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ABSTRACT

Purpose: Our aim was to obtain functionalized nanotubular oxide layer (TNTs) on Ti6Al4V 
alloy and evaluate its efficiency as a platform for electrochemical biosensor of bone remodeling 
markers. It was also crucial to examinate does the amount of bonded bALP and BMP-2 and 
antibodies depends from nanotubes diameter and their electrochemical properties.

Design/methodology/approach: The antibody specific for bALP and BMP-2 were used to 
functionalize the TNTs  on Ti6Al4V. The spectrophotometry and electrochemical measurements 
(CV and EIS) were used to examinate the functionalization efficiency and comfirmed sensing 
properties of the functionalized TNTs on Ti6Al4V alloy.

Findings: The obtained results confirmed that TNTs can strongly bind antibodies by 
physioabsorption  and may be a proper platform for biosensing of the selected markers. The 
protein immobilization efficiency depends over the nanotube diameter and their electrical charge. 
Thermally modified TNTs with 50 nm diameter on Ti6Al4V strongly bind bALP antibodies and 
bALP and it can be detected amperometrically. BMP-2 quantitatively binds to the functionalized 
non annealed charged TNTs with 100 nm diameter, and it is possible to detect it using EIS.

Research limitations/implications: The biosensors presented in this work are simple 
and fast, but this construction is a prototype and need to be optimized to be used in bone 
remodelling diagnostics.

Practical implications: Development of the functionalized TNTs on the Ti6Al4V sensitive 
for physiological concentrations of the bone remodelling markers may be alternative for 
immunotests in diagnostic of bone diseases. Moreover the TNTs morphology generates nano 
roughness over the Ti6Al4V surface and functionalized by antibodies strongly bind bALP or 
BMP-2 and stimulate bone proliferation.

Originality/value: Unique value of this research is the statement the amount of bonded 
markers and antibodies depends from TNTs diameter and electrochemical properties, and that 
the prototype of novel biosensor electrode was developed.
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1. Introduction 

Absorption of proteins on inorganic biomaterials is  

a key topic in a wide range of research fields like 

biochemistry, biophysics, biocoatings and biosensing. 

Specific composition and morphology of the surface 

govern the final conformation and the activity of the 

absorbed protein [1]. Orthopaedic implants and novel 

diagnostic tests are the most crucial elements of the 

complex healing process, and they are improved by 

nanomaterials and nanocoatings. Injuries in the skeletal 

system are dangerous specially for patients with osteo-

porosis or younger peoples with bone cancer. Decreasing 

of bone mass in women begins above 30 years of age and 

significantly increases after menopause [2]. In the report of 

Polish Society of Orthopaedics and Traumatology from 

2015 osteoporosis is called �silent epidemic�. The number 

of bone fracture causes by this disease increased from 

167.663 in 2009 to 2.710.000 in 2010 [3]. The diagnosis of 

bone diseases is complicate and it is expensive procedure. 

Bone density measurements are not effective in diagnostic 

of early stadium of skeletal diseases, so as detection of 

bone remodelling markers by immunotests like ELISA. 

Limited access to expensive laboratory diagnostics 

generates the need for a quick and cheap diagnostic tests. 

Quantification of markers specific for bone remodeling in 

eg. bone alkaline phosphatase (bALP) and bone morpho-

genetic protein-2 (BMP-2) may also support healing of 

other diseases like cancer and kidney dysfunctions [4-9]. 

bALP and BMP-2 are released from osteoblast during the 

ripening of bone matrix [10,11]. The other important issue 

in healing of bone injuries is increasing number of 

revisions after implantation, caused by infections, 

dislocations, and mechanical loosening. Sample statistics 

for revision after total knee arthroplasty (TKA) and total 

hip arthroplasty (THA) in the USA are presented on Fig. 1. 

