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The immunomodulatory role of monocytes is essential for tissue healing and can influence the osseointegration of implanted
materials. Properties such as the surface structure, hydrophilicity, and roughness of the implanted materials can modulate
monocyte–macrophage function. In this study, we characterized material-hydrogenated TiO2 nanotubes (H-TNT) with super-
hydrophilic surfaces to investigate the effect of H-TNT on macrophage polarization and osseointegration. H-TNT were prepared
by anodic oxidation and hydrogenation and used in the experimental group, while TNT and smooth pure Ti were employed in the
control groups. RAW264.7 cells were selected to observe the immunomodulatory effect of these samples. The cell morphology was
observed via scanning electron microscopy, and cytokine expression was detected using an enzyme-linked immunosorbent assay
and immunofluorescence staining. After 24 hr of cultivation, the macrophage-conditioned medium was collected and used for
indirect coculture with MC3T3-E1 cells. The morphology of MC3T3-E1 cells was observed using fluorescence staining. Cell
adhesion and proliferation were measured using the Cell Counting Kit-8 assay. Alkaline phosphatase activity measurement,
alizarin red staining, calcium quantification, and reverse transcription polymerase chain reaction were performed to assess the
osteogenic differentiation of MC3T3-E1 cells. The results showed that H-TNT promoted the M2-type polarization of macro-
phages, which in turn influenced the adhesion, proliferation, and osteogenic differentiation of MC3T3-E1 cells. These materials can
serve as useful candidates for bone implants because they activate macrophages to produce a favorable osteoimmunomodulatory
microenvironment.

1. Introduction

Optimal osseointegration is critical for successful implan-
tation. Activation of the immune response greatly affects
the long-term survival of dental implants [1]. Following
implantation, activation of the inflammatory response is
the initial and most important event [2]. The healing pro-
cess is accompanied by a series of immunomodulatory
responses. As the primary upstream inflammation regula-
tors, macrophages play a key role in the recognition and
destruction of foreign materials and are involved in the
secretion of cytokines, chemokines, and growth factors
that determine inflammation onset and subsequent tissue
healing. In addition, they greatly influence bone formation

and remodeling [3, 4]. As macrophages exert significant
effects on tissue repair, their immunomodulatory effect is
crucial for evaluating implanted materials.

Macrophages possess remarkable plasticity. Based on the
microenvironment, they can differentiate into M1 macro-
phages, which promote inflammation by increasing the
expression of proinflammatory cytokines such as interleukin
(IL)-6 (IL-6) and tumor necrosis factor-α (TNF-α) [5]; they
can also differentiate into M2 macrophages, which reduce
inflammation and promote tissue healing by increasing the
expression of anti-inflammatory cytokines such as IL-4,
IL-10, and arginase 1 [6–10]. This process, termed macro-
phage polarization, governs the biological performance of
biomaterials and wound healing [11, 12].
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A previous study demonstrated that material surface
properties, such as nanotopography, hydrophilicity, and
roughness, affect macrophage polarization [13], which in
turn can regulate bone formation [14–17]. Nanotopography
downregulated the expression of the proinflammatory
cytokine TNF-α, which remained detectable after 21 days.
Furthermore, the nanotopography attenuated the initial
inflammatory response and promoted bone formation, while
downregulating osteoclastogenesis and bone resorption
molecules [18]. Additionally, hydrophilic Ti surface can reg-
ulate the expression of inflammation-related factors in
macrophages and reduce inflammation. Studies have shown
that smooth surface Ti induces M1-type polarization of
macrophages, resulting in a significant increase of IL-1β,
IL-6, and TNF-α expression; in contrast, hydrophilic rough
surface Ti induces M2-type polarization of macrophages,
resulting in a significant increase in IL-4 and IL-10 expres-
sion [13]. Thus, an increase in hydrophilicity and roughness
can induce macrophages to undergo M2-type polarization
and generate an anti-inflammatory microenvironment that
promotes osseointegration.

