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Sensitive electrochemical biosensors for determi-

elaborated. They are based on novel and surface 

modified layers of titania nanotubes (TNT) formed 

by anodization of titanium foil in ethylene glycol so-

annealing in argon and functionalized for biosensing 

by direct immobilization of biological reagents on 

biosensor determines changes of capacitance values 

-

(ELISA) tests. The favorable adsorption and electrical 

and sensitive.

biosensor
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-

 

-

nego w reakcji elektrochemicznej [4,5]. 

W prezentowanych badaniach wykorzystanie elektrody  

-

-

-

-

ELISA. W ostatnim czasie, badacze [9-13] zaproponowali 

nowe metody wykrywania IL-6 z zastosowaniem biosenso-

SiO2

-

Ponadto, wszystkie proponowane biosensory oparto na 

Warstwy TNT utworzone na folii tytanu po modyfikacji 

-

 

-

Ponadto, wytwarzanie TNT przez anodowanie w roztworze 

-

-

The investigation of new methods of immobilization and 

application of novel materials are crucial in the development 

of new biosensors. Studies on new biosensors applied in 

food technology, biotechnology, genetic engineering and 

environmental control [1-3] revealed that the connection 

between the layer and the biological element of the sensor 

-

tion is usually based on antibody-antigen, lectin-glycoprotein 

or receptor-hormone interaction. If such interaction is 

accompanied by the presence of the redox center, its  

 

an electric current in an electrochemical reaction, being 

called shortly the electrochemical detection [4,5]. 

In present studies, we have developed a sensitive, and 

simple immunosensor to detect IL-6 cytokine using titanium 

dioxide nanotube-based nanoelectrode for easy use in point-

of-care diagnostics. 

Several works [6-8] showed recently the increased 

pathogenesis and cancer progression. Particularly, the 

increased level of IL-6 is observed in uterus, lung, colon, 

kidney, breast and ovarian cancers. Usually its level is cor-

related with the tumor size and staging [7-8]. It suggests that 

-

sion correlates with the angiogenesis, the course of septic 

shock and metastasis of tumors.

Current methods for detection of IL-6 are based on the 

ELISA tests. Recently, some authors [9-13] have proposed 

the detection of IL-6 with the use of biosensors based on 

2 -

-

 

-

antibodies. Moreover, all proposed biosensors were based 

time-consuming with regard to samples preparation. 

-

-

ate adsorptive properties towards different biomolecules, 

high surface-to-volume ratio and bioactivity in vitro [14], the 

ability to colonize bacteria [15] and immobilize enzymes and 

antibodies [16-19], make them particularly useful platforms 

for electrochemical detection. Moreover, the fabrication of 

TNT by anodizing in phosphate solutions eliminates the ten-

dency of biomolecules delamination that occurs prevalently 

in the bioactive coating of inorganic material. Their negative 

stationary potential in the PBS (phosphate buffered saline) 

immobilization of cationic biological components due to elec-

trostatic interference. Titania nanotubes do not inactivate 

proteins immobilized on their surface [14] and properties 

which improves conductivity and wettability [20,21]. Some 

are very promising.
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-

w celu uzyskania impedancyjnego i amperometrycznego 

-

glikol etylenowy (C2H6O2,

(NH4

zakupione w firmie Sigma-Aldrich (UK). Zestawy ELISA Kit 

IL-6 (ELH-IL6-001) nabyto w firmie RayBiotech (USA) i prze-

chowywano w temperaturze 4oC w celu zabezpieczenia ich 

elektrochemiczna spektroskopia impedancyjna (EIS), 

-

w temperaturze 25±2°C. 

Warstwy TNT formowano poprzez anodowanie folii 

 

4 -

4F i wody dejonizowanej, cha-

-

-

o  

 

mierzono w czasie 1800 sekund.

-

 

In this work authors aimed at elaboration of the elec-

nanotubes (TNT) formed by anodization of titanium foil. 

Thermal improvement by annealing in argon and functionali-

zation by simple immobilization of biological reagents have 

been applied to obtain the impedimetric and the ampero-

metric response in order to evaluate the IL-6 concentrations 

in PBS solutions. Two novel electrochemical methods have 

been aimed at elaborating the electrochemical method to 

detect lower concentration of IL-6 than being obtained in 

currently used ELISA tests, by simple and cheap diagnostic 

method. 

