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Abstract To further enhance the biological properties of

acid-etched microrough titanium surfaces, titania nanotex-

tured thin films were produced by simple chemical oxidation,

without significantly altering the existing topographical and

roughness features. The nanotextured layers on titanium

surfaces can be controllably varied by tuning the oxidation

duration time. The oxidation treatment significantly reduced

water contact angles and increased the surface energy com-

pared to the surfaces prior to oxidation. The murine bone

marrow stromal cells (BMSCs) were used to evaluate the

bioactivity. In comparison, oxidative nanopatterning of mi-

crorough titanium surfaces led to improved attachment and

proliferation of BMSCs. The rate of osteoblastic differenti-

ation was also represented by the increased levels of alkaline

phosphatase activity and mineral deposition. These data

indicated that oxidative nanopatterning enhanced the bio-

logical properties of the microrough titanium surfaces by

modulating their surface chemistry and nanotopography.

Based on the proven mechanical interlocking ability of

microtopographies, enhancement of multiple osteoblast

functions attained by this oxidative nanopatterning is

expected to lead to better implant osseointegration in vivo.

1 Introduction

Titanium is extensively used as load-bearing implants due

to its excellent biocompatibility and high mechanical

strength [1]. However, the host tissue response to titanium

implant is not always favorable due to its bioinert nature

with a native oxide layer. It is well-established that the

synthetic titanium oxide layer cannot only enhance the

potential resistance to corrosion [2] but also improve

implant bioactivity [3]. Therefore, it is desirable for tita-

nium implants to form a compact and homogeneous tita-

nium oxide layer on the metal surface through surface

modification techniques.

Besides surface chemistry, surface topography also

plays an important role in deciding the bone-titanium

integration. Since bone tissues are composed of nano-

structures including non-collagenous organic proteins,

fibrillar collagen and hydroxyapatite crystals, nanopat-

terning technology is expected to offer biologically opti-

mized surfaces for implantable materials. In fact,

considerable biological evidence has been established for

the efficacy of titanium implants with nanostructured
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surface created by several methods such as chemical

treatment, anodic oxidation and electron-beam lithography

[4–6]. For instance, the adhesion, proliferation and osteo-

genic differentiation were promoted on titanium surfaces

with a nano-sawtooth structures compared with relatively

smooth titanium surfaces [7]. The titania nanotubes with

bigger dimensions had higher interaction energies, and thus

leading to higher protein adsorption and obvious influences

on cell behaviors [8]. Another advantage of the nanopat-

terning technology would be the potential capability of

forming nanostructures on microrough surfaces with pre-

serving the existing morphology, which may be used to

provide additional or synergistic functionalization of

nanostructures with the benefits of existing microstruc-

tures. There are reports demonstrating the good cell

behaviors on these kinds of hierarchical structured mate-

rials surface. Zhao et al. [9] developed a micro–nano tex-

tured hybrid titanium surface with titania nanotubes by

simple acid etching followed by anodization, which led to

enhancement of multiple osteoblast functions. Ueno et al.

[10] introduced nanopolymorphic features to microrough

titanium surfaces by a combination of sandblasting and

alkali-and heat-treatment and these surfaces significantly

increased the implant fixation and the percentage of bone-

implant contact. Despite some promising results have been

reported, it is still challenging to develop effective methods

for creating hybrid micro–nano textured structures that can

be directly used in clinic.

Chemical oxidation based on mixtures containing

aqueous hydrogen peroxide (H2O2) has been demonstrated

to be a versatile way to create reproducible nanopatterns on

pure Ti and Ti alloy and allow significantly enhanced

cellular response [11]. Besides, varying the acidic (or

basic) component in mixtures containing H2O2 appreciably

changed the nanostructure on Ti surfaces, which have been

demonstrated to exert different influence on the behavior of

various cell types [12]. However, very limited work has

focused on utilizing this oxidative patterning to superim-

pose nanotextures onto microtopography, even though

previous study has revealed its possibility of modulating

the microtopography of titanium surface [13]. In this paper,

micro–nano-hybrid architectures were created by acid

etching titanium surfaces followed by controlled oxidizing

in a H2SO4/H2O2 mixture. Tuning the oxidation duration

time revealed to change the nanopatterns on microrough

titanium surfaces and smear the existing micro-texture to

different extent. Murine bone marrow stromal cells

(BMSCs) were used to probe the additional effect of the

oxidized nanostructures on both initial and subsequent

osteogenic events. We hypothesized that the change in the

surface chemistry and nanotopography of microrough

titanium surfaces would prospectively enhance their bio-

logical properties.

