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A B S T R A C T   

Surface structures and physicochemical properties critically influence osseointegration of titanium (Ti) implants. 
Previous studies have shown that the surface with both micro- and nanoscale roughness may provide multiple 
features comparable to cell dimensions and thus efficiently regulate cell-material interaction. However, less 
attention has been made to further optimize the physicochemical properties (e.g., crystalline phase) and to 
further improve the bioactivity of micro/nanostructured surfaces. Herein, micro/nanostructured titania surfaces 
with different crystalline phases (amorphous, anatase and anatase/rutile) were prepared and hydroxyapatite 
(HA) nanorods were deposited onto the as-prepared surfaces by a spin-assisted layer-by-layer assembly method 
without greatly altering the initial multi-scale morphology and wettability. The effects of crystalline phase, 
chemical composition and wettability on osteoblast response were investigated. It is noted that all the micro/ 
nanostructured surfaces with/without HA modification presented superamphiphilic. The activities of MC3T3-E1 
cells suggested that the proliferation trend on the micro/nanostructured surfaces was greatly influenced by 
different crystalline phases, and the highest proliferation rate was obtained on the anatase/rutile surface, fol
lowed by the anatase; but the cell differentiation and extracellular matrix mineralization were almost the same 
among them. After ultrathin HA modification on the micro/nanostructured surfaces with different crystalline 
phases, it exhibited similar proliferation trend as the original surfaces; however, the cell differentiation and 
extracellular matrix mineralization were significantly improved. The results indicate that the introduction of 
ultrathin HA to the micro/nanostructured surfaces with optimized crystalline phase benefits cell proliferation, 
differentiation and maturation, which suggests a favorable biomimetic microenvironment and provides the 
potential for enhanced implant osseointegration in vivo.   

1. Introduction 

Titanium and its alloys have been commonly used for hard tissue 
replacements including dental implants, artificial bones and joints, 
owing to their favorable biocompatibility, suitable mechanical proper
ties and high corrosion resistance [1,2]. However, the mechanically 
polished Ti surface is bioinert and it is normally encapsulated by fibrous 
tissues, leading to implantation failure [1,2]. As a consequence, it is 
necessary to modify the surface physicochemical properties of Ti 

implants, such as morphology, composition and wettability to enable 
favorable bioactivity and biocompatibility [1,2]. Natural bone is a hi
erarchical hybrid organization composed of macro-, micro- and 
nano-scale structures, and such a hierarchically assembled tissue is to 
realize diverse mechanical, biological and chemical roles [3]. From the 
viewpoint of bionics, a multi-level structure on implants comprised both 
micro- and nano-scale features tends to benefit the expressions of cell 
functions because cell-material interaction occurs across multiple length 
scales during bone remodeling [3]. Several works have intended to 
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examine the influence of micro/nanostructures on osteoblast or stem 
cell response [4–9], but in some cases, incompatible results of specific 
cell functions were obtained [5–8]. For instance, Zhao et al. prepared a 
micro/nano-textured surface composed of micropitted and nanotubular 
TiO2 structures via acid etching and anodization, and it is observed that 
the proliferation, ALP activity and extracellular matrix mineralization of 
primary rat calvarial osteoblasts on certain micro/nano-textured sur
faces were somewhat maintained or promoted when compared to those 
on smooth surfaces [5]. Gittens et al. used a simple oxidation treatment 
to generate nanoscale protuberances on micro-/submicro-scale rough
ness, and noted that the expression and secretion of osteocalcin, osteo
protegerin, and vascular endothelial growth factor of MG63 cells were 
greatly enhanced compared with those on smooth surfaces, but the 
proliferation was obviously reduced [6]. From the comparison of their 
reports, the different cell activities are closely related to various factors, 
such as surface morphology, wettability, crystalline phase of TiO2 as 
well as cell origins. A number of studies have concerned the construction 
of specific surface morphology and wettability of micro/nanostructures 
over the recent years [4–7,10], however, few works have addressed the 
effect of oxide crystalline phase of micro/nanostructured surfaces on cell 
response up to now. 

Previous studies have indicated that the crystalline phase of TiO2 
plays a vital role in regulating cell activities [11–15]. Oh et al. observed 
that the proliferation and ALP activity of MC3T3-E1 cells were accel
erated on TiO2 nanotubes with anatase phase compared with them on 
amorphous nanotubes [11]. Yu et al. reported that the crystallized TiO2 
nanotubes (anatase or anatase/rutile) displayed significantly higher 
proliferation and mineralization of MC3T3-E1 cells than amorphous 
nanotubes, and notably, the anatase/rutile presented slightly better 
performance in promoting cell proliferation and mineralization than the 
anatase [12]. He et al. prepared TiO2 films with three different crys
talline phases (amorphous, anatase and rutile) via magnetron sputter
ing, and showed that the adhesion, proliferation and ALP activity of 
primary rat osteoblasts were obviously improved on the anatase 
compared to them on the amorphous and rutile, but there was no dif
ference in biological effects between the amorphous and rutile [13]. 
According to the above reports, it is clear that the crystalline phase of 
TiO2 strongly influences the cell activities on the surfaces with similar 
morphology and roughness, even though the present results are 
controversial and inconsistent. Therefore, it is necessary to elucidate the 
relationship between crystalline phase and osteoblast response, which 
would help optimize the bioactivity of micro/nanostructured surfaces. 

HA is proved to be a kind of bioactive ceramics and it possesses 
osteoconductivity as well as intrinsic osteoinductive potential [16–19]. 
It is noted that HA is able to support osteoblast adhesion, differentiation 
in vitro and directly bond to bone without forming an intermediate 
fibrous tissue layer at the material-bone interface in vivo [20]. Although 
the precise mechanism of stimulation is still unclear, the bioactivity of 
HA is probably associated with the dissolution, precipitation and ion 
exchange process occurred under the physiological conditions [16,20]. 
A number of works have focused on preparations of HA or HA-contained 
coatings on Ti surfaces, and their results presented that HA-deposited Ti 
surfaces can markedly improve cell or tissue activity [19,21–23]. 
Furthermore, the HA-modified Ti implants mostly via thermal spraying 
have achieved clinical applications in the last decades [24,25], however, 
there are some disadvantages that include thermal decomposition of the 
HA powders during spraying, the inability to regulate pore sizes and 
porosity in hierarchical dimensions, and the difficulty to prepare coat
ings of less than ~20 μm thickness [25]. Hence, it is still needed to 
develop some new or combined methods to properly apply HA as a 
coating or as a component to tailor Ti surface concerning the osseoin
tegration capability. Herein, the hypothesis is that the combination of 
nanoscale HA with hierarchical hybrid TiO2 of crystallized layer on Ti 
substrate may be an alternative to better mimic the structure and 
composition of natural bone, and to satisfy the requirements of remod
eling processes where osteoblast occupies the hierarchical structural 

complexity to secrete and deposit unmineralized bone matrix [26]. To 
our knowledge, the combined effects of ultrathin film of nanoscale HA 
and micro/nanostructured surfaces on osteoblast response is rarely re
ported yet. 

