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Abstract In this study, the self-organized TiO2 nanotubes

grown by anodization of Ti–4Zr–22Nb–2Sn at different

potentials, concentration of NH4F and anodization time

was investigated. The morphology of nanotubes was

observed by FE-SEM. The drug-loaded nanotubes were

also fabricated in aqueous media containing minocycline

hydrochloride. They were characterized by SEM, XPS and

FT-IR. The results showed that the drug of minocycline

hydrochloride (MH) was loaded in the nanotubes. The

release effects were studied in phosphate buffer solution

(PBS). The release rate of MH from TiO2 nanotubes with

shorter tube length in PBS was lower than the one of MH

from longer nanotubes. The sustaining release time could

last at least 150 h. Hence, it is a promising method to

eliminate the harmful reactions by carrying drug in the

tubes when the titanium alloys were used as biomedical

implants.

1 Introduction

Titanium and its alloys have been widely used as base

materials for orthopaedic or dental implants due to its

excellent biocompatibility, good load-bearing properties

and good corrosion resistance [1–4]. However, problems in

terms of adhesion and stability for long periods in the

living body still exist [5, 6]. Therefore, various efforts are

undertaken to further improve the biocompatibility and

optimize the modifications of titanium surfaces. It is known

that small changes in the surface properties can lead to

completely different behavior of the material. Therefore,

new better modifications of titanium surfaces have been

established. For example, anodization at lower voltages

leads to highly ordered self-organized TiO2 nanotubular

layer. In the past decades, nanoscale structures of TiO2

have attracted increasing scientific and technological

attention due to the applications in solar cells [7], water-

splitting [8], and photocatalysis [9]. What’s more, another

important application of TiO2 nanotube is to improve the

bioactivity of titanium in biochemical filed [10–14]. The

Ti base materials show a better bone-binding ability on the

TiO2 covered surface of the implants [15, 16]. It has been

previously reported that TiO2 nanotubes can improve

osteoblast attachment, function and proliferation. Besides,

this nanotopographical features can also be used to pro-

mote proliferation and function in endothelial cells and

help vascular smooth muscle cell maintain their differen-

tiated and non-proliferative phenotype [17, 18]. Other

studies have also suggested that nanotubes can be used in

vascular applications, enhancing endothelial cell produc-

tion and motility [19].

In despite of this, many clinical investigations showed

that titanium and its alloys used in corrosive environment

like body fluid always release detrimental ions in blood

stream of the patients [20, 21], which can cause severe

diseases such as inflammatory, allergic or carcinogenic

reactions. But drugs such as anti-inflammatory drugs,

antibiotics and growth factors are not effective when

delivered by systemic routes because the drug cannot

readily reach the implant–tissue interface. Hence, it’s

crucial to keep the advantage of better bone-binding ability

for the bulk titanium covered by TiO2 nanotubes and
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eliminate the harmful reactions by local drug therapy. The

method that carrying drugs in the tubes can not only offer a

high localized drug concentration without any systemic

toxicity but also deliver drugs right at the site of implan-

tation. Previous studies showed the antibiotic release from

the nanotubes to prevent bacterial adhesion by loading

gentamicin in tubes [22]. Moreover, paclitaxel is also

loaded in nanotubes, which was used as an anti prolifera-

tive agent to treat inflammation, cancer, and stent reste-

nosis [23].

However, the TiO2 nanotubes with single-diameter

structure used in local drug therapy were prepared on the

substrate of pure titanium. To-date, new Ti-based alloys

with non-toxic elements such as Nb, Zr, and Sn have been

developed to substitute pure Ti due to their excellent

properties such as high strength and reasonable elastic

modulus among the metal-based biomaterials. Accord-

ingly, in the present study, a technique of producing TiO2

nanotubes with two-size-scale on the substrate of Ti–4Zr–

22Nb–2Sn alloys by anodization, which can maintain their

mechanical properties was proposed. The tube diameter

and length can be easily controlled by varying the anod-

ization potentials and time. Meanwhile, Minocycline

hydrochloride (MH), a member of the tetracycline antibi-

otics, is useful in the treatment of a host of topical bacterial

infections [24]. Hence, it was selected as the model drug in

this current study, and the drug release effects of drug-

loaded nanotubes were performed in phosphate buffer

solution (PBS) effectively.