Dominant problems in the tissue-implant interaction 

of the tissue are related with differences in their chemical 

compositions and reactions on the border between organic 

and inorganic matter (tissue- body fluid- implant). During 

the presence of a wide range of metallic implant materials 

and their protective layers, it is not clearly established 

which chemical reactions and biological processes occur 

during tissue overgrowth implant surface. In molecular 

level the response bone cells to implant materials depends 

on the topography, physicochemistry, mechanics, and 

electronics of the implant surface and the influence for 

cells behavior, such as adhesion, proliferation, shape, 

migration, survival, and differentiation [15]. Research on 

biochemical bonds and osteointegration with metallic 

implants is a very difficult scientific challenge and still an 

open task. Titanium alloys are still commonly used in 

surgery and their oxidation is still the most proper method 

for isolation the metallic surface from the environment 

[16,17]. Depending on the forming conditions the oxide 

layers have a varied morphology (compact, porous, 

nanotubular), thickness, roughness, chemical composition 

and wettability [18-20]. Titanium surface modifications 

with respect to the topography and chemistry induce 

differential inflammatory response [21,22]. Oxide nano-

tubes (TNTs) formed on titanium and its alloys by 

anodization are able to support in e.g. antibiotic therapy, 

smooth muscle cell proliferation, or growth factors deli-

very [23,24]. The creation of nano-roughness on implants 

by formation of TNTs in vitro induce multiplication of 

osteoblast, endothelial cells and smooth muscle cells 

[26,27]. The wettability and electrical charges of titanium 

oxide nanotubes layer plays a crucial role in the 

biomedical applications and adhesion of cells. TNTs with 

diameters from 50 up to 100 nm present excellent 

biocompatibility, although there are still controversial 

results regarding the optimum nanotubes diameters for 

biomedical applications [28]. 

Fig. 1. US National Inpatient Sample (NIS) statistics- revision 

of total hip (THA) and knee (TKA) arthroplasty [12-14] 

Oxide nanotubes specially from TiO2 and vanadium 

oxides accept of bioactivity presence excellent sensing 

properties [29,30]. There is a possibility to use biological 

activity and sensing properties of oxide nanotubes made 

from titanium and vanadium to create a double functional 

surface- biosensor for bone remodeling markers and bone 

tissue stimulator. Titanium and vanadium reach nano-

tubular layer on the popular implant alloy - Ti6Al4V, after 

functionalization by antibodies specific for bone remo-

deling markers: bALP and BMP-2, should be the proper 

platform for detection of bone remodeling markers and 

1.  Introduction
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support bone in-growth into the surface of surgical 

implants. Binding of proteins to the surface in practice is 

carried by using three mechanisms: chemical linkers; 

physiosorption (different surface and protein charge), and 

linker-free immobilization [25]. In our research to bind 

proteins into the TNTs layer on Ti6Al4V alloy we use the 

second mechanism, due to the presence of charges in 

nanotubular oxide layer.  

In present work our aim was to produced functionalized 

nanotubular oxide layers with different diameters on 

Ti6Al4V alloy and evaluate its efficiency as a electro-

chemical biosensor. It is assumed that the amount of 

bonded bALP and BMP-2 and antibodies depends from 

nanotubes diameter and their electrochemical properties. 

2. Materials and methods

Scope of the work included three stages: preparation of 

oxide nanotubes on the Ti6Al4V alloy; functionalization by 

antibodies specific for bALP and BMP-2; evaluation of the 

antigen binding efficiency and sensing properties by 

specific antigen-protein reaction (Fig. 2). 

Fig. 2. Schematic illustration of research stages 

2.1. Preparation of nanotubular oxide layer on 

the Ti6Al4V alloy 

It was decided to investigate nanotubes with diameters 

50 and 100 nm, due to the contradictory reports in the 

literature describing the relation between the diameter and 

the amount of bound protein and the rate of osteoblasts 

growth. 

Samples of the Ti6Al4V alloy Gr5 (5×10×0.5 mm) 

were cut off from the alloy sheet (William Gregor Co., 

UK), sonicated in acetone, deionized (DI) water and dried 

in nitrogen stream. Anodizing and electrochemical tests 

were performed with the AutoLab PGSTAT 302N 

potentiostat/galvanostat, equipped with voltage multiplier 

(to 30 V), Frequency Response Analyzer 2 and Nova 1.8 

software. Based on our previous experiments [32-35] 

nanotubular oxide layer on Ti6Al4V alloy was produced by 

anodization in organic electrolytes. Anodization was 

carried out in ethylene glycol (99%, water solution, Sigma 

Aldrich) to produced nanotubes with 50 nm diameter, and 

glycerol (99%, water solution, Sigma Aldrich) to obtain 

100 nm nanotubes. Both electrolytes contain 0.6% wt. of 

NH4F (Sigma Aldrich). Samples were polarized from OCP 

to 20 V and respectively 30 V with scan rate 500 mV/s and 

hold at 20 V for 1200 s and at 30 V for 2 h. To convert 

amorphous titanium and vanadium oxides to more 

conductive anatase and rutile and change the electrical 

charge of the layer samples were annealed at 600°C 

(heating rate 30°C/min) in nitrogen atmosphere for 2 h. 

