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M A T E R I A L S  S C I E N C E

Regulation of macrophage polarization through  
surface topography design to facilitate  
implant-to-bone osteointegration
Yizhou Zhu1,2,3†, Hang Liang4†, Xiangmei Liu2*, Jun Wu3, Cao Yang4*, Tak Man Wong1,3,  
Kenny Y. H. Kwan1,3, Kenneth M. C. Cheung1,3, Shuilin Wu5, Kelvin W. K. Yeung1,3,6*

Proper immune responses are critical for successful biomaterial implantation. Here, four scales of honeycomb-like 
TiO2 structures were custom made on titanium (Ti) substrates to investigate cellular behaviors of RAW 264.7 macro-
phages and their immunomodulation on osteogenesis. We found that the reduced scale of honeycomb-like TiO2 
structures could significantly activate the anti-inflammatory macrophage phenotype (M2), in which the 90-nanometer 
sample induced the highest expression level of CD206, interleukin-4, and interleukin-10 and released the highest 
amount of bone morphogenetic protein-2 among other scales. Afterward, the resulting immune microenvironment 
favorably triggered osteogenic differentiation of murine mesenchymal stem cells in vitro and subsequent implant-
to-bone osteointegration in vivo. Furthermore, transcriptomic analysis revealed that the minimal scale of TiO2 
honeycomb–like structure (90 nanometers) facilitated macrophage filopodia formation and up-regulated the Rho 
family of guanosine triphosphatases (RhoA, Rac1, and CDC42), which reinforced the polarization of macrophages 
through the activation of the RhoA/Rho–associated protein kinase signaling pathway.

INTRODUCTION
Osteoimmunomodulation orchestrates the process of osteointegra-
tion by mediating the response of immune cells and the subsequent 
behaviors of bone cells (1). Upon implantation, the innate immune 
system of the host can be activated at the interface of the implanted 
biomaterial within hours (2). This inevitable immune response gen-
erates an immune environment adjacent to the implanted biomate-
rials that determines the fate of bone-implant integration. Thus, 
implantable biomaterials with favorable immune responses can guide 
the success of osteointegration (3).

Macrophages are among the earliest arrivals to interact with the 
implanted materials, which initiate and mediate the host foreign body 
response (4). Macrophages can perform diverse functions with 
remarkable plasticity, polarizing to M1 (proinflammatory) or M2 
(anti-inflammatory) phenotypes in response to variable local micro-
environments. M1 macrophages are known to intensify the inflam-
matory response by secreting proinflammatory cytokines, such as 
tumor necrosis factor– (TNF-) and interleukin-1 (IL-1) (5, 6). 
Although M1 macrophages facilitate the recruitment of reparative 
cells [i.e., mesenchymal stem cells (MSCs)] to the injury site (7, 8), a 
prolonged presence of M1 macrophages may lead to fibrotic scar 
tissue formation and tissue injury (9, 10). In contrast, M2 macrophages 

alleviate inflammation and facilitate tissue repair by producing these 
cytokines as IL-4 and IL-10 (11, 12). A switch to the M2 phenotype 
has been shown to be essential for bone healing and osteointegra-
tion around implants (13–15). Therefore, the polarization between 
M1 and M2 macrophages is of paramount importance to determine 
the success of implant-to-bone osteointegration (16–18).

Emerging evidence indicates that surface topographical cues are 
essential to facilitate osteointegration when the osteoimmune tissue 
microenvironment is properly modulated (19–23). A previous study 
demonstrated that surface topography cues are critical for mediating 
macrophage polarization by modulating cell shapes (24). Other re-
searchers also found that micropatterns could induce M2 macro-
phage polarization when the cells were elongated by the specific 
patterns (25–27). However, it has been reported that TiO2 nanotubes 
with a diameter of 30 nm suppress cell elongation. The same pattern 
promoted M2 macrophage activation as compared with TiO2 nano-
tubes with an 80-nm diameter (28). To date, the underlying mecha-
nism of how surface topographical cues modulate immune cell 
behaviors is still not known.

To understand the immunomodulatory role of immune cells 
on surface topographical cues for implant-to-bone osteointegration, 
we designed a series of specific honeycomb-like surface struc-
tures on titanium (Ti) substrates ranging from the nanometer to 
micrometer scale that could mimic various spatial confinements to 
the cells. The activation and polarization of RAW 264.7 macro-
phages on different honeycomb-like structures were systematically 
examined by the evaluations of cell morphological change, polariza-
tion, and secretion of cytokines. Then, we conditionally cultured 
the MSCs with the macrophage cytokines induced by different 
scales of honeycomb-like TiO2 structures in vitro. The immuno-
modulated osteogenic effect was further illustrated by implanting 
the Ti rods with various honeycomb-like TiO2 surface structures 
in animal models. Last, gene expressions and signaling pathways of 
macrophages cultured on different samples were studied using 
transcriptomic analysis.
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RESULTS
TiO2 honeycomb fabrication and characterization
TiO2 honeycombs on the Ti surface were fabricated via a custom-
ized film transfer method. Briefly, monodispersed polystyrene (PS) 
spheres were first self-assembled on the surface of Ti(SO4)2 solu-
tion. After a thermal hydrolysis process of Ti(SO4)2 [Ti(SO4)2 + 
2H2O → TiO2 + 2H2SO4], a layer of TiO2 was formed at the bottom 
of the monolayered PS film. Subsequently, the as-prepared TiO2-PS 
hybrid monolayer was carefully transferred onto Ti substrates. Last, 
a calcination process was conducted for PS sphere template scarifi-
cation and TiO2 crystallization. The obtained TiO2 honeycomb–like 
patterns were labeled HC-90, HC-500, HC-1000, and HC-5000 on the 
basis of the diameter of PS spheres used as the sacrificed templates.

