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Abstract 

All over the world the number of people suffering from diabetes and related complications is 

drastically growing. Therefore, the need for accurate, reliable and stable sensor for monitoring 

of glucose in human body fluids is becoming highly desirable. In this work we show that 

material composed of gold layers deposited onto TiO2 nanotubes (NTs) formed onto the flexible 

Ti foil exhibits great response towards glucose oxidation and can be successfully used as 

electrodes in non-enzymatic and non-invasive electrochemical sensors. TiO2NTs have been 

prepared via anodization process followed by calcination at 450°C in order to ensure formation 

of anatase crystalline phase. Next, gold layers (up to 100 nm) have been deposited on the NTs 

by means of the magnetron sputtering. The SEM imaging confirmed presence of the well-

aligned nanotubes and preservation of their initial architecture after metal deposition for Au 

thicknesses up to 50 nm. Basing on electrochemical results in the presence of glucose in neutral 

and alkaline solutions, the optimal Au thickness was found to ensure both the best response and 

cost-effectiveness. The detection limit of 50 μM and sensitivity of 45 μA/cm2mM obtained 

under neutral conditions confirm that prepared material can be used for glucose detection at 

levels typical for blood, urine or saliva. Moreover, the proposed electrodes exhibit great 

tolerance to extensive exploitation and multiple bending.  

Keywords: TiO2-Au composite, glucose sensing, electrochemical sensor, non-invasive 

detection, neutral and alkaline conditions, flexible substrate 
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For at least last 10 years the extensive studies to produce functional materials that can 

be used in non-invasive glucose detection in human body fluids have been conducted. This is 

of high importance as diabetes is one of the most widespread and lethal diseases in nowadays 

world and according to World Health Organization by the next 30 years the number of people 

suffering from diabetes and its complications will rise more than about 60%1. It should be 

underlined that despite many companies and researchers are working on non-invasive glucose 

monitoring such as by using e.g.: (i) analysis of physiological parameters related to blood sugar 

in dependence on ultrasound excitation or temperature and electromagnetic field changes 

(GlucoTrack system)2; (ii) GlucoWatch3; (iii) lenses with built microsensors4; (iv) ionophoretic 

extraction of glucose from interstitial fluid5, so far the most reliable method is highly invasive 

and requires discontinuation of the skin for blood collection. According to Zhang et al.6, patients 

puncture themselves at least 1800 times a year which can favor the formation of inflammations 

at the injection site. Therefore, it is extremely important to continue work on the possibility of 

controlling the level of glucose in human body through testing fluids other than blood while 

keeping the accuracy of blood tests. Furthermore, taking into account the glucose level present 

in other than blood human physiological fluids (e.g. sweat, saliva, interstitial fluid) the linear 

range of fabricated material for non-invasive detection should fit the range from at least 0.5 

mM up to c.a. 7 mM7. 

Most of the sensors developed to estimate glucose level are based on electrochemical 

measurements, though other methods are also under consideration8. Electrochemical sensors 

can be divided into two categories: non-enzymatic9 and enzymatic10,11, which are mainly based 

on the immobilization of glucose oxidase at the electrode surface. However, the latter suffer 

from the lack of long-term stability as the enzymes are sensitive e.g. to change of pH or 

temperature. Therefore, non-enzymatic sensors attracted a lot of attention. Among investigated 

metallic electrode materials (e.g. platinum12, palladium13 or silver14), gold is an attractive one 

due to its high biocompatibility15,16 and a more negative oxidation potential in neutral and 

alkaline media compared to the other metals17. As it comes to the substrates on which active 

material can be deposited, glassy carbon18, indium tin oxide19, carbon nanotubes20, titanium 

dioxide nanotubes21,22 as well as silica with titanium and graphene layers23 are considered. 

Nevertheless, TiO2NTs are of high interest because of their chemical inertness, resistance to 

corrosion, biocompatibility and preparation method easily scalable to commercial production. 

