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plants and investigate its effect on the biological activity of bone marrow mesenchymal cells. Methods Electrochemi-
cal anodization and spark plasma sintering were used to modify smooth titanium (untreated Ti group) with a microporous
trabecular bone-like architecture (micro-Ti group) and TiO, nanotube architecture (nano-TiO, group). Additionally, elec-
trochemical anodization was employed to prepare TiO, nanotubes on microporous trabecular bone - like architectures,
which formed a novel biomimetic hierarchical interface (micro/nano-TiO, group). Four groups of titanium samples were
characterized by field emission scanning electron microscopy (SEM), atomic force microscopy (AFM) and contact angle
(CA). Bone marrow mesenchymal cells (BMMCs) were seeded on four groups of titanium samples. Scanning electron
microscopy (SEM) was employed to observe cell morphology. Cell proliferation was determined by MTT assay. The
expression of focal adhesion proteins (F-actin; vinculin; osteocalcin, OCN; osteopontin, OPN) were observed under a con-
focal laser scanning microscope (CLSM). The mRNA expression levels of osteogenic factors (runt-related transcription
factor 2, RUNX2; osteocalcin, OCN; osteopontin, OPN; collagen I, COL I) were assessed by qRT-PCR. Results The
micro/nano- TiO, group featured a hydrophilic surface (CA = 9° + 2.1°). The results of the MTT assay indicated that the
relative cell proliferation rates for the nano- TiO, and micro/nano-TiO, samples were significantly increased compared
with those for the untreated-Ti and micro-Ti samples (P < 0.001) after 5-9 days. The ALP results indicated that the
micro/nano-TiO, sample gained the highest value at 14 days. After 72 h of incubation, the expression of osteocalcin
(OCN) and osteopontin (OPN) on micro/nano-TiO, was the strongest. After 24 h incubation, the expression of F-actin on
micro/nano-TiO, was the strongest. In comparison with untreated-Ti and micro-Ti samples , the mRNA expression levels
of all the osteogenic factors (runt-related transcription factor 2, RUNX2; osteocalcin, OCN; osteopontin, OPN; Collagen
I, COL 1) were markedly increased on the nano-TiO, and micro/nano-TiO, samples, the mRNA expression levels of colla-
gen I (COL I) were significantly different between the nano-TiO, and micro/nano-TiO, samples versus the untreated-Ti
and micro-Ti samples (P < 0.001). Conclusion The novel biomimetic micro/nano hierarchical interface has a positive
effect on cell attachment, viability and osteogenic differentiation of bone marrow mesenchymal cells.

[Key words] micro/nano structure; TiO, nano-tubes; bionic; surface treatment; implants; bone marrow mes-
enchymal cells; cell adhesion; cell proliferation; osteogenic differentiation; spark plasma sintering; electrochem-
ical anodization
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Gene Forward primer 5'-3' Reverse primer 5'-3'

COLT  GCTGGCAAGAATGGCGAC AGCCACGATGACCCTTTATG
OCN GGAGGGCAGTAAGGTGGTGA ACGGTGGTGCCATAGATGC

OPN AACAGTATCCCGATGCCACA TGGCTGGTCTTCCCGTTG

RUNX2  CAGGCGTATTTCAGATGATGACA  TAAGTGAAGGTGGCTGGATAGTG
Actin CCCATCTATGAGGGTTACGC TTTAATGTCACGCACGATTTC

COL I: collagen type I; OCN: osteocalcin; OPN: osteopontin; RUNX2:

runt-related transcription factor 2
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a: untreated-Ti (X 1 000); b: microporous trabecular bone-like architecture (X1 000). It resembled a trabecular bone; c: TiO, nano-pores ar-

ranged uniformly (X 80 000); d: TiO, nano-pores arranged uniformly (X 160 000); SEM: scanning electronmicroscopy

Figure 1 SEM images of the surface of titanium samples
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208.06 nm 363.32 nm

a: untreated-Ti group, which showed a relatively rough surface; b: nano-TiO, group; nano-pores (diameter: 50-120 nm) were ob-

served on its surface; AFM: atomic force microscopy
Figure 2 AFM images of samples in the untreated-Ti group and nano-TiO, group