Increasing evidence indicates that TiO2 nanotubes
(TNT) can induce macrophage polarization owing to their
nanomorphology, thereby promoting bone formation.
Nanotubes within a narrow size range (70–80 nm) reduce
the expression of TNF-α, IL-1β, monocyte chemoattractant
protein 1, IL-6, and macrophage inflammatory protein 1 α in
primary human monocytes and macrophages as well as mac-
rophage cell lines [19, 20]. Compared with other nanoparti-
cles, such as nanopore and nanopit, the nanotubes produced
by anodization are uniform, exhibit a regular morphology,
and have tunable lengths and diameters [21]. In addition,
nanotube arrays mimic the size and arrangement of collagen
fibrils in bone tissue [22], favoring osteogenesis. Further-
more, the spacing of the nanotubes facilitates nutrient avail-
ability and waste removal [23]. Based on this information, we
prepared uniformly arranged TNT arrays of ∼100 nm dia-
meters by anodization and further increased the TNT hydro-
philicity via hydrogenation treatment. Hydrogenated TNT
(H-TNT) exhibit nanomorphology, superhydrophilicity,
and excellent protein adsorption [24] and may induce
M2-type macrophage polarization [25]. The present study
investigated whether superhydrophilic H-TNT can regulate
M2-type macrophage polarization, thereby promoting the
osteogenic differentiation of osteoblasts and accelerating
osseointegration after implantation.

2. Materials and Methods

2.1. Ti, TiO2 Nanotube, and Hydrogenated TiO2 Nanotube
Fabrication. TNTwere prepared using themethodology of Lu
et al. [24]. The smooth pure Ti substrates (1 cm× 1 cm) were
ultrasonically cleaned in acetone, ethanol, and deionized
water for 10min. The samples were then anodized for
15min at 50V in an ethylene glycol electrolyte (containing
0.5wt% ammonium fluoride and 10 vol% deionized water) to
fabricate TNT to be used in the control group. After the
anodization and hydrogenation processes, H-TNT were

produced to be used in the experimental group, while
the smooth pure Ti substrates served as a blank control
(Ti) group.

2.2. Sample Characterization. The surface morphologies and
chemical states of the samples were observed using scanning
electron microscopy (SEM; S4800, Hitachi Ltd., Japan) and
X-ray photoelectron spectroscopy (XPS; ESCALAB 250Xi,
Thermo Fisher Scientific, USA), respectively. The water
contact angles (CAs) were measured using a contact
analysis system (Model OCA15pro, Dataphysics Co., Ltd.,
Germany). The sample roughness was analyzed using
atomic force microscopy (AFM; Nanoscope V, Veeco
Instrument Inc., USA).

2.3. Cell Culture. RAW 264.7 and MC3T3-E1 cells (China
Infrastructure of Cell Line Resource, China) were cultured
under standard culture conditions to evaluate their immu-
nomodulatory effects and osteogenic differentiation.

2.4. Macrophage Morphology. RAW 264.7 cells were seeded
on Ti, TNT, and H-TNT surfaces. After culturing for 24 hr,
the cells were rinsed, fixed, dehydrated, dried, and subjected
to gold coating. Their morphology was then observed
using SEM.

2.5. Cytokine Analysis. RAW 264.7 cells were seeded on Ti,
TNT, and H-TNT surfaces and incubated for 24 hr. The
concentrations of TNF-α, IL-6, IL-4, and IL-10 in the super-
natant were determined using an enzyme-linked immuno-
sorbent assay kit (Abclonal, China).

2.6. Cytoimmunofluorescence of Macrophage Polarization-
Related Proteins. RAW 264.7 cells were seeded on Ti, TNT,
and H-TNT surfaces. After incubation for 24 and 48 hr,
adherent RAW 264.7 cells were washed twice with
phosphate-buffered saline (PBS) and fixed with 4% parafor-
maldehyde at room temperature for 15min. The samples
were gently washed three times with PBS and blocked with
10% goat serum. The pro- and anti-inflammatory biomar-
kers iNOS (Abclonal, China) and CD80 (Abclonal, China),
respectively, were labeled green, and the nuclei were stained
with 4′,6-diamidino-2-phenylindole (DAPI) (ZSGB-BIO,
China).

2.7. Preparation of Macrophage-Conditioned Medium. RAW
264.7 cells were seeded on the sample surfaces. After 24 hr of
cultivation [10], the Ti, TNT, and H-TNT supernatants were
harvested, centrifuged, and diluted with complete Dulbecco’s
modified eagle medium in a ratio of 1 : 1 to produce
macrophage-conditioned media (MCM) composed of Ti,
TNT, and H-TNT. Subsequently, the MCM was used for
indirect cocultivation.