Figure 1A shows the surface topography of different samples un-
der scanning electron microscopy (SEM). The diameter distribution 

of obtained TiO2 honeycombs is shown in Fig. 1B, indicating an 
increasing trend of the mean diameters of HC-90, HC-500, HC-1000, 
and HC-5000. Figure 1C shows the x-ray diffractometry (XRD) pat-
terns; all the honeycomb samples and unpatterned Ti surface exhib-
ited typical TiO2 peaks, indicating that the surface phase of all the 
samples was anatase TiO2. Figure 1D shows that all TiO2 honeycombs 
exhibited improved hydrophilicity compared to the unpatterned Ti 
surface. Macrophages are highly sensitive to soluble factors, and 
different materials may also influence macrophage phenotype polar-
ization (4). Hence, we constructed TiO2 honeycombs with different 
diameters but sharing similar anatase TiO2 composition and high 
hydrophilicity. Hence, this experimental setup enables us to isolate 
the modulatory role of surface topography on the osteoimmune re-
sponse while largely excluding interference factors such as soluble 
factors and biochemical factors.

Fig. 1. Surface characterizations of TiO2 honeycomb–like nanostructures and the morphological changes of macrophages on corresponding surfaces. (A) Surface 
morphologies of different samples under SEM; Scale bars, 10 μm (first panel) and 1 μm (second panel). (B) Diameter distribution of different TiO2 honeycombs. (C) XRD 
patterns of different samples. a.u., arbitrary units. (D) Contact angles of different samples. (E) Cell morphologies of macrophages on different samples; Scale bars, 10 μm (first 
panel), 5 μm (second panel) and 1 μm (third panel). (F) Quantitative cell spreading area based on SEM images. (G) Quantitative cell aspect ratio based on SEM images. n = 3 
independent experiments per group; *P < 0.05 and **P < 0.01.
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Morphology change and activation of macrophages 
on different samples
To explore the influence of TiO2 honeycombs on macrophages, we 
seeded RAW 264.7 macrophages on different TiO2 honeycombs 
with unpatterned Ti as the control group for 48 hours. First, SEM 
was applied to observe the cell morphology and ultrastructures of 
cells on different samples. As shown in Fig. 1E, RAW 264.7 macro-
phages exhibited distinctive cell morphologies on different samples. 
Compared with the cells on unpatterned Ti substrate with smooth 
boundaries, abundant filopodia with long stretching distances were 
found on HC-90. These filamentous ultrastructures stretched out 
along the boundary of cells and spread across TiO2 honeycombs 
on HC-90. Similarly, protruded filopodia were found on HC-500. 
However, the number was decreased compared with HC-90. When 
further increasing the diameter of TiO2 honeycombs to the micro
meter scale, cellular protrusion in terms of filopodia formation was 
confined, and extended filaments were hardly observed. On HC-5000, 
the cells seem to be particularly “embedded” into the TiO2 honey-
comb structure. The possible reason for different cellular protrusion 
behavior and morphology changes could be the different spatial 
confinement provided by honeycombs with different scales (29, 30). 
The interval space of HC-90 is only 90 nm, which is smaller than the 
size of the pseudopodium of cells. In addition, smaller TiO2 honey-
combs with denser nanostructures may provide more anchor points 
for cells. Thus, cells can easily spread or protrude across the surface 
topographies on HC-90, forming an abundance of filopodia. For 
HC-500, the interval space was increased to 500 nm, which is more 
difficult for macrophages to spread across, but it can still be reached. 
When further increasing the scale of honeycombs on the Ti surface, 
the obstacle effect of surface topographies for cell spreading became 
more notable, which hampered filopodia formation.

Quantitative cell spreading area and cell aspect ratio based on 
SEM images (fig. S1) are shown in Fig. 1 (F and G). Cells on HC-90 
exhibited a higher spreading area than the other three TiO2 honey-
combs. Despite the cell aspect ratio varying from group to group, no 
correlation was found between aspect ratio variation and the scale 
of TiO2 honeycombs. These results revealed that increasing the 
scale of TiO2 honeycombs can confine cell spreading and result 
in distinctive cell morphologies with restricted filopodia forma-
tion. Previous studies have demonstrated that cell morphological 
changes induced by topographical cues can mediate macrophage 
phenotypes (25–28). Thus, we next investigated whether TiO2 
honeycombs that induced cell morphology changes can modulate 
macrophage polarization.

The key hypothesis of this study is that TiO2 honeycomb struc-
tures with different scales can modulate macrophage polarization, 
and secret cytokines contribute to osteointegration. To verify this, 
immunofluorescent staining was first applied to explore whether 
TiO2 honeycombs can induce macrophage polarization. Inducible 
nitric oxide synthase (iNOS), an important marker of M1 macro-
phage activation, is located in the cytoplasm (31); CD206, a highly 
expressed cell-surface protein on M2 macrophages, is a marker for 
M2 polarization (32, 33). Therefore, iNOS and CD206 were selected 
for immunofluorescent staining. Figure 2 (A and B) shows the 
results of immunofluorescent staining images and the quantitative 
fluorescence intensity. HC-90 exhibited the highest level of CD206. 
Another TiO2 honeycomb at the nanometer scale (HC-500) also ex-
hibited much higher levels of CD206 than other groups, indicating 
that HC-90 and HC-500 can induce M2 macrophage activation. A 

decreasing trend in the semiquantified fluorescence intensity of CD206 
was found with increasing scales of TiO2 honeycombs. However, no 
significant difference was found in the M1 marker iNOS among the 
four groups of TiO2 honeycombs. The quantitative cell nucleus as-
pect ratio showed no correlation to the trend of TiO2 honeycomb 
diameter variation and activation of macrophage polarization (Fig. 2C).