After anodization and thermal treatment samples of 

Ti6Al4V with TNTs layers were characterized using SEM, 

EDS analysis (JEOL FE-SEM 7600F), wettability measu-

rements (using Klimtest goniometer), and in electro-

chemical measurements (OCP, CV, EIS). Anodization on 

Ti6Al4V alloy samples was carried in two-electrode 

system with sample as a working electrode and platinium 

foil as a counter electrode. All electrochemical exami-

nations were carried out in 5 ml of 0.01 M PBS (pH 7.4) 

solution room temperature in the three electrodes system, 

with the sample as a working electrode, platinum foil as  

a counter electrode, and the Ag/AgCl reference electrode 

(+0.220 V, 25°C). The EIS spectra were registered in the 

frequency ranging from 104 to 0.1 Hz with the AC 

amplitude 10 mV at 0 DC bias voltage and the CV  

curves recorded in potential range from -0.5 to 1.5 V 

(vs Ag/AgCl) for 30 cycles with the scan rate of 50 mV/s 

with 0.5 ml of p-NPP in 5 ml of PBS solution.

2.2. Functionalization of nanotubular oxide 

layer

All functionalization experiments was carried for each 

antibody on separate samples. All proteins solutions and 

washing solution were taken from bALP ELISA test 

(BlueGene) and BMP-2 ELISA test (abcam®).Nanotubular 

oxide layers on Ti6Al4V with 50 and 100 nm of diameter 

were functionalized by direct dropping of 20 µl bALP and 

BMP-2 antibodies onto sample area (5×5 mm). Samples 

were incubated at 37°C for 1 h and washed 5 times (each 

wash 180 µl). Average efficiency of bALP antibody 

immobilization was evaluated by the spectrophotometric 

measurements of antibody concentrations in 900 µl 

solution after washing using Spectroflex spectrophotometer 

at a wavelength 450 nm. 

2.  Materials and methods 

2.1.  Preparation of nanotubular oxide layer on 
the Ti6Al4V alloy

2.2.  Functionalization of nanotubular oxide 
layer
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2.3. Evaluation of bALP and BMP-2 binding 

efficiency and sensing properties 

In this step functionalized nanotubular oxide layers were 

contacted with bone alkaline phosphatase (bALP) and bone 

morphogenetic protein (BMP-2). To estimate the quantity of 

bonded proteins to functionalized oxide layer 60 µl of 

solutions containing bALP and respectively BMP-2 were 

directly dropped onto the antibody functionalized the sample 

area. To obtain utility results proteins concentration was 

close to physiological, for bALP 1.0; 2.5; 5.0; 10.0 ng/ml, 

for BMP-2 0.5; 1; 2; 3 ng/ml [36,37]. Incubation and wa-

shing steps were the same as in previous stage. Average 

efficiency of bALP and BMP-2 immobilization was 

evaluated by the spectrophotometric measurements of anti-

body concentrations in 900 µl after each washing using 

Spectroflex spectrophotometer at a wavelength 450 nm.  

Sensing properties of functionalized nanotubular oxide 

layer was examined in electrochemical measurements. To 

evaluate the sensing abilities functionalized TNTs on 

Ti6Al4V alloy as a platform for detection of bALP a model 

reaction of conversion of p-nitrophenylophosphate (p-NPP) 

catalysed by bALP was chosen (Fig. 3). This reaction was 

also used in testing other sensor materials, for instance gold 

nanowires [38], in detection of bALP released from 

osteoblasts with accuracy close to ELISA test [39]. Intensity 

of oxidation and reduction reactions is proportional to 

amount of bALP bonded into the functionalized nanotubular 

oxide layer and can be measured by cyclic voltametry. 

The functionalized biosensor Ti64NTs electrodes were 

examined by cyclic voltammetry in range -0.5 V to 1.5 V 

with the rate scan 50 mV/s in PBS solution (pH 7.4) with 

the presence of p-NPP. 