2.8. Cytoimmunofluorescence of MC3T3-E1 Cells.MC3T3-E1
cells were seeded on glass coverslips in 24-well plates and
indirectly cocultured with the Ti, TNT, and H-TNT MCM
after 24 hr. After indirect coculture for 1, 2, or 3 days, the
MC3T3-E1 cells were fixed with 4% paraformaldehyde, per-
meabilized with 0.1% Triton X-100, and blocked with 10%
goat serum. Alexa Fluor 594 phalloidin (Cell Signaling
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Technology, USA) was used to fluorescently label the actin
cytoskeleton. The cell nuclei were stained with DAPI.

2.9. Cell Adhesion and Proliferation. MC3T3-E1 cells were
seeded in blank 96-well plates (2× 104 cells/cm2) and incu-
bated with the Ti, TNT, or H-TNT MCM. For the adhesion
and proliferation assays, the cells were incubated for 1, 2, or
4 hr and 1, 3, 5, or 7 days, respectively. The Cell Counting
Kit-8 (CCK-8, Japan) was used according to the manufac-
turer’s instructions for both the adhesion and proliferation
assays.

2.10. Alkaline Phosphatase Activity. MC3T3-E1 cells were
seeded in blank 24-well plates (2× 104 cells/cm2). After indi-
rect coculture with an MCM and osteogenic induction for 3,
5, or 7 days, adherent MC3T3-E1 cells were lysed in a radio-
immunoprecipitation assay solution. The alkaline phospha-
tase (ALP) activity was determined using an ALP assay kit
(Beyotime, China), according to the manufacturer’s instruc-
tions. A bovine serum albumin kit (Sigma-Aldrich, St. Louis,
USA) was used according to the manufacturer’s instructions
to normalize the ALP activity.

2.11. Quantification of Mineralization.MC3T3-E1 cells were
seeded in blank 6-well plates (2.5× 104 cells/cm2). After 14
and 21 days of indirect coculture and osteogenesis induction,
the cells were fixed with 95% ethanol and incubated with
40mM Alizarin Red S (pH 4.2, Sigma-Aldrich, USA) for
30min [26]. After extensive washing with distilled water,
the calcium nodule formation was observed using a stereo-
microscope (Leica, Germany). To determine the calcium ion
concentration, 1ml of 10% cetyl pyridinium chloride solu-
tion was added to each well, and the absorbance was subse-
quently measured at 570 nm using a spectrophotometer
(SpectraMax Paradigm, USA).

2.12. Quantitative Reverse Transcription Polymerase Chain
Reaction. MC3T3-E1 cells were seeded in 6-well culture
plates (2.5× 104 cells/cm2). After indirect cocultivation with
an MCM and osteogenic induction for 3 days, RNA was
extracted from MC3T3-E1 cells using the TRIzol reagent
(Invitrogen, USA) and reverse-transcribed to cDNA (Takara,
Japan). A reverse transcription polymerase chain reaction
was used to detect bone morphogenetic protein 2 (BMP-2),
Runx2, osteopontin (OPN), osteocalcin (OCN), ALP, colla-
gen type 1 (COL-1), and glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) expression. The sequences of primers
used are listed in Table 1.

2.13. Statistical Analysis. All data are presented as the
meanÆ standard deviation. The data were analyzed using
one-way analysis of variance with SPSS 20.0 software (IBM
Corp., USA). The statistical significance was set at p< 0:05.

3. Results and Discussion

3.1. Sample Characterization. The SEM images showed
comparable surface morphologies for TNT and H-TNT
(Figure 1(a)). The nanotubes were well-organized, with dia-
meters of ∼100 nm. The Ti substrates displayed the highest
water CA of 90.95°, followed by 46.98° for TNT and 5.25°
for H-TNT, which were super hydrophilic (Figures 1(b) and
1(c)). The surface roughness values of the three samples
were characterized using AFM, as shown in Figure 1(d).
The TNT and H-TNT samples exhibited higher roughness
than Ti owing to nanotube array formation; however, the
TNT and H-TNT samples showed no significant changes.
The chemical compositions and oxidation states of the TNT
and H-TNT samples were investigated using XPS, as shown in
Figure 1(e). Peaks corresponding to Ti–O–Ti (529.9–530.4 eV)
and Ti–OH (532.0 eV) appeared in the TNT andH-TNT spec-
tra. Notably, the Ti–OH peak intensity of the H-TNT sample
was significantly higher than that of the TNT sample, suggest-
ing that after hydrogenation, the TNT surface was functiona-
lized by hydroxyl groups, increasing the sample wettability.
The X-ray diffraction patterns of the samples demonstrated
that the basic crystal structure did not change after hydrogena-
tion (Figure 1(f)). Compared with that of the TNT sample, the
anatase peak intensity of theH-TNT sample was slightly weak-
ened, indicating the presence of oxygen vacancies in the TiO
lattice due to hydrogenation [27].

