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Background: Modified titanium (Ti) substrates with titanium dioxide (TiO
2
) nanotubes have 

broad usage as implant surface treatments and as drug delivery systems.

Methods: To improve drug-loading capacity and accelerate bone integration with titanium, in 

this study, we hydrogenated anodized titanium dioxide nanotubes (TNTs) by a thermal treat-

ment. Three groups were examined, namely: hydrogenated TNTs (H
2
-TNTs, test), unmodified 

TNTs (air-TNTs, control), and Ti substrates (Ti, control).

Results: Our results showed that oxygen vacancies were present in all the nanotubes. The 

quantity of -OH groups greatly increased after hydrogenation. Furthermore, the protein 

adsorption and loading capacity of the H
2
-TNTs were considerably enhanced as compared 

with the properties of the air-TNTs (P,0.05). Additionally, time-of-flight secondary ion 

mass spectrometry (TOF-SIMS) was used to investigate the interactions of TNTs with 

proteins. During the protein-loading process, the H
2
-TNTs not only enabled rapid protein 

adsorption, but also decreased the rate of protein elution compared with that of the air-

TNTs. We found that the H
2
-TNTs exhibited better biocompatibility than the air-TNT and 

Ti groups. Both cell adhesion activity and alkaline phosphatase activity were significantly 

improved toward MG-63 human osteoblast-like cells as compared with the control groups 

(P,0.05).

Conclusion: We conclude that hydrogenated TNTs could greatly improve the loading capacity 

of bioactive molecules and MG-63 cell proliferation.

Keywords: titanium, hydrogenation, nanotubes, hydrophilicity, protein elution, cyto-

compatibility

Introduction
Modified titanium (Ti) substrates with titanium dioxide (TiO

2
) nanotubes (TNTs) 

have broad usage as implant surface treatment and as drug-delivery systems.1,2 Their 

performance in most of these applications is highly dependent on their morphology, 

nanotube dimension, and wettability. The TNTs increase the surface roughness 

and wettability of Ti, and their highly effective surface area leads to greater protein 

adsorption.3 Previous studies have demonstrated that a diameter of 70–100 nm is the 

optimum size for bone formation and has been shown to promote macrophage adher-

ence and proliferation, and to inhibit inflammatory cell responses.4,5 In particular, the 

increased surface wettability has a stronger immunomodulatory effect than increases 

in roughness.6 To further improve the osteogenic properties of TiO
2
, bioactive mol-

ecules can be embedded into the TNTs.7 The mass of bioactive molecules that can be 

embedded into the TNTs is determined by the diameter of individual TNTs and their 
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wettability.3,8 Larger-diameter TNTs can be loaded with 

more bioactive molecules, which provide a superhydrophilic 

surface for liquid and molecules to penetrate.9 However, 

wider diameters may cause a larger initial burst release of 

molecules.10 Therefore, improving the wettability of TNTs 

within their range of biocompatibility diameters is of great 

importance.

Conventional techniques used to improve hydrophilic 

surfaces such as ultraviolet irradiation11 and plasma cleaning12 

have been reported to enhance the cell response and promote 

more rapid osseointegration. Nevertheless, all of these 

methods have their limitation. Plasma does not penetrate 

significantly enough into the nanotubes,2 and a hydrophilic 

surface achieved by ultraviolet (UV) irradiation depends on 

the light source power. Only UV light energy greater than 

3.2 eV can induce TiO
2
 photocatalytic activity, which can 

alter the surface chemistry and enhance hydrophilicity.13,14 

Even if the energy is greater than 3.2 eV, UV–light-induced 

hydrophilicity may not be very stable.15 After withdrawal of 

UV irradiation, the surface wettability will gradually return 

to the original condition.16 Thus, in order to improve the 

photocatalytic effect of TiO
2

17,18 and to achieve more stable 

hydrophilicity by UV irradiation,11 metal-decorated TNTs 

were developed. Photocatalysis of metal-decorated TiO
2
 

generated more reactive oxygen species (ROS) and induced 

a superhydrophilic surface, providing antimicrobial activity 

and stem cell compatibility.11,19–21 However, the increase 

in metallic oxide nanoparticles incorporated into the TNT 

samples could occupy the binding site of proteins and cause 

cytotoxicity,1,22 which may not be good for medical implants 

and drug-delivery systems.