In this study, the relationship between crystalline phase of micro/ 
nanostructured surfaces and osteoblast activities was systematically 
investigated. The surface structure and properties were optimized to 
favor the multiple cell functions of osteoblasts. Additionally, in order to 
endow the Ti surfaces with promoted bioactivity, an ultrathin film of HA 
nanorods were deposited onto the micro/nanostructured surfaces with 
different crystalline phases, but some certain physicochemical proper
ties (e.g., morphology and wettability) of the initial micro/nano
structured surfaces were well retained, whose influence on cell response 
was elucidated as well. The HA-modified micro/nanostructured surfaces 
with proper crystalline phase are expected to provide a biomimetic 
microenvironment for cell or tissue ingrowth and thus improve the 
bioactivity and biocompatibility of Ti implants. 

2. Materials and methods 

2.1. Preparation of samples 

Pure titanium discs (15 mm in diameter and 2 mm in thickness) were 
carefully polished by SiC sandpapers, and then followed by ultrasonic 
cleaning with acetone, anhydrous ethanol and distilled water for 10 min, 
respectively. To construct a micropitted/nanospongelike structured 
surface, the Ti substrates were immersed in a mixed acid solution 
composed of 48% H2SO4 and 18% HCl for 1 h at 75 ◦C, and then elec
trochemically anodized in an ethylene glycol solution containing 0.3 wt 
% NH4F and 0.2 wt% H2O2 at 50 V for 30 min (designated as MS). The 
different crystalline phases of the micropitted/nanospongelike struc
tured surface were obtained by annealing the samples in air at 450 ◦C, 
550 ◦C or 650 ◦C for 2 h (designated as MS-450, MS-550 or MS-650, 
respectively). 

The deposition of calcium phosphate (CaP) onto the above con
structed surfaces was carried out by a spin-assisted layer-by-layer as
sembly technique (designated as MS-HA, MS-450-HA and MS-550-HA). 
A droplet (120 μL) of saturated Ca(OH)2 solution was first dropped onto 
the samples and rotated at a speed of 3000 rpm for 40 s. Then, a droplet 
(120 μL) of 0.02 M (NH4)2HPO4 solution was dropped onto the pre
coated samples and rotated in the same manner. The alternating spin- 
assisted assembly procedure was repeated until 20 cycles. Finally, the 
samples were rinsed by distilled water and air-dried. 

2.2. Surface characterization 

The surface morphology of the prepared samples was observed using 
a field-emission scanning electron microscope (FESEM; Hitachi S4800, 
Japan). The crystalline phase of the samples was evaluated using an X- 
ray diffractometer (XRD; PANalytical X’pert PRO, Holand) with a Cu-Kα 
radiation source at 40 kV and 30 mA. The crystallinity (Xc) of HA was 
calculated according to the following equation: Xc = 1 – (V112/300/I300), 
where V112/300 represents the intensity of the hollow between peak 
(112) and peak (300) diffraction peaks, and I300 represents the intensity 
of the peak (300) [27]. Surface atomic concentration was obtained using 
an X-ray photoelectron spectroscopy (PHI Quantum 2000 XPS, USA) 
with a monochromatic Al-Kα source and a charge neutralizer. The 
binding energies of the elements were calibrated according to the 
binding energy of carbon (C1s = 285.0 eV). Surface roughness (Ra) at the 
microscale features was determined by using a three-dimensional laser 
scanning confocal microscope (LSCM, VK-X100/X200, Keyence, Japan). 

2.3. Contact angle measurement 

Contact angles of the prepared samples were measured using a 
contact angle measuring system (Kruss DSA100, Germany). The liquid 
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droplet of distilled water, ethylene glycol, diiodomethane or n-hex
adecane, with a volume of 3 μL, was dropped onto each substrate and 
then the captured image was analyzed with the image analysis software 
to determine the contact angle of air-liquid-substrate interface. Three 
samples were measured for each prepared group. 

2.4. Calcium ion release 

To determine Ca2+ ion release, the HA-modified sample was 
immersed in 2.5 mL PBS and placed in cell culture incubator at 37 ◦C. At 
the predetermined time points, the supernatant was totally collected and 
stored at 4 ◦C. The volume of collected supernatant was diluted and the 
concentration of Ca2+ ion was detected by ICP-OES spectrometer (iCAP 
7000, Thermo Scientific, US). 

2.5. Protein adsorption assay 

A drop size of 1 mL α-MEM (Minimum Essential Medium Eagle, alpha 
modification) supplemented with 10% fetal bovine serum (FBS) was 
added onto each titanium sample. After incubation for 2 h at 37 ◦C, the 
samples were transferred to another 24-well plate and washed with PBS 
thrice. Afterward, the adsorbed protein on the sample was detached by 
adding 500 μL of 1% sodium dodecyl sulfate (SDS) and the protein 
amount was quantified using a BCA protein assay kit (Applygen Tech
nologies Inc, China). 

2.6. In vitro cell culture 

MC3T3-E1 pre-osteoblastic cells were used to compare cell response 
to the different substrates. The cells were cultured in α-MEM containing 
10% fetal bovine serum (FBS), 100 units/mL penicillin and 100 μg/mL 
streptomycin, and incubated under a humidified atmosphere with 5% 
CO2 at 37 ◦C. When nearly reaching 90% of confluence, the cells were 
harvested with 0.25% trypsin for subsequent assays. After sterilized by 
75% alcohol for 1 h, the samples were put into a 24-well plate and 
covered by cell suspension with a density of 2 × 104 cells/well. To 
evaluate cell adhesion, cytotoxicity, morphology and proliferation, cells 
were cultured in a growth medium; while for the osteoblast differenti
ation assays, the cells were cultured in a growth medium supplemented 
with 50 μg/mL of L-ascorbic acid and 10 mM of β-glycerophosphate 
sodium. The culture medium was replaced every other day. 