2 Materials and methods

2.1 Controlled chemical oxidation of Ti disks

Pieces of the substrates of 10 9 0.1 mm (diame-

ter 9 thickness) in size were cut from a sheet of biomed-

ical pure titanium, which were obtained according to

standard ASTM (American Society for Testing & Materi-

als) F67-2000 from Baoji Qichen New Material Technol-

ogy Co., Ltd. Titanium substrates were ultrasonically

cleaned with acetone, alcohol and distilled water separately

for 10 min. After being dried in air, samples were etched

for 5 min in a mixture of HF, HNO3 and distilled water.

These acid-etched samples were set as control and desig-

nated as ‘‘pure Ti’’ (pTi). The reaction solution used for

oxidizing was prepared by carefully adding concentrated

H2SO4 (98 %, sigma) to 30 % aqueous H2O2 (sigma) in the

ratio 7:3. The acid-etched titanium substrates were

immersed in the fresh aforementioned solution at 60 �C for

10, 30 and 90 min, and denoted as the Ti-10, Ti-30 and Ti-

90 samples, respectively. The oxidized samples were

thoroughly rinsed with deionized water and air-dried.

2.2 Surface characterization

The surface morphology was examined with a field emis-

sion scanning electron microscopy (Nova NanoSEM430,

FEI, Netherlands). Surface roughness measurements of

samples were made using atomic force microscopy obser-

vations (SPM-9600, SHIMADZU, Japan) over 10 9 10 lm

and 500 nm 9 500 nm area. The chemical structures of the

titanium and oxygen atoms on the surface were analyzed by

XPS (ESCALAB 250, Thermo-VG Scientific,America).

Their spectra were curve-fitted using a computer-assisted

Lorentzian–Gaussian peak model. The binding energy of

the C1s line at 284.5 eV was taken as a reference peak for

calibrating the obtained spectra. The crystalline phases of

the film were studied by X-ray diffractometry (D8

ADVANCE, Bruker, German) operated under the condi-

tions of 40 kV and 40 mA, equipped with a thin-film

attachment on which the glancing angle was fixed at 1�.

2.3 Contact angle measurement for surface energy

The wettability of the samples was determined by the

sessile-drop contact angle method using a contact angle

meter (DIGIDROP, Zeiss, German). To obtain the total

surface energy and its polar/dispersive components, two

solvents, i.e. di-iodomethane and ultrapure water, were

applied. Contact angles for each solvent were measured at

5 s after placing the drop (1 lL drops) at 25 �C and

repeated with five drops. The surface energies were cal-

culated using the Owens–Wendt–Kaeble’s equation:
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where, rL and rS are the liquid surface tension and solid

surface energy, respectively. The final surface energy (rs) is

equal to the sum of its dispersion (rd
S) and polar (r

p
S)

components.

2.4 Cell culture

Murine BMSCs were purchased from ATCC (NO. CRL-

12424). The cells of passage 3–4 were used in the exper-

iments. For adhesion, proliferation and morphology

observation analysis, cells were cultured in Dulbecco’s

modified Eagle’s medium (DMEM) supplemented with

10 % fetal bovine serum (FBS) in a humidified atmosphere

of 5 % CO2 at 37 �C. For differentiation study, the medium

was supplemented with 10 mM Na-b-glycerophosphate,

50 lg/ml ascorbic acid and 10-8 M dexamethasone. The

medium was replaced every two days. The pTi and Ti-30

samples were placed in 48 well plates and the BMSCs were

seeded at a density of 10,000 cells/well for all experiments.

2.5 Cell adhesion and proliferation assay

Cell adhesion was investigated using a commercially

available live/dead assay. After cultivation for 24 h, the

living and dead cells were, respectively, stained with Cal-

cein-AM and Ethidium homodimer (Sigma) for 30 min at

37 �C, and then visualized using a fluorescence microscope

(Olympus, 1X2-ILL 100, Japan). Additional cell prolifer-

ation was quantified. At predetermined time intervals (1, 3

and 5 days), specimens were rinsed with PBS and CCK-8

proliferation kit reagents were added to the specimens.