-

sis), ethylene glycol (C2H6O2,

(NH4  

pH 7.4) and horseradish peroxidase (HRP, no. 77332) were 

purchased from Sigma-Aldrich (UK). The ELISA kits for 

human IL-6 (ELH-IL6-001) protein were purchased from 

RayBiotech (USA) and stored at 4oC to eliminate any poten-

tial denaturation of the protein structures. The monoclonal 

(MAb) antibodies that make up the sandwich assay pair in 

the human Interleukin-6 (IL-6) were used in the detection 

scheme for impedimetric biosensor, whereas the monoclonal 

(MAb) IL-6 antibodies conjugated with HRP [25-27] were 

used in detection scheme for amperometric biosensor. 

anodizing of titanium foil, the open circuit potential (OCP), 

recording and the electrochemical impedance spectroscopy 

(EIS) scans as well as the cyclic voltammetry (CV) tests were 

-

nostat (Eco Chemie, Utrecht, the Netherlands), equipped 

with voltage multiplier (30 V) in the standard three-electrode 

-
- silver chloride electrode 

(E

foil as the auxiliary electrode at 25±2oC.

TNT layers were formed by anodizing titanium foil in 

ethylene glycol solution with the addition of NH4F. The foil 

was polarized up to 17 V and then kept at that potential in 

the same electrolyte for further 3750 s. Anodizing param-

eters were determined using the mathematical meta-model 

[28] elaborated by authors to obtain the TNT layer with 

thickness of 1000±50 nm and TNTs diameter of 50±5 nm.  

The obtained layers were annealed in argon at 550°C for  

-

ing temperature. 

were immersed in PBS solution (0.01 M, 50 ml, pH 7.4) and 

the OPC values were recorded for 1800 s. 

Simple drop coating method was used to immobilize the 

 

IL-6 antigen solutions of various concentration ranging from 

The whole immobilization procedure was carried at room 

temperature.
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przeprowadzono w temperaturze 25±2°C.

-

JEOL JSM 7600F.

-

 

w roztworze PBS (0.01 M, 10 ml, pH 7,4) w zakresie po-

 

-

-

-

 

-

-

 

-

 

 

Ecor cor

-

bilizacji substancji biologicznych na powierzchni matrycy 

-

 

The morphologies of annealed and non-annealed sam-

ples were examined with a Field Emission Scanning Electron 

Microscope JEOL JSM 7600F.

Cyclic voltammetry tests (CV) for prepared amperomet-

ric immunosensor were carried out in PBS (0.01 M, 10 ml, 

-

munoosensor was characterized using Electrochemical 

Impedance Spectroscopy (EIS) method. Electrochemical 

impedance analysis was carried out over a frequency range 

from 100 kHz to 0.1 Hz (10 points per decade), at zero DC 

potential, with an AC amplitude of 10 mV and the integra-

tion time of 10 s. 

As it can be seen in FIG. 1 the TNT obtained by anodizing 

according to the applied parameters (described in “Materi-

layer of vertically aligned nanotubes (FIG. 1a) with diameter 

about 50±5 nm. SEM images show arrays of opened from 

the top, closed at the bottom and vertically oriented, regular 

nanotubes covering the titanium foil completely. No dam-

age was observed on TNT layer after annealing (FIG. 1b). 

The OCP (Open Circuit Potential) curves (FIG. 2) show 

stable values of potential recorded during 1800 s. Small 

current oscillations seen on OPC curves for TNT formed 

in ethylene glycol electrolyte may suggest ongoing oxida-

tion and metastable nature of nanotubular oxide layers. 

Annealing in argon causes the increase of the OCP value  

(Ecor  

value for non-annealed samples (Ecor  -220.1 mV). Shift of 

the corrosion potentials to more positive values is favorable 

for the immobilization of biomolecules on the biosensor 

platform, because the amino acid residues (e.g. HRP) and 

human antibodies exhibit negative charges in PBS (0.01 M, 

50 ml, pH 7.4). The negatively charged protein molecules 

are easily pulled to the positive matrix of biosensor by direct 

physical adsorption, which results from weak electrostatic 

or van der Waals interaction [25].

 

 

a) b)
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der Waalsa [25].

Do wykrywania cytokiny IL-6 w roztworze PBS wykorzy-

stano jedno z najsilniejszych i najbardziej specyficznych 

W celu detekcji amperometrycznej interleukiny IL-6, mo-

 

-

-

 

zaadsorbowanego na powierzchni elektrody, odpowied-

-

badaniach. 