Bone morphogenetic protein does not presence any 

characteristic redox reactions and the amount of BMP-2 

bonded into functionalized nanotube oxide layer on 

Ti6Al4V alloy was measured using electrochemical 

impedance spectroscopy (EIS) [40]. 

3. Results and discussion 

3.1. Anodization of Ti6Al4V 

During anodization of the Ti6Al4V alloy nanotubular 

oxide layers with diameter of 50 nm ± 10 nm and  

100 nm ± 10 nm were formed (Fig. 4a,b). After thermal 

modification in nitrogen at 600°C for 2h nanotubes on both 

phases of the Ti6Al4V alloy titanium and vanadium oxides 

are presented (Fig. 4c,d). 

Table 1 shows the results of wetting angle measurement 

and corrosion potential values for obtained nanotubular 

oxide layers with 50 and 100 nm diameter before and after 

thermal treatment. For all obtained TNTs contact angle 

values are below 90° and they are hydrophilic. After 

annealing hydrophility of nanotubular oxide layers on 

Ti6Al4V alloy rise, and the open circuit potential for 

examinated oxide layer also increased to positive values. 

Table 1.  

Wettability measurements results for nanotubes oxide layer 

on Ti6Al4V before and after thermal modification 

Nanotube 

diameter 

Non annealed Annealed 

50 nm 100 nm 50 nm 100 nm 

Wetting 

angle 
43° 64° 24° 32° 

OCP  -250 mV -92 mV ~10 mV ~1 mV 

Fig. 3. Scheme of construction bALP biosensor based on functionalized nanotubular oxide layer on Ti6Al4V alloy  

(p-NPP-p- nitrophenylophosphate, p-NP-p-nitrophenol, p-AP-p-aminophenol, p-QI-p-quinoneimine) 

2.3.  Evaluation of bALP and BMP-2 binding 
 efficiency and sensing properties

3.  Results and discussion 

3.1.  Anodization of Ti6Al4V
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electrochemical impedance spectroscopy (EIS) [40]. Re-

sults of EIS examinations of nanotubular oxide layer on 

Ti6Al4V alloy with 100 nm diameter functionalized and 

bonded with BMP-2 are presented on Niquist plot on 

Figure 8a. For the lowest examinated frequency 0.1 Hz 

impedance modulus value decrease over for different 

BMP-2 concentrations. On the base of obtained results it 

was possible to plot a calibration curve (Fig. 8b).  

The antibody nanotubular oxide layer on Ti6Al4V alloy 

with 100 nm diameter and non annealed is a proper 

biosensor for impidimetric detection of BMP-2 in phy-

siological concentration range. 

4. Conclusions 

Nanotubular oxide layers on Ti6Al4V with 50 and 

100 nm of diameter were obtained during anodization in 

organic electrolytes. To increase their hydrophility and the 

charge of the layer TNTs were thermally modified in 

600°C nitrogen. Functionaliztion by direct dropping of 

bALP and BMP-2 antibody shows that immobilization 

efficiency is different for 50 and 100 nm TNTs diameter. 

Thermally modified and positively charged nanotubular 

oxide layer with 50 nm diameter on Ti6Al4V strongly bind 

bALP antibodies and bALP antigens in physiological 

range. The functionalized nanotubular oxide layer can be 

a biosensor platform, cause amount of bALP bonded to this 

surface can be detected amperometrically. In case of BMP-

2, this protein quantitatively bind to the functionalized non 

annealed - negatively charged TNTs with 100 nm diameter, 

and it is possible to detect the amount of BMP-2 using 

electrochemical impedance spectroscopy. During the 

research it is proved that TNTs functionalized by anti-

bodies may be a platform for fast, simple and precise 

biosensor for detection bone remodeling markers and 

diagnostics of bone diseases with accuracy comparable to 

ELISA test.  

The results obtained during this research suggest that 

functionalized nanotubular oxide layer on Ti6Al4V alloy 

with strongly bonded bALP or BMP-2 will stimulate 

osteoblasts proliferation during the fact that they are 

released into environment physiologically and are able to 

activate cell signaling patchways. In osteoblasts prolife-

ration it is important to signalize to other cells that 

something positive is happening on implant surface, and it 

can be archived by presence of bALP and BMP-2 on the 

surface. Moreover the nanotubular oxide layer morphology 

generates nano roughness over the Ti6Al4V surface which 

also stimulate bone remodeling [41-43]. 
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