After 1 h incubation, reagents were carefully transferred to

96-well plates. The optical density was measured using a

microplate reader (Thermo Scientific, Multiscan GO, USA)

at a wavelength of 450 nm.

2.6 Cell morphology observation

After 24 h of culture, cells attached to the disks were

sequentially fixed with 2 % glutaraldehyde and 1 % os-

miumtetroxide and dehydrated using an ascending series of

alcohols. After critical point drying and gold coating, the

morphologies of the cells on titanium surfaces were

observed using SEM.

2.7 Alkaline phosphatase activity and mineralization

assay

The alkaline phosphate (ALP) activity was measured by an

assay based on the hydrolysis of p-nitrophenyl phosphate

(p-NPP) (Sigma-Aldrich, UK) to p-nitrophenol (p-NP) in

the presence of ALP. After cultivation for 4, 7 and 14 days

respectively, the production of pNP was determined by the

absorbance at 405 nm measured using a microplate reader.

The mineralization by the cells was examined by Alizarin

Red S staining. After 14 days of incubation, the cells were

washed three times with PBS and then fixed with 75 %

ethanol for 1 h. The samples were stained using 1 %

Alizarin Red S solution for 5 min and finally washed with

distilled water. Images of stained surfaces were captured by

a digital camera (NikonD3200, Japan). For quantification

of Alizarin Red S, the stained samples were desorbed using

10 % cetylpyridinium chloride (Sigma), and the OD values

for absorbance of the eluent were determined at 620 nm.

2.8 Statistical analysis

The data were collected from four separate experiments

and expressed as mean ± standard deviation. The one-way

ANOVA is employed to test the significance of treatment

effects on cell proliferation and differentiation, where the

ANOVA is implemented using the SPSS 15 statistical

system (SPSS Inc., Chicago IL, USA). Values of P \ 0.05

were considered statistically significant.

3 Results and discussion

3.1 Surface topography

To determine the distributions of nanofeatures on titanium

surfaces with different oxidization time, disks were

observed by SEM. Images of low magnification (see

Online Resource Fig. S1) showed that acid-etched surfaces

after 0, 10 and 30 min of oxidation showed a very similar

microscale stepped-morphology, ranging 0.2–3.0 lm in

edge-to-edge distance (approximately 1 lm on average).

After 90 min of oxidation, the original stepped-morphol-

ogy disappeared and the intergranular corrosion became

prominent, just the same as in [14], which was caused by

the higher chemical reactivity of grain boundary than that

of the grain interior. High-resolution SEM imaging reveals

more details of surfaces (Fig. 1). Nanosheets-like struc-

tures (Fig. 1a) were sparsely distributed on the acid-etched

microtopography. After subsequent oxidization, the sharp

edges were smoothed and different novel nanopatterns

formed on titanium surfaces. When subjected to the oxi-

dation for 10 min (Fig. 1b), the surface revealed a network

characterized by nanopitting. As shown in Fig. 1c, nanopits

were not clearly distinguishable and mesoporous patterns

were presented after 30 min of reaction. For a prolonged

duration of oxidation, i.e. 90 min, the entire surface was

covered by a nanotip-like structure (Fig. 1d). These results
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clearly indicated that micro–nano-hybrid architecture can

be created on titanium surface by controlling the process-

ing time. No exfoliation of layer after sonication confirmed

the stability of nanofeatures created in our short-time oxi-

dation. The nanopatterns obtained in our results were dif-

ferent with the typical sponge-like structure reported by

previous report [15], which might be due to the difference

both in the pretreatment and the processing temperature.

Variola [14] found titanium oxide thickness increased with

the extension of etching time in the H2SO4/H2O2 mixture

until it reached a maximum value. Obviously, this con-

clusion was also applicable to our results.

AFM images of the acid-etched titanium surfaces before

and after oxidation were presented in Fig. 2. Low-magnifi-

cation images (10 lm 9 10 lm) showed that oxidization for

30 min or less did not significantly affect the original micro-

scale stepped-morphology, which might promote bone-to-

implant contact via such mechanisms as mechanical inter-

locking [16]. However, the acid-etched surface after 90 min of

oxidation showed a significant change in morphology. The

sharp ridges of micro-stepped structures became blurry, which

was due to the ‘‘smoothening’’ effect brought about by

chemical dissolution. Surface topography quantification

based on 10 lm 9 10 lm AFM images showed an irregular

reduction in roughness values in relation to the reaction time.