B2 R4 TiO 44K 48 41 R 1 AFM 4514 5]

0 LBk TiON K ] 56 5 L 3 T FELIG E MTT AGE I 25 SR AN 18] 5 f s o 45
JE 1 ~9 d A B A HE P R S B 3 (H 1 d F 3 d 22

Table 2 Surface parameters of samples in the untreated-Ti

group and nano-TiO, group SIS FE X (P=0278) 45 R 3EW] 1 ~4 d, 14
oo Surface roughness  Vertical range  Surface difference YK A R Tin YH KA 2 20 3 ﬁﬁ WrEET
(nm) (nm) (%) ZRERALMIGIOR B /N AL H 22 52 WA et X
Untreated-Ti 1589 £2.5 15653 £3031  7.352.18 5~9 d, AN K E A BRI TIO. QKA 20 1 2 i e 5
Nano-TiO, 46.30 + 2.18" 340 +33.56"  13.78 £2.58" ?ﬁ‘ﬁfﬁ%%?é@ﬁ(éﬂ%ﬂ%&ﬂé%d\%gﬂ(P <0.001 ) i
1): the untreated-Ti group vs the nano-TiO, group, P < 0.05 223 ALP ?ﬁ‘l‘i BMMCs }_ﬁﬁp 44 *j‘*f:l*%éﬁ 7.10.

a: untreated-Ti group, 35° + 2.3 b: micro-Ti group, 18° + 1.6°; ¢: nano-TiO, group, 14° + 1.6°; d: micro/nano-TiO, group, 9° + 2.1°
Figure 3 The static contact angles on the samples in the four groups

3 AHM BRI S A A

a: unireated-Ti group, most of the cells were fusiform, some of which can be seen with pseudopodia and antennas; b: micro-Ti group, the cells

were flat and polygonal, with pseudopodia and antennas clearly visible; ¢: nano-TiO, group, the cells were flat and polygonal, closely attached to
the surface of the titanium samples; d: micro/nano-TiO, group, cells were connected with each other and grew together flakily, with large num-
bers of pseudopodia and antennas; SEM: scanning electronmicroscopy

Figure 4 SEM images of BMMCs 4 h after culture on the surfaces of samples in the four groups
4 RER FE AN RN T 4 ZLERM R 4 h 5 46 L B A
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® Untreated-Ti = Micro-Ti = Nano-TiO, = Micro/Nano-TiO,

6

Relative proliferation rate

1 3 5 7 9
Time (days)

*: ps. untreated-Ti group, P < 0.05; $: vs. micro-Ti group, P <
0.05. The relative cell proliferation rates of samples in the four
groups increased between days 1-9, and the relative cell prolif-
eration rates of samples in the nano-TiO, group and the micro/
nano-TiO; group significantly increased compared with those in
the untreated-Ti group and the micro-Ti group(P < 0.001) be-
tween days 5-9

Figure 5 The cell proliferation rate of BMMCs cultured

on the samples in the four groups
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OCN & [H 3R 3K 7K P 5%, 5 48 A B 338 5 S e (8. 45

mm Untreated-Ti =3 Micro-Ti 8 Nano-TiO, =8 Micro/Nano-TiO,
10

Relative ALP activity of cells

7 10 14
Time (days)

*; ps. untreated-Ti group, P < 0.05; $: vs. micro-Ti group, P <
0.05; #: vs. nano-TiO, group, P < 0.05. The relative cell prolif-
eration rates of samples in the four groups increased between
days 7-14, and the samples in the micro/nano - TiO, group
gained the highest value on the 14th day

Figure 6 ALP activity of BMMCs cultured on the

samples in the four groups
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Figure 7 Immunofluorescence staining images of BMMCs cultured on the samples in the four groups (X 400)
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Figure 8 mRNA expression levels of various osteogenic transcription factors in the four groups
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