Recently, hydrogenated TiO
2
 has been found to gener-

ate more -OH species23 and to offer higher photocatalytic 

efficiency24 owing to oxygen vacancies,25 both of which 

cause the crystal surface to become superhydrophilic. Both 

the photocatalytic activity and hydroxyl groups of TNTs are 

related to implant protein adsorption and biocompatibility 

with mammalian cells.11,26,27 However, there have been no 

in vitro studies analyzing the protein adsorption and biocom-

patibility of hydrogenated TNTs. Furthermore, reports on 

hydrogenated TNTs for medical implants (osseointegration 

and drug delivery) are limited.

The purpose of this study, therefore, was to fabricate 

superhydrophilic TNTs by thermal hydrogenation and evalu-

ate the adsorption and release of protein from these TNTs. 

MG-63 human osteoblast-like cells were used to evaluate the 

biocompatibility and osteogenic effects of different Ti sur-

faces, because this well-characterized cell line exhibits many 

osteoblastic traits, which are characteristic of bone-forming 

cells.28 The hypothesis of this study is that hydrogenation 

could improve protein adsorption, prolong the duration of 

release of effective concentration of protein and accelerate 

the cell osteogenesis capability. This suggests that the 

material can potentially be used as a drug-delivery system 

and as intraosseous implants.

Materials and methods
sample preparation and characterization
Preparation of TNTs and hydrogenation
The Ti substrates (99.99%; Cuibolin Nonferrous Metal 

Industry Co., Ltd., Beijing, People’s Republic of China, 

10×10×0.2 mm3) were ultrasonically washed with acetone, 

ethyl alcohol, and deionized water for 10 minutes, sequen-

tially. Anodization was conducted in a two-electrode elec-

trochemical cell, where Ti substrates served as the working 

electrode and a graphite sheet served as the counter electrode 

at 20°C. The electrolyte was ethylene glycol (with less than 

0.5 wt% H
2
O) containing 0.5 wt% ammonium fluoride 

(NH
4
F) and 10 vol% deionized water. After anodization at 

50 V for 15 minutes, TNTs were fabricated on the Ti sub-

strates. All samples were rinsed with ethanol and deionized 

water successively, and annealed at 500°C for 2 hours in air 

to transform the amorphous TNT phase into a crystalline 

anatase structure (denoted as air-TNTs), which featured 

higher corrosion resistance and better biocompatibility 

than that of the amorphous TNTs.29,30 The air-TNTs were 

rinsed with deionized water, dried and sealed in a vacuum 

quartz tube with 0.95×105 Pa hydrogen, and then annealed at 

500°C for 4 hours to obtain the hydrogenated TNTs (termed 

H
2
-TNTs). The Ti substrates were used as a control group. 

Before in vitro experiments, alcohol-sterilized samples were 

washed with phosphate-buffered saline (PBS) and then dried 

out on a clean bench.

characterization of samples
The surface morphologies of the Ti, air-TNTs, and H

2
-TNTs 

samples were observed with a field-emission scanning elec-

tron microscope (SEM, S4800; Hitachi Ltd., Tokyo, Japan) 

and a transmission electron microscopy (JEOL2011, JEOL.

Ltd., Tokyo, Japan). The phase compositions were analyzed 

by X-ray diffraction (XRD; TTRAX III, Rigaku Co., Tokyo, 

Japan). The chemical states of the surface constituents 

were identified by X-ray photoelectron spectroscopy (XPS; 

ESCALAB 250Xi, Thermo Fisher Scientific, MA, USA). 

Photoluminescence (PL) characteristics were measured with 

excitation by a 300-nm laser at room temperature. Contact 

angle (CA) measurements of the control and experimental 

samples were carried out with a contact analysis system 
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(Model OCA15pro, Dataphysics Co., Ltd., Germany). 

The surface roughness of the samples was measured with 

an atomic force microscope (AFM; Nanoscope V, Veeco 

 Plainview, NY, USA). The mean surface roughness was 

calculated for different 10 μm2 areas of each sample. The 

Ra values were expressed as the mean of at least three areas 

and the SD.

Protein-binding and elution assay
Qualitative assessment of protein adsorption 
in TNTs
To visualize the location of small proteins inside the TNTs, 

18-nm diameter colloidal gold-labeled goat antibodies 

(Jackson ImmunoResearch Laboratories, Inc., USA) were 

diluted 10 times and used as protein substitutes, dropping 

onto the TNT surfaces, incubating at 37°C for 30 minutes, and 

then washing with PBS three times.8 The surface of the TNTs 

incubated with the gold-labeled antibodies was mechanically 

scratched and observed by transmission electron microscopy 

(TEM; JEOL2011, JEOL. Ltd).