3.2. Inflammatory Responses of Macrophages

3.2.1. Field-Emission Scanning Electron Microscopy Images.
After culturing RAW264.7 cells for 4 and 24 hr, the cell
morphology was assessed using field-emission SEM. As
shown in Figure 2, the macrophages grown on Ti displayed
a spread-out morphology, whereas those cultured on TNT
and H-TNT had a round morphology.

3.2.2. Cytokine Secretion from RAW264.7 Cells. The levels of
the proinflammatory cytokines TNF-α and IL-6 in the Ti
and TNT samples were significantly higher than those in
the H-TNT sample (Figures 3(a) and 3(b)). In contrast, the
levels of the anti-inflammatory cytokines IL-4 and IL-10 in
the H-TNT sample were considerably higher than those in

TABLE 1: Primers used in real-time RT-PCR.

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

BMP-2 GGGACCCGCTGTCTTCTAGT TCAACTCAAATTCGCTGAGGAC
Runx2 ATGCTTCATTCGCCTCACAAA GCACTCACTGACTCGGTTGG
OPN GTGATTTGCTTTTGCCTGTTTG GGAGATTCTGCTTCTGAGATGGG
OCN GAACAGACAAGTCCCACACAGC TCAGCAGAGTGAGCAGAAAGAT
ALP GAACAGAACTGATGTGGAATACGAA CAGTGCGGTTCCAGACATAGTG
COL-1 GATGTTGAACTTGTTGTTGCTGAGGG GGCAGGCGAGATGGCTTATT
GAPDH TGTGTCCGTCGTGGATCTGA TTGCTGTTGAAGTCGCAGGAG
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FIGURE 1: (a) SEM images of TNT and H-TNT samples; (b) water CA values of Ti, TNT, H-TNT; (c) histogram of water contact angle;
(d) histogram of roughness; (e) high-resolution XPS spectra of O 1s; (f) XRD patterns of Ti substrate, TNT, and H-TNT. Abbreviations: H-
TNT, hydrogenated TiO2 nanotubes; Ti, pure titanium; TNT, air-annealed TiO2 nanotubes; XPS, X-ray photoelectron spectroscopy. XRD, X-
ray diffraction. ∗p< 0:05.

4 Journal of Nanomaterials



Ti TNT H-TNT

4 hr

24 hr

FIGURE 2: Scanning electron microscopy (SEM) images of RAW264.7 cell morphology. Abbreviations: H-TNT, hydrogenated TiO2 nano-
tubes; Ti, pure titanium; TNT, air-annealed TiO2 nanotubes.
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FIGURE 3: Pro- and anti-inflammatory cytokine levels at 24 hr: (a) TNF-α; (b) IL-6; (c) IL-4; and (d) IL-10. ∗p < 0:05. Abbreviations: H-TNT,
hydrogenated TiO2 nanotubes; IL, interleukin; Ti, pure titanium; TNF-α, tumor necrosis factor α; TNT, air-annealed TiO2 nanotubes.
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the Ti and TNT samples (Figures 3(c) and 3(d)). Further-
more, the differences among the three samples were statisti-
cally significant (p< 0:05).

3.2.3. Immunofluorescent Staining of Macrophages. The
macrophages grown on Ti showed the maximum expression
of iNOS, a proinflammatory marker (Figures 4(a) and 5(a)),
whereas the macrophages grown on H-TNT and TNT
expressed the maximum levels of ARG, an anti-inflammatory
marker (Figures 4(b) and 5(b)). To further confirm macro-
phage polarization, immunofluorescence staining for CD80