2.7. Lactate dehydrogenase activity assay 

The lactate dehydrogenase (LDH) activity was measured to show the 
potential cytotoxicity of the samples. After incubation for 24 h, the 
culture medium of each sample was collected and centrifuged. The su
pernatant was analyzed to determine the amount of lactate dehydro
genase leakage of MC3T3-E1 cells into the culture medium using an LDH 
kit (Nanjing Jiancheng Bioengineering Institute, China) according to the 
manufacturer’s instructions. 

2.8. Cell morphology 

After 1 day and 14 days of incubation, the cells grown on the samples 
were rinsed twice with phosphate buffer saline (PBS), fixed with 2.5% 
glutaraldehyde at 4 ◦C for 2 h and dehydrated in a graded series of 
ethanol (30%, 50%, 70%, 90% and 100%). After that, the samples were 
dried in a freeze dryer (Eyela FDU-1200, Tokyo Rikakikai, Japan) and 
then sputtered with platinum for SEM observation. In addition, the cell 
morphology was also observed after Calcein-AM (Sigma) staining, under 
a fluorescence microscope (TCS SP8, Leica, Germany). 

2.9. Cell proliferation 

Cell proliferation was evaluated by MTT assay. After 1, 4 and 7 days 

of cell culture, 200 μL of 5 mg/mL MTT solution was added to each 
sample and incubated at 37 ◦C to form insoluble formazan crystals. Then 
the MTT-containing medium was removed and replaced with 1 mL of 
dimethyl sulfoxide to dissolve formazan. The optical density (OD) at 
490 nm was measured by using a microplate reader (Tecan Infinite 
M200, Switzerland). 

2.10. Alkaline phosphatase activity assay 

Alkaline phosphatase (ALP) activity was determined to evaluate the 
early-stage differentiation of MC3T3-E1 cells. After incubation for 7 and 
14 days, the cells on the samples were rinsed thrice with PBS and lysed 
with 500 μL of 0.2% Triton X-100. The absorbance at 520 nm was 
measured using an ALP assay kit (Nanjing Jiancheng Bioengineering 
Institute, China) according to the manufacturer’s instructions. Intra
cellular protein content was determined by BCA protein assay and the 
ALP activity was normalized to it. 

2.11. Collagen secretion assay 

Collagen secretion from the MC3T3-E1 cells was evaluated by Sirius 
Red staining. After incubation for 7 and 14 days, cells on the samples 
were fixed with 4% paraformaldehyde for 1 h and stained with 0.1% 
Sirius Red in saturated picric acid for 18 h. Afterward, the stained 
samples were washed with 0.1 M acetic acid, dried in air and imaged 
under an optical microscope. For quantitative analysis, each stained 
sample was eluted in 1 mL of mixed solution composed of 0.2 M NaOH 
and methanol (1:1), and the absorbance at 528 nm was measured using a 
microplate reader. 

2.12. Extracellular matrix mineralization assay 

The matrix mineralization of the cells was analyzed by SEM obser
vation and calcium content assay. After incubation for 14 days, cells on 
the samples were fixed with 2.5% glutaraldehyde, dehydrated in a 
graded series of ethanol and freeze-dried for SEM observation. For 
quantitative analysis, the samples were immersed in 1 M acetic acid and 
gently shaken overnight. Afterward, the solution was collected and 
determined for calcium content by a calcium assay kit (Nanjing Jian
cheng Bioengineering Institute, China) according to the manufacturer’s 
instructions. The absorbance at 610 nm was measured using a micro
plate reader. Additionally, the calcium content of the HA on the MS-HA, 
MS-450-HA and MS-550-HA was quantified as well to avoid the 
interference. 

2.13. Statistical analysis 

The data were expressed as mean values ± standard deviations (SD) 
and compared via one-way variance analysis (ANOVA) with SPSS 11.0 
software. A value of p < 0.05 was considered to be statistically 
significant. 

3. Results and discussion 

3.1. Morphology and composition analysis 

As shown in Fig. 1, a hierarchical hybrid structure composed of 
micropitted and nanospongelike TiO2 was constructed on Ti surface via 
a combined treatment of dual-acid etching and electrochemical anod
ization. In order to obtain different crystalline phases of TiO2, the Ti 
substrates with micro/nanostructured surfaces were annealed at 
different temperatures. It is noteworthy that the micropitted features 
were well preserved without discernible changes at different annealing 
temperatures, whose pore size fell in the range of 1–12 μm (with similar 
mean values), but the nanospongelike structures were moderately 
altered, even the pore sizes similarly ranged between 15 nm and 200 nm, 
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as shown in Fig. S1 and Table S1. Notably, the nanoporous wall on MS 
was smooth, with a wall thickness of 20.04 ± 5.48 nm, however, after 
annealed at 450 ◦C, the wall on MS-450 became slightly rough and small 
protrusions appeared on it, with a wall thickness slightly increased to 
21.86 ± 4.08 nm. After annealed at 550 ◦C, the protrusions on the wall 
grew larger and the wall was thickened to 25.26 ± 5.23 nm. Following 
annealed at 650 ◦C, besides the wall was further thickened to 29.27 ±
5.39 nm, parts of the nanospongelike structure collapsed and some 
protrusions coalesced into coarser and larger grains over the nanoscale 
structure. The changes in surface morphology of nanospongelike struc
ture were due to the fact that the calcination enabled the nanosponge
like TiO2 to nucleate, emerge through porous structure when the 
temperature increased [28]. In order to retain the micro/nanostructured 
surface well, in the following parts, we used the samples calcined at 
450 ◦C or 550 ◦C to compare the relationship between surface physi
cochemical properties (e.g., crystalline phase and wettability) and cell 
response. 

The ultrathin film of CaP nanorods were deposited onto the micro/ 
nanostructured surface via a spin-assisted layer-by-layer assembly 
method. As shown in Fig. S2A, small CaP grains appeared on the 
nanoporous structure when the substrates were exposed to 5 cycles of 
assembly. With the number of cycles increased to 10, the CaP grains 
were augmented and a portion of them appeared needle-like. After 15 
cycles of assembly, the CaP compounds continued to deposit and turned 
into a nanorod-like shape. After 20 cycles, the CaP nanorods became 
slightly coalesced and elongated. 