To further confirm the phenotypes of polarized macrophages on 
different samples, C─C chemokine receptor type 7 (CCR7), a sur-
face marker of M1 macrophages, and CD206 were selected to eval-
uate macrophage polarization by flow cytometry analysis. As shown 
in Fig. 2D, unpatterned Ti exhibited the highest proportion of M1 
macrophages (41.7%). The proportion of M1 macrophages on 
different TiO2 honeycombs showed the following trend: HC-90 
(7.04%) < HC-500 (11.5%) < HC-1000 (18.9%) < HC-5000 (29.4%). 
In comparison, the proportion of M2 macrophages on TiO2 honey-
combs exhibited the opposite trend: HC-90 (32.7%) > HC-500 
(25.8%) > HC-1000 (12.8%) > HC-5000 (8.43%). This indicates that 
HC-90 could significantly induce M2 macrophage polarization and 
reduce M1 macrophage polarization compared with unpatterned Ti 
as the control (CD206 proportion: 24.4%). Figure 2 (E and F) shows 
the results of M1 and M2 macrophage–related gene expression 
levels, respectively. Corresponding to the results mentioned above, 
nanometer-scaled TiO2 honeycombs exhibited lower expression 
levels of M1-related genes (IL-1 and TNF-) but higher M2-related 
genes (IL-4 and IL-10) compared with micrometer-scaled TiO2 
honeycombs and unpatterned Ti. Here, NH-90 exhibited the lowest 
expression level of M1 macrophage genes but the highest M2 
macrophage genes.

In addition to regulating inflammatory environments, macro-
phages can mediate bone regeneration by secreting osteoinductive 
factors (11, 17). For example, bone morphogenetic protein-2 (BMP-2) 
and oncostatin M (OSM) are potent inducers of osteogenesis secreted 
by macrophage (34, 35). The expression levels of BMP-2 and OSM 
of macrophages cultured on different samples are shown in Fig. 2G. We 
found that the tendency of expression levels of BMP-2 on different 
samples was like that of M2 macrophage genes (IL-4 and IL-10). 
HC-90 and HC-500 exhibited a higher expression level of BMP-2 
than other groups, with HC-90 showing the highest level. However, 
no significant difference was found in the expression level of OSM.

We next analyzed the secretion of macrophage-associated cyto-
kines using enzyme-linked immunosorbent assay (ELISA). The re-
sults are shown in Fig. 2 (H to J), illustrating good concordance with 
the results mentioned above; macrophages on TiO2 honeycombs at 
the nanometer scale (HC-90 and HC-500) secreted lower amounts of 
proinflammatory cytokines (IL-1 and TNF-) but higher amounts 
of anti-inflammatory cytokines (IL-4 and IL-10). In accordance with 
the above results, HC-90 and HC-500 showed a significantly higher 
level of BMP-2, while no significant difference was found in OSM 
secretion. Zhang et al. (36) found that OSM is secreted by M1 macro-
phages, while higher BMP-2 secretion was attributed to M2 macro-
phages. Similarly, our results demonstrated that BMP-2 production 
was increased on HC-90 and HC-500, on which macrophages were 
polarized to M2 phenotypes.

Macrophage cytokines modulate osteogenic differentiation 
of MSCs in vitro
To explore the regulatory role of macrophage cytokines on osteo-
genic differentiation of MSCs, RAW 264.7 macrophages were 
first seeded on different samples for 48 hours. The supernatant was 
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Fig. 2. In vitro immune responses of macrophages on various nanostructures. (A) Fluorescence microscopy images of CD206, iNOS, and nucleic staining of macro-
phages on different samples. (B) Quantitative fluorescence intensity of CD206 and iNOS of macrophages on different samples. (C) Quantitative cell nucleus aspect ratio 
based on fluorescence microscopy images. (D) Polarization of macrophages was evaluated by the expressions of CCR7 (M1) and CD206 (M2) using flow cytometry. (E) Relative 
mRNA expression levels of M1 macrophage–related genes IL-1 and TNF-. (F) Relative mRNA expression level of M2 macrophage–related genes IL-4 and IL-10. (G) Relative 
mRNA expression level of osteogenic-related genes BMP-2 and OSM. (H) ELISA analyses of proinflammatory cytokines IL-1 and TNF-. (I) ELISA analyses of anti-inflammatory 
cytokines IL-4 and IL-10. (J) ELISA analyses of pro-osteogenic cytokines BMP-2 and OSM. n = 3 independent experiments per group; *P < 0.05 and **P < 0.01.
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collected to investigate how macrophage polarization induced by 
TiO2 honeycombs influences the osteogenic differentiation of MSCs.

To exclude the effect of surface topography on osteogenic differ-
entiation of MSCs, we first measured the alkaline phosphatase (ALP) 
activity of MSCs cultured on different samples without macrophage 
cytokines. HC-90 exhibited slightly increased ALP activity (Fig. 3A). 
However, when we supplemented cytokines collected from macro-
phages, the ALP activity of HC-90 with macrophage cytokines 
increased markedly compared with HC-90 without macrophage 
cytokines. As shown in Fig. 3B, this activity was approximately two 
times greater than that of other groups at days 7 and 14, exhibiting 
the highest ALP activity. As ALP is an early marker for osteogenic 
differentiation (37), these results indicate that cytokines collected 
from macrophages cultured on HC-90 could induce rapid osteo-
genic differentiation of MSCs. We further evaluated the expression 
level of three typical osteogenic-related genes, namely, ALP, runt-
related transcription factor 2 (Runx2), and osteocalcin (OCN). The 

results are shown in Fig. 3C. HC-90 exhibited much higher expres-
sion levels of ALP, Runx2, and OCN than the other groups did at 
both days 7 and 14. Moreover, HC-90 exhibited the highest extra-
cellular matrix (ECM) mineralization (Fig. 3, D and E), providing 
further evidence that HC-90 could significantly promote osteogenic 
differentiation of MSCs. It has been reported that the host immune 
response is essential for osteointegration (38). In the present study, 
it was found that HC-90–induced M2 macrophages secrete the 
cytokines IL-10, IL-4, and BMP-2, which, in turn, promote the 
osteogenic differentiation of MSCs (11, 12, 39).