To further investigate the distribution of protein (bovine 

serum albumin [BSA]; Sigma Aldrich) inside the nanotubes, 

time-of-flight secondary ion mass spectrometry (TOF-

SIMS) was used. Negative depth profiles were recorded on 

a TOF-SIMS 5-100 instrument (ION-TOF, GmbH, Germany) 

in dual-beam mode, with a pulsed 60 keV Bi+ liquid-metal 

ion beam for spectra generation and a 2 keV Cs+ ion beam 

for sputter-removal. The sputtering speed was 0.313 nm/s 

for silicon dioxide.

Protein adsorption assessment
For the Ti, air-TNTs, and H

2
-TNTs binding experiments, we 

used BSA (Sigma-Aldrich Co., St Louis, MO, USA), histone 

from calf thymus (Worthington Biochemical Co., Lakewood, 

NJ, USA), and fibronectin (FN; Sigma-Aldrich Co) as model 

proteins. A 200-μL aliquot of protein solution (2 mg/mL 

BSA, histone or FN) was applied to the samples, and they 

were incubated at 37°C for 30 minutes. After incubation, 

a 20-μL aliquot of the supernatant was collected to assess 

the quantities of unbound proteins. The TNTs/Ti substrates 

were washed three times with 1 mL PBS to remove weakly 

bound protein and then were transferred into fresh wells. 

Then, 200-μL 2% sodium dodecyl sulfate (SDS; Beyotime 

Institute of Biotechnology Co., Beijing, People’s Republic 

of China) was added to the protein-coated surfaces. Samples 

were shaken for 2 hours to elute the absorbed protein. The 

SDS solution with the collected proteins was used for the 

bound-protein assessment. The concentration of protein was 

determined with a BCA protein assay kit (Beyotime Institute 

of Biotechnology Co.). The optical density (OD) at 562 nm 

was measured with a precision microplate spectrophotometer 

(SpectraMax Paradigm). Triplicates of three independent 

samples were measured for each condition.

Protein elution test
A 50-μL portion of concentrated BSA or histone (10 mg/mL 

diluted in deionized water) was applied to the surface of the 

air-TNTs and H
2
-TNTs. Samples were allowed to dry in a 

vacuum oven. After drying, the loading procedure was repeated 

three times. The samples were then gently rinsed with 1 mL 

PBS to remove the surface layer of protein. Because the drug-

release response depends on temperature and pH, we used PBS 

with a pH of 7.4 at 37°C as the protein-release medium.31

The samples were immersed in 200-μL PBS at 37°C 

in a capped vial and measurements were taken at specified 

intervals (30 minutes; 1 and 2 hours; 1, 2, 3, 5, and 7 days) by 

replacing the entire volume of PBS with fresh PBS each time. 

In vitro release profiles of BSA and histone from the TNTs 

were evaluated with a micro BCA protein assay kit (Thermo 

Fisher Scientific, Pierce, Rockford, USA), and the protein con-

centrations were quantified with a microplate spectrophotom-

eter (SpectraMax Paradigm, Molecular Devices, CA, USA) 

measuring the OD at 562 nm. Each measurement was con-

ducted in triplicate. After 7 days, all samples were shaken 

for 2 hours to remove residual protein by 2% SDS. The rate 

of protein elution was then measured.

In vitro biocompatibility
cell adhesion and proliferation ability assay
The human osteoblastic cell line MG-63 (China Infrastruc-

ture of Cell Line Resource, Beijing, People’s Republic of 

China) at passage numbers 3–7 was used in the experiments. 

The cells were cultured in Dulbecco’s Modified Eagle’s 

Medium-Low Glucose (DMEM-LG; Thermo Fisher Sci-

entific, Waltham, MA, USA) in the presence of 10 vol% 

fetal bovine serum (Thermo Fisher Scientific) and 1 vol% 

penicillin/streptomycin (PS, Thermo Fisher Scientific). The 

cell suspension was plated in a cell culture dish and incubated 

at 37°C under a 5% CO
2
 atmosphere. Samples were collected 

in a 50-mL centrifuge tube together with 10-mL cell suspen-

sion (1×105 cells/mL). The centrifuge tubes were then fixed 

horizontally to a table concentrator rotating around a fixed 

axis at a uniform speed in a 37°C incubator. Cell counts in the 

initial period (1, 2, and 4 hours) were measured to determine 

the number of cells that adhered to the different samples.

To investigate the proliferation ability of MG-63 on 

the different samples, a 100-μL portion of cell suspen-

sion (1×105 cells/mL) was seeded onto each specimen and 
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incubated in a 5% CO
2
 incubator for 30 minutes, to allow 

cells to attach to the sample surfaces. Then, 1 mL of medium 

was added to each well and further incubated for 1, 3, 5, and 

7 days. Cell adhesion and proliferation were measured with a 

Cell Counting Kit-8 (CCK-8, Dojindo, Japan) according to the 

manufacturer’s instructions.

