in NT-30 

was higher than that of NT-100 (Figure 6B).

Figure 5 The effects of different topographies on macrophage polarization in vitro.
Notes: Mice BMDMs were seeded on NC or titanium surface with different topographies for 3-day culture. (A) The mRNA expression of M1 macrophage markers 
(iNOS, IL-6) and M2 macrophage markers (Arg-1, IL-10) of BMDMs in different groups. (B) Confocal images of M1 and M2 macrophage markers iNOS and CD163. 
Magnification ×200. (C) Quantitative analysis of confocal images. (D) The scatter plot of flow cytometry detection of M1 and M2 macrophage surface markers CCR7 and 
CD206. (E) The percentage of CCR7+ BMDMs (M1) and CD206+ BMDMs (M2) determined by flow cytometry. Means were compared with one-way analysis of variance 
combined with Bonferroni’s post-hoc test. *p,0.05; **p,0.01.
Abbreviations: BMDMs, bone marrow-derived macrophages; iNOS, inducible nitric oxide synthase; Arg-1, arginase-1; IL, interleukin; P, polished specimen; NC, negative 
control; NT-30, titanium nanotube anodized under 5 V; NT-100, titanium nanotube anodized under 20 V.
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The influence of topography-mediated 
immunomodulatory effects on the 
osteogenic differentiation of BMSCs
Based on the modulatory effects of topography on mac-

rophage polarization, indirect co-culture of BMDMs and 

BMSCs was performed (Figure 7). Interestingly, by supple-

menting the culture of BMSCs with the corresponding 

MCM which was obtained from the culture of BMDMs on 

Ti surface with different topographies, significantly higher 

expression of osteogenesis-related gene expression and ALP 

activity were found in NT-30 (Figure 7A–B). However, the 

ALP activity of NC and P was basically unchanged. The 

ECM mineralization analysis of BMSCs at 3 weeks with 

the corresponding MCM was in agreement with RT-qPCR 

analysis and ALP data (Figure 7C).

The effects of M1 polarization 
blocking on nanotopography-mediated 
osseointegration
Compared with WT mice, the KO mice developed signifi-

cantly better osseointegration (Figure 8). From the results 

of micro-CT, much denser and thicker trabecula could be 

found around the implant in KO mice (Figure 8A) and the 

new bone formation ratio in KO mice was much higher than 

that of WT mice as well (Figure 8B). Moreover, enhanced 

push-in resistance was significantly inhibited in KO mice 

(Figure 8C).

Discussion
Studies about the excellent ability to induce osteogenesis of 

bone implantation biomaterials in vitro are not unusual.26,29 

γ β α

γ β α

Figure 6 Pro-inflammatory and anti-inflammatory cytokine release of BMDMs in different groups.
Notes: BMDMs were seeded on NC and titanium surface with different topographies. (A) After 3-day incubation, supernatants were harvested and centrifuged. Then, 
the supernatants were detected using the protein array analysis for cytokine profiling. (B) After 7-day incubation, supernatants were harvested and centrifuged. Then, the 
supernatants were detected using the protein array analysis for cytokine profiling. Means were compared with one-way analysis of variance combined with Bonferroni’s 
post-hoc test. *p,0.05; **p,0.01.
Abbreviations: BMDMs, bone marrow-derived macrophages; IFN-γ, interferon gamma; IL, interleukin; TNF-α, tumor necrosis factor alpha; P, polished specimen; NC, negative 
control; NT-30, titanium nanotube anodized under 5 V; NT-100, titanium nanotube anodized under 20 V.
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However, increasing reports indicate that the appropriate 

immuno-microenvironment is essential for acquiring 

adequate osseointegration in vivo.30,31 This study aimed 

to evaluate the effects of nanotopography on the immuno- 

microenvironment (macrophage polarization) around 

implants in vivo and to explore the influences of different 

macrophage phenotypes resulting from the regulation of 

nanotopography on the osteogenic differentiation of BMSCs 

and osteogenesis finally.