It should be also underlined that most of the investigated substrates are rigid. Therefore, taking 

into account the possible application under real conditions, many efforts to utilize substrate that 

exhibit flexibility enabling fit to the body shape are undertaken. For such purposes, some 
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polyester24, chitosan composite25 or some carbon cloth26 were applied. However, the deposition 

of an electrochemically active material onto the elastic substrate demands several-step 

procedure leading to its immobilization and therefore their mass-production is hampered and 

remains a challenge27. Additionally, some bending test proving the activity preservation after 

the mechanical stress is usually omitted that does not allow for verification of operation in the 

conditions similar to the real one when the deflection in the place of electrode attachment 

happens upon time. 

In this work, titanium dioxide nanotubes are covered with gold layers via magnetron 

sputtering and activity of prepared materials towards glucose detection in alkaline and neutral 

electrolytes is tested. The synthesis method of TiO2NTs enables formation of the electrode 

material directly on the substrate and no additional immobilization is required. Scanning 

electron microscope and X-ray photoelectron spectroscopy performed also under the etching 

mode are used to determine the surface morphology, penetration depth of gold inside nanotubes 

and oxidation state of each component present in the electrode material, respectively. 

Electrochemical characterization of samples confirms possibility of their application in non-

enzymatic glucose sensing not only in the proposed solutions of different pH but also in the 

presence of the human serum. Furthermore, the resistance toward mechanical stress is verified 

via the multiple bending test combined with activity inspection using cyclic voltammetry 

technique. Such approach allows to nominate the electrode material for on-body test or other 

specific applications where elasticity is required. The comparison to other known sensors 

fabricated with the use of rigid and flexible substrates operating in various environments is also 

discussed. 

2. Materials and methods

2.1. Materials 

Titanium foil (99.7%, 0.1. mm thickness) and Au target (99.99%) were purchased from Strem 

and Quorum Technologies, respectively. Ethanol, acetone, H3PO4, ethylene glycol, glucose, 

ascorbic acid and glycine were bought from Chempur while PBS and NaOH were received 

from Santa Cruz Technology and POCH, respectively. Human serum type AB (H4522) with 

glucose concentration of 4.89 mM as well as paracetamol (>99 %) were purchased from Sigma-

Aldrich. Deionized water was obtained by means of HLP Smart 2000 (Hydrolab). NaCl (99.5%) 

and HF (99.9%) were purchased from POCH. 

2.2. Sample preparation 
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TiO2 nanotubes were prepared via facile anodization process. Before anodization the Ti 

substrate was cut into 2×3 cm2 pieces and subsequently cleaned in acetone, ethanol and water 

bath for 10 min/one solvent followed by drying in the air. The preparation process at 15 V lasted 

2 hours in two-electrode system with titanium foil serving as an anode and Pt mesh as a cathode 

separated at the distance of 2 cm. The electrolyte (V = 100 mL) consists of 6.9 mL of H3PO4, 

0.65 mL of HF, 30 mL of ethylene glycol and 62.45 mL of H2O. Then, the titanium plates 

covered with TiO2NTs were immersed in 0.05% wt. HF to remove surface debris and rinsed 

with deionized water. Afterwards, obtained structures were calcinated in 450°C for 2 hours with 

a heating rate of 2°C/min to ensure the amorphous to crystalline phase transition. In the last 

step Au layers with different thicknesses up to 100 nm were homogeneously deposited onto 

prepared samples by means of magnetron sputtering using Q150T S system (Quorum 

Technologies) equipped with quartz microbalance to ensure control of thickness of metallic 

films.  

 

2.3. Characterization 

2.3.1. Morphology and composition 

The surface morphology was examined using the Schottky field emission scanning electron 

microscopy (FEI Quanta FEG 250) with an ET secondary electron detector with voltage kept 

at 10 kV. XPS measurements under the etching mode were performed by means of Escalab 

250Xi (ThermoFisher Scientific) with a monochromatic Al Kα source. The X-Ray spot 

diameter was 250 μm and the pass energy 15 eV. The charge compensation was controlled 

through low-energy Ar+ ion and low-energy electron emission using a flood gun. The 

spectroscope was calibrated using Au single crystal. The XPS depth profiling was carried out 

using Ar+ ions, bombarding the sample at 30° with a raster width of 1.0 mm. The ion energy 

was 1000 eV. The etching was carried out for a total time of 5000 s, with various step durations 

ranging from 50 s at the beginning of the experiment up to 1000 s at its end. 