Mg-63 cell morphology
To investigate the MG-63 shape and orientation at the single-

cell level, fluorescence staining microscopy was conducted. 

MG-63 cells were seeded on the samples in 24-well plates at 

a density of 1×104 cells per well for 4 hours. The MG-63 cells 

that adhered to the samples were fixed with 4% paraformal-

dehyde at room temperature for 15 minutes. Samples were 

then washed three times with PBS and permeabilized with 

0.2% Triton X-100 at room temperature for 30 minutes. All 

samples were blocked with 10% goat serum for 30 minutes, 

and the actin cytoskeletons were labeled by incubating with 

Alexa Fluor 555 Phalloidin (Cell Signaling Technology, Inc.) 

for 15 minutes at room temperature in the dark. After rinsing 

with PBS, the cell nuclei were labeled with DAPI (ZLI-9557, 

ZSGB-BIO, People’s Republic of China) for 5 minutes. Cells 

were then imaged by confocal laser scanning microscopy 

(Zeiss 710, Germany).

Furthermore, the morphology of the cells on the samples 

was observed with the SEM. Cells were seeded in the same 

manner as indicated earlier. After incubating for 4 hours, all 

samples were fixed in 2.5% glutaraldehyde for 2 hours at 4°C 

and then washed three times in PBS for 1 hour. An ethanol 

concentration gradient of 30, 50, 75, 90, 95, and 100 v/v% 

was used sequentially to dehydrate the samples. All samples 

were finally dried to a critical point and sputter coated with 

gold for observation.

alkaline phosphatase activity assay
MG-63 cells were seeded onto the samples at a density of 1×104 

cells per well. The medium was replaced every other day. 

After culturing for 4 and 7 days, the cells were lysed in a 

RIPA solution (P0013K, Beyotime Institute of Biotechnol-

ogy Co.,) by ultrasonication in an ice-water bath. Then, 

alkaline phosphatase (ALP) activity was assayed by measur-

ing the transformation of p-nitrophenyl-phosphate (pNPP; 

Beyotime Institute of Biotechnology Co.,) into p-nitrophenol 

(pNP). The lysate was collected and incubated with 50-μL 

pNPP solution for 30 minutes at 37°C. The reaction was 

stopped with 1 N sodium hydroxide (NaOH). The amount of 

pNP produced was quantified by absorbance measurements 

at 405 nm and the amount of enzyme released by the cells 

was quantified by comparison with a standard curve. The 

intracellular total protein content was determined with the 

BCA Protein Assay Kit (Beyotime Institute of Biotechnology 

Co.), and used to normalize the ALP activity.

statistical analysis
All data were expressed as the mean ± SD from at least three 

independent experiments. Data were analyzed by one-way 

ANOVA combined with the Student–Newman–Keuls post 

hoc test, or Student’s t-test using SPSS 20.0 (SPSS, USA). 

P,0.05 was considered to be statistically significant.

Results
sample characterization
The surface morphology and cross-sectional views were 

observed by SEM for TNT groups (Figure 1). These results 

showed that the nanotubes in TNT samples were well 

organized, with diameters of 100 nm and lengths of 1 μm. 

A longitudinal section of the TNTs from TEM imaging 

indicated that the internal diameter decreased; however, 

the outer thickness increased from the top to the bottom of 

the tube (Figure 2A and B). The well-resolved lattice fea-

tures, shown in the high-resolution TEM (HRTEM) images 

(Figure 2a and b), indicate that the air-TNTs were highly 

crystalline. However, following hydrogenation, a disordered 

outer layer with a thickness of 2 nm was observed around 

the crystalline core.

The XRD spectra of the samples displayed Ti and 

anatase TiO
2
 peaks in the air-TNT and H

2
-TNT samples 

(Figure 3). The anatase peak intensity (as indicated with a 

black dot) of the H
2
-TNTs was slightly weakened compared 

with that of the air-TNTs, suggesting the presence of point 

defects (oxygen vacancies) in the TiO
2
 lattice32 that were 

induced by the hydrogenation. After hydrogenation, the 

basic crystal structure was not reformed. Surface rough-

ness values determined from AFM are shown in Table 1. 

