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Research Highlights: 

 Electrochemical interaction of ZnO and AZO thin films with the enzyme glucose oxidase 

was studied. 

 Nature of interaction of GOx with AZO was explored using XPS. 

 Mechanism of the electron transfer between GOx and AZO/ZnO was studied using EIS. 

 The results show that AZO is preferable to ZnO for GOx immobilization and glucose 

sensor development.  

 

 

Abstract: 

Al doped and undoped ZnO thin films were deposited by pulsed-laser deposition on 

polycarbonate sheets. The films were characterized by optical transmission, Hall effect 

measurement, XRD and SEM. Optical transmission and surface reflectometry studies showed 

good transparency with thicknesses ~100 nm and surface roughness of 10 nm. Hall effect 

measurements showed that the sheet carrier concentration was -1.44 x 1015 cm-2 for AZO and -6 

x 1014 cm-2 for ZnO. The films were then modified by drop-casting glucose oxidase (GOx) 

without the use of any mediators. Higher protein concentration was observed on ZnO as 

compared to AZO with higher specific activity for ZnO (0.042 U mg-1) compared to AZO (0.032 

U mg-1), and was in agreement with cyclic voltemmetry (CV). X-ray photoelectron spectroscopy 

(XPS) suggested that the protein was bound by dipole interactions between AZO lattice oxygen 

and the amino group of the enzyme. Chronoamperometry showed sensitivity of 5.5 µA mM-1 cm-

2 towards glucose for GOx/AZO and 2.2 µA mM-1 cm-2 for GOx/ZnO. The limit of detection 

(LoD) was 167 µM of glucose for GOx/AZO, as compared to 360 µM for GOx/ZnO. The 

linearity was 0.28-28 mM for GOx/AZO whereas it was 0.6-28 mM for GOx/ZnO with a 

response time of 10s. Possibly due to higher enzyme loading, the decrease of impedance in 

presence of glucose was larger for GOx/ZnO as compared to GOx/AZO in electrochemical 

impedance spectroscopy (EIS). Analyses with clinical blood serum samples showed that the 

systems had good reproducibility and accuracy. The characteristics of novel ZnO and AZO thin 

films with GOx as a model enzyme, should prove useful for the future fabrication of 

inexpensive, highly sensitive, disposable electrochemical biosensors for  high throughput 

diagnostics. 
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1. Introduction 

ZnO is a well-established material for bio-sensing applications due to its unique features such as 

high catalytic efficiency, bio-compatibility, strong adsorbance, electrochemical activity, easy  

availability and long term stability [1–3]. It has other advantages over other metal oxide thin 

films, including the possibility of low temperature deposition, facile fabrication of nanostructures 

and attractive optoelectronic and piezoelectric properties[4,5].  

Doping is a common method to alter the electronic and optical properties of ZnO thin films[6]. 

Aluminum (Al) and gallium (Ga) are n-type dopants that increase the concentration of free 

electrons, thereby improving the conductivity of ZnO films [7,8]. Al-doping of ZnO (AZO) had  

shown higher reactivity and optical transmittance than ZnO and is preferred dopant for the 

fabrication of transducer devices[8,9]. The resistivity is dependent not only on the Al 

concentration but also on the oxygen partial pressure used during the plasma assisted 

deposition[10]. Aragones et al (2013) reported that doping ZnO with increasing concentrations 

of Al (2-11 at %) increased the carrier concentration from 1019 to 7 x 1020 cm-3 [11]. Al doped 

ZnO is more sensitive as compared to undoped ZnO towards adsorbed species on the surface. 

Therefore doping of ZnO has a wide application in gas and humidity sensors [12,13]. 

Effect of doping on the immobilization of enzyme and their activity remains largely unexplored. 

Changes in the surface charge due to introduction of the dopants might result in altered quantity 

of the enzyme immobilized on the surface and consequently the overall activity of the system. 

Conventional electrode supports such as gold and Pt are expensive and difficult  to fabricate [14]. 