and CD163 was performed. The results showed that the
macrophages grown on Ti expressed the highest levels of
the CD80, a proinflammatory marker of M1 macrophages
(Figures 6(a) and 7(a)), and displayed a stretched, spindled
morphology (Figure 6(a)). More cell samples can be found
in the supplementary Figures S1, S2, and S3. In contrast, the
macrophages grown on H-TNT expressed the highest levels
of CD163, an anti-inflammatory marker of M2 macrophages,
and displayed a rounded morphology (Figures 6(b) and 7(b)),
consistent with the results of fluorescence staining quantita-
tive analysis (supplementary Figures S4, S5, S6, and S7).
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FIGURE 4: Immunofluorescent staining of macrophages at 24 hr: (a) iNOS was labeled green and nuclei were stained with DAPI; (b) ARG was
labeled green, and nuclei were stained with DAPI; “Merge” represents the merged images of iNOS or ARG and nuclei. Abbreviations: DAPI,
4′,6-diamidino-2-phenylindole; H-TNT, hydrogenated TiO2 nanotubes; Ti, pure titanium; TNT, air-annealed TiO2 nanotubes.
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FIGURE 5: Immunofluorescent staining of macrophages at 48 hr: (a) iNOS was labeled green and nuclei were stained with DAPI; (b) ARG was
labeled green, and nuclei were stained with DAPI; “Merge” represents the merged images of iNOS or ARG and nuclei. Abbreviations: DAPI,
4′,6-diamidino-2-phenylindole; H-TNT, hydrogenated TiO2 nanotubes; Ti, pure titanium; TNT, air-annealed TiO2 nanotubes.
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3.3. Macrophages on Hydrogenated TiO2 Nanotube Arrays
Enhance Osteogenic Conditions

3.3.1. Effect of a Macrophage-Conditioned Medium on
MC3T3-E1 Cell Morphology. Considering the modulatory
effects of macrophage polarization on osteoblast behavior,
we performed an indirect coculture of MC3T3-E1 and
RAW264.7 cells. The MC3T3-E1 cells were treated with
Ti, TNT, and H-TNT MCM for 1, 2, and 3 days, respec-
tively. The fluorescence microscopy images (Figure 8) show
that MC3T3-E1 cells of the Ti sample were polygonal in
shape. Compared with cells cultivated in the TNT and Ti
MCM, the cells cultivated in the H-TNT MCM were more

elongated and displayed extended cytoskeletons on days 2
and 3.

3.3.2. Effect of a Macrophage-Conditioned Medium on
MC3T3-E1 Cell Adhesion and Proliferation. Cell adhesion
with the H-TNT MCM was significantly higher than that
with the Ti MCM after 1, 2, and 4 hr of incubation (Figure 9)
and higher than that with the TNT MCM after 2 hr. More-
over, the cell proliferation activity in each sample gradually
increased with time. With the H-TNT MCM, proliferation is
the highest at all four time points (p< 0:05), indicating that
the H-TNT MCM promotes the proliferation potential of
MC3T3-E1 cells.
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FIGURE 6: Immunofluorescent staining of macrophages at 24 hr: (a) CD80 was labeled green and nuclei were stained with DAPI; (b) CD163
was labeled green, and nuclei were stained with DAPI. “Merge” represents the merged images of CD80 or CD163 and nuclei. Abbreviations:
DAPI, 4′,6-diamidino-2-phenylindole; H-TNT, hydrogenated TiO2 nanotubes; Ti, pure titanium; TNT, air-annealed TiO2 nanotubes.
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FIGURE 7: Immunofluorescent staining of macrophages at 48 hr: (a) CD80 was labeled green and nuclei were stained by DAPI; (b) CD163 was
labeled green and nuclei were stained by DAPI. “Merge” represented the merged images of CD80 or CD163 and nuclei. Abbreviations: DAPI,
4′,6-diamidino-2-phenylindole; H-TNT, hydrogenated TiO2 nanotubes; Ti, pure titanium; TNT, air-annealed TiO2 nanotubes.
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FIGURE 8: MC3T3-E1 cell morphology after culture with MCM for 1, 2, and 3 days. Abbreviations: H-TNT, hydrogenated TiO2 nanotubes;
MCM, macrophage-conditioned media; Ti, pure titanium; TNT, air-annealed TiO2 nanotubes.
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FIGURE 9: (a) CCK-8 results of MC3T3-E1 cell adhesion on samples after 1, 2, and 4 hr; (b) CCK-8 results of MC3T3-E1 cell proliferation on
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3.3.3. Effects of a Macrophage-Conditioned Medium on
Alkaline Phosphatase Activity in MC3T3-E1 Cells. MC3T3-
E1 cells were supplemented with an MCM harvested from
RAW264.7 cultures grown on the Ti, TNT, and H-TNT
surfaces. Maximum ALP activity was observed in the H-
TNT sample on each day (Figure 10).