The roughness values of the TNTs surfaces were five times 

as high as those of the Ti substrates. No major changes 

in the morphology or roughness were detected through 

hydrogenation.

chemical composition and water 
contact angle
High-resolution O 1s spectra of the air-TNTs and H

2
-TNTs 

are shown in Figure 4. Peaks at 529.9 and 530.4 eV cor-

respond to the characteristic peak of O-Ti.23,33 After hydro-

genation, the atomic percentage of O
Ti

 atoms – determined 

from fitting to the O 1s peaks – decreased from 84.13% to 

64.99%. This significant reduction in the ratio of O
Ti

 indicates 

the formation of oxygen vacancies during the hydrogenation 
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process. Additional peaks centered at 531.4 and 532.0 eV 

were attributed to hydroxyl species -OH – that is, physically 

absorbed water.23,33,34 Note that XPS measurements can 

only reveal the chemical states of the surface of a material 

to a depth of a few nanometers. To further investigate the 

degree of hydrogenation over the whole length (1 μm) of the 

nanotubes, we also measured PL spectra (Figure 5). After 

hydrogenation, the relative intensity of the peak clearly 

increased, suggesting that the concentration of oxygen vacan-

cies increased in the H
2
-TNTs.35,36

The water contact angles are shown in Table 1 and Figure 6. 

The Ti substrate featured the largest contact angle of 76°. 

After formation of the air-annealed TNTs, the contact angle 

decreased to 33°, which was attributed to the reaction prod-

ucts containing hydroxide compounds and due to the TNTs 

providing space for liquid penetration. The hydrogenation 

Figure 1 seM images of TNTs samples.
Notes: (A, a) air-TNTs and (B, b) h2-TNTs. A and B show the surface of samples while the a and b show the cross section of samples.
Abbreviations: seM, scanning electron microscopy; air-TNTs, air-annealed TiO2 nanotubes; h2-TNTs, hydrogenated TiO2 nanotubes.

Figure 2 TeM images of air-TNTs and h2-TNTs.
Notes: (A, a) air-TNTs and (B, b) h2-TNTs. A and B represent the cross section of samples; a and b represent the high resolution of transmission electron microscopy images 
of A and B. In (b), a short dashed curve is applied to outline a portion of the interface between the crystalline and the disordered outer layer (marked by black arrow).
Abbreviations: TeM, transmission electron microscopy; air-TNTs, air-annealed TiO2 nanotubes; h2-TNTs, hydrogenated TiO2 nanotubes.
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ensured the surface was superhydrophilic with a contact 

angle of 0°.

Qualitative assessment of protein 
adsorption to TNTs
To visualize the small-molecule protein-loading ability of air-

TNTs and H
2
-TNTs, 18-nm diameter colloidal gold-labeled 

antibodies were used and imaged by TEM. The gold-labeled 

antibodies could be found both in the interior of air-TNTs 

(Figure 7A and B) and H
2
-TNTs (Figure 7C and D), which 

illustrates that TNTs as a drug-delivery system could trap 

small proteins inside the nanotubes. To investigate the protein 

distribution inside the nanostructures, we conducted BSA and 

sputtering depth profiles (Figure 8) in air-TNTs and H
2
-TNTs. 

The main signals that could be detected were derived from 

the peptide backbone of proteins and the oxide/metal of the 

TNTs sample – that is, CNO-, CN-, and Ti- signals. It shows 

that, with the increase of sputtering depth, signals from 

CNO- and CN- were at least one order of magnitude higher 

for the H
2
-TNTs than those for air-TNTs.

Quantification of protein adsorption
The binding of BSA, histone, and FN proteins was evaluated 

on the air-TNTs, H
2
-TNTs, and the Ti substrate (Figure 9). 

The lowest quantities of unbound protein (ie, protein in the 

supernatant) and the highest quantities of bound protein were 

found for the H
2
-TNTs samples. FN had the highest absorp-

tion capacity as indicated by the concentration of this protein 

in the supernatants being much lower than that of BSA and 

histone (Figure 9A). The highest concentration of bound pro-

tein after the rinsing step was found for histone (Figure 9B).

Protein elution test
Figure 10A shows the cumulative amounts of BSA and histone 

released over time after the immersion of the different samples 

in PBS. A high rate of release was observed over the first 

2 hours, followed by a period of slow and sustained release. 

Figure 4 high-resolution XPs spectra of O 1s.
Abbreviations: XPs, X-ray photoelectron spectroscopy; air-TNTs, air-annealed TiO2 nanotubes; h2-TNTs, hydrogenated TiO2 nanotubes.

Figure 3 XrD patterns of Ti substrate, air-TNTs, and h2-TNTs.
Abbreviations: XrD, X-ray diffraction; Ti, titanium; air-TNTs, air-annealed TiO2 
nanotubes; h2-TNTs, hydrogenated TiO2 nanotubes.