Most of the electrodes involving the use of metal oxides have expensive indium tin oxide (ITO) 

as base electrode with mediators [15–17]. The major drawback in using ITO is indium migration 

during operation [18]. Therefore, there is a need for alternative materials as electrode support, 

with advantageous properties. Saha and Gupta reported Al- and Fe co-doped ZnO conductive 

biosensors on glass, avoiding the need for a support electrode [14]. In this work, we have used 

polycarbonate (PC) plastic as a base material to grow thin metal oxide films as compared to 

conventional ITO base [15]. PC features high optical transparency (90%), temperature 

compatibility (145 °C), low-water absorption (0.2-0.35%) and relatively low cost. The deposition 

of high quality films needs to be carried out around 100 °C because the glass transition 

temperature of PC is close to 145 °C. In addition PC is an easily maneuverable, light weight 

material which can be cut to exact required dimensions. The pulsed laser deposition (PLD) 

technique meets this requirement. PLD allows room/low temperature deposition of crystalline 

ZnO/AZO materials, produces low energy plasma particles that do not damage the plastic 

substrates and maintains the stoichiometry of the initial target material [19,20].  

Glucose oxidase (GOx) is a widely studied redox protein used extensively for the fabrication of 

glucose sensors. It is a dimer of 160 kDa with flavin adenine dinucleotide (FAD) as the co-

enzyme [21]. GOx presents two possible electron transfer mechanisms, one through the 
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breakdown of the by-product hydrogen peroxide and the other through the direct electron 

transfer from FADH2. The mechanism at play varies depending upon the distance between the 

catalytic site on the surface of the electrode and the mediator used in the buffer [22]. Because of 

these well-known properties, GOx is an ideal model enzyme for studying the electron transfer 

pathway for new material interfaces such as ZnO/PC.  Especially, ZnO has a high iso-electric 

point of 9.3, which provides a suitable interface for GOx with an iso-electric point of 4.5 [2]. As 

the GOx electron transfer mechanism depends on the distance between the catalytic site and the 

surface charges on the electrode, it was interesting to investigate how this may influence the 

reactivity of GOx immobilized on ZnO/PC or AZO/PC to glucose without a mediator. 

 In this work high quality transparent and conductive ZnO and AZO films were obtained by PLD 

deposition on PC. The deposits were optimized by using different Al concentration and oxygen 

pressure conditions. The change in GOx activity on immobilization on the doped surface was 

explored. Since PC based ZnO films can perform as inexpensive, flexible and disposable 

electrodes, their usefulness for biosensing was validated by carrying out glucose tests with blood 

serum samples. 

2. Experimental Details 

2.1 Thin films deposition and characterization  

ZnO and AZO thin films were prepared by PLD using a high-power, Q-switched, frequency-

quadrupled, Nd:YAG laser. The laser specifications were 266 nm wavelength, 150 mJ laser 

energy, 2 Jcm-2average fluence, 10 Hz repetition rate and 6 ns pulse width [13].Rectangular 

sheets of 1 cm × 2 cm and 1.2 mm thick polycarbonate (Lexan 9030) were used as substrates. 

Prior to deposition the substrates were cleaned with isopropyl alcohol and then dried in nitrogen 

gas. The deposition chamber was pumped down to the base pressure of 3×10-5 mTorr (~ 4×10-6 

Pa) for all the depositions. The oxygen pressure in the chamber was kept at 10 mTorr (~ 1.3 Pa) 

and 30 mTorr (~ 4 Pa) for the ZnO and AZO thin films respectively. The substrate temperature 

was raised to 100 °C and kept constant for the whole deposition. Ten thousand laser shots were 

used for the 15 minutes long depositions, after which the substrate temperature was lowered to 

30 °C. 

The surface morphology was studied by scanning electron microscopy (FEG Quanta 400F). 

XRD was used to establish the crystalline structure of the samples using Bruker Discover D8. 

Optical transmission spectra were recorded using Jasco UV/VIS/IR spectrophotometer with a 

scan rate of 200 nm min-1 and band width of 2 nm. Surface reflectometry was carried out at an 

angle of 70º and a wavelength of 628 nm (JA Woolman surface reflectometer).The electrical 

properties such as sheet resistance and carrier concentration were measured using a four-point 

probe/ Hall effect instrument (Accent HL5500). 
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2.2 Glucose oxidase immobilization: 

A stock solution of 2mg mL-1 of GOx was prepared in phosphate buffer (pH 7.2). This solution 

(2.5 µL) was dropped on a 0.25 cm2 (0.5 cm x 0.5 cm) area of a thin film of size 0.35 cm2 (0.7 x 

0.5 cm). To ensure uniform spreading, a 0.5 cm x 0.5 cm coverslip was placed on top of the 

drop. The solvent was allowed to evaporate at 4°C for 24 h. The unbound enzyme was removed 

by rinsing with distilled water. 

