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[ Abstract ] Objective To investigate the effect of micro/nano hierarchical structures on the adhesion and prolifera-

tion of MC3T3-E1 cells, evaluate the drug delivery potential of titanium surfaces, and provide a reference for the modifi-
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cation of selected areas of titanium surfaces to enhance drug delivery and slow drug release. Methods Pure titanium
samples (10 mm in diameter and 2.5 mm in thickness) were randomly divided into a polished group (T), anodized group
(TO), and micro/nano hierarchical structure group (FTO) according to the surface treatment of the titanium. The T group
was polished, the TO group was treated with anodic oxidation technology, and the FTO group was treated by femtosec-
ond laser etching combined with anodic oxidation technology. The three surface morphologies were observed by scan-
ning electron microscopy (SEM), the wettability of the surface was measured by the contact angle, and the surface chemi-
cal composition was analyzed by X-ray energy dispersive spectroscopy (EDS). The depth of the FTO structure and the
surface roughness were measured by confocal laser scanning microscopy (CLSM). MC3T3-E1 cell adhesion proliferation
and differentiation on the surface of each group of samples was assessed by immunofluorescence staining, CCK-8, and
semiquantitative analysis of Alizarin staining. A freeze-drying method was applied to load recombinant human bone mor-
phogenetic protein-2 (thBMP-2), and an enzyme-linked immunosorbent assay (ELISA) was used to assess the drug-load-
ing potential of different surface structures. Results SEM revealed that the surface of T group titanium plates showed
uniform polishing marks in the same direction. The surface of the TO group was a nanoscale honeycomb-like titanium di-
oxide (Ti0,) nanotube structure, and the FTO group formed a regular and ordered micro/nano layered structure. The con-
tact angle of the FTO group was the smallest at 32° + 1.7°. Its wettability was the best. The average depth of the first-
level structure circular pores was 93.6 wm, and the roughness was 1.5-2 wm. The TO and FTO groups contained a high
percentage of oxygen, suggesting TiO, nanotube formation. The FTO group had the most significant surface cell prolifera-
tion (P <0.001) and the largest cell adhesion surface area (P < 0.05). thBMP-2 was slowly released for 14 d after load-
ing in the FTO group and promoted extracellular matrix mineralization (P < 0.001). Conclusion Titanium surface mi-
croprepared hierarchical structure has the effect of promoting MC3T3-E1 cell adhesion, proliferation, and osteogenic dif-
ferentiation with drug loading potential, which is a new method of titanium surface treatment.
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a: SEM characterization of surface morphology from low
to high magnification. Scale bar 20 pm: macroscopic
surface microstructures are not visible in the T and TO
groups. The first - level structure is seen in the FTO
group after laser etching, with regular circular holes,
and the hole diameter is approximately 200 pwm visible
in the lower left panel. Scale bar 2 pm: traces of pol-
ished titanium plate in the T group. Honeycomb nano-
tubes are visible in the TO group, and the tube diameter
is not visible. The honeycomb nanotube structure in and
around the circular holes of the first-level structure is
visible in the FTO group. Scale bar 400 nm: clear nano-
tube structure with a tube diameter of approximately
100 nm is visible in the TO group. A nanotube structure
within the primary structure with a tube diameter of ap-
proximately 100 nm is visible in the FTO group. b: the
contact angle of the titanium plate under different treat-
ment cases. T: polished group; TO: TiO, nanotube

group; FTO: micro/nano hierarchical structure group

Figure 1  Surface morphology and static contact angle of the titanium plate in different treatment groups
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The yellow box indicates the EDS scanning range. Scale bars 60 pm and 1 wm. Peak values of elemental Ti in the T group. Peak values of

elemental Ti and O appear in the TO and FTO groups, indicating an increase in oxygen content. T: polished group; TO: TiO, nanotube

group; FTO: micro/nano hierarchical structure group

Figure 2 Energy dispersive spectroscopy spectra of different treatment groups
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Table 1 ~ Surface chemical element composition

Elements of the atom (%)

Group

C 0 Ti O/Ti Total
T 3.18 18.06 78.75 0.23 100
TO 1.35 56.91 41.73 1.36 100
FTO 3.55 55.87 40.58 1.38 100

T: polished group; TO: TiO, nanotube group; FTO: micronano hierarchi-

cal structure group
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The surface of the micro/nano structure promotes cell growth. a: SEM showing cells adhered on the surface of the titanium plates. The cell lo-

cations are shown by arrows. Scale bar 20 wm: the number of initial cell adhesions in each group. Scale bar 10 wm: the degree of cell adhe-

sion. The T group has fewer intercellular connections, few cell pseudopods, and a small area of adhesion. The TO group has tightly connected

cells, a greater area of adhesion, and more pseudopods. The FTO group has tight connections between the cytoskeleton and the weaving area,

which can span the sinusoidal periodic first-level micron structure (circular pores) processed by the femtosecond laser, and tight intercellular

connections. b: The proliferation of MC3T3-E1 cells on different surfaces at 24 h and 72 h. **P <0.01 and ****P <0.000 1. The FTO

group significantly promoted cell proliferation at both 24 h and 72 h. T: polished group; TO: TiO, nanotube group; FTO: micro/nano hierarchi-

cal structure group

Figure 4 Early morphology and cell proliferation of MC3T3-E1 cells adhering to different treatment groups
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a: fluorescence microscopy images show the distribution
and morphology of adherents on different surfaces. The
scale bar is 7 wm. Red indicates actin staining, and blue
indicates nuclear staining. The FTO group had large nu-

clei, better cytoskeleton stretching, highly fused cells,

and high cell numbers. b: The surface coverage of adherent cells was quantified and expressed as a percentage. ***P < (0.001 and ****P <

0.000 1. The cell adhesion area was significantly larger in the FTO group than in the T and TO groups. TRITC: tetramethylrhodamine isothio-

cyanate; DAPI: 47,6-diamidino-2-phenylindole; T: polished group; TO: TiO, nanotube group; FTO: micro/nano hierarchical structure group

Figure 5 Adhesion of MC3T3-E1 cells on the surface of titanium plates in the different treatment groups
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The arrows point to thBMP-2.
The FTO group was filled with
drugs within the hierarchical
structure, and high magnifica-
tion showed drug attachment
to the edge, wall, and within
the cavity. thBMP-2: recombi-
nant human bone morphoge-
netic protein - 2; T: polished
group; TO: TiO, nanotube
group; FTO: micro/nano hierar-

chical structure group

Figure 6 rhBMP-2 loading on titanium plates with different surface treatments
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Extracellular matrix mineralization was optimal in the FTO group.
*P = 0.016; ****P <0.000 1. T: polished group; TO: TiO, nano-
tube group; FTO: micro/nano hierarchical structure group

Figure 8 Extracellular matrix mineralization was determined

semiquantitative analysis of Alizarin red staining
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| Figure 7 Release of thBMP-2 from the surface of titanium plates under

different treatments
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