 

2.3.2. Electrochemical measurements 

Electrochemical measurements were carried out using Autolab PGStat 302N electrochemical 

workstation in three-electrode arrangement where tested material served as working electrode, 

Pt mesh as counter electrode and Ag/AgCl/0.1 M KCl as reference one. Cyclic voltammetry 

(CV) tests were conducted in two electrolytes: air-saturated 0.1M PBS and deaerated 0.1M 

NaOH. The scanning rate was optimized in the range of 10-200 mV/s. Calibration curves were 

determined by introduction of small portions of glucose into the electrochemical cell and 
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glucose concentration in electrolytes varied from 0.006 mM to 45 mM. The response of 

prepared electrodes in the presence of interfering species was measured by adding 0.1 mM of 

ascorbic acid, glycine and paracetamol. Furthermore, the impact of 0.1 M NaCl was verified 

since the concentration of the salt in interstitial fluid equals 117 mM and it is assumed to be 

constant within the physiological range at room temperature28. The activity of the TiO2NTs 

covered with Au layers under real conditions was checked in the presence of glucose in human 

serum. The resistance toward the mechanical stress was inspected upon 200 bending cycles 

accompanied by registration of cyclic voltammograms after each bending route. The bending 

test was performed by flexing the material in hand to ca. 45°. For completion of the 

electrochemical characterization the verification of reproducibility with use of 5 different Au-

TiO2NTs electrodes and recurrence upon 50 consecutive measurements for each electrode was 

performed.  

 

3. Results and discussion 

3.1. Morphology and composition of prepared material 

It has been previously reported29,30 that well-aligned and well-ordered TiO2 nanotubes 

are formed during anodization process and their geometry (wall thickness, internal diameter, 

length) strongly depends on preparation conditions such as applied voltage, temperature, time 

and electrolyte composition31. The morphology of top-surface and cross-section of obtained in 

here titania substrate are shown in Fig. 1. The internal diameter and wall thickness of pristine 

NTs do not exceed 100 and 20 nm, respectively while the length of nanotubes is estimated to 

be 580 nm (see Fig. 1 a and b). Deposition of Au layers of thickness up to 50 nm does not lead 

to filling in the pores (Fig. 1 c) and the electrolyte can easily penetrate them, while for prolonged 

sputtering (up to 100 nm of Au film) the overgrowing of the NTs can be observed (Fig. 1 d) 

leading to decrease of the internal diameter of pores. This pattern of Au layer onto TiO2NTs is 

consistent with that reported by Zhang et al.32. 
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Fig. 1. SEM images of pristine titania nanotubes: top view (a) and cross-section (b) and 

TiO2NTs covered with 50 nm (c) and 100 nm (d) Au layers. 

 

 In order to inspect the penetration depth of Au inside the nanotube down to the Ti 

substrate, X-ray photoelectron spectroscopic measurements were performed in a depth profile 

mode (Fig. 2). The length of titania nanotubes is ca. 580 nm based on data provided from SEM 

analysis, thus the assumed etching rate of investigated materials is approx. 0.125 nm/s. It has 

been proven that the presence of gold can be detected down to 200 nm from the surface of the 

TiO2NTs toward their base. It can be explained by the formation of the Au collars onto NTs 

edges (see – Fig. 1 c, d) which prevents the deeper deposition of the metal inside the tubes what 

is in consistence with observation recorded by Nguyen et al.33 for Pt. 
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Fig. 2. XPS in depth profile of TiO2NTs covered with 50 nm Au layer. 