2.3 Biochemical assay of GOx immobilized films. 

Enzyme assay mixture consisted of 2 mL 0.1 M phenol phosphate buffer (pH 7.0), 0.5 mL horse 

radish peroxidase (25U mL-1), 0.5mL glucose (10% w/v) and 100 µL Amino anti pyrine (AAP) 

(4mg mL-1). The solution was pre-incubated at 37 °C for 10 minutes, and then the electrode was 

suspended in the mixture and the absorbance at 500nm was measured every 5 minutes for 30 

minutes. The enzyme activity was calculated using the formula 

𝑈

𝑐𝑚2
= (

𝛥𝑂𝐷𝑇𝑒𝑠𝑡

𝑀𝑖𝑛
−

𝛥𝑂𝐷𝐵𝑙𝑎𝑛𝑘

𝑀𝑖𝑛
) ×

1

12.88 ×
1

2

× 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑉𝑜𝑙𝑢𝑚𝑒 ×
1

𝐴𝑟𝑒𝑎 (𝑐𝑚2)
 

Where 1U = enzyme concentration which oxidizes 1µmol of β-D-glucose per minute as per the 

conditions mentioned above, 12.88 is the milli-molar extinction coefficient of oxidized 4-AAP 

and the factor ½ corresponds to the two moles of H2O2 required to reduce 1 mole of AAP[23]. 

Protein immobilized on the thin film surface was estimated as per Kang et al[24]. Bradford 

reagent was prepared by dissolving 50 mg of Coomassie brilliant blue 250 in 50 mL ethanol and 

100 mL 88% ortho-phosphoric acid made up to 1000 mL with distilled water. The solution was 

filtered through Whatman filter paper and used for further assay. The thin film with immobilized 

enzyme was incubated in 1.5 mL of Bradford reagent for 5 minutes, after which the solution was 

centrifuged at 10,000 rpm for 30 minutes. The absorbance of the unreacted Bradford reagent in 

the supernatant was taken at 540 nm. The amount of the protein present on the surface was 

estimated by using a standard calibration curve using known GOx concentrations. 

2.4 X-ray photo electron spectroscopy of GOx/AZO films: 

XPS data were collected by Kratos Axis Ultra DLD spectrometer (Kratos Analytical, UK), 

equipped with mono-chromatized Al X-ray source (AlKαhν=1486.6eV), operated at 15 mA and 

15 kV. The analyzer band-pass energy was 160 eV or 20 eV with a step size of 1 eV or 0.5 eV 

for the survey or high resolution spectra, respectively. The spot size for analysis was 300 µm x 

700 µm in a chamber pressure of 10-8 Pa (7.5×10-8mTorr). Deconvolution and analyses of the 

XPS peaks were performed using the Fityk software[25]. 
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2.5 Electrochemical analyses of GOx immobilized films 

In all potentiostat-controlled experiments, Ag/AgCl was used as reference electrode and 

platinum wire as counter electrode. Copper wire was connected with silver paste to the ZnO thin 

film side. The connection was kept above the solution in air, carefully avoiding contact with the 

electrolyte. The area of the working electrode was 0.25 cm2(0.5 cm x 0.5 cm).  All the analyses 

were done in 0.1M phosphate buffer at pH 7.4 to mimic the physiological buffered conditions of 

the blood serum. 

Schematic: Electrodes suspended in electrochemical set up. 

 

 

CV, CA and EIS of the enzyme-thin film assembly were carried out using a CH 660A 

potentiostat (CH Instruments, USA). For CV, the working electrode potential was scanned 

between +0.8and -0.8V vs. Ag/AgCl. Only the last of the 5 cycles is reported. The scan rate was 

varied between 10 and 200 mV s-1and the glucose concentration was set at 5 mM. In the CA 

experiments, the enzyme-thin film construct was poised at -0.6 V vs. Ag/AgCl in phosphate 

buffer (pH=7.2). The glucose calibration curve was obtained by the incremental addition of the 

glucose from 0 to 28mM and the limiting cathodic (reduction) current was recorded. LoD/LoQ 

was measured by adding buffer and measuring the change in current. 

 LoD/LoQ= Standard deviation *(S/N)/sensitivity, …………(Eq. 1) 

where S/N is considered as 3 for LoD and 5 for LoQ [26].  

For the EIS, the potential and amplitude were set at -0.4 vs. Ag/AgCl and 5 mV, respectively. 

The frequency range of 1Hz-100 kHz was used. The Nyquist plot obtained was fitted to several 

well-known equivalent circuits to analyze the electron transfer path using EIS spectrum analyzer 

with the Powell algorithm [27].  