This might be caused by the non-homogeneous distribution of

the irregular micro-stepped morphology. At high magnifica-

tion (500 nm 9 500 nm), the pTi sample showed a compar-

atively smooth morphology at the nanometer scale, and traces

related to acid treatment were the only features observed.

Instead, the oxidative treatment produced morphologies with

ultrafine nanofeatures. The nanofeatures were not consistent

with the results of SEM, which might be relevant to the

technology employed. Rani et al. [17] have demonstrated that

different non-periodic nanostructures, such as nanoscaffold,

nanoleaf, nanoneedle, developed on titanium implants helped

to improve bone integration. Therefore, it was reasonable to

speculate that the nanopatterns added on the microrough

titanium surface in our study would favor positive interaction

with cells.

3.2 Surface wettability and surface energy

The wettability of the surface, indicative of surface energy,

plays an important role in protein adsorption, cell attachment

and spreading [18, 19]. The variation in contact angles of

titanium surfaces was shown in Fig. 3a for different test liq-

uids. Static water contact angle for titanium surfaces reduced

Fig. 1 SEM images (980,000) of acid-etched titanium surfaces oxidized by H2SO4/H2O2 solution for 0 min (a), 10 min (b), 30 min (c) and 90

min (d), respectively
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from 97.5 ± 3.0� to 13.3 ± 4.4� for first 10 min of exposure

time, indicating that the modification process greatly

increased surface wettability. The values did not change sig-

nificantly with longer exposure time, and even slightly higher

values were observed up to 18.2 ± 5.1� and 23.2 ± 6.4� for

Ti-30 and Ti-90 samples respectively. Surface energies of

titanium samples calculated from the contact angles using

Eq. (1) were shown in Fig. 3b with their polar and dispersive

components. It can be seen that all modified samples showed a

dramatic increase in total surface energy. The increase in

surface energy was mainly attributed to its polar component,

which indicates the possibility of introduction of polar groups

onto the surface. In the present study, oxidative nanopattern-

ing could remove possible adsorbates which are typically

present on acid-etched samples and introduce hydroxyl

groups on titanium surfaces, thus leading to improved

hydrophilicity and higher surface energy. Besides, the influ-

ence of surface roughness on the wettability of a solid has been

proposed. According to the Wenzel approach [20], an increase

in the surface roughness should lead to a decrease in the values

of contact angles for hydrophilic surfaces due to the increase

in surface area. Therefore, the higher surface energy of oxi-

dized samples might partly be caused by their increased sur-

face area. The role of surface energy in regulating cell

response to implant surfaces has been studied [21]. In general,

higher surface energy is able to enhance the early cellular

response at the cell-implant interface by adsorbing more

proteins, promoting cell adhesion and spreading [22].