3.3.4. Effects of a Macrophage-Conditioned Medium on
Mineralization in MC3T3-E1 Cells. After 14 and 21 days of
indirect coculture and osteogenic induction, alizarin red S
staining was used to detect the cell mineralization abilities of
the samples (Figure 11(a)). Although calcium nodules could
be observed in the H-TNT sample after 14 days, none
appeared in the other two samples. After 21 days, the TNT
sample contained more calcium nodules than the Ti sample,
and the H-TNT sample displayed maximum extracellular
matrix mineralization.

Quantitative analysis was performed after dissolving
the calcium nodules in 10% cetyl pyridinium chloride
(Figure 11(b)). After 14 days, maximum extracellular matrix
mineralization was observed in the H-TNT sample. Addition-
ally, the results obtained from the three samples after 21 days
were statistically different (p< 0:05). Finally, theH-TNT sam-
ple exhibited the highest absorbance, followed by the TNT
sample.

3.3.5. Effect of a Macrophage-Conditioned Medium on
Osteogenic Gene Expression in MC3T3-E1 Cells. The mRNA
levels of osteogenic genes were measured after 3 days of indi-
rect cocultivation and osteogenic induction (Figure 12). As
shown, the highest Runx-2, BMP-2, OPN, ALP, and COL-1
expression levels were observed in the H-TNT sample. Fur-
thermore, BMP-2 mRNA levels considerably differed among
the three samples (p< 0:05).

4. Discussion

In this study, we investigated the effect of H-TNT on mac-
rophage activation and their paracrine interactions using
MC3T3-E1 cells. H-TNT were capable of manipulating mac-
rophage polarization, indicating that they could support
osseointegration at the bone–material interface.

As thefirst cells to reach the implant interface,macrophages
are regulated by the material surface characteristics, such as
morphology, roughness, and hydrophilicity [13, 28, 29]. This
suggests that they also affect osteogenesis, which is essential
for implant survival. M1 macrophages express IL-6 and TNF-
α, which delay bone healing and cause pathogenic bone loss.
Conversely, M2 macrophages express IL-4 and IL-10, which
reduce inflammation and promote wound healing [9, 30].
The polarization state of macrophages can be determined
by detecting surface markers and secreted cytokines and
chemokines.

The cells cultured with H-TNT secreted lower levels of
IL-6 and TNF-α (proinflammatory factors) and higher levels
of IL-4 and IL-10 (anti-inflammatory factors) than those
cultured with Ti and TNT. Furthermore, the nanotubular
topography and superhydrophilic properties of H-TNT
may have promoted M2-type macrophage polarization.
Studies have shown that nanotubes with a diameter of
100 nm provide more protein adsorption sites, as the gaps
between the nanotubes serve as nutrient supply pathways
[20, 31]. In addition, the TNT structure can inhibit inflam-
mation [32]. Moreover, hydrophilic biomaterial surfaces can
enhance macrophage apoptosis, increase anti-inflammatory
cytokine secretion, and decrease proinflammatory factor
levels [33, 34]. With an increase in the roughness and hydro-
philicity of the biomaterial surface, macrophages may inter-
act with adsorbed proteins to promote M2-type macrophage
polarization. Our results are consistent with those of previ-
ous studies on the relationship between macrophage mor-
phology and polarization status. A stretched morphology
indicates cell activation and acquisition of migratory ability,
whereas a round shape indicates that the cells are not acti-
vated [25, 35]. Hence, H-TNT with superhydrophilic nano-
tubular surfaces can promote macrophage activation to
inhibit inflammation, reduce the inflammatory response of
macrophages, and promote M2-type macrophage polariza-
tion for bone formation and tissue repair [36, 37].