Human Serum Analyses: 
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Clinical serum samples were obtained with high (10-25 mM) and low (5 – 9 mM) blood glucose 

level. The analyses were performed by chronoamperometry at -0.6V and stirring of 500 rpm as 

per condition mentioned above. Dilutions of 1:20 v/v of serum samples were used.  After stable 

current was obtained, the readings were noted. The glucose levels were calculated using the 

calibration curve of current obtained for glucose by chronoamperometry in the previous 

experiments (Figure 6). The glucose values were then compared with glucose values obtained in 

the diagnostic laboratory by automated analyzer using glucose oxidase-peroxidase (GOD-POD) 

method. 

3. Results and discussions 

 

3.1 Characterization of structural, optical & electrical properties of the prepared thin 

films: 

Preliminary screening was done to obtain the optimum oxygen partial pressure (10, 30, 75 

mTorr) and Al concentration (0.045, 4.5 atomic %) required for the deposition of high quality 

films for GOx immobilization and electrochemical analyses. Based on better peaks in CV and 

electrical properties the conditions for deposition were optimized and for AZO films target 

containing 4.5 atomic% aluminum was used in all further studies. Figure 1(a) shows the 

morphologies of the ZnO and AZO films with grain sizes around 20-30 nm. Previous works have 

shown that ZnO films grown by PLD on glass [28], sapphire [29]and Perspex (or PMMA) [30] 

and Zeonor [32] plastic substrates have a similar grain morphology. From the XRD pattern, 2θ 

values for the ZnO and AZO films were seen at around 34.4° (Figure 1b). These values 

correspond to the (002) reflection of the wurtzite structure (ICSD# 082029), showing a preferred 

orientation with the c-axis perpendicular to the ZnO and AZO films surface. The peak position 

was similar to that reported previously for ZnO thin films produced by plasma deposition 

methods [31].The crystallite sizes of the deposited films were measured using Scherrer equation 

and the results were 38 and 23 nm for ZnO and AZO, respectively [32]. Software analyses 

(Xpert high score) of the diffraction peak profiles also indicated higher lattice strain for AZO 

than for ZnO thin film, likely due to Al incorporation in the ZnO lattice. 

In Figure 2, the transmission spectra between 200 and 1100 nm of the ZnO and AZO films are 

presented. The thickness and the optical band gap of the deposited thin films were estimated by 

fitting the transmission spectra using the Scout 2 software. A non-linear least square-fitting 

algorithm was used to extract the optical constants of the films, from transmittance data alone, 

based on a composite model for the complex dielectric function [33]. The model assumes 

parabolic bands in the UV-vis region and a Drude model in the NIR region. The thicknesses thus 

obtained for the ZnO and AZO thin films were approximately 132 and 90-100 nm, respectively. 

The small difference observed for the lower visible transparency of the ZnO films can be 

accounted for by the thickness difference[33,34]. An independent analysis with surface 

reflectometry confirmed the above thickness with a surface roughness of 10 nm. The fitted 
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optical band gaps were 3.24 and 3.35 eV for ZnO and AZO, respectively, in agreement with 

previous reports [35,36].  

The electrical measurements showed that both AZO and ZnO thin films had a sheet resistance in 

the range of 4000 Ω sq-1, corresponding to a bulk resistivity of about 0.04 Ω cm, indicative of 

good conductive properties[37]. From the Hall measurements, sheet concentrations of -1.44 x 

1015 cm-2 and -6 x 1014 cm-2 for the AZO and ZnO thin films, respectively, were obtained. The 

ZnO films deposited at higher oxygen pressure (75 mTorr) had a sheet concentration of -2.22 x 

1010 cm-2, whereas low Al doping (0.045 at%) yielded a sheet concentration of -7.2 x 1010 cm-2. 

These results indicate the strong influence of both Al dopant concentration and oxygen growth 

pressure on the surface carrier concentration. Overall, the electrical measurements confirmed that 

the AZO and ZnO thin films prepared in this study could be used directly as base electrode even 

though they are supported on an insulating PC plastic substrate. The prepare films were found to 

be stable up to the period of 2 years at room temperature. 

3.2 Characterization of GOx modified electrode  

The enzyme activity and protein concentration assayed on the surface of ZnO thin films were 

higher than on the AZO films (Figure 3) and comparable to previously reported by Saha et al 

(2009) (0.029 U cm-2 ) [23]. In addition, the specific activity of the GOx (U mg-1 of protein)  

obtained by ratio of activity to protein concentration, was found to 0.033 U cm-2 AZO thin films 

surface in comparison to ZnO thin films with 0.043 U cm-2.  