 

Apart from the profile concerning the elemental content, the chemical nature of each 

element at different depths across the sample was inspected. In general, at the surface area, the 

photoelectron signal originating from gold is the most intensive and covers those attributed to 

titanium and oxygen that proves tight coverage of Au film over the tubular substrate. In Figure 

3, the spectra registered in the binding energy regime typical for Ti2p, O1s and Au4f were 

shown. For clarity, values of binding energy for each component used for spectra deconvolution 

are also given in Table 1. They were recorded at two different etching times: 150 and 5000 s 

corresponding to the surface and the bulk region of the modified sample, respectively. After 

first 150 s of etching procedure, XPS spectra for O and Ti are clearly visible. In the case of 

titanium, the fitting procedure allows to distinguish three types of Ti2p doublets assigned to 

TiO2, Ti2O3 and TiO. The most intensive doublet is attributed to +4 oxidation state whereas 

peaks typical for +3 and +2 oxidation state of Ti are much weaker34. However, as the XPS 

etching proceeds, the overall contribution of titanium exhibiting +2 and +3 oxidation states 

increases and near the Ti/TiO2NTs interface the content of Ti+4 reaches the lowest value. The 

presence of suboxides in titania nanotubes results from the nature of anodization process35. 

According to Petuklov et al.36, the gradient of oxygen ions appears due to the migration of O2
- 
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toward the titanium metallic substrate under the electric field arising during electrochemical 

oxidation and it leads to the formation of different forms of oxidized titanium. This effect was 

already confirmed both by transmission electron microscopy and electron diffraction studies. 

In accordance with the change in shape of XPS spectra in energy region typical for 

titanium, the difference in the run of oxygen spectra is observed. At the surface, oxygen signals 

are weak and along with etching procedure, the spectra registered within binding energy range 

of oxygen becomes more clear and consist of three singlets with maxima located at 530.8 eV, 

531.7 eV and 533.5 eV. According to Yuan et al.37, the peak at the lowest energy value 

corresponds to the Ti-O arrangement, while the second one corresponds to the O-C bond38. The 

last one comes from oxygen bonded to hydrogen atom. 

 

 

Fig. 3. XPS spectra registered in the binding energy region of titanium, oxygen and gold in 

the surface region and in bulk of Au-TiO2NT at different etching times. 

 

Table 1. The binding energy of each component used for XPS spectra deconvolution, accuracy 

±0.1 eV. 

spectrum component binding energy / eV 

Au4f 7/2 Au0 84.1 
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Au+ 84.6 

Ti2p 3/2 

Ti4+ 459.3 

Ti3+ 457.3 

Ti2+ 455.4 

Ti0 454.1 

O1s 

O-Ti 530.8 

OH, C-O 531.7 

H2O 533.5 

 

In the case of gold, one or two doublets, consisting of signals for orbitals: Au4f5/2 and 

Auf7/2, depending on the etching time were proposed for the proper fitting of recorded spectra. 

The Au+-marked doublet with maxima located at higher binding energy may be assigned to 

oxidized gold species whereas Au0-labelled signals could be attributed to the metallic gold. 

Near the surface region, the content of Au characterized with doublet at higher binding energy 

value prevails that is typical for gold layers deposited onto the surface of some metal oxide 

substrates39. This effect may also result from charging effects under exposure to Ar+ ions. 

Along with the etching procedure, the atomic content of gold exhibiting maximum of Au4f7/2 at 

84.6 eV increases. In the certain place of the material cross-section where gold species 

disappear, the high energy gold phase dominates. Such change in the content of gold phase can 

be explained by the limited access to oxygen at the deeper material level. As it is usual for 

titania fabricated via anodization, the signal attributed to carbon was also detected (not included 

in Fig. 3). The presence of carbon species originates from the graphitic carbon which has been 

used for the calibration of the XPS spectra40 and organic electrolyte used for electrochemical 

oxidation41. In the case of anodization used as a synthesis procedure, carbon present in ethylene 

glycol based solution could be introduced into the titania lattice as an surface dopant.  

Summarizing, the results of carried XPS studies show the variable nature of oxidation 

states of titanium and oxygen as well as their content across the material that results from the 

dynamics of ion migration occurring during anodization. Modification of TiO2NTs realized via 

magnetron sputtering leads not only to the formation of gold film over the tubular edges but 

also penetration of gold species 200 nm below the titania surface takes place. It makes the 

surface area of gold/electrolyte interface much greater than in the case of flat electrode, i.e. Au 

disc and is of great importance for electrochemical activity. 