HC-90 promotes osteointegration in vivo
The above in vitro results demonstrated the scale dependence of the 
modulatory role of TiO2 honeycombs in macrophage polarization 
and osteogenic differentiation of MSCs. HC-90 can induce macro-
phages into a proregenerative M2 phenotype and promote the highest 
osteogenic differentiation of MSCs in vitro. Therefore, to further 

Fig. 3. In vitro osteogenic differentiation behaviors of MSCs on various nanostructures. (A) ALP activity of MSCs cultured on different samples without macrophage 
cytokines. (B) ALP activity of MSCs cultured on different samples with macrophage cytokines collected from corresponding samples. (C) Relative expression level of ALP, 
Runx2, and OCN of MSCs cultured on different samples with macrophage cytokines collected from corresponding samples. (D) Optical images of Alizarin Red staining of 
MSCs cultured on different samples with macrophage cytokines collected from corresponding samples. Photo credit: Y.Z., The University of Hong Kong. (E) Quantitative 
analysis of Alizarin Red staining. n = 3 independent experiments per group; *P < 0.05 and **P < 0.01.
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investigate whether the TiO2 honeycombs could affect osteointe-
gration around implants in vivo, we selected HC-90 and HC-5000, 
the minimum- and maximum-scaled TiO2 honeycombs, respectively, 
to conduct a rat tibia implantation model. The adhesions of fibrinogen 

and vitronectin on HC-90 surface were significantly higher as com-
pared with other samples after 8 hours of surgery (Fig. 4A). Fibrinogen 
is one of the most abundant proteins in blood plasma, and its adhesion 
on biomaterial surface has been proven to be crucial on macrophage 

Fig. 4. In vivo implant-to-bone osteointegration of HC-90 and HC-5000 surfaces. (A) Protein absorption on implant surfaces after 8 hours of surgery. (B) 2D and 3D 
micro-CT images of tissue at the site of implantation. (C) Quantitative analysis of the newly formed bone volume around the implants (BV/TV). (D) Van Gieson’s picro-
fuchsin staining of tissue around the implants. (E) Bone-implant contact ratio. (F) Representative immunohistochemical images of CD146, Runx2, and BMP-2 in defect 
areas, and semiquantification of positively stained cells. (G) Representative immunohistochemistry staining of CD68, CD163, and iNOS in defect areas and semiquantifi-
cation of positively stained cells. n = 3 independent experiments per group; *P < 0.05 and **P < 0.01.
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recruitment (40, 41). Besides, the literature reported that absorbed 
fibrinogen could induce monocytes and macrophages to produce 
osteogenic growth factors, e.g., BMPs, that might convince osteo-
genesis (42). A previous study also reported that the absorption of 
vitronectin could facilitate the attachment of osteoblastic cells (43). 
Thus, the protein absorption on HC-90 surface may also facilitate 
bone-to-implant osteointegration in vivo.

After 4 weeks, the implanted samples were harvested to evaluate 
osteointegration in vivo. Figure 4B shows the two-dimensional (2D) 
and 3D reconstructed micro–computed tomography (CT) images. 
The highest degree of new bone formation was observed on HC-90, 
which was further confirmed by the quantified bone volume frac-
tion (BV/TV; Fig. 4C). Figure 4D shows the results of Van Gieson’s 
picrofuchsin staining; bone tissues (red) were visualized at the 
bone-implant interface. The newly formed bone was directly in 
direct contact with HC-90, with a higher bone-implant contact ratio 
compared with other groups (Fig. 4E). These results further con-
firmed that HC-90 could effectively promote osteointegration not 
only in vitro but also in vivo.

Previous studies have demonstrated that MSCs mobilized from 
bone marrow can be recruited to the implantation area and differ-
entiate into osteoblasts for bone regeneration (44, 45). Thus, the 
recruitment of host stem cells to the bone-implant interface is cru-
cial for osteointegration. To understand how the TiO2 honeycombs 
affect the local microenvironment and contribute to osteointegra-
tion around implants, we next conducted immunohistochemistry 
staining in series to visualize MSCs and macrophages in the harvest 
tissues. The immunohistochemistry staining images of MSCs and 
the semiquantitative results are shown in Fig. 4F. CD146 is a surface 
marker for MSCs; the number of CD146+ cells in the HC-90 group 
was higher than that in HC-5000 and unpatterned Ti. In addition, 
more Runx2 and BMP-2 positive cells were found in HC-90. These 
results indicate that HC-90 could simultaneously increase recruit-
ment and promote osteogenesis of MSCs, which is consistent with 
the in vitro results described above. As shown in Fig. 4G, more 
CD163+ M2 macrophages were found in HC-90, whereas a larger 
number of iNOS+ M1 macrophages were found in HC-5000. These 
results indicate that HC-90 implantation could induce M2 macro-
phage polarization, providing a favorable anti-inflammatory micro-
environment for the osteointegration process and facilitating 
osteointegration in vivo.

Surface confinement modulates filopodia formation 
and macrophage polarization
As described above, morphologies of RAW 264.7 macrophages varied 
on TiO2 honeycombs with different scales (Fig. 1E). Macrophages 
probed different TiO2 honeycomb surface topographies and responded 
to spatial confinement with different numbers of filopodia. As shown 
in SEM images (Fig. 1E), macrophages on TiO2 honeycombs at the 
nanometer scale exhibited a greater abundance of filopodia, while 
almost no filopodia were found on TiO2 honeycombs at the micro
meter scale. The modulatory role of TiO2 honeycombs on macrophage 
polarization exhibited a similar scale dependence. That is, TiO2 honey-
combs with smaller diameters at the nanometer scale, especially 
HC-90, induced macrophages with the M2 phenotype via more 
BMP-2 cytokine secretion but alleviated M1 macrophage activation 
(Fig. 2). Despite some differences in the cell aspect ratio and cell 
nucleus aspect ratio (Figs. 1G and 2C), the observed M2 macro-
phage activation rates elicited by HC-90 and HC-500 were not 

consistent with the “elongation rules” reported in previous studies 
(25–27). No direct correlation was found between macrophage 
phenotypes and cell elongation in our study. The most notable dif-
ference in terms of cell morphology changes was found in filopodia 
formation: HC-90 exhibited both the most abundant filopodia and 
the highest expression level of M2 macrophage genes. In addi-
tion, compared with two TiO2 honeycombs at the micrometer scale 
(HC-1000 and HC-5000), HC-500—with more filopodia—also 
induced M2 macrophage activation. Thus, we suspect that the 
formation of filopodia on different samples may be important for 
modulating macrophage polarization.