3.3 Surface composition

Chemistry of substrate is an important factor influencing the

osteoblast responses [23]. In our study, the surface composi-

tion of nanostructured titanium surfaces was not significantly

affected by the oxidative treatment. In order to have a sight

into the change of surface chemistry before and after oxida-

tion, Ti2p and O1 s high-resolution XPS spectra (Fig. 4) of

pTi and Ti-30 sample were compared. As shown in Fig. 4a,c, a

characteristic doublet peak located at 459.0 and 464.7 eV is

attributed to Ti4?, showing that TiO2 is the main component of

both oxide layers. Deconvolution of the pTi spectrum revealed

the presence of Ti3? (457.4 and 464.2 eV) and Timetal (454.1

and 460.2 eV), which presumably arise, respectively, from

Ti2O3 and the underlying Ti substrate [15]. Only an intense

Ti4? doublet was detected and suboxides could no longer be

observed on Ti-30, demonstrating that the oxide layer consists

of pure TiO2 after 30 min oxidation. Moreover, the disap-

pearance of Timetal peak in Ti-30 was due to the titania layer

formation, which might be able to act as a diffusion barrier for

preventing or minimizing toxic ion release from the metal

substrates [24], improving the long-term biocompatibility of

metals. We also compared changes in the O1s region between

pTi and Ti-30 samples. Fig. 4b,d shows main peaks close to

530.1 eV and broadenings at 531.5 and 532.7 eV for both

samples, corresponding, respectively, to the binding energies

of atoms involved in Ti–O bonds, OH groups, and adsorbed

H2O. In comparison with the amorphous TiO2 phase or rutile,

the anatase phase of titania has been reported to exhibit better

biocompatibility [25]. Typical diffraction peaks correspond-

ing to metallic titanium (at 40.5� and 53.2�) with (101) and

(102) reflections were present in both XRD patterns (shown in

Online Resource Fig. S2). After oxidization, the diffraction

peaks from the metal substrates were suppressed, as sign of the

increase thickness of the oxide layer. None characteristic peak

of either anatase or rutile phases of TiO2 was detected, indi-

cating that the oxidative nanopatterning process did not alter

the amorphous nature of the native TiO2 layer. With no need of

subsequent calcinations or hot water aging, chemical

Fig. 2 AFM topographies of acid-etched titanium surfaces oxidized

by H2SO4/H2O2 solution for 0 min (a1, a2), 10 min (b1, b2), 30 min

(c1, c2) and 90 min (d1, d2) respectively. Pictures of

10 lm 9 10 lm (top) show the morphology of overall view and

higher magnification of 500 nm 9 500 nm (bottom) displays the

detail of nanostructured surfaces
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oxidation itself can lead to the formation of crystallization of

TiO2. For example, poorly-crystallized anatase films were

produced on titanium surface by Wu et al. [26] after soaking in

15 wt% H2O2 solution at 80 �C for 1 h. It is therefore possible

for crystalline TiO2 being obtained on titanium by elevating

the reaction temperature found in our study.

3.4 Cell adhesion and proliferation assay

In order to verify that oxidative nanopatterning of titanium

surface could improve the osseointegration of microrough

titanium, titanium disks with a 30 min oxidation, set as a

model, were tested for various biological capabilities in

Fig. 3 Variation of contact angles (a) and surface energy component (b) of acid-etched titanium samples oxidized by H2SO4/H2O2 solution for

various time: 0 min, 10 min, 30 min and 90 min

Fig. 4 High-resolution XPS spectra around Ti2p (a, c) and O1s (b, d) of pTi and Ti-30
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comparison with untreated acid-etched titanium disks.

Initial cell adhesion, as an indicator of cytocompatibility, is

an important phenomenon that sets the stage of migrate,

proliferation, and differentiation. Therefore, it is required

that cells firmly and quickly adhere to artificial implants. In

the present study, cell adhesion was assessed using the live/

dead kit. Fig. 5a and 5b shows fluorescent images of

BMSCs after 24 h of culturing on the pTi and Ti-30 sur-

faces, respectively. In contrast, more viable cells were

observed to attach on the Ti-30, which suggests a good

affinity for nanostructured titanium oxide layer. Very few

dead cells were present on both materials. Furthermore,

closer inspection of cells on Ti-30 surfaces reveals a nor-

mal polygonal morphology, suggesting that cell spread was

expedited remarkably on the nanopatterned surfaces.

Higher adhesion on the surface does not necessarily sug-

gest that the cells are viable and functional. Thus, the cell

viability was assessed using the CCK-8 assay. The prolif-

eration of BMSCs cells on micro-and micro/nano-textured

Ti was investigated at days 1, 3 and 5 (Fig. 5c). BMSCs

proliferation was observed to increase throughout the

incubation period on both specimens. There was no sig-

nificant difference after 3 days of culture between pTi and

Ti-30. However, on the culture periods of 1 and 5 days, the

cell numbers on pTi were remarkably lower (p \ 0.05)

than those on the Ti-30 samples. These results demon-

strated the stimulatory effect of titania nanotextured layer

on BMSCs adhesion and proliferation. Similar results were

reported by [27]. One possible explanation is that the

increased surface area created by nanopatterning might

enhance protein adsorption [28], which then secondarily

promotes initial adhesion of cells. Furthermore, BMSCs

cells reportedly prefer hydrophilic surfaces rather than

hydrophobic surfaces [29]. Thus, the combination of sur-

face morphology and chemistry, which represents surface

energy, might be responsible for the improved initial cell

behavior.