 

3.2. Electrochemical measurements 

3.2.1. Best material selection 
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Fig. 4 shows cyclic voltammetry curves registered in alkaline and neutral electrolytes 

containing 5 mM of glucose for TiO2NTs covered with different thicknesses of Au layers (10-

70 nm) as well as for pure titania NTs substrate and gold disc electrode. The discussion about 

the mechanism of glucose electrooxidation over gold substrate is not the aim of this work and 

deep analysis for both types of solutions can be found in our previous8 and other researchers 

works 42,43.  

Briefly, the whole process is initiated via electrochemical adsorption of glucose 

molecule onto the gold substrate accompanied with dehydrogenation step. The gold oxide film 

formed in higher anodic potentials exhibits a great catalytic effect on the oxidation of glucose 

molecules. The adsorbed glucose molecule could be then transformed by a direct oxidation to 

gluconate and OH- is released together with H+ elimination. Other path involves oxidation of 

dehydrogenated glucose to gamma-gluconolactone followed by transformation to gluconate 

owing to the reaction with the hydroxide ion. The electrode current is greatly dependent on the 

glucose concentration and the electrolyte pH (namely amount of OH-), since OH- are required 

to neutralize the protons generated during dehydrogenation stage of the reaction.  

Nevertheless, in the case of NaOH only two distinctive peaks appear at +0.2 V and +0.04 

V vs. Ag/AgCl/0.1M KCl that correspond to glucose oxidation occurring in anodic and cathodic 

sweep, respectively. It can be observed that for thicknesses below 20 nm the electrodes response 

is considerably worse in comparison to the flat disc electrode. This can be associated with too 

small amount of gold as its presence is essential to initiate the process of glucose oxidation at 

modified titania substrate. For thicker films, when Au thickness exceeds 30 nm, the current 

density rises drastically. Although glucose oxidation peaks for the prepared material measured 

in phosphate buffer solution are positively shifted, the similar behavior can be easily seen. It is 

well known that the presence of OH- impacts on the CV shape, therefore additional peaks that 

were not observed for CV obtained in alkaline solution arise. 

Overall, for both electrolytes: basic and neutral one, 50 nm Au layer can be considered 

as adequate compromise between high response and cost-effective amount of gold loading. 
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Fig. 4. Cyclic voltammetry of prepared Au-TiO2NTs materials in 0.1 M NaOH (a)  

and 0.1 M PBS (b) with addition of 5 mM glucose. 

 

3.2.2. Scan rate effect 

Fig. 5 shows cyclic voltammograms of TiO2NT electrode covered with 50 nm of Au 

layer measured with different scan rates, in the range of 10-200 mV/s in 0.1M NaOH solution 

containing 5 mM of glucose. It is clearly visible that oxidation peak located at +0.2 V increases 

drastically with altered scan rate. Such behavior is related with the size of the diffusion layer 

and the time taken to register the full scan. Briefly, the voltammogram will be recorded in 

shorter time when the scanning speed grows up. Thus, the thickness of the diffusion layer will 

be much thinner in comparison to the slow scan conditions. As the consequence, the flux 

towards the electrode surface will be higher at fast sweeps than at slower ones. In this case the 

process is controlled under the diffusion mode since the relation between current density of 

peak localized at +0.2 V vs. Ag/AgCl/0.1M KCl and the square root of the scan rate is linear. 

However, for the oxidation peak recorded in the cathodic direction, only slight change of current 

density is observed accompanied with shift towards the negative potential. Similar results have 

been also reported by Guo et al.44 and could be related with the concentration of the active sites 

on the surface and their ability to transfer charge rather than with the thickness of the formed 

diffusion layer. The sharp shape of the oxidation peak is consistent with the high activity of 

gold film acting here as a catalyst. 

For further electrochemical characterization of the prepared material, the change in the 

current value of oxidation peak recorded in the reverse scan was taken into account. Therefore, 

to optimize time of measurements and still maintain the reasonable electrode response, scan 

rate of 100 mV/s was chosen.  
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Fig. 5. Cyclic voltammetry curves for 50 nm Au-TiO2NTs registered in 0.1M NaOH in the 

presence of 5 mM glucose at scan rates varying from 10 to 200 mV/s, inset: the dependence 

of the current density of oxidation peak at +0.2 V vs. Ag/AgCl/0.1M KCl on the square root 

of scan rate. 