To confirm the chemical and structural properties, the CaP deposits 
were scraped off for XRD and FTIR measurements. It is clear that the 
diffraction of CaP deposits was comparable to the reference data of HA 
(JCPDS 86–0740) with a degree of crystallinity of 35%, and no sec
ondary phases were measured, as shown in Fig. S2B. From the FTIR 
spectrum (Fig. S2C), the CaP deposits comprised carbonated HA. Besides 
the bands (1641 cm− 1 and 3405 cm− 1) of incorporated water molecules, 
the bands at 633 cm− 1 and 3570 cm− 1 were typical stretching and 
librational modes of –OH groups in HA [29]. The bands at 470 cm− 1 was 
associated with the bending vibration (ν2) of PO4

3− groups [29,30]. The 
bands at 564 cm− 1 and 603 cm− 1 reflected the bending vibrations (ν4) of 
PO4

3− groups [29,30]. The bands at 1033 cm− 1 and 1091 cm− 1 were 
assigned to antisymmetric stretching vibrations (ν3) of PO4

3− groups 
[29]. The band at 962 cm− 1 was derived from symmetric stretching (ν1) 
of PO4

3− groups [30]. Additionally, the bands at 879 cm− 1 and 1454 
cm− 1 were attributed to the vibrations (ν2 and ν3) of CO3

2− groups [29, 
30], indicating that the CaP deposits were carbonated HA. Hence, the 
results of XRD and FTIR measurements confirm that the CaP nanorods 
are composed of carbonated HA. 

In order to improve the bioactivity of different crystalline phases, the 
HA nanorods were prepared on the MS, MS-450 and MS-550 samples via 
20 cycles of deposition to obtain the HA-modified micro/nanostructured 
surfaces, namely MS-HA, MS-450-HA and MS-550-HA, respectively. 
Fig. 2 shows the representative morphology of the different samples 
with/without HA. It is evident that the HA nanorods appeared perpen
dicular to the surface and moderately changed the nanoporous 

Fig. 1. SEM images of different Ti samples after calcination at different temperatures: (a) MS, (b) MS-450, (c) MS-550 and (d) MS-650. Parts a2− d2 are high- 
magnification images of the samples in a1–d1, respectively, parts a3− d3 are high-magnification images of the samples in parts a2–d2, respectively, and parts 
a4− d4 are high-magnification images of the samples in a3–d3, respectively. 
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structure; however, the surface morphology at the microscale features 
was well preserved, with an average value of surface roughness (Ra) 
ranging from 2.16 ± 0.29 μm to 2.39 ± 0.36 μm for the different samples 
(Table 1). 

The XRD analysis was used to identify the crystalline phases and 
chemical composition of the prepared samples with/without HA depo
sition. As shown in Fig. 3A, all the samples displayed typical α-Ti 
diffraction peaks. For the MS and MS-HA, they yielded the diffraction 
peaks of TiH2 (41◦, 59.3◦), which was resulted from the fact that the acid 
etching caused the evolved hydrogen to react with the Ti [31]. However, 
after annealing at 450 ◦C or 550 ◦C, the TiH2 was decomposed by heat 
treatment. For MS-450 and MS-450-HA, the diffraction peaks of anatase 
(25.2◦, 48◦) were detected. Besides the diffraction peaks of anatase, 
additional diffraction peaks of rutile (27.6◦) were observed on MS-550 
and MS-550-HA. It is noteworthy that MS-HA, MS-450-HA and 
MS-550-HA did not display the characteristic peaks of HA, because the 
amount of the HA nanorods on each sample was not enough to induce 
the diffraction. 

Raman spectroscopy was used to characterize chemical composition 
of the prepared samples as well. As shown in Fig. 3B, C, MS did not show 
any active Raman modes because of the amorphous nature of TiO2. In 
contrast, both of MS-450 and MS-550 samples displayed five active 
Raman modes of anatase, namely three Eg modes at 144 cm− 1, 196 cm− 1 

and 639 cm− 1, an overlapping A1g/B1g doublet at 513/519 cm− 1 as well 
as a B1g mode at 397 cm− 1 [32]. Besides the Raman modes of anatase, 
MS-550 and MS-550-HA also exhibited a weak Raman mode of rutile at 
447 cm− 1 [32], indicating that TiO2 on the surfaces were composed of 

mixed phases, mainly anatase and rutile. After HA modification, MS-HA, 
MS-450-HA and MS-550-HA yielded an additional Raman mode at 960 
cm− 1, which was assigned to the symmetric stretching of PO4

3− groups 
(ν1) in HA [33]. In short, the results of Raman spectroscopy are 
consistent with the characterization of XRD and FTIR measurements. 

The chemical composition of the prepared surfaces was character
ized by XPS analysis. The XPS spectra and the corresponding element 
concentrations were listed in Fig. S3 and Table 2, respectively. As shown 
in Fig. S3, all the samples contained Ti, O and C. The Ti and O elements 
were assigned to TiO2, and the O was also related with HA, whereas the 
C element was mainly related to adventitious hydrocarbon during the 
measurement. There were F and N elements detected on MS surface, 
which was associated with the residual fluoride and ammonium from 
the electrolyte. After annealing, the peaks of F or N disappeared on MS- 
450 and MS-550, because of the decomposition of the residues caused by 
calcination. After HA modification, the characteristic peaks of Ca and P 
elements appeared on the MS-HA, MS-450-HA and MS-550-HA samples. 
It is noteworthy that compared with MS, MS-HA had a lower concen
tration (~1.77 at%) of F element and negligible concentration (~0 at%) 
of N element, which were owing to the fact that the HA partially covered 
the TiO2 surface and reduced the exposure area of oxides. 

3.2. Surface wettability 

Surface wettability was evaluated by sessile drop method and the 
contact angles of different liquids were listed in Table 3. Water droplet 
rapidly spread and wetted the micro/nanostructured surfaces of all the 
samples once added, and notably, the values of static contact angles 
were <5◦, indicating the superhydrophilicity. As to diiodomethane, it is 
evident that the values of static contact angles were <5◦ as well for all 
the samples, revealing the superoleophilicity. Additionally, the similar 
results were obtained by measuring the contact angles of ethylene glycol 
and n-hexadecane. Hence, all the prepared samples were super
amphiphilic, which were associated with the surface structures. The 
hierarchical micro/nanostructures on Ti surfaces greatly improved the 
surface roughness and capillary forces, inducing the rapid permeation of 

Fig. 2. SEM images of different Ti samples: (a) MS, (b) MS-HA, (c) MS-450, (d) MS-450-HA, (e) MS-550 and (f) MS-550-HA. Parts a2− f2 are high-magnification 
images of the samples in a1–f1, respectively. 