Firstly, the induction of nanotopography to osteogenic 

differentiation of BMSCs was determined. The expression 

of BMP-2, which was demonstrated to stimulate the prolif-

eration, migration, and osteogenic differentiation of MSCs 

in vitro and to correlate with osseointegration in the effects 

of TiO
2
 NTs on bone formation in vivo,32,33 in BMSCs of 

NT-100 was significantly higher than that of other groups, 

while Runx2 expression was significantly enhanced in 

NT-100 compared with NT-30, given that Runx2 is required 

for the differentiation of mesenchymal stem cells along the 

osteoblast lineage.34 In addition, the ALP analysis and ECM 

detection also supported the better osteoinductive ability of 

the nanotopography of NT-100, which was consistent with 

our previous studies.22–26

After that, it is essential to evaluate the osseointegration 

of Ti implants with different topographies in vivo. Through 

inserting the implants with different topographies into the 

femurs of mice and the consequent histological analysis 

and mechanical detection, the osteogenesis was NT-30.

NT-100.P, which is partly different from our in vitro results 

and the studies in vitro performed by Zhao et al26 and Shi 

et al.29 The differences between in vitro and in vivo in our 

studies might even be related to the osteogenic environment 

influenced by the topography of Ti implants. Macrophages 

play quite vital roles in the prognosis of implantation, 

Figure 7 The influences of topography-mediated immunomodulatory effects on the osteogenic differentiation of BMSCs.
Notes: BMSCs were seeded on NC or titanium surface with different topographies in the complete culture medium. After 1-day incubation, the complete culture 
medium was replaced by corresponding topography-mediated macrophage CM (osteoinductive medium: respective supernatants of BMDMs seeded on NC, P, NT-30 and 
NT-100=1:1). Then, BMSCs were cultured sequentially. (A) After 3-day incubation, the mRNA expression of osteogenesis-related genes was analyzed. (B) After 1-week 
incubation, ALP staining and ALP activity were measured. (C) After 3-week incubation, alizarin red staining and semiquantitative analysis were performed. Means were 
compared with one-way analysis of variance combined with Bonferroni’s post-hoc test. *p,0.05; **p,0.01.
Abbreviations: ALP, alkaline phosphatase; BMSCs, bone marrow mesenchymal stem cells; BMP-2, bone morphogenetic protein-2; CM, conditioned medium; Runx2, 
runt-related transcription factor 2; P, polished specimen; NC, negative control; NT-30, titanium nanotube anodized under 5 V; NT-100, titanium nanotube anodized under 
20 V.
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as the macrophage phenotype contributes to the alteration 

of the osteogenic environment,35 and have significant effects 

on the wound healing and the biological performances of 

biomaterials.18–20 Thus, whether macrophage behaviors are 

defined by different topographies of implants was evalu-

ated. Previous studies have claimed that the surface nano-

topography can reduce the infiltration of macrophages and 

attenuate the inflammatory process.36,37 In another study 

conducted by our group, it was also found that the infiltra-

tion of macrophages and other inflammatory cells induced 

by the nanotopography group was significantly less than 

that of the smooth group (data not shown), which might be 

related to the better bone formation finally achieved by the 

NT group. However, the changes in the polarization and 

secretion functions of the infiltrated macrophages also play 

a crucial role in the final bone formation.38 The wound and 

implant sites naturally contain a combination of stimuli 

that favor both M1 and M2 macrophage polarization at 

different stages of healing,17,39 thus, from results of IHC 

staining, both iNOS-positive cells and CD163-positive cells 

could be found around the implants. However, the ratio of 

M1/M2 macrophages in NT-30 was the lowest, suggesting 

fewer M1 macrophages infiltrating in NT-30 and fewer 

M2 macrophages infiltrating in P and NT-100. Compared 

with P and NT-100, the nanotopography of NT-30 is prone 

to induce more macrophages to the M2 phenotype, which 

may be beneficial to wound healing and osseointegration 

around the implants.30,40,41 From the above results, we might 

suspect that the difference of macrophage polarization 

states in the microenvironment was responsible for different 

osseointegration of Ti implants in vivo. However, whether 

the osseointegration differences and macrophage polarization 

states cooperate requires further evidence.