 

3.2.3. Performance of electrode material 

The sensitivity of the best samples among materials with different Au film thicknesses 

were first characterized by performing measurements in deaerated NaOH solution in different 

glucose concentration (0.006-45 mM). For clarity, only some examples out of over 30 registered 

cycles are given in Fig. 6 a. The oxidation peak current density registered in the reverse scan 

increases gradually with the increasing glucose content in the electrolyte. Basing on the 

oxidation peak current, the current density versus concentration j vs. c relation was graphically 

shown in Fig. 6 b. A linear relation between glucose concentration and current density is found 

at the low glucose level (0.05-6 mM) and is characterized by the sensitivity of 540 µA/cm2mM. 

According to the relation: 3SD/slope, where SD is standard deviation and slope is taken from 

the linear regression model, the low detection limit of 10 µM was determined. This range 

corresponds not only to the glucose concentration in blood (3.9-7.1 mM for healthy, non-
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diabetics) but also to its levels in other human body fluids such as saliva (0.008-0.21 mM), 

sweat (0.277-1.11 mM), tears (0.1-0.6 mM)45 and interstitial fluid in which glucose 

concentration is two orders of magnitude lower than in blood5. Moreover, the linear response 

can be also observed in the upper concentration range (6-45 mM) with the sensitivity of 185 

µA/cm2mM. This relation overlaps with elevated physiological level in blood (up to 11 mM) 

that can be related to prediabetes states and also with abnormal glucose level (> 11 mM) which 

is registered for diabetics. It should be underlined that above mentioned diagnostic criteria for 

blood are set for 2-hour glucose toleration test46. When compared to different non-enzymatic 

glucose sensors tested in alkaline environment for which working parameters are collected in 

Table 2, the material proposed here shows improved performance both in terms of sensitivity 

and limit of detection. 

 

Fig. 6. Electrochemical response of 50 nm Au-TiO2NTs to successive addition of glucose into 

0.1M NaOH (a) and corresponding relation between oxidation current density vs. glucose 

concentration with calibration curve (b). 

 

Table 2. Comparison of working parameters for non-enzymatic sensors operating in basic 

environment.  

material 
sensitivity  

[μA/cm2mM] 

detection limit 

[μM] 

linear range 

[mM] 
reference 

Au nanodendrites on 

FTO  
37.29 5 0.005-0.06 47 

Chitosan-AuNPs on  GC  136 370 0.4-10.7 48 

Au nanowires on glass 728 30 0.5-14 49 

Pt-Au NCs on GC 24.6 3.2 0.2-22 50 

Nanoporous Au wires 128.8 8 0.5-10 51 

Nanoporous gold film on 

GC 
232 53 1-14 52 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Nanoporous gold 

nanoparticles on Au disc 

electrode 

6.67 0.1 0.1-0.05 53 

Gold disc 0.72 10 0.5-20 54 

Porous gold on 

Au disc electrode 
11.8 1 0.01-10 55 

50 nm Au-TiO2NTs 
540 

10 
0.05-6 

this work 
185 6-45 

 

The same analysis for the electrode material containing 50-nm thick Au film was 

performed in the air-saturated 0.1M PBS, and the peak current density registered at +0.4 V vs. 

Ag/AgCl/0.1M KCl was chosen for the investigation of relationship between current and 

glucose concentration (see – Fig. 7). In this case, the material response can be regarded as linear 

only in the low concentration range (0.05-3 mM) with the sensitivity of 45 µA/cm2mM and 

detection limit of 50 µM. Both sensor parameters as well as current density are significantly 

inferior comparing to the results obtained in NaOH. This can be easily explained by the fact 

that OH- ions present in alkaline solution catalases glucose oxidation, and the dehydrogenation 

process occurs at a slower rate. Additionally, the formation of a more easily oxidized glucose 

intermediate (enediol) takes place at a faster rate with increased solution pH and the formation 

of AuOH species highly depends on the OH- flux transported toward the electrode surface. 

Nevertheless, prepared electrode is active towards glucose oxidation in neutral solution within 

the range typical for saliva, tears or interstitial fluids and shows great performance not only in 

comparison to non-enzymatic sensors but also to the ones modified with enzyme (Table 3). It 

should be highlighted that verification of Au based materials without attached enzyme is very 

rarely performed that also raise the value of the proposed enzyme-free sensing material that 

exhibits the linear response toward glucose level. 