To understand how TiO2 honeycombs activate macrophage po-
larization, transcriptomic analysis of macrophages cultured on dif-
ferent samples was applied. First, the Pearson correlation between 
samples was used to assess the specimen’s stability through the cor-
relation analysis. Most of the correlation coefficients were within 
acceptable ranges (R2 > 0.92; Fig. 5A). Figure 5B shows that there 
were many differences in gene expression when comparing differ-
ent TiO2 honeycombs with unpatterned Ti (2650 genes in HC-90 
versus Ti, 1255 genes in HC-500 versus Ti, 1393 genes in HC-1000 
versus Ti, and 1440 genes in HC-5000 versus Ti), and they shared 
899 genes. Our results have demonstrated that the modulatory role 
of TiO2 honeycombs is scale dependent. In addition, the transcrip-
tomic analysis revealed that the number of differentially expressed 
genes between two groups with adjacent scales (HC-500 versus 
HC-90, HC-1000 versus HC-500, and HC-5000 versus HC-1000) 
was not significant [shown in volcano plots in Fig. 5 (C to E) and 
summarized in table S1]. Thus, we compared HC-90 (minimum 
diameter), HC-5000 (maximum diameter), and unpatterned Ti as the 
control group using pairwise comparison. As shown in Fig. 5 (F to H), 
the volcano plots showed 713 up-regulated and 1937 down-regulated 
genes (HC-90 versus Ti), 589 up-regulated and 851 down-regulated 
genes (HC-5000 versus Ti), and 344 up-regulated and 125 down-
regulated genes (HC-5000 versus HC-90), indicating a wide range 
of gene expression differences. The differentially expressed genes 
were collected to perform Gene Ontology (GO) database analysis. 
All differential genes were typically divided into three typical classes, 
including biological process (BP), molecular function (MF), and 
cellular component (CC). The top 20 enriched terms of HC-90 
versus Ti are shown in Fig. 6A. Genes were rich in the regulation of 
cytoplasm and cytoskeleton, which correlated with the morphological 
changes of macrophages induced by surface topography on HC-90. 
Then, the Kyoto Encyclopedia of Genes and Genomes (KEGG) was 
performed to analyze the underlying signaling pathways. The top 
enriched up-KEGG pathways are shown in Fig. 6B. In addition to 
cell adhesion molecules (CAMs), peroxisome proliferator-activated 
receptor (PPAR) signaling pathways were up-regulated, which has 
been demonstrated to be related to M2 macrophage activation (46). 
In comparison, M1 macrophage activation–related pathways [i.e., 
mitogen-activated protein kinase (MAPK), TNF, nuclear factor  
light chain enhancer of activated B cells, and nucleotide‐binding 
oligomerization domain (NOD)–like receptor signaling pathways] 
were down-regulated (47–50). The experimental variable in our 
study is the physical topography cues induced by TiO2 honey-
combs with different diameters. Therefore, we next focus on the 
differences in surface topography-induced gene expressions, in-
cluding cell adhesion, cytoskeleton arrangement, and subsequent 
mechanotransduction genes. These differential gene expressions are 
shown in the resulting heatmap (Fig. 6C).
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For macrophages to be activated by surface topographies, they 
must be able to sense and respond to extracellular cues, transducing 
biochemical signals to modulate gene expression. Cell protrusions 
(i.e., filopodia) serve as an “antenna” in this process. They are linked 
to cell motility and migration, which are required for several pro-
cesses of macrophages that occur during immunity and inflamma-
tion processes in fighting infection (51). As illustrated in Fig. 6D, 

the interaction between macrophages and the ECM begins with cell 
adhesion, which is mainly mediated by integrins (52). Integrins have 
been reported to be involved in cell adhesion and podosome forma-
tion and to influence macrophage activation (53–55). For example, 
inhibition of integrin 1 can lead to a block of M2 macrophage 
polarization (56). Once adherent, additional proteins (i.e., vinculin, 
paxillin, talin, and Src) are recruited and assembled to form focal 

Fig. 5. Bioinformatic analysis of macrophage gene expression on various nanostructures. (A) Heatmap of Pearson correlation between samples. (B) Venn diagram 
of the number of differentially expressed genes in different TiO2 honeycombs compared with unpatterned Ti. (C to H) Volcano plot of transcriptomic analysis of differen-
tially expressed genes. n = 3 independent experiments per group.
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adhesions, which serve as the mechanosensors, linking to actin fibers 
and playing an essential role in signal transduction and modulating 
gene expressions. While macrophages do not form classical focal 
adhesions, podosomes dominate cell-matrix contacts (57, 58). 
Podosomes are actin-rich mechanosensory structures that play a 
similar role to focal adhesion, but they have a different structure and 
are more unstable than focal adhesions (4). Transcriptomic analysis 
revealed that genes related to podosome formation and cytoskeleton 
arrangement were differentially expressed on different samples. We 
noticed the up-regulation of Arp2 and Arp3 on HC-90, which are 
marker genes mediating podosome formation via actin polymeriza-
tion (53), indicating that HC-90 may facilitate podosome formation. 
Integrin-binding protein-related genes, such as paxillin, talin, and 

Src, were down-regulated. This may result in lower cytoskeleton 
contractility, which has been reported to facilitate podosome for-
mation (53). In addition, intracellular tension inevitably affects 
cytoskeleton rearrangement, subsequent mechanotransduction, and 
gene expression. For example, a higher cellular elastic modulus 
was associated with M1 macrophage activation (4). Thus, the down-
regulation of paxillin, talin, and Src may contribute to the alleviation 
of the proinflammatory response of macrophages on HC-90.