2 Materials and methods

TiO2 nanotube arrays were grown from a Ti–4Zr–22Nb–

2Sn substrate (0.25-mm thick, Aldrich) by anodization in an

electrolyte of 0.31 M NH4F with water/glycerol (50:50

vol.%) [25]. A two-electrode electrochemical setup con-

sisting of the Ti substrate anode and a Pt cathode was used.

Nanotube formation was achieved at potentials ranging

from 10 to 56 V at room temperature. Prescribed amounts

of Minocycline hydrochloride (MH) were dissolved in

distilled water. The as-prepared TiO2 nanotubes with dif-

ferent tube lengths were immerged in this solution and dried

at room temperature. Subsequently, the nanotube mouth

was closed by covering poly-lacto-co-glycolic acid (PLGA)

on the tube surface. Then the nanotube loaded with drugs

(MH) was formed. The release experiment in vitro was

carried out according to a method reported previously [23].

The Ti–4Zr–22Nb–2Sn samples loaded with MH were

enclosed by filter membrane. Each sample was immersed

into 5 ml of phosphate buffer solution (PBS, 0.01 M, pH

7.4) at 37.5�C. At specific time intervals, 3 ml of medium

was taken out and replaced with PBS. Three replicated

samples were recorded at each time point. The sample

surfaces were analyzed with a field emission scanning

electron microscope (FE-SEM, Hitachi FE-SEM S-4800)

equipped with an energy-dispersive X-ray analysis unit

(EDS). X-ray photoelectron spectroscopy (PHL1600ESCA

XPS) was also used to characterize the chemical composi-

tion of the surfaces. Fourier transform infrared (FT-IR)

spectroscopy measurement was used to further confirm the

formation of the MH-nanotube loaded system. The amount

of MH released from the nanotubes was determined with the

ultraviolet Visible Spectrophotometer (UV-2450, Shima-

dzu, Japan) at 360 nm.

3 Results and discussion

Generation of self-organized TiO2 nanotubes with two-

size-scale diameters was achieved by anodizing Ti–4Zr–

22Nb–2Sn sheets in a 0.31 M NH4F electrolyte with water/

glycerol (50:50 vol.%) at different voltages ranging from

10 to 56 V for 3 h, thus precisely controlling tube length

and bottom diameter. Figure 1 shows that the length and

diameters linearly depend on the applied potential. It also

clearly demonstrates that highly ordered tubular layers can

be formed in a very wide potential range. This is in line

with earlier experimental findings in pure titanium [26],

Ti–Zr alloys [27], Ti–Zr–Nb alloys [28] and Ti–Nb–Ta–Zr

[29]. As shown in the insets of Fig. 1, the resulting tube

length and larger diameter formed at 56 V for 3 h can

reach up to 8,807 ± 10 and 254 ± 10 nm, respectively.

A linear relationship can be ascribed to the voltage influ-

ence in terms of a field-aided oxide growth model [30]. As

for the nanotube length, it becomes longer at more positive

potential following the larger anodic current during the

nanotube formation [31]. Figure 2 shows an evaluation of

the tube length in dependence of the concentration of NH4F

at 35 V for 3 h. It is obvious that the tube length first

Fig. 1 Dependence of nanotube length on the anodization potential

(the substrate is anodized for 3 h in this case)
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increases to the peak value (length of 4,889 ± 10 nm

corresponding to 0.22 M NH4F) and then decreases with

increasing the NH4F concentration. The pore formation

occurs due to the localized chemical dissolution of the

oxide as well as the pore mouth dissolution by F- [32].

Therefore, the tube length is determined by the comparison

between the dissolution of the tube top and the formation of

the tube bottom [27]. The decrease of the length can be

attributed to the accelerated chemical dissolution of the

tube mouth by excessive fluoride ions in the electrolyte.