All the obtained results suggest that Au-TiO2NTs can be used in non-invasive glucose 

sensing and exhibit satisfying sensitivity and limit of detection values both in deaerated alkaline 

and air-saturated neutral environment. As was also listed in Table 2 and 3, sensing materials 

are typically fabricated onto the rigid substrate characterized with strictly defined geometric 

area (Au or GC disc electrode) that limits their on-body usage and other specific applications 

requiring flexibility.  
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Fig. 7. Electrochemical response of 50 nm Au-TiO2NTs to successive addition of glucose into 

0.1M PBS (a) and corresponding relation between oxidation current density vs. glucose 

concentration with the linear fitting (b). 

 

Table 3. Comparison of working parameters for non-enzymatic and enzymatic sensors 

operating in neutral environment.  

material 
sensitivity 

[μA/cm2mM] 

detection limit 

[μM] 

linear range 

[mM] 
reference 

non-enzymatic 

Au nanocoral 22.6 10 0.05-30 56 

Au thin films 18.2 10 0-10 57 

Au nanotubes 1.13 10 1-42.5  

Pt/CNTs/TiO2NTs 0.24  0.006-1.5 58 

AuNPs on graphene 

paper 
52.36 5 0.01-46 59 

Micro-dual porous 

gold on screen printed 

carbon electrode  

48.4 25 1.5-16 60 

Au nanopillar arrays 13.2 60 0.5-9 61 

50 nm Au-TiO2NTs 45 50 0.05-3 this work 

Enzymatic 

TNT-

AuNP/[Demim]Br/Na

fion/GOx/GCE 

5.1 μAM-1 --- 0.01-1.2 62 

Au/SWCNT/GOx-

HRP/PPy/GCE 
7.01 30 0.03-2.43 63 

GOx/CNx-

MWCNT/GCE 
13 10 0.02-1.02 64 

Nafion/GOx/4layers 

of AuNPs/ITO 
0.909 2.03×103 2-20 65 

 

 Due to the fact that much enhanced response toward glucose presence is registered for 

electrode tested in NaOH, further measurements were performed only in alkaline conditions. 
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However, it should be kept in mind that similar trend in results would be obtained also for 

neutral solution.  

 The reproducibility and stability of prepared material were checked by measuring: (i) 

five different samples of 50 nm Au-TiO2NTs (Fig. 8 a); (ii) 50 times the same electrode (Fig. 8 

b) and (iii) the same electrode exposed to bending test (Fig. 8 c) in the presence of 5 mM 

glucose. The consistency of results at 95% level confirms that proposed electrodes can be used 

in long-duration applications and are resistant to the mechanical deformation. Especially, the 

preservation of the electrochemical activity despite the mechanical stress could be regarded as 

a key factor for further applications that require flexibility (e.g. on-body, the movable element 

of some portable device). 

 

Fig. 8. Reproducibility (a) and stability of 50 nm Au-TiO2NTs electrode in the case of 

prolonged measuring (b) and mechanical bending (c) in 5 mM glucose in 0.1M NaOH. 

Photograph shows the maximal deformation of electrode.  

 

The electrochemical response of the electrode material against different interfering 

species is shown in Fig. 9. Ascorbic acid, glycine, paracetamol and NaCl were successively 

added to 5 mM glucose solution. The differences in current density of the oxidation peak 

registered at 0.04 V for first three substances are negligible. Meanwhile, NaCl strongly 
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influences the electrode performance. According to Pasta et al.42 when NaCl is dissolved, the 

chloride ions can strongly adsorb to the gold active sites leading to the inhibition of the 

oxidative adsorption of glucose. As a result, decreasing of the intensity of oxidation peak is 

recorded. This can be overcome by using ion-selective membrane, e.g. Nafion that acts as a 

barrier layer for anions but is permeable for cations. 

 

Fig. 9. The influence of interfering species onto the electrochemical response of 50 nm Au-

TiO2NTs.  