Downstream of podosome formation is the Rho family of guano-
sine triphosphatases (GTPases), which has been reported to be 
involved not only in cell adhesion and spreading but also in the as-
sembly of actin stress fibers (RhoA), lamellipodia (Rac1), and filipodia 
(CDC42) (59). The up-regulation of RhoA, Rac1, and CDC42 on 

Fig. 6. Mechanistic analysis of macrophage polarization induced by TiO2 honeycomb–like nanostructures. (A) GO analysis of all genes in macrophages cultured on 
HC-90 versus unpatterned Ti. (B) Enriched KEGG pathways of HC-90 versus unpatterned Ti. TH17, T helper 17; IgA, immunoglobulin A; RIG I, retinoic acid-inducible gene I, 
NF-B, nuclear factor B. (C) Heatmap analysis of differentially expressed genes involved in cell adhesion, cytoskeleton arrangement, and mechanotransduction. (D) Scheme 
illustration of the mechanism of macrophage polarization on the nanostructures. n = 3 independent experiments per group.
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HC-90 and HC-500 promoted cell protrusion and resulted in more 
filopodia formation by mediating actin-based cytoskeleton rearrange-
ments. The Western blot analysis suggested that the expressions of 
RhoA [a small upstream GTPase protein of Rho-associated protein 
kinase (ROCK)] and two specific phosphorylated ROCK substrates 
[i.e., phosphorylated myosin light chain (p-MLC) and myosin phos-
phatase target subunit 1 (p-MYPT1)] on HC-90 surface were signifi-
cantly up-regulated as compared with others (fig. S2), indicating that 
the RhoA/ROCK signaling pathway had been activated by HC-90 
sample (60). The essential role of the RhoA/ROCK signaling pathway in 
M2 macrophage activation has been confirmed by researchers. For ex-
ample, a recent study found that inhibition of the RhoA/ROCK signal-
ing pathway can result in switching the M2 phenotype to the M1 
phenotype (60). This agrees with our results that the up-regulation of 
RhoA, Rac1, and CDC42 could activate M2 macrophage polarization–
related signaling pathways of macrophages cultured on HC-90 and 
HC-5000. In contrast, the down-regulation of RhoA, Rac1, and CDC42 
led to M1 activation of macrophages cultured on HC-1000 and HC-5000.

To summarize, macrophages can sense the surface topography 
of TiO2 honeycombs with different scales. The smaller scale of TiO2 
honeycombs, especially for HC-90, provided minor spatial confine-
ment but more anchor points for cells. In response to this surface 
topographical cue, the Rho family of GTPases (RhoA, Rac1, and 
CDC42) was up-regulated. The up-regulation of these genes was intui-
tively exhibited in cell morphology changes involving a more abun-
dant formation of filopodia. The activation of the RhoA/ROCK 
signaling pathway is correlated with M2 macrophage polarization. 
We assume that a surface topography with the ability to facilitate the 
formation of filopodia can shift macrophages toward M2 polarization.

DISCUSSION
This study developed TiO2 honeycomb–like structures on Ti surfaces 
with different scales to investigate the modulatory role of surface 
topography on macrophage polarization. The mechanism of how 
physical topography cues modulate macrophage polarization and 
promote bone regeneration was elucidated in the present study. In 
summary, manipulating the scale of TiO2 honeycombs can regulate 
macrophage polarization and cytokine secretion, modulating the 
local immune environment, which eventually facilitates new bone 
formation and osteointegration. Specifically, TiO2 honeycombs on 
the Ti surface at the nanometer scale, HC-90 especially, enabled 
macrophages to overcome the surface spatial confinement, facilitating 
the formation of filopodia. The abundant filopodia formation was 
attributed to the up-regulation of the Rho family of GTPases, which 
activated the RhoA/ROCK signaling pathway and eventually induced 
M2 macrophage activation. The proper immune microenvironment 
provided by HC-90 not only can promote osteogenic differentiation 
of MSCs in vitro but also can facilitate bone-to-implant osteointe-
gration in vivo. Despite this, the interaction between signaling path-
ways involved in the process needs to be further identified. We 
believe this study could inspire the design of a new generation of 
tissue-engineered biomaterials with proper immune responses.

MATERIALS AND METHODS
Sample preparation and characterization
Ti disks of two different sizes (32 mm by 2.5 mm and 6 mm by 
2.5 mm) were obtained from Fu-Tai Metal Materials Co. (China) and 

Shunhang Metal Materials Co. (China), respectively. The former Ti 
plates were used for culturing cells for quantitative polymerase chain 
reaction (qPCR) analysis, ELISA, and transcriptomics, while the latter 
ones were used for other general tests. First, all Ti disks were me-
chanically polished using SiC papers of 240, 400, 600, 800, and 
1200 grids in a graduated fashion. Subsequently, the polished Ti disks 
were immersed and ultrasonically cleaned in acetone, ethanol, and 
deionized water in sequence. Except for collecting the supernatant 
of macrophages cultured on substrates and qPCR, the Ti disks of 
6 mm in diameter were used for other tests. Ti rods (2 mm by 
6 mm) were used for animal experiments. Analytical grade titanium 
sulfate [Ti(SO4)2] was bought from Sinopharm Chemical Reagent Co. 
Ltd. (Shanghai, China). Monodisperse PS spheres with diameters of 
90 nm, 500 nm, 1 m, and 5 m were obtained from Dae Technology 
Co. Ltd. (Tianjin, China). Single-side polished silicon wafers were 
obtained from Zhejiang Lijing Photoelectric Technology Co. Ltd. 
(Quzhou, China). Silicon wafers were cut into rectangle slides and 
heated in a H2SO4-H2O2 mixed solution (v:v = 3:1) for 1 hour to 
obtain hydrophilic surfaces.