θ °

Table 1 Water contact angles and surface roughness of the 
samples

Sample Contact angle (°) Roughness (nm)

Ti 76.0±4.0 8.0±3.5
air-TNTs 33.2±3.2 45.8±4.4
h2-TNTs 3.0±1.0 47.6±6.2

Note: Data are expressed as mean ± sD.
Abbreviations: Ti, titanium; air-TNTs, air-annealed TiO2 nanotubes; h2-TNTs, 
hydrogenated air-TNTs.
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seM analysis of cell morphology and 
fluorescence microscopic imaging
The MG-63 cells were cultured for 4 hours. According to 

SEM imaging (Figure 12), the MG-63 cells appeared to 

have round and polygonal shapes on the Ti surface. On the 

H
2
-TNTs sample, the MG-63 cells had a more elongated shape 

than those on the air-TNTs. At high magnification, the MG-63 

cells featured more pseudopodia on TNTs samples. Fluores-

cence microscopic images (Figure 13) showed that the mor-

phology of the MG-63 cells on H
2
-TNTs samples exhibited 

an extended cytoskeleton at the 4-hour time point.

alP activity
The MG-63 ALP activity results are shown in Figure 14. 

A significant difference between the H
2
-TNT group and 

Ti group was observed at Day 4 (P,0.05). Furthermore, 

significant differences were clearly detected by Day 7 among 

all three groups (P,0.05).

Discussion
This study demonstrated that the thermal hydrogenation 

of TNTs generated by electrochemical oxidation of Ti can 

improve the hydrophilicity without changing the morphol-

ogy. Furthermore, it was found that the increased wettability 

of the surface in the H
2
-TNTs sample significantly improved 

the initial protein adsorption, which is important for promot-

ing osteogenic cell adhesion and differentiation. Moreover, 

the increased oxygen vacancy and -OH along the whole 

length of nanotubes in H
2
-TNTs decrease the rate of protein 

release. All of this would have profound effects on the drug-

delivery system and dental implant materials.

In our study, under similar morphology and roughness, 

the hydrophilic surface is the most important factor to 

 influence the osseointegration and initial protein adsorption. 

H
2
-TNTs had more oxygen vacancy than the air-TNTs, 

and the oxygen vacancy promoted interactions with water. 

XPS and PL analyses (Figures 4 and 5) revealed that the 

area of the O
OH

 peak was more pronounced in H
2
-TNTs. 

These results suggest that liquid penetration of TNTs could 

be improved by thermal hydrogenation. Therefore, more 

bioactive molecules could become embedded into the TNTs. 

To test this theory, we conducted protein-binding and elu-

tion assays. Predictably, protein substitutes could be found 

both in the interior of air-TNTs and H
2
-TNTs, and the TOF-

SIMS also confirmed that the H
2
-TNTs featured a higher 

capacity for adsorbing BSA proteins inside the nanotubes 

(Figures 7 and 8). A previous study on molecular dynamics 

simulations have shown that the TiO
2
 (110) surface modified 

Figure 5 Photoluminescence characteristics of air-TNTs (black) and h2-TNTs (red).
Abbreviations: air-TNTs, air-annealed TiO2 nanotubes; h2-TNTs, hydrogenated 
TiO2 nanotubes.

Figure 6 Water contact angle of (A) Ti substrate, (B) air-TNTs, and (C) h2-TNTs.
Abbreviations: Ti, titanium; air-TNTs, air-annealed TiO2 nanotubes; h2-TNTs, 
hydrogenated TiO2 nanotubes.

The cumulative amount of histone  elution was greater than 

that of BSA. The hydrophilicity of the H
2
-TNTs decreased the 

rate of BSA elution over the first 48 hours and that of histone 

elution in the period after 24 hours (Figure 10B).

early cell adhesion and proliferation 
ability
The adhesion of MG-63 cultured on the different Ti surfaces 

is shown in Figure 11A. The number of MG-63 cells on the 

H
2
-TNTs samples was significantly greater than that of the 

other groups at all time points (P,0.05). The time-dependent 

proliferation of MG-63 cultured on the samples is shown in 

Figure 11B. The cell numbers in the three groups increased 

in a time-dependent manner during the culture period. Cell 

proliferation on the H
2
-TNTs surface was greater than that 

on the air-TNTs and Ti substrates from the third day of 

incubation (P,0.05).
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with -OH groups features a much greater affinity for human 

serum albumin, reflected by stronger protein-surface elec-

trostatic interactions and a greater number of adsorbed 

residues.37 Such small, bioactive, molecule-binding behavior 

makes this hydrogenated TNT material a more effective 

drug-delivery carrier compared to air-TNTs.