Table 1 
The mean values (with ±1 SD error bars) of the microscale roughness (Ra) from 
different samples.   

Ra (μm)  Ra (μm) 

MS 2.21 ± 0.13 MS-HA 2.22 ± 0.27 
MS-450 2.16 ± 0.29 MS-450-HA 2.23 ± 0.39 
MS-550 2.32 ± 0.25 MS-550-HA 2.39 ± 0.36  
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liquids into the porous structures [34]. 

3.3. Calcium ion release 

The release profiles of Ca2+ ion was measured, as shown in Fig. 4. It is 
noted that Ca2+ ion was released much faster during the first 5 days for 
all the HA-modified samples, with the cumulative amounts of 21.45 mg/ 
L, 36.25 mg/L, and 42.27 mg/L for MS-HA, MS-450-HA and MS-550-HA, 
respectilvely. After that, the steady release of Ca2+ ion was detected for 

all the groups, and by day 14, the amounts were 30.75 mg/L, 39.49 mg/ 
L and 46.21 mg/L for MS-HA, MS-450-HA and MS-550-HA, respectively. 
The release kinetics of MS-450-HA and MS-550-HA were similar, where 
the daily release decreased faster with time than that of MS-HA. 

3.4. Protein adsorption 

Protein adsorption onto implant surfaces immediately occurs upon 
implantation of biomaterials and it significantly influences the cell 
adhesion and growth [2]. Therefore, to better mimic the 
material-protein interaction under cell culture condition, the different 
samples were immersed in α-MEM containing 10% FBS, and the amount 
of adsorbed proteins was measured. As shown in Fig. 5A, a similar 
amount of protein adsorption was discerned on all the samples without 
appreciable differences, although the average protein amounts adsorbed 
on MS, MS-550 and MS-550-HA were slightly higher than those on 
MS-HA, MS-450 and MS-450-HA. 

Fig. 3. (A) XRD patterns of different Ti samples: (a) MS, (b) MS-HA, (c) MS-450, (d) MS-450-HA, (e) MS-550 and (f) MS-550-HA. (B) Raman patterns of different Ti 
samples without HA modification: (a) MS, (b) MS-450, (C) MS-550. (C) Raman patterns of different Ti samples with HA modification: (a) MS-HA, (b) MS-450-HA, (c) 
MS-550-HA. 

Table 2 
The values of element concentrations according to the XPS results.   

Element (atom.%) 

Ti O C F N Ca P 

MS 23.29 46.99 25.46 3.32 0.94 – – 
MS-450 30.05 55.52 14.44 – – – – 
MS-550 29.83 55.06 15.11 – – – – 
MS-HA 4.63 55.81 16.02 1.77 – 12.21 9.56 
MS-450-HA 2.65 57.18 15.33 – – 13.71 11.14 
MS-550-HA 4.80 56.81 14.67 – – 13.33 10.39  

Table 3 
The values of contact angle of different Ti samples.   

Distilled 
water 

Ethylene 
glycol 

Diiodomethane n- 
Hexadecane 

Contact angle (deg.◦) 

MS <5 <5 <5 <5 
MS-HA <5 <5 <5 <5 
MS-450 <5 <5 <5 <5 
MS-450- 

HA 
<5 <5 <5 <5 

MS-550 <5 <5 <5 <5 
MS-550- 

HA 
<5 <5 <5 <5  

Fig. 4. The cumulative release of Ca2+ ion: (a) MS-HA, (b) MS-450-HA and (c) 
MS-550-HA. 
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3.5. Cytotoxicity assay 

The release of lactate dehydrogenase (LDH) can disclose the cyto
toxicity of the prepared samples towards the living cells. Fig. 5B presents 
the amount of LDH leakage of cells into the culture medium after in
cubation for 24 h. MS and MS-450 exhibited no appreciable difference in 
LDH activity between them although the latter showed a slightly lower 
value than the former. However, MS-550 displayed a significantly lower 
LDH activity than MS. After HA modification, the samples with HA 
achieved a maintained or slightly increased LDH activity than the 
respective samples without HA. It is clear that MS-450-HA and MS-550- 
HA marginally enhanced the LDH activity compared to MS-450 and MS- 
550, respectively, but the difference was negligible. The results 
demonstrate that the HA-modified micro/nanostructured surfaces did 
not cause the cytotoxicity towards the cells. 

3.6. Cell morphology 

The morphology of cells adhered to different samples after 24-h 

incubation was observed by SEM and fluorescence staining. As shown in 
Fig. 6, cells exhibited polygonal spreading on all the samples, and the 
filopodia as well as lamellipodia appeared to extend into the porous 
structures. It is interesting to note that cells on MS-450, MS-450-HA, MS- 
550 and MS-550-HA showed slightly more spread than cells on MS and 
MS-HA, indicating the better cell extensions on the former four samples. 
The similar adhesion morphology of cells on different samples was also 
discerned by fluorescence staining (Fig. S4). Previous reports have 
stated that surface topography of the substrates obviously influences cell 
adhesion and morphology [3,35]. The roughed Ti surface is able to 
distinctly regulate the cytoplasmic extensions and enable the cells with a 
much stronger adhesion to the substrates. 

3.7. Cell proliferation 

Cell proliferation on the different samples was measured by MTT 
assay, in which the OD value of formazan indirectly represents the viable 
cell number. As shown in Fig. 7A, MC3T3-E1 cells proliferated notably 
on all the samples during the culture period. After 1 day of culture, there 

Fig. 5. (A) The amounts of protein adsorption on different Ti samples after immersion in cell culture medium containing 10% FBS. (B) The assay of LDH activity of 
the culture medium after 24-h incubation of cells on different Ti samples. ap<0.05 vs. MS. 