An appropriate implant microenvironment is critical for
successful osseointegration. However, it is inadequate to ana-
lyze macrophage polarization on the implant surface. Study-
ing the effect of macrophages on osteoblasts can reveal the
effect of immune regulation on osteogenic performance.
MC3T3-E1 cells used in this study have good osteogenic
differentiation potential. Therefore, they typically serve as
an in vitro research model for osteoblast proliferation and
mineralization [38]. Considering the super hydrophilicity
and good protein adsorption of H-TNT, as well as their
immunomodulatory effect on macrophage polarization,
indirect RAW264.7 coculture was performed to explore the
effects of M2 macrophages and H-TNT on MC3T3-E1 cells.
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Compared to the Ti and TNT samples, the MC3T3-E1
cells cocultured with H-TNT had an elongated, spindle-
shapedmorphology, which reportedly enhances osteoblast dif-
ferentiation [39] and cell–cell communication, attributes that
are critical for coordinating cell behavior [40]. A previous
study demonstrated that nanotube topography supports cell
stretching and differentiation [41]. Thus, the elongated shape
can promote the osteogenic differentiation ofMC3T3-E1 cells,
which was confirmed by the ALP activity results in this study.

Cell adhesion and spread may affect their proliferation
and differentiation [42, 43]. Our results (Figures 8 and 9)
indicate that the H-TNT MCM has great potential for
improving MC3T3-E1 cell adhesion, proliferation, and
spread. This may be ascribed to the M2-type polarization
of macrophages on H-TNT surface and anti-inflammatory
cytokines and growth factors secreted by them. Specifically,
ARG, IL-4, and IL-10 promote M2-type macrophage polari-
zation and are involved in wound healing. M2-type macro-
phages secrete growth factors and chemokines related to
bone healing and promote the migration and differentiation
of osteoblasts, bone marrow mesenchymal stem cells, and

vascular epithelial cells [10, 44]. Collectively, these factors
may have enhanced MC3T3-E1 cell adhesion and prolifera-
tion observed in this study.

ALP analysis (Figure 10) suggests that the H-TNT MCM
improves osteoinductivity. ALP is a hydrolase that is primar-
ily involved in the hydrolysis of pyrophosphate in the early
stages of osteogenesis, accelerating the formation of new
bonds. It is also an important indicator of early osteocyte
osteogenesis [45]. As observed in our study, the higher
ALP activity and osteogenic gene expression induced by
the H-TNT MCM significantly increased the mineralization
of MC3T3-E1 cells.

The H-TNT samples showed an enhanced expression of
osteogenesis-related genes, such as those encoding ALP,
BMP-2, Runx-2, COL-1, and OPN [46]. BMP-2 is a key
regulator of bone formation and promotes osteogenic differ-
entiation and regeneration [47]. Furthermore, BMP-2
induces Runx-2 gene expression and promotes osteogenic
differentiation [48], suggesting that the two proteins work
together to facilitate the osteogenic differentiation of
MC3T3-E1 cells. Moreover, COL-1 forms a scaffold for
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calcium salt deposition to promote extracellular matrix min-
eralization in osteoblasts. The high COL-1 mRNA expression
in the H-TNT sample may be attributed to the downregulated
expression of inflammatory cytokines and promotion of
extracellular matrix mineralization of MC3T3-E1 cells.

OPN is a glycosylated protein closely related to bone
formation and development [49]. It is also a potential immu-
nomodulatory factor that can exert proinflammatory effects
[50] and inhibit mineralization through potential phosphor-
ylation sites [51]. However, a recent report showed that
macrophages from OPN-deficient mice mount a heightened
inflammatory response, suggesting that OPN exerts anti-
inflammatory effects [52]. Another research group reported
that OPN acts as a mineralization promoter in collagen fibers
[53]. In this study, the mRNA expression levels of OPN were
higher in the H-TNT sample than in the Ti sample. Consid-
ering the heterogeneous and complex effects of OPN, we
hypothesized that it balances the pro- and anti-inflammatory
effects in bone reconstruction, which in turn facilitate the
osteogenic differentiation of MC3T3-E1 cells. Both M1 and
M2 macrophages are vital for immune response [54], and
the transition of macrophages from M1 to M2 favors bone
regeneration and repair [55].

Collectively, the results of this study demonstrate that
H-TNT promotes osteoblast proliferation, adhesion, and dif-
ferentiation potential by modulating the immune balance.
However, their performance requires further investigation
through in vivo testing.

5. Conclusions

H-TNT prepared by anodic oxidation and hydrogenation
induced M2-type macrophage polarization and further
promoted MC3T3-E1 cell adhesion, proliferation, and
osteogenic differentiation. These materials are promising
candidates for bone implants because they activate macro-
phages to produce a favorable osteoimmunomodulatory
microenvironment.
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