Different protein-binding assays (Figure 9A) showed that 

the FN had the highest absorption capacity, indicated by the 

protein concentration in the supernatants being much lower 

than that of BSA and histone. FN is a macromolecular glyco-

protein with a length 60 nm and radius 6 nm,38 which might 

have more binding sites to facilitate deposition on the sample 

surface. Furthermore, the isoelectric point of FN ranges from 

5.6 to 6.1, which is very close to the physiological pH.39 

It has been reported that protein molecules show the highest 

surface activity and are generally adsorbed most readily to 

surfaces when their pH is close to the isoelectric point of 

the surface.40 However, most of the FN was lost during 

rinsing as the high-molecular-weight macromolecule FN 

Figure 8 Negative TOF-SIMS sputter depth profiles for air-TNTs and H2-TNTs 
treated with Bsa.
Abbreviations: TOF-SIMS, time-of-flight secondary ion mass spectrometry; air-
TNTs, air-annealed TiO2 nanotubes; h2-TNTs, hydrogenated TiO2 nanotubes; Bsa, 
bovine serum albumin.

Figure 7 gold-labeled antibodies inside (A, B) air-TNTs and (C, D) h2-TNT.
Note: The gold-labeled antibodies localized in the upper and middle sections of the air-TNTs (A, B), and penetrated deeper into the h2-TNTs (C, D).
Abbreviations: air-TNTs, air-annealed TiO2 nanotubes; h2-TNTs, hydrogenated TiO2 nanotubes.
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Figure 9 (A) Unbound and (B) bound protein on Ti substrate, air-TNTs, and h2-TNTs after incubation for 30 minutes. 
Notes: Data are expressed as the mean ± sD; (n=3); *P,0.05.
Abbreviations: Ti, titanium; air-TNTs, air-annealed TiO2 nanotubes; h2-TNTs, hydrogenated TiO2 nanotubes; BSA, bovine serum albumin; FN, fibronectin.

Figure 10 (A) accumulated protein release, and (B) protein release concentrations/total protein concentrations of TNTs samples. 
Notes: Data are expressed as mean ± sD; (n=3).
Abbreviations: air-TNTs, air-annealed TiO2 nanotubes; his, histone; h2-TNTs, hydrogenated TiO2 nanotubes; Bsa, bovine serum albumin.

barely assembled into the nanotubes. This can explain why 

the highest concentration of bound protein after the rinsing 

step was constituted by histone (Figure 9B). TNTs have a 

pocket effect for small molecules. Both BSA and histone 

have a hydrodynamic radius of approximately 7–8 nm8,41 

and, once trapped inside the nanotubes, they are difficult to 

remove by rinsing. Considering the positive charge of histone 

(isoelectric point [IEP]=11)3 and the negative charge of BSA 

(IEP=4.7),42,43 histone is expected to have a stronger bonding 

with the negatively charged Ti substrate and TNTs.44 The 

release profiles were similar for histone and BSA, although 

a slower release and higher cumulative amount was achieved 

by histone (Figure 10). This phenomenon might be because 

of the strong electrostatic interaction between the histone 

and TNTs. In consideration of the pocket effect of TNTs, 

we only studied BSA and histone as a model to evaluate the 

protein elution.

A previous study found that plasma treatment decreased 

the rate of drug elution but did not improve the cumulative 

release amount of the drug.2 However, in our study, H
2
-TNTs 

not only decreased the rate of BSA elution over the first 

48 hours but also increased the cumulative release amount 

of BSA. It is possible that the hydrogenation penetrates sig-

nificantly deeper into the tubes, which could trap more BSA 

protein. Owing to the lower rate of protein elution (positive 

protein) and higher release cumulative amount (negative pro-

tein), H
2
-TNTs might provide more sustained release over an 

extended period of time and a higher biological activity than 

what is possible with the air-TNTs. It has been shown that 

cationic antimicrobial peptides present broad antimicrobial 
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activity without inducing the development of resistant 

bacteria.45,46 In this case, the hydrogenated TNTs may have 

a wide application prospect for prolonging the time of anti-

bacterial activities as well as reducing the cytotoxicity.

Notably, more protein was adsorbed by the H
2
-TNTs than 

by the air-TNTs, despite the charge of protein (Figure 9). This 

result was attributed to the superhydrophilic surface induced by 

hydrogenation. It has been reported that albumin and FN are 

beneficial proteins for absorption onto biomaterials and medi-

ate a variety of cellular interactions within the extracellular  

matrix, playing an important role in antibacterial properties 

and cell adhesion.47,48 In our study, more BSA and FN were 

adsorbed by the H
2
-TNTs than the air-TNTs, which might 

influence osteoblast formation and accelerate bone integration. 