3.5 Cell Morphology

Cells are inherently sensitive to their surrounding micro-

environments, such as bio-chemical signals and surface

topography of the materials [30]. It is generally accepted

that cells use filopodia for spatial sensing in their move-

ment and spread on structured surfaces. Figure. 6 shows

the morphology of BMSCs cells on pTi and Ti-30 discs

after culturing for 24 h. A greater number of initial

adherent cells were observed on Ti-30 surfaces than on pTi

samples (Fig. 6a,e). Besides, the BMSCs displayed dra-

matically different shapes related to the nanotopography of

the substrate. Most cells on the pTi surface showed an

elongated form and stretched less filopodia and cell bodies

appeared to stand off the surface (Fig. 6b,c). Whereas, the

cells attached on the Ti-30 were flattened and showed a

Fig. 5 Fluorescence

micrographs (9100) of live/

dead dye-stained murine

BMSCs after 24 h of cultivation

on pTi (a) and Ti-30 (b). Live

cells appear green whilst dead

cells are stained red. BMSCs

proliferation measured using

CCK-8 after incubation for 1, 3

and 5 days (c) (n = 4,

*P \ 0.05 compared with pTi)
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Fig. 6 SEM pictures showing the morphology of cells after 24 h of

culture on pTi (a–d) and Ti-30 (e–h) samples. Pictures of a low

magnification of 9200 (a, e) show the overall view. Pictures of

92,000 (b, f) show the morphology of single cells and those of higher

magnification (c, g , d, h) (910,000, 980,000) display the detail of

cell interaction with the nanotextured layer

Fig. 7 ALP activity of BMSCs cells cultured on pTi and Ti-30 within

different periods (a). Calcium deposition status of cells was assayed

using colorimetrically quantitative analysis (b) (n = 4, *p \ 0.05

versus pTi group) and optical images stained with Alizarin Red for

the pTi surface (c) and Ti-30 (d) after culturing for 14 days
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polygonal shape with more filopodia (Fig. 6f). In addition,

a great number of long and small diameter cytoplasmatic

prolongations appeared on Ti-30 surface and spread in all

directions (Fig. 6g). The higher magnification picture

(Fig. 6h) discloses that the cellular filopodia tightly

anchored to the nanostructured layer created by oxidative

treatment, which was similar to results found in the liter-

ature [31]. The different cell adhesion morphologies

demonstrated that addition of nanostructured titania layer

to microrough titanium surface was beneficial for cell

adhesion. The enhancement of cell adhesion on Ti-30

surface in the early stages (24 h) might be due to that

nanofeature range not only facilitates formation of focal

adhesions [32] but also contributes to provide anchorage

for cells. Brammer et al. [33] reported that the nanotube

layers could increase cell to cell interactions because of the

nanoscale cues. In our results, spreading more filopodias on

nanoneedle-structured surface seemed to exhibit the trend.

3.6 Osteogenic differentiation activity

The alkaline phosphatase and calcium deposition assays are

commonly used to evaluate osteogenic differentiation in

various cells. Quantitative results (Fig. 7a) at 4, 7 and 14 days

confirmed that the cellular ALP activity increased with

increasing culture time on both titanium discs. After 7 days of

culture, BMSCs grown on Ti-30 substrates displayed signifi-

cantly higher (P = 0.004) ALP activity than that on pTi sur-

faces. Mineralization of BMSCs was evaluated by alizarin red

staining, a simple and convenient method for detecting cal-

cium mineral deposition for assaying relative osteogenic dif-

ferentiation. Fig. 7 (b–d) showed the semi-quantification and

alizarin red staining for BMSCs cultured on the experimental

surfaces after 14 days incubation. Significantly higher min-

eralization was detected in cells cultured on Ti-30 surfaces

than the pTi groups. Taken together, these data indicated that

osteogenic differentiation of BMSCs was accelerated on the

nanostructured titanium substrates. Many authors have pre-

sented data showing the positive effects of nanopatterned

surfaces on cell behavior, particularly related to osteogenesis

[34, 35]. Besides surface topography, surface chemistry and

wettability also play a vital role in regulating cell behavior.

However, it is difficult to distinguish the effect of these indi-

vidual surface properties on cell response since they are

directly connected. As to the detailed mechanisms of the

promoting effect of nanofeatures on BMSCs differentiation

on titanium surface, further studies are needed.

4 Conclusions

This study has established the feasibility of creating titania

nanostructured films on microrough titanium surfaces by

chemical oxidation to enhance their biological properties

without significantly altering their surface morphology. The

nanostructured layers obtained by oxidation could be well

controlled by the adjustment of duration time. An increase in

the attachment, spreading behavior, proliferation, and differ-

entiation of BMSCs was observed on micro–nano textured

titanium oxidized surfaces. Therefore, this oxidative nano-

functionalization of microtopographical titanium has potential

as an effective way to improve bone-titanium integration

in vivo.
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