Further experiments were performed to elucidate the

influence of time (0.5, 1, 2 and 3 h) on the morphology and

dimension of the growing layers. Figure 3 shows the bot-

tom and cross-sectional view from a set of anodization

experiments at 35 V during 3 h using 0.31 M NH4F elec-

trolyte with water/glycerol (50:50 vol.%). It can be seen

that the tube length increases with time from

2,128 ± 10 nm in 0.5 h to 4,080 ± 10 nm in 3 h. Mean-

while, the bottom view of the nanotubes formed in 0.5 h

shows only one-size diameter. After additionally approxi-

mately 0.5 h has passed, the diameter of some tubes

increases, exhibiting two-size scale diameter. It indicates

that some nanotubes with faster growth rates in the growth

‘‘race’’ obtain the optimal electrochemical conditions, and

grow to lager diameter nanotubes, while those with slower

growth rates do not change significantly. By further

anodization, the distribution density of larger diameter

nanotubes increases gradually, which can induced that the

tubes with smaller diameter will continue growing if a

sufficient acidification of the pore tip can be maintained

[33] after long time anodization.

After the preparation of drug-loaded nanotubes, the top-

views of nanotubes before and after drug-loading were

observed by SEM. Figure 4a shows a highly ordered layer

that consists of densely packed nanotubes with an open top.

After immersing in MH solutions, the morphology of drug-

loading nanotubes was shown in Fig. 4b. The intervals

between nanotubes were filled with MH, which is identified

by EDS and supported by the elements of N and Cl (not

shown in this paper). The nanotubes loaded with MH were

further covered by PLGA to slow down the drug release.

The top image of the composite coating (nanotube/MH/

PLGA) can be seen in Fig. 4c. The surface of this coating

is smooth and glossy and the tube structures cannot be

observed. In order to additionally confirm the deposition of

MH in nanotubes, FT-IR and XPS measurements were also

performed.

Figure 5 shows the FT-IR spectra of TiO2 nanotube

before and after loading MH recorded in the range of

4,000–400 cm-1. Two peaks at approximately 3,425 and

1,620 cm-1 indicate the presence of adsorbed or hydrogen-

bonded water molecule on the nanotubes [34]. In addition,

the band at 541 cm-1 in Fig. 5a was associated with the

Ti–O–Ti stretching mode of TiO2 [35]. The spectrum of

MH doped nanotubes in Fig. 5b has a broad band between

1,000 and 1,600 cm-1. The bands at 1143, 1476 and

1215 cm-1 were attributed to the C–H stretching mode

[34]. The bands at 1305, 1368, 1411, 1530 and 2931 cm-1

was associated with the C–N stretching, Amide III ? CH3

end-group deformation, CH2 deformation, Amide II and

C–H stretching [36, 37]. The peak at 3,010 cm-1 is

assigned to the aromatic ring (C6H5) [38]. The bands below

3,010 cm-1 are from the saturated main chain C–H groups

[39]. The IR spectra show that MH is grafted into TiO2

nanotubes.

The incorporation of MH can be further justified by the

XPS spectra of N 1s and Cl 2p, as shown in Fig. 6. The

high-resolution N 1s spectrum (Fig. 6a) includes peaks at

binding energies 399.2 and 401.1 eV. The peak at 399.2 eV

is assigned to the –NH2 while the peak at 401.1 eV is

attributed to protonated amine groups [40–42]. Shown in

Fig. 6b are the Cl 2p spectra of MH doped nanotubes. The

peaks that are observed at 197.1 and 198.2 eV can be

assigned by a certain degree of surface chlorination caused

by HCl [43]. Therefore, the Cl 2p spectra demonstrate the

existence of HCl from MH on the nanotube surface.