The cell morphology observed by SEM (Figure 12) and fluo-

rescence microscopy (Figure 13) demonstrated that, compared 

to MG-63 cells on the Ti and air-TNTs surface, the MG-63 

cells on the surface of H
2
-TNTs had elongated morphology 

with more widespread filopodia and regular arrangement of an 

Figure 12 seM images of Mg-63 cell on samples after culturing for 4 hours: (A, a) Ti substrate, (B, b) air-TNTs, and (C, c) h2-TNTs.
Note: Figures a–c show figures A–C at high magnification, respectively.
Abbreviations: seM, scanning electron microscopy; Ti, titanium; air-TNTs, air-annealed TiO2 nanotubes; h2-TNTs, hydrogenated TiO2 nanotubes.

Figure 11 (A) ccK-8 results of Mg-63 cell adhesion on samples over 1, 2, and 4 hours. (B) ccK-8 results of Mg-63 cell proliferation on samples after 1, 3, 5, and 7 days.
Notes: Data are expressed as mean ± sD (n=3); *P,0.05.
Abbreviations: ccK-8, cell counting Kit-8; Ti, titanium; air-TNTs, air-annealed TiO2 nanotubes; h2-TNTs, hydrogenated TiO2 nanotubes.
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Figure 13 Fluorescence microscopy of Mg-63 cells cultured for 4 hours on (A) Ti substrates, (B) air-TNTs, and (C) h2-TNTs. actin is shown in red and cell nucleus is 
shown in blue.
Abbreviations: Ti, titanium; air-TNTs, air-annealed TiO2 nanotubes; h2-TNTs, hydrogenated TiO2 nanotubes.

Figure 14 Mg-63 cell alP activity on samples after incubation for 4 and 7 days.
Notes: Data are expressed as mean ± sD (n=3); *P,0.05.
Abbreviations: alP, alkaline phosphatase; Ti, titanium; air-TNTs, air-annealed 
TiO2 nanotubes; h2-TNTs, hydrogenated TiO2 nanotubes.

actin cytoskeleton. An elongated shape has been shown to be 

beneficial to osteoblast differentiation. Previous studies have 

shown that physical stresses from nanotube topography can 

regulate cell morphology and accelerate cell differentiation.49 

On larger-diameter nanotubes (100 nm), human mesenchymal 

stem cells are stressed and forced to elongate, and when stem 

cells are stressed and elongated, they tend to differentiate into 

a specific lineage to accommodate the stress.50 This elongated 

cell forms were more evident in metal-decorated (eg, Sr and 

Zn) TNTs and hydrophilic TNTs.1,11,51 In our study, the cellular 

cytoskeletal tension and stress in elongated MG-63 cells on 

H
2
-TNTs might promote MG-63 differentiation into a more 

bone-like phenotype,12,26 which was further confirmed by the 

ALP activity assay.

Furthermore, ALP is widely used as an early differentia-

tion marker of osteoblasts, which participate in the process 

of pre-mineralization and promote the formation of mineral 

nodules.52 The significantly higher ALP values for the H
2
-TNTs 

group after 4 and 7 days suggest that the hydrogenated surface 

and its higher protein adsorption enhance ALP activity and 

early cell differentiation (Figure 14). This result is in good 

agreement with the imaging by SEM and of the cytoskeletal 

stain. Hydrogenation could improve the wettability and pro-

tein adsorption of the TNTs, which is important for the early 

bone osseointegration effect.

Conclusion
Thermal hydrogenation improved both the wettability and pro-

tein adsorption of TNTs. Hydrogenated TNTs can potentially 

be applied as drug carriers, owing to their ability to sustain the 

release of an effective concentration of protein over an extended 

period of time. Due to the nanotopography of the TNTs and 

superhydrophilic surface induced by hydrogenation, the cell 

compatibility of the H
2
-TNTs was improved. Moreover, our 

results showed that MG-63 promoted more filopodia extension 

on the H
2
-TNTs, which then enhanced osteogenic cell function 

and accelerated osteogenic potential at the protein level.

The hydrogenated TNTs used in this study were capable 

of trapping relatively small amounts of protein and to 

facilitate the FN deposition. Improvements in drug-loading 

capacity, extension of the elution duration, and promotion 

of cell proliferation are the advantages that this material and 

technology can be applied for in the clinical setting.
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