Fig. 6. Cell morphology after 24-h incubation on different Ti samples: (a) MS, (b) MS-HA, (c) MS-450, (d) MS-450-HA, (e) MS-550 and (f) MS-550-HA. Parts a2− f2 
are high-magnification images of the samples in a1–f1, respectively. 
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was no distinct difference in cell numbers among all the groups. After 4 
days of culture, the cell numbers on all the samples were significantly 
increased to varying degrees. The cells on the MS-450 and MS-550 were 
much more than cells on the MS. For the samples with HA modification, 
the cell number on the MS-HA was higher than that on the MS, however, 
the cell numbers on the MS-450-HA and MS-550-HA were slightly or 
significantly lower than on the MS-450 and MS-550, respectively. After 
7 days of culture, the cells continued to proliferate. The highest cell 
numbers were observed on the MS-550 and MS-550-HA, followed by 
those on MS-450 and MS-450-HA, and MS displayed the lowest cell 
number. It is noted that similar cell numbers were obtained on MS-550 
and MS-550-HA, MS-450 and MS-450-HA, respectively, but MS-HA 
showed much higher cell number than MS. In short, the cell numbers 
on different samples varies as MS-550-HA ≈ MS-550 > MS-450-HA ≈
MS-450 > MS-HA > MS. 

Previous studies have indicated that the crystalline phase of TiO2 
significantly influences cell adhesion and proliferation, but no consistent 
conclusion has been achieved up to now (Table 4) [11–15,36]. For 
instance, Oh et al. found that the anatase TiO2 nanotubes on Ti surface 
provided improved proliferation rate of MC3T3-E1 cells than the 
amorphous nanotubes [11]. Park et al. prepared amorphous or anatase 

TiO2 nanotubes with different diameters, and observed that the prolif
eration rate of rat mesenchymal stem cells was somewhat higher on 
amorphous nanotubes than on anatase nanotubes [15]. Yu et al. showed 
that the proliferation trend of MC3T3-E1 cells on TiO2 nanotubes with 
different crystalline phases was as follows, anatase/rutile > anatase >
amorphous [12]. Bai et al. obtained the similar proliferation trend of 
MC3T3-E1 cells on anatase/rutile, anatase and amorphous TiO2 nano
tubes as the result of Yu et al. [36]. Cheng et al. noted that the anatase 
TiO2 nanodot film presented a higher proliferation rate of NIH3T3 cells 
than the nanodots with anatase/rutile or rutile phase [37]. Our result 
indicates that the crystallized TiO2 surfaces were able to improve the cell 
proliferation compared to the amorphous surface, especially the anata
se/rutile surface displayed the highest cell proliferation rate, which was 
probably associated with the physicochemical properties of the prepared 
surfaces. Previous works have indicated that the protein conformation 
varies on TiO2 surface with different crystalline phases [14,38,39]. For 
instance, Hong et al. observed that fibronectin (Fn) displayed a more 
favorable and active conformation, where more cell-adhesive epitopes 
were exposed, on the anatase TiO2 nanodots with pre-adsorbed BSA than 
that on the amorphous nanodots, and thus resulted in better adhesion 
and proliferation of MC3T3-E1 cells [14]. Our data show that the 

Fig. 7. (A) MTT assay of cells cultured on different Ti 
samples for 1, 4 and 7 days. (B) ALP activity of cells 
cultured on different Ti samples for 7 and 14 days. (C) 
Collagen production was evaluated by Sirius Red 
staining: optical images (left panel) of collagen 
secreted by cells after 7 days of culture on different Ti 
samples and the quantitative results (right panel) by 
colorimetric analysis. ap<0.05 vs. MS, bp < 0.05 vs. 
MS-HA, cp < 0.05 vs. MS-450, dp < 0.05 vs. MS-450- 
HA, ep < 0.05 vs. MS-550, fp < 0.05 vs. MS-550-HA.   

Table 4 
Comparison of the main conclusion and differences in the reports on cell functions resulted from TiO2 surface with different crystalline phases. Note: Am = amorphous, 
An = anatase, Ru = rutile, and TNTs = nanotubes.   

Morphology Crystalline 
phase 

Cell type Main conclusion 

Proliferation Differentiation and 
mineralization 

Oh et al. [11] TNTs Am, An MC3T3-E1 An > Am ALP: An > Am 
Yu et al. [12] TNTs Am, An, An ⁄ Ru MC3T3-E1 An/Ru > An > Am Mineralization: An/Ru > An >

Am 
He et al. [13] Flat film Am, An, Ru Primary rat osteoblasts An > Ru ≈ Am ALP: An > Ru ≈ Am 
Hong et al. 

[14] 
Nanodot film Am, An MC3T3-E1 An > Am Mineralization: An > Am 

Park et al. [15] TNTs Am, An Rat mesenchymal stem 
cells 

Proliferation rates were somewhat higher on Am than on 
An TNTs. 

– 

Bai et al. [36] TNTs Am, An, An ⁄ Ru MC3T3-E1 An/Ru > An > Am – 
Cheng et al. 

[37] 
Nanodot film An, An ⁄ Ru, Ru NIH3T3 An > An/Ru > Ru –  
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calcination of the micro/nanostructured surfaces did not obviously 
change the surface morphology and wettability, but did significantly 
affect the proliferation of MC3T3-E1 cells, which was probably associ
ated with the orientation and conformation of the adsorbed proteins on 
the prepared surfaces. It is generally accepted that the implant surfaces 
rapidly adsorb proteins (e.g., fibronectin, vitronectin and albumin) from 
the body fluids upon implantation, and the adsorbed states of proteins, 
such as the amount, types and conformation, greatly induce the cell 
adhesion and proliferation [40,41]. Among various proteins, Fn is the 
major cell-adhesive substrate and provides the epitopes for integrin 
binding [40]. The adsorbed state of Fn significantly impacts cell activ
ities, including adhesion, migration, proliferation, differentiation and 
cytoskeletal organization [40,42]. Yang et al. observed that the 
conformation of adsorbed Fn or collagen on TiO2 nanotubes was 
important for cell integrins to recognize the adhesive sites and in turn, 
the osteoblast viability was critically regulated [43]. Oh et al. [44] and 
Brammer et al. [45] also showed that the adsorbed nature of Fn or BSA 
on TiO2 nanotube surface played a vital role in regulating the viability of 
human mesenchymal stem cells or MC3T3-E1 cells. Hence, it is 
reasonable to speculate that the various proliferation rates of MC3T3-E1 
cells on micro/nanostructured surfaces with different crystalline phases 
are related to the orientation and conformation of adsorbed proteins. 