To study the drug release behavior, the nanotubes pre-

pared at 15, 25, 35, and 45 V were selected to carry MH. As

shown in Fig. 7, the MH was loaded on the nanotubes with

different lengths ((a) 1.5 lm at 15 V, (b) 2.8 lm at 25 V,

(c) 4.1 lm at 35 V, (d) 5.7 lm at 45 V). It could be seen

that the top of nanotube interface were filled with MH. The

amount of loaded MH increased with the tube length and the

small size tubes disappeared gradually in Fig. 7c and d. In

applying MH-nanotube to a drug delivery system, the MH

release needed to be fast at the initial stage to eliminate the

harmful reactions cause by detrimental ions in the implant-

tissue interface. The load capacity of MH was 0.002 g,

Fig. 2 Dependence of nanotube length on concentration of NH4F

when the potential is maintained at 35 V for 3 h
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Fig. 3 SEM bottom view of nanotubes anodized for a 0.5 h, b 1 h, c 2 h and d 3 h in water/glycerol/0.31 M NH4F at 35 V (the insets shows the

cross-sectional images)

Fig. 4 SEM top view of a as-formed nanotubes formed in water/glycerol/0.31 M NH4F at 35 V for 3 h, b MH-loaded nanotubes and c MH-

loaded nanotubes covered by PLGA
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which was obtained by the weight difference of nanotubes

before and after drug loading. The release profiles of the

samples of MH-nanotube into the surrounding aqueous

phase were shown in Fig. 8. The inset was the UV–visible

absorption spectra of the MH solution. The spectra showed

that MH had a broad and continuous absorption at 360 nm.

We found that the release rate of MH from TiO2 nanotubes

with shorter tube length (see Fig. 8a, b) in PBS was lower

than the one of MH from longer nanotubes (see Fig. 8c, d).

With the first phase lasting about 7 h, 10.3, 19.7, 19.5, and

43.4% of loaded MH was released from TiO2 nanotubes

with different tube lengths ((a) 1.5 lm, (b) 2.8 lm,

(c) 4.1 lm, (d) 5.7 lm), respectively. The (d) sample was

considered to be a burst effect, and it had been attributed to

the excess of MH on the surface of nanotubes as shown in

Fig. 7d. As demonstrated in Fig. 8, the sustaining release

time of nanotubes was at least 150 h, which had longer

sustaining release time than that in the colloidal delivery

system [44], nanospheres [45] and carbon nanohorns [46].

The factor that affected the drug release rate significantly

was the higher aspect ratio of nanotubes, which could

effectively retard the drug release. The accumulative

release efficiencies of MH-nanotube ((c) 4.1 lm) and

MH-nanotube ((d) 5.7 lm) could reach up to 90.7 and

87.9% within 194 h, respectively. Compared with Fig. 8c

and d, a and b had relatively lower release efficiencies of

48.2 and 59.1%. This was because the MH was easier to

permeate into shorter nanotubes than longer ones. There-

fore, the MH mainly accumulated on the top of longer

nanotubes, but only small amount of MH was observed on

the surface of shorter tubes. Results indicated that the longer

nanotubes had a promoting function for drugs release; that

is, the release rate can be controlled by varying the nanotube

length. A faster and more complete release can be obtained

for sample of MH-nanotube (5.7 lm) in Fig. 8d, which

demonstrated that longer nanotubes loaded with MH is

preferable to used as biomedical implants.

4 Conclusions

In this study, the self-organized TiO2 nanotubes with

two-size-scale diameters are fabricated by anodizing

Ti–4Zr–22Nb–2Sn sheets at different voltages ranging

from 10 to 56 V. The tube lengths and diameters linearly

depend on the applied potential. The tube length is also

affected by the concentration of NH4F and anodization

time. With the increasing time, the distribution density of

larger diameter nanotubes increases correspondingly. The

Minocycline hydrochloride (MH) can be loaded in the

nanotubes successfully. The release rate of MH from TiO2

nanotubes with shorter tube length in PBS is lower than the

one of MH from longer nanotubes. The burst release of MH

Fig. 5 FT-IR spectra of (a) as-formed nanotubes and (b) MH-loaded

nanotubes

Fig. 6 High-resolution XPS spectra of a N 1s and b Cl 2p of the

surface of MH-loaded nanotubes
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from longer nanotubes is obvious due to the excess of MH

on the surface of nanotubes, which is in line with the

requirement that the release of MH needs to be fast at the

initial stage. The sustaining release time of nanotubes is at

least 150 h. Hence, the drug release can be effectively

retarded due to the higher aspect ratio of nanotubes.
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