For a better understanding of the immunomodulatory 

effects of Ti topographies, the effects of topography on 

BMDM polarization were studied further. We found that 

different topography of Ti could lead to different expres-

sion levels of macrophage M1/M2 associated markers in 

genes. A higher expression level of iNOS and IL-6 was 

found in NT-100 while a higher expression level of Arg-1 

and IL-10 was found in NT-30, suggesting the preference 

of macrophages in NT-100 to the M1 phenotype and the 

preference of macrophages in NT-30 to the M2 phenotype.21 

Additionally, the morphological changes of BMDMs on 

the Ti surface with different topographies were found (data 

not shown). The round shape with shorter pseudopodium in 

NT-30 and the stretched shape in NT-100 were consistent 

with previous studies that a round shape is more related to M2 

predominant, while a stretched shape is more related to M1 

predominant.42–44 Cytoimmunofluorescence results showed 

that macrophages in NT-30 were prone to the M2 phenotype 

while cells in P and NT-100 were prone to the M1 phenotype. 

It was notable that the fluorescence intensity of CD163, a 

function-associated surface marker of M2 macrophages, 

is weaker than that of iNOS in general, suggesting that the 

intrinsic immune response elicited by topography is weaker 

than that influenced by chemical stimuli at the implantation 

site. From the results of flow cytometry, the distinct different 

polarization states between NT-30 and NT-100 were con-

firmed further. However, mice BMDMs in P were considered 

as almost unactivated. The slightly different results about the 

P topography in cytoimmunofluorescence and flow cytometry 
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Figure 8 The effects of M1 polarization blocking on nanotopography-mediated 
osseointegration.
Notes: The titanium implants with the NT-100 surface were inserted in the femurs 
of WT mice and Cre*RBP-Jfl/fl (KO) mice of which the M1 macrophage polarization 
was blocked. Then, WT mice and KO mice were allowed to heal for 3 weeks.  
(A) Micro-computed tomography analysis of osteogenesis around the implants in 
WT mice and KO mice. (B) The ratio of BV/TV, TbTh, TbN, and TbSp in the region of 
interest of WT mice and KO mice were analyzed. (C) Analysis of push-in resistance 
of implants in WT mice and KO mice. Means were compared with one-way analysis 
of variance combined with Bonferroni’s post-hoc test. *p,0.05; **p,0.01.
Abbreviations: BV/TV, bone volume to total volume; KO, knockout; NT-30, 
titanium nanotube anodized under 5 V; NT-100, titanium nanotube anodized under 
20 V; TbN, trabecular thickness; TbSp, trabecular separation; TbTh, trabecular 
thickness; WT, wild-type.
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might be related to the different detection methods. However, 

one thing for certain is that the topography of P might not 

induce the M2 states of macrophages.

The main characteristics of polarized macrophages were 

the changed cytokine profiling. The analysis of the protein 

array revealed the expression levels of inflammation-related 

cytokines in different groups at 3 days and 7 days. Among 

them, the expression levels of IFN-γ , IL-1β and TNF-α in 

P were significantly higher, and the higher expression of 

IFN-γ in NT-100 at 7 days were considered to induce an 

imbalance between bone formation and bone resorption by 

enhancing osteoclast activity.45,46 IL-4 and IL-10 were well-

known anti-inflammatory cytokines and were considered 

to be associated with the polarization of M2 macrophages 

and wound healing.31,47 IL-5 and IL-9 were recognized to 

be Th2-associated cytokines and involved in inflammation 

regulation.48,49 It was worth noting that the expression of 

IL-4 in NT-30 is lower than that of P and NT-100 at 3 days. 