In addition, the surface composition exerts an influence on the cell 
growth as well. Cooper et al. treated the TiO2 grit-blasted Ti surface with 
HF, and observed that the residual fluoride (0.7–4 at%) enhanced the 
proliferation of human mesenchymal stem cells compared to the ones 
without fluoride modification [46]. Lamolle et al. etched the Ti surface 
with HF and noted that such modified surface was beneficial to 
MC3T3-E1 cell proliferation [47]. Similar positive effects of 
fluoride-modified Ti surfaces on proliferation of MG63 or MC3T3-E1 
cells were discerned as well [48,49]. Moreover, Park et al. prepared 
TiO2 nanotube arrays by anodization in 1 M H3PO4/0.30 M HF or 1 M 
H3PO4/0.12 HF solution to obtain amorphous samples with different 
amounts of residual fluoride (“high fluoride”, 8.49 at% or “low fluo
ride”, 2 at%) and the proliferation rates of rat mesenchymal stem cells 
on such samples were investigated [15]. Their result indicated that the 
different amounts of residual fluoride did not affect the cell proliferation 
trend even with the existences of N and P elements, while the high 
fluoride content may somewhat improve cell proliferation. According to 
the XPS data herein, 3.32 at% and 0.94% contents of F and N elements in 
MS may benefit cell proliferation. However, the cells on the calcined 
samples (MS-450 and MS-550) without residual F and N elements pre
sented a much better proliferation rate than cells on MS, indicating that 
the crystalline phase of TiO2 overrides the surface composition in cell 
proliferation. 

As to the samples (MS-HA, MS-450-HA, MS-550-HA) with HA 
modification, MS-HA displayed a higher cell proliferation rate than MS, 
probably because the interaction between HA and amorphous TiO2 
induced the change in the adsorbed state of proteins. Cell proliferation 
rates on MS-450-HA and MS-550-HA were almost equal to the rates on 
MS-450 and MS-550, respectively, which is similar to the phenomena 
observed in others’ reports [50–52]. Gu et al. [50], Nishio et al. [51], 
and Kim et al. [52], showed that Ti surfaces modified with HA did not 
improve cell proliferation rate compared with the ones without HA 
[50–52]. The reason for the above cell proliferation behaviors on 
HA-modified Ti surfaces are still unclear, which is probably associated 
with the microenvironment of HA-cell interactions [16]. 

3.8. Alkaline phosphatase activity 

Alkaline phosphatase (ALP) activity, an early-stage differentiation 
marker, of osteoblast on different samples is displayed in Fig. 7B. After 7 
days of culture, the values of ALP activity from MS, MS-450 and MS-550 
were almost equal and interestingly, the values from MS-HA, MS-450- 
HA and MS-550-HA were similar as well, but the ALP activity from the 
latter groups were much higher than from the former groups. According 

to the quantitative comparisons, the ALP activity on MS-HA, MS-450-HA 
and MS-550-HA was increased by 24.9%, 31.6% and 22.2% compared 
with that of MS, MS-450 and MS-550, respectively, indicating HA was 
able to stimulate early differentiation of osteoblast. Although the ALP 
activity on MS-450-HA was slightly higher than that on MS-HA and MS- 
550-HA, the differences among the groups were negligible. After 14 days 
of culture, the ALP activity on all the samples was significantly reduced 
when compared to that at day 7, and notably, a similar level was 
observed among all the samples. The decrease trend of ALP activity is 
probably attributed to cells entering late-stage differentiation. 

3.9. Collagen secretion 

The secreted collagen on different samples was quantified by Sirius 
Red staining. As shown in Fig. 7C, after 7 days of culture, all the samples 
presented dark red and no obvious difference in color was observed 
under the optical microscope, indicating dense collagen products 
deposited on them. According to the quantitative analysis, the collagen 
products on MS, MS-450 and MS-550 were almost equal and no signif
icant differences were observed among them. However, the collagen 
products on the HA-modified samples were maintained or enhanced 
compared with the samples without HA modification. It is clear that MS- 
HA and MS-450-HA displayed much more collagen products than MS 
and MS-450, respectively, but no significant difference was discerned 
between MS-550 and MS-550-HA. As the culture time prolonged to 14 
days, the collagen products on all the samples were increased to varying 
degrees, and the HA-modified samples presented a higher increasing 
extent than the ones without HA. The collagen products on MS-HA, MS- 
450-HA and MS-550-HA were increased by 22.2%, 33.9% and 31.6% 
compared with MS, MS-450 and MS-550, respectively, and simulta
neously, the most and similar collagen products were observed on MS- 
450-HA and MS-550-HA. Among the samples without HA, MS-450 and 
MS-550 displayed more collagen products than MS. In short, the 
collagen deposition on different samples varies as MS-550-HA ≈ MS- 
450-HA > MS-HA > MS-550 ≈ MS-450 > MS. 

3.10. Extracellular matrix mineralization 

The extracellular matrix mineralization was examined by SEM 
analysis and calcium content test. As shown in Fig. 8A, cells rich in 
collagen fibers spread closely on all the samples and the morphology 
presented polygonal, indicating the favorable growth state of cells [53]. 
Based on the quantitative analysis (Fig. 8B), MS-550 showed a slightly 
higher calcium content than MS and MS-450, but the difference was not 
significant. It is clear that, after HA addition, the ones with HA achieved 
a slightly or significantly higher amount of calcium than the respective 
ones without HA. Collectively, the amount of calcium deposited on 
MS-450-HA and MS-550-HA was similar, which was much higher than 
that on MS, MS-HA or MS-450. Additionally, the calcium content on 
MS-450-HA was obviously higher than that on MS-450; in contrast, the 
amount on MS-HA and MS-550-HA was slightly higher than that on MS 
and MS-550, respectively, but without significant differences. 