Honeycomb-like patterns with different diameters were prepared 
on Ti substrates by using monodispersed PS spheres as sacrificed 
templates. In a typical procedure, PS spheres were first dispersed in 
equal volumes of ethanol via ultrasonication for 30 min. Then, 50 to 
500 l of the dispersion of PS spheres was dropped on an inclining 
silicon slide with one side immersed in a 90 mm petri dish contain-
ing aqueous Ti(SO4)2 solution (5.4 weight %). The obtained mono-
layer PS spheres in the petri dish were kept in an oven at 50°C for 
3 hours for TiO2 deposition onto the bottom of the PS spheres 
through a thermal hydrolysis process: Ti(SO4)2 + 2H2O → TiO2 + 
2H2SO4. Subsequently, the obtained PS-TiO2 hybrid spheres were 
transferred onto Ti substrates and dried overnight at room tem-
perature. Last, the resultant films were calcined at 500°C for 2 hours 
to remove the PS templates. The obtained samples were named after 
the size of the PS templates (Ti; 90 nm, 500 nm, 1 m, and 5 m). 
The surface morphology, phase composition, and wettability of dif-
ferent samples were measured using a field-mission SEM (Zeiss 
Sigma 500, Germany), XRD (D8A25, Bruker, Germany), and a con-
tact angle goniometer (JC2000D2, Powerach, China), respectively.

Macrophage response to different samples in vitro
The RAW 264.7 macrophage cell line and MSCs were obtained from 
the Union Hospital, Tongji Medical College, Huazhong University 
of Science and Technology, Wuhan, China. All cells were cultured 
in a 5% CO2 atmosphere in an incubator at 37°C. Briefly, RAW 
264.7 macrophages were cultured in Dulbecco’s modified Eagle’s 
medium (HyClone, USA) containing 1% penicillin-streptomycin 
solution (Gibco, USA) and 10% fetal bovine serum (FBS) (Gibco), 
with the medium changed every day. MSCs were cultured in a 
different growth medium [–modified Eagle’s medium (HyClone, 
USA):FBS:penicillin-streptomycin = 89:10:1], with the medium 
changed every 3 days.

All samples were first sterilized using 75% ethanol and then kept 
under ultraviolet light for 30 min before use. A total of 200 l or 
2 ml of cell suspension RAW 264.7 macrophages (1 × 104 cells/ml) 
were cultured on different groups of samples (n = 3) in 96-well 
(6 samples) or 6-well (32 samples) plates.
Morphological observation of macrophages
RAW 264.7 macrophages were sparsely cultured on different sam-
ples for 24 hours, fixed with 2.5% glutaraldehyde for 2 hours, and 
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then gradient-dehydrated with 30, 50, 70, 90, and 100% ethanol for 
15 min in each step. Last, the cell morphologies of different samples 
were observed under SEM (Zeiss Sigma 500, Germany).
Immunofluorescence staining
RAW 264.7 macrophages cultured on different samples for 48 hours 
were fixed with 4% paraformaldehyde for 20 min, permeabilized with 
0.25% Triton X-100 for 20 min, and blocked by 1% bovine serum 
albumin for 1 hour. Subsequently, cells in different samples were 
incubated with the primary antibodies against CD206 (Abcam) and 
iNOS (Abcam) with 1:100 dilution at 4°C overnight. Then, the cells 
were further incubated with Alexa Fluor 488 conjugate anti-mouse 
or Alexa Fluor 594 conjugate anti-mouse secondary antibody for 
30 min, followed by 5 min of nuclear staining with 4′,6-diamidino-
2-phenylindole (DAPI). The immunofluorescence-stained cells 
were visualized with a laser scanning confocal microscope (Nikon 
Instruments Inc., Japan).
Flow cytometry
The surface markers of M1 macrophages (CCR7) and M2 macro-
phages (CD206) were examined using flow cytometry. Briefly, 
RAW 264.7 macrophages cultured on different samples were isolated 
by trypsinization after being cultured for 48 hour and washed with 
phosphate-buffered saline (PBS) three times. Subsequently, the cells 
were blocked with CD16/32 for 10 min and then incubated with 
allophycocyanin-conjugated CCR7 (BioLegend) and phycoerythrin-
conjugated CD206 (BioLegend) for 1 hour. Appropriate isotypes 
were used, and ethidium monoazide bromide staining excluded dead 
cells. Last, cells were washed with PBS and then analyzed using a 
flow cytometer (FACSCanto II, Becton-Dickinson). The data were 
analyzed using FlowJo software.
Quantitative real-time polymerase chain reaction
Total RNA from cells was isolated using an RNA kit (OMEGA, 
USA) and then reverse-transcribed to cDNA using PrimeScript RT 
Master Mix (TaKaRa, Japan) following the manufacturer’s guidance. 
Real-time PCR was performed on a Bio-Rad RT-PCR system 
(Bio-Rad, USA) for internal reference for glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH), M1 markers IL-1 and TNF-, M2 
markers IL-4 and IL-10, and immune osteogenesis–related markers 
BMP-2 and OSM. The primers synthesized are shown in table S2.
Enzyme-linked immunosorbent assay
To measure the cytokine of macrophages on different samples, 
RAW 264.7 macrophages were first cultured on different samples for 
48 hours to collect supernatants. The secretion of cytokines IL-1, 
TNF-, IL-4, IL-10, BMP-2, and OSM were then measured by com-
mercial ELISA kits (Boster Bio, Wuhan, China) following the 
manufacturer’s guidance.