In another study conducted by our group, we found that 

there were more mast cell infiltrations around the P and 

NT-100 groups within 3 days after implantation (data not 

shown). Given that the mast cells were associated with IL-4 

secretion,50 we speculated that the higher expression of IL-4 

in P and NT-100 might be related to the activated mast cells 

around implants at 3 days. However, as time progressed, the 

level of IL-4 secretion in the NT-30 group increased gradually, 

whereas that in the NT-100 group decreased gradually, which 

may be closely related to the change in the polarization state 

of macrophages. Interestingly, the expression of IL-12p70, 

which was considered to be related to M1 macrophage,51 

was significantly increased in NT-30 at 7 days. Reports have 

stated that moderate proinflammatory M1 macrophages could 

inhibit RANKL-induced osteoclastogenesis,52 and the bone 

formation process is a dynamic balance between osteogenesis 

and osteoclastogenesis.59 Therefore the moderate polarization 

of M1 macrophages may be involved in the regulation of bone 

formation at the site of implantation. It should be noted that 

VEGF, a pro-healing growth factor,53 always remained at a 

high level in the NT-30 group (data not shown), indicating 

better healing and tissue reconstruction. Collectively, the 

expression level of inflammation-related cytokines uncovered 

that the polarization of macrophages is dynamic, balanced, 

and not absolute as a function of time and a highly complex 

microenvironment.14–16 Therefore, the macrophage phenotype 

is more likely to be considered as a spectrum between the M1 

and M2 extreme, where any given cell may express certain 

components of multiple M1 or M2 phenotypes.31 Ultimately, 

based on the results in our studies, although the cytokine 

profiling is diverse, the preference of NT-30 for inducing 

more macrophages to the M2 phenotype compared with P 

and NT-100 is certain as time extends.

Following the confirmation of the immunomodulatory 

effects of topographies, the influences of topography-mediated 

macrophage polarization on the osteogenic differentiation 

of BMSCs requires exploring. By coculturing BMDMs 

and BMSCs, we found that the osteogenic differentiation of 

BMSCs on the NT-100 surface became nonideal and, by con-

trast, the osteogenic differentiation of BMSCs on the NT-30 

surface became much better, implying that the cytokine 

profiling of BMDMs in NT-30 was beneficial for BMSC 

osteogenic differentiation while the cytokine profiling of 

BMDMs in NT-100 might impede nanotopography-induced 

osteogenic differentiation of BMSCs. Taken together, this 

confirms that the immunomodulatory effects of biomaterials 

are crucial to determine the in vivo outcomes.54,55

According to aforementioned findings, we might draw a 

conclusion that the osteogenic differentiation of BMSCs on 

different topographies was closely related to the status of 

surrounding macrophages. Specifically, the NT-30 surface 

was prone to induce M2 polarization of macrophages, which 

could contribute to the anti-inflammatory and pro-healing 

microenvironment, whereas the NT-100 surface was prone 

to induce M1 polarization of macrophages which could lead 

to the pro-inflammatory and poor-healing microenviron-

ment. It is known that the M2 polarization of macrophages 

is beneficial for wound healing, tissue remodeling, or 

osteogenesis, the M1 macrophages indicate consistent 

inflammatory reactions.30,40,41 Consequently, although the 

osteogenic differentiation capacity of BMSCs on the NT-30 

surface was weaker than that on the NT-100 surface, it was 

reversed once the topography-mediated MCM was applied. 