To detect the IL-6 cytokine in PBS solution, the antibody-

antigen interaction, one of the strongest and the most 

the analytical procedures and the preparation of biosen-

sors platforms. For the purpose of amperometric detection 

-

by the incubation of secondary IL-6 antibodies conjugated 

with horseradish peroxidase (HRP). Cyclic voltammetry tests 

(CV) were performed according to the applied parameters 

(1.5). The obtained peaks (FIG. 3) correspond to the typi-

cal electron transfer achieved through the Fe(III) to Fe(II) 

redox reaction [1].

Very often the metal redox center, i.e. the iron heme group in 

HRP enzyme in which the electron transfer can be achieved 

through the Fe(III) to Fe(II) redox reaction, are hidden inside 

large molecules of protein and located far away from the 

electrode surface. Considering the low values of diffusion 

complex adsorbed on the electrode surface, the electrical 

communication of the metal redox centers with electrode 

surface is a key factor in the elaboration of enzymatic 

own this special feature of the effective electrical contact 

and electron-transfer reaction with electrodes, as has been 

proved in our investigation. 

E  

 

 

.
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-

 

nieliniowym przebiegiem. W celu uzyskania krzywych  

-

 

-

 

-

-

przedstawia krzywe kalibracyjne dla biosensora impe-

-
3  

-

 

Dotychczas opracowano wiele metod detekcji IL-6, np. 

 

metoda amperometrycznego testu immunologicznego [10], 

metoda impedancyjnego testu immunologicznego [11],  

metoda testu immunoenymatycznego (ELISA) [29], techno-

logia powierzchniowo wzmocnionego efektu Ramana [30].  

-

-

 

jest odpowiednikiem poziomu fizjologicznego w ludzkiej 

patologicznym.

The dependence of current on the concentration of hu-

man IL-6 is presented in FIG. 4 by two calibration curves. 

the calibration curve in FIG. 4a shows a non-linear char-

acter. To obtain a linear calibration curve the whole range 

was divided into smaller sections based on the clinically 

important concentrations of IL-6. The calibration curves 

(FIG. 4b,c,d) presented by a linear regression indicate that 

the prepared platforms were sensitive to the presence of 

reproducibility was observed during detection of IL-6 with 

the developed biosensor based on TNT layer as a platform. 

The sequential immobilization of the TNT electrodes 

with the anti-IL-6 and human-IL-6 antigen was used to de-

tect the IL-6 cytokine with the electrochemical impedance 

spectroscopy method according to the applied parameters 

via the Bode plot or via the Nyquist diagram. More informa-

tion is available on plotting the frequency response, so the 

authors have decided to present the results of measurement 

on Bode plots. FIG. 5a shows the impedimetric responses 

of the biosensor electrode for various concentrations  

-

is plotted against the logarithm of the excitation frequency. 

(~3×103

thickness of 1000 nm) annealed in argon. The absolute 

IL-6 concentration due to the formation of antigen-antibody 

through the EIS technique. 

The obtained calibration curves (FIG. 6), prepared simi-

larly as the calibration curves for amperometric detection 

of IL-6, prove the quantitative interaction between anti-IL-6 

and human- IL-6 antigen on the applied sensing surface. 

The evaluated limit of detection obtained in the impedimetric 

about 5 times higher than the one obtained by our direct 

detection method. 

Several methods have been developer for the detection 

-

ric immunoassay [10], impedimetric immunoassay [11], 

enzyme-linked immunosorbent assay (ELISA) [29], surface 

enhanced Raman scattering technology [30]. Despite many 

advantage of this methods, some of them have drawbacks 

such as complicated preparing and performing the meas-

urements, complicated equipment, limited sensitivity, im-

practical time and expense. No attempt, to date, was made 

to use titania nanotubes as a platform for electrochemical 

immunosensor to detect the human IL-6 based on direct im-

biosensor. The presented results include the concentra-

 

which is equivalent to the physiological level in human 

pathological states. 
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-

-

-

te wykorzystano w detekcji IL-6 metodami elektrochemicz-

-

2

Studies on titania nanotubes formed in ethylene glycol 

4F) and an-

nealed in argon and used as biosensor for the IL-6 cytokine 

-

man IL-6 antigen on their surface. The results of this study 

-

metric and the impedimetric were sensitive to detect the 

presence of the IL-6 in the PBS solution with the detection 

2 
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