According to the results of ALP activity, collagen secretion and 
extracellular matrix mineralization, it is noteworthy that MS, MS-450 
and MS-550 did not show any significant differences in cell differenti
ation and extracellular matrix mineralization. The results herein differed 
from some others’ studies [11–13]. For instance, Oh et al. observed that 
ALP activity of MC3T3-E1 cells on anatase TiO2 nanotubes was higher 
than that on amorphous nanotubes [11]. Yu et al. perceived that the 
mineralization trend of MC3T3-E1 cells on nanotubes with different 
crystalline phases was as follows, anatase/rutile > anatase > amorphous 
[12]. However, no obvious differences among anatase/rutile, anatase 
and amorphous groups were discerned in this study, which is probably 
due to the fact that the hierarchical micro/nanostructures outweigh 
other factors (e.g., crystalline phase and chemical composition) in 
affecting cell differentiation and extracellular matrix mineralization. 
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Previous works have shown that the microscale structures stimulated 
cell differentiation and extracellular matrix mineralization [54–57], and 
the addition of nanoscale features to the microscale features was able to 
improve the cell differentiation and mineralization compared to the 
microstructured surfaces [4–6]. Our early study has also noted that the 
differentiation and extracellular matrix mineralization of MC3T3-E1 
cells was greatly enhanced on MS-450 [58]. In addition, the improved 
wettability of the microscale or a combined micro- and nanoscale sur
face features tends to favor osteoblast differentiation and maturation 
[59]. Therefore, it is probable that the hierarchically micro/nanoscale 
structures on all the prepared samples critically improve cell differen
tiation and extracellular matrix mineralization compared to crystalline 
phases of TiO2 as well as surface chemical composition, and the 
enhanced hydrophilicity may be also beneficial. 

As to the samples with HA modification, MS-HA, MS-450-HA and 
MS-550-HA presented much higher cell differentiation and extracellular 
matrix mineralization than the ones without HA. It is generally accepted 
that HA is bioactive and osteoconductive [19,20,60,61]. Previous 
studies have confirmed that HA-modified Ti surfaces can promote cell 

differentiation and maturation in vitro [50–52,62], and also, 
HA-deposited implants were able to induce bone ingrowth at the 
bone-implant interface without isolation by fibrous tissue layer in vivo 
[20,63–66]. Although the detailed mechanism is still under exploration, 
the superior bioactivity and osteoconductivity of HA are related to its 
physicochemical properties, such as composition, morphology and ge
ometry [16,20,67]. Moreover, the release of calcium and phosphate ions 
from HA into the cell-material microenvironment probably enhanced 
the ALP activity and extracellular matrix mineralization [16,67]. Ca2+

ion plays an important role in modulating cellular functions through 
specific sites and receptors, including calcium-related proteins (e.g., 
pancreatic stone protein), extracellular matrix proteins (e.g., fibulin) 
and gene-associated signaling (e.g., SOX9) [68]. The uptake and regu
lation of Ca2+ ion may lead to activation of signal transduction path
ways, favoring osteoblast differentiation. PO4

3− ion was also considered 
as a signaling molecule, which probably induced the temporal coordi
nation of the differentiation process by modulating expression and 
regulation of multiple factors [69]. In short, the released ions may not 
only facilitate intracellular signaling pathways, but also benefit 

Fig. 8. (A) SEM images of cell morphology on different Ti samples after 14 days of incubation: (a) MS, (b) MS-HA, (c) MS-450, (d) MS-450-HA, (e) MS-550 and (f) 
MS-550-HA. Parts a2− f2 are high-magnification images of the samples in a1–f1, respectively. (B) The amounts of calcium deposited on different Ti samples by cells 
after 14 days of incubation. ap<0.05 vs. MS, bp < 0.05 vs. MS-HA, cp < 0.05 vs. MS-450. 
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extracellular mineral deposition. 
In addition, the previous study has reported that osteoblasts can 

synthesize and secrete mineralization-related proteins, such as osteo
pontin, bone sialoprotein and osteocalcin [70]. These proteins are able 
to bind to hydroxyapatite and, in turn, the binding and accumulation of 
mineralization-related proteins contribute to the maturation and depo
sition of extracellular matrix. Hence, the better performance of 
HA-modified samples in improving cell differentiation and maturation is 
probably associated with the unique physiological functions and 
bioactivity of HA. Moreover, there is no obvious difference in ALP ac
tivity among MS-HA, MS-450-HA and MS-550-HA, but the collagen 
production and calcium deposition on MS-450-HA and MS-550-HA are 
higher than on MS-HA, which probably is resulted from the combined 
effects of crystalline phase and HA on cell functions. Briefly, the early 
differentiation and extracellular matrix mineralization of osteoblasts on 
different samples vary as MS-550-HA ≈ MS-450-HA > MS-HA > MS-550 
≈ MS-450 ≈ MS. 

In a word, it is indicated that micro/nanostructured surfaces (MS, 
MS-450 and MS-550) with different crystalline phases can significantly 
affect the proliferation of osteoblasts, but cannot obviously influence the 
differentiation and mineralization. After HA addition, the HA-modified 
micro/nanostructured surfaces (MS-HA, MS-450-HA and MS-550-HA) 
are able to considerably improve the differentiation and mineraliza
tion of osteoblasts but without compromising the proliferation trend of 
osteoblasts on MS, MS-450 and MS-550. Therefore, our results suggest 
that the combination of micro/nanostructured surfaces possessing 
proper crystalline phase with bioactive HA composition may markedly 
improve the bioactivity and biocompatibility of Ti implants, thereby 
enhancing the osseointegration in vivo. 

4. Conclusions 

In this study, the micro/nanostructured surfaces with different 
crystalline phases (amorphous, anatase and anatase/rutile) were con
structed on medical Ti substrates by combined treatments of acid 
etching, anodization and calcination. Then an ultrathin film of nano
scale HA was immobilized onto the above surfaces by a spin-assisted 
layer-by-layer technique to form HA-modified micro/nanostructured 
surfaces. All of the samples displayed similar surface morphology and 
wettability (superamphiphilic). It was demonstrated that the surface 
crystalline phase was able to offer a significant impact on the prolifer
ation trend of MC3T3-E1 cells and the anatase/rutile mixture achieved 
the highest proliferation rate, followed by the anatase, but it cannot 
appreciably influence the trend of cell differentiation and mineraliza
tion. However, the nanoscale HA-modified micro/nanostructured sur
faces with different crystalline phases led to the significantly improved 
effects on cell differentiation and extracellular matrix mineralization, 
but the proliferation trend of cells was comparable to that on the ones 
without HA deposition. The study herein extends the systematic un
derstanding towards the relationship among crystalline phase, HA 
modification and osteoblast response, and thus provides a promising 
strategy on improving the osseointegration of Ti implants. 
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