In that case, the RBP-J conditional gene knockout mice 

in which the classically activated macrophage was partly 

restrained56 were used to explore the effects of polariza-

tion changes of macrophages on osseointegration induced 

by NT-100. IFN-γ, M1 macrophage was also activated in 

response to microbial product-mediated activation of Toll-

like receptors (TLRs).57 RBP-J, the major nuclear transducer 

of Notch signaling, augmented TLR4-induced expression of 

key mediators of classically activated M1 macrophages.56 

Thus, RBP-J was involved in TLR-induced inflammatory 

macrophage polarization. From the results, we found that 

the RBP-J knockout mice manifested better osteogenesis 

and osteointegration. By extension, the part blockage of M1 

polarization of macrophages would be beneficial to alleviate 

the inflammatory response at implantation sites. As expected, 

reducing M1 polarization of macrophages in mice could 

promote osteogenesis around Ti implants greatly.
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Given the close relationship between the bone system and 

the immune system, it is not difficult to imagine that activated 

macrophages around the implants can secrete osteogenesis-

related cytokines. An appropriate immune-inflammatory 

response can produce some cytokines that are conducive 

to osteogenesis, while an inappropriate immune response 

can cause chronic inflammatory responses and even fibrous 

encapsulation of implants.58 In our study, the macrophage 

phenotype exists along a continuum between the M1 and 

M2 extremes and the phenotype can switch in response 

to environmental cues. Excessive polarization in the M1 

direction leads to prolonged inflammation, while excessive 

polarization in the M2 direction leads to fibrosis. The mac-

rophage polarization induced by Ti surface morphology is not 

absolute either, and it is dynamic but it will dominate with a 

certain polarization direction. In our 3-week in vivo study, 

we did not find that NT-30 topography induces excessive 

fibrosis around the implant since the topography of NT-30 

could induce M2 macrophage polarization predominantly. 

However, it is unclear whether the prognosis is good when the 

implants with NT-30 topography are applied to large animals 

and even humans. Therefore, in the future, we will focus 

on how to control the phenotypic changes of macrophages 

more precisely in terms of space and time through the surface 

modification of Ti materials, so as to obtain a more favorable 

microenvironment for osteogenesis.

Conclusion
In summary, modifying the surface nanotopography of 

Ti implants endowed them with osteoimmunomodula-

tory properties through regulating macrophage polariza-

tion (Figure 9). Specifically, TiO
2
 NTs with diameters of 

80–100 nm were more likely to induce macrophages to the 

M1 phenotype, while TiO
2
 NTs with smaller diameters of 

30 nm were prone to induce macrophages to the M2 pheno-

type. By shifting the macrophage phenotype, the changed 

surface markers, cytokine profiling, and even osteogenic 

environment could alter the osteogenic differentiation of 

BMSCs and osteogenesis finally. Therefore, the specific 

nanotopography-mediated macrophage polarization plays 

a crucial role in determining the implant osseointegration 

in vivo. In essence, comprehensive consideration of the 

surface characteristics of biomaterials and their immu-

nomodulatory properties would be greatly helpful for the 

development of bone implants.
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Figure 9 Schematic diagram of the effects of nanotopography-mediated macrophage polarization on the osteogenic differentiation of BMSCs and osseointegration.
Notes: Once the titanium implants with nanotubes in different diameters were inserted into the femurs of mice, macrophages and BMSCs infiltrated and adhered to the 
surface of nanotubes. Macrophages on the surface of NTs of smaller diameters (NT-30) were prone to achieve the M2 phenotype and secreted numerous anti-inflammatory 
cytokines (IL-4, IL-5, IL-9, IL-10, etc.) which contribute to the beneficial microenvironment for BMSCs to osteogenic differentiation and the better osteogenesis finally. On the 
contrary, macrophages on the surface of NTs of bigger diameters (NT-100) were prone to achieve the M1 phenotype and secreted numerous pro-inflammatory cytokines 
(IL-1β, IFN-γ, TNF-α, IL-6, etc.) which were not in favor of the osteogenic differentiation of BMSCs. The red cells represent macrophages while the green cells represent 
BMSCs; the red balls represent pro-inflammatory cytokines while the green balls represent anti-inflammatory cytokines.
Abbreviations: BMSCs, bone marrow mesenchymal stem cells; NTs, nanotubes; NT-30, titanium nanotube anodized under 5 V; IL, interleukin; NT-100, titanium nanotube 
anodized under 20 V; IFN-γ, interferon gamma; TNF-α, tumor necrosis factor alpha.
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