 

Finally, the workability of fabricated material was tested in the electrolyte containing 

human serum. First, 1 ml of human serum was added to 0.1M NaOH electrolyte 3 times and 

the glucose concentration in the ultimate solution was estimated to be 0.16, 0.3 and 0.4 mM 

after each addition (Fig. 10 a). To verify the linearity of relationship between the recorded 

current density and glucose concentration in the low range (i.e. up to 6 mM), different amounts 

of glucose from the stock solution prepared in alkaline environment were added to the solution 

of human serum. The linear character of calibration curve (Fig. 10 b) was maintained 

comparable to the one shown in Fig. 6 b. However, the sensitivity of the electrode decreased to 

124 µA/cm2mM and the limit of detection raised up to 50 µM as the current density is noticeably 

reduced in comparison to measurement performed in the absence of human serum. Such 
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decrease of material sensitivity is commonly reported66,67 and it can be ascribed to the presence 

of proteins fragments in serum which can limit the diffusion of glucose into the electrode 

surface and its further adsorption. Nevertheless, obtained decrease is much less comparing to 

nanostructured gold electrode reported recently by Jurik et al.68 where electrode material 

exhibits almost 6 time lower activity. It is also worth mentioning that the maxima of oxidation 

peaks are shifted toward the cathodic regime. This can be explained by above mentioned 

proteins69 as well as by the high concentration of chlorides and phosphates that inhibit the 

electrocatalysis of glucose by competing with OH- ions68. Additionally, the adsorption of 

glucose to Au surface stays as a rate-determining step of the whole reaction. As it is of common 

knowledge, glucose exists in two conformations: α and β, wherein β exhibits preferred 

orientation for adsorption leading to the faster rate of oxidation70. In pure alkaline conditions, 

the α:β ratio equals 20:80 whereas in blood the concentration is regulated by mutarotases and 

changes to 40:60. Such difference in α:β ratio significantly impacts onto the localization and 

the value of the oxidation peak. The additional broad band observed at +0.45 V vs. 

Ag/AgCl/0.1M KCl could originate from other species present in blood that could be also easily 

oxidized at Au surface, e.g. urea.  

The reproducibility of electrochemical response of six electrodes towards glucose in 

human serum was also examined (Fig. 11) and the standard deviation estimated to be less than 

2% illustrates very good repeatability and reliability of prepared material.  

 

Fig. 10. Electrochemical response of 50 nm Au-TiO2NTs to successive addition of human 

serum and glucose into 0.1M NaOH (a) and corresponding relation between oxidation current 

density vs. glucose concentration with calibration curve (b). 
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Fig. 11. Reproducibility of 50 nm Au-TiO2NTs electrode in human serum. 

4. Conclusions

In summary, titanium dioxide nanotubes covered with Au layers were fabricated in 

anodization processed followed by the magnetron sputtering of metal. The as-produced NTs 

have uniform architecture and structural characterization confirmed the formation of Au collars 

onto the NTs edges with metal penetration from the surface to 200 nm down the tubes. 

Electrochemical investigation demonstrates that prepared material can be used as suitable 

platform for glucose detection both in alkaline and neutral environment. Under the optimized 

conditions, obtained electrode material exhibits excellent performance towards glucose 

oxidation giving linear range of 0.05-6 mM and 6-45 mM with sensitivity of 540 and 185 

µA/cm2mM, respectively, and low detection limit (10 µM) in NaOH. In the case of PBS, Au-

TiO2NTs array is characterized with the sensitivity of 45 µA/cm2mM and detection limit of 50 

µM with linear range of 0.05-3 mM. Though, the sensitivity for glucose detection in human 

serum diluted in NaOH drops to 124 µA/cm2mM, presented sensor still satisfies the needs that 

are required for non-enzymatic sensors operating in normal physiological range for human body 

fluids. Moreover, gold-titanium dioxide composite provides great stability of results in 

prolonged measurements and after multiple mechanical deformation. The applied preparation 

method ensures also the repeatability of morphology of electrodes and can be easily utilized 

onto commercial scale in applications requiring flexibility and different geometry of the sensing 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


area. Under investigation are further works to improve the selectivity of the material in terms 

of interfering species and other sugars present in body fluids.  
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