In vitro immunoregulation of osteogenesis of MSCs
RAW 264.7 macrophages were first cultured on different samples for 
48 hours to collect supernatants. To investigate the regulatory role 
of RAW 264.7 macrophages in response to different samples on 
osteogenesis of MSCs, MSCs were cultured on different samples with 
supernatants collected from RAW 264.7 macrophages cultured on 
corresponding samples. The MSCs were observed under a fifth passage 
and cultured in the culture medium described above but supple-
mented with supernatant from macrophages at a ratio of 1:1.
ALP activity
To evaluate the influence of macrophage cytokines on the osteogenic 
differentiation of MSCs, ALP activity assays were first used. MSCs 
were cultured for 7 and 14 days on different samples with or without 

adding collected supernatants. After culturing cells for a certain pe-
riod, the cells on different samples were lysed by adding 100 l 1% 
Triton X-100 and cultured in a 37°C water bath for 1 hour. Subse-
quently, the ALP activity of cells and total protein content were 
measured using a commercial ALP activity kit (Nanjing Jiancheng 
Bioengineering Institute, China) and a Bicinchoninic Acid (BCA) 
protein assay kit (Solarbio, China) according to each manufacturer’s 
guidance. The relative ALP activity of cells in each well was then 
normalized to the corresponding total protein content.
Osteogenesis-related gene expression
To measure the expression level of typical osteogenic genes of MSCs 
at days 7 and 14, the same experimental procedure as mentioned 
above was conducted. The primers for selected genes ALP, Runx2, 
and OCN are shown in table S2.
Alizarin Red staining
To evaluate the mineralization tendency of MSCs cultured on dif-
ferent samples with the collected supernatants at days 7 and 14, Alizarin 
Red staining was performed. After culturing cells for a certain 
period, cells were fixed with 4% paraformaldehyde and then stained 
with 2% Alizarin Red solution (10 min for each step). The cells 
were then rinsed thoroughly with PBS to remove excess stain. The 
images of stained calcium nodules were captured using a digital 
camera (Phenix XTL-165-VT, Shangrao, China). Last, the mineral-
ized nodules were dissolved in 10% hexadecyl pyridinium chloride 
and quantified using a microplate reader at 562 nm.
Western blot analysis
RAW 264.7 macrophages were first cultured on different samples 
for 48 hours. Then, the proteins were extracted using radioimmuno
precipitation assay lysis buffer (Beyotime, Shanghai, China), and 
the concentration was determined using a BCA protein assay. The 
amounts of protein were equally fractionated using gel electrophoresis 
and blotted onto nitrocellulose membranes. After blocked by 5% 
nonfat milk, the membranes were incubated overnight with the 
primary antibodies including RhoA, p-MLC, MLC (Abcam, USA), 
p-MYPT1, and MYPT1 (Thermo Fisher Scientific, USA) at 4°C.  
Then, the membranes were washed three times with Tris Buffered 
Saline with Tween (TBST) and incubated with the secondary anti-
body for 1 hour. Last, the protein expression was measured using 
enhanced chemiluminescence reagents. GAPDH protein was used 
as reference. The bands were imaged, and the optical density of 
band was quantified using ImageJ software (National Institutes of 
Health, USA).

Transcriptome sequencing and data analysis
Two milliliters of macrophage cell suspension (1 × 104 cells/ml) was 
cultured with different samples in a six-well plate for 48 hours. 
Then, the macrophages were lysed by trizol reagent (Beyotime 
Biotechnology), and cell lysates were stored at −80°C before sequenc-
ing. RNA sequencing was performed using an Illumina HiSeq X10 
(Illumina, USA). The value of gene expression was transformed as 
log10[TPM (Transcripts Per Million reads) + 1]. The GO and KEGG 
pathway enrichment analyses were performed using the free online 
platform of Majorbio Cloud Platform (www.majorbio.com).

In vivo evaluation
A rat tibia implantation model was used to evaluate the immune 
response and osteointegration around the 90-nm and 5-m samples 
with unpatterned Ti as the control group (n = 3). Male Sprague-Dawley 
rats weighing 350 to 400 g were obtained from Hubei Province Centers 

http://www.majorbio.com
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for Disease Prevention and Control. The animal experiment protocols 
were approved by the animal research committee of Tongji Medical 
College, Huazhong University of Science and Technology, Wuhan, 
China. The rods of unpatterned Ti, 90 nm and 5 m, were sterilized 
before implantation. Rats were randomly divided into three groups 
for implantation with the three different rods mentioned above 
(n = 3). Before surgery, the rats were anesthetized with pentobarbital 
[30 mg/kg, 1% (w/w)]. For each group, rod samples were then implant-
ed into the tibial plateaus of both legs. To evaluate the initial plasma 
protein absorption, the animals were euthanized after 8 hours of sur-
gery by using an anesthetic overdose. The implanted samples were 
harvested from the tibia and rinsed by PBS for three times to remove 
unattached proteins. The concentration of absorbed protein was then 
measured by commercial ELISA kits (Wuhan Baiqiandu Technology 
Co. Ltd. Wuhan, China) under the manufacturer’s guidance. To eval-
uate bone-to-implant osteointegration, the animals were euthanized 
4 weeks after implantation by using an anesthetic overdose, and the 
tibias with implants were harvested for further analysis.
Micro-CT analysis
Tibias with implants were first scanned using a micro-CT system 
(SKYSCAN, 1076, SkyScan, Belgium). The obtained scanning images 
were 3D reconstructed using CTVol software (SkyScan). The per-
centages of new bone volume (BV/TV) were characterized by using 
CTAn software (SkyScan).
Histological characteristics
After micro-CT scanning, the harvested tibias with implants were 
processed for immunohistochemistry staining and Van Gieson’s 
picrofuchsin staining. Tissue morphologies were imaged by a 
Pannoramic Digital Slide Scanner (3DHISTECH, Hungary) and ana-
lyzed using Pannoramic Viewer software (3DHISTECH, Hungary).

Statistical analysis
Each experiment was evaluated as mean values ± SD of at least three 
tests. A one-way analysis of variance (ANOVA) program combined 
with a Student t test was used to evaluate the statistical significance 
of the variance. Values of *P < 0.05 and **P < 0.01 were considered 
statistically significant.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/14/eabf6654/DC1

View/request a protocol for this paper from Bio-protocol.
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