The nature of interaction of the enzyme with the thin films was studied using XPS (Figure 4). 

The survey scan showed the presence of nitrogen after the immobilization of the protein on the 

thin film surface (Figure 4a). No change in the binding energy of the Zn peaks were seen, which 

indicates that most of the interaction was with the oxygen of the AZO (Figure 4(a)). After 

deconvolution (Figure 4(b)) of the measured O1s peak, three components were observed at 

binding energies of 531.6 eV, 533.0 eV and 535.4 eV, which correspond to loosely bound 

oxygen in ZnO matrix [5,29] or carbonyl, ester and loosely bound hydroxyl groups, 

respectively[5,38]. The Wurtzite oxygen peak was also observed at 530 eV in GOx/AZO [39]. 

The interaction of oxygen with the protein may have given rise to the peak at 535.0 eV.  On 

deconvolution of the N peak (Figure 4(c)), two components were observed at 399.2 eV and 400.3 

eV, which correspond to amine and amide linkage of the protein, respectively[40]. The peaks 

corresponding to NH2 may have contributions from exposed lysine, arginine, and asparagine 

residues of glucose oxidase, whereas the C-N linkage corresponds to the peptide bonds within 

the protein. So it can be inferred that the binding of the protein with the surface of the film was 

due to ionic and dipole interaction between the amine residue of the protein and oxygen moiety 

of ZnO. 

3.3 Kinetics of modified electrodes GOx/ZnO and GOx/AZO 

3.3.1 Cyclic Voltammetry of the GOx/AZO and GOx/ZnO electrodes 
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The CV of the thin films showed a poorly reversible peak at 0.272 and0.286 vs. Ag/AgCl 

for GOx/ZnO and GOx/AZO at 10 mV s-1 scan rate, respectively. The Ip measured from CVs at 

different scan rates between 10 and 200 mV s-1correlates linearly with the square root of the scan 

rate, indicating that electron transfer rate is limited by diffusion in the liquid phase (Figure 5(a-

b)). The slope of the Ip vs.v0.5 plot shows a higher slope for GOx/ZnO as compared to that of 

GOx/AZO, likely because of the higher enzyme concentration on the ZnO film surface (Figure 

S1 (a-b)). Plot of Ep vs. log(v) showed a higher ΔE for GOx/ZnO as compared to GOx/AZO, due 

to the higher conductivity of the AZO films as compared to the ZnO thin film (Figure S1(c-d)). 

Thus the CV analyses was in agreement with the biochemical and confirmed that the enzyme 

activity is higher on ZnO than on AZO films. The surface concentration estimated by Brown 

Anson model was in agreement with the biochemical assay for protein estimation with 1.20 x 10-

10 mol cm-2 for GOx/ZnO/PC and 3.20 x 10-12 mol cm-2 for GOx/AZO/PC [15].  

 

3.3.2 Calibration curve and Michaelis Menton contant (Km) 

The overall reaction mechanism can be summarized as the reduction of H2O2 which is a 

byproduct of glucose oxidation on the surface of the film. As a result for reduction of H2O2 the 

calibration curve was obtained at -0.6 V. The glucose calibration curve measured by CA 

indicated the sensitivity of GOx/AZO thin films was better (5.5 µA cm-2 mM-1 of glucose), 

compared to GOx/ZnO thin films (2.2 µA cm-2 mM-1 of glucose) (Figure 6b).  GOx/AZO thin 

film showed fast and sensitive response to glucose as it required a period of 10 s to reach the 

steady state of current (Figure 6a). This higher sensitivity corresponds to the faster rate of 

reduction of peroxide on the surface of AZO thin films as compared to the ZnO thin 

films[41,42]. The limiting current is dependent not only on the concentration of the bulk solution 

but also on the diffusion thickness, which in turn depends on the rate of breakdown of H2O2 on 

the surface of thin films. As mentioned above, AZO films had higher sheet concentration of 

electrons as measured by the Hall Effect (-1.44 x 1015 cm-2 for AZO and -6 x 1014 cm-2 for ZnO). 

Thus, the high concentration of the electrons could have accounted for more reducing surface 

allowing faster breakdown of H2O2 on AZO thin.  

The limit of detection (LoD) was calculated as per Eq 1 mentioned in the Experimental details. 

For the AZO and ZnO thin films it was calculated to be 160 µM and 367 µM of glucose, 

respectively. The repeatability of the system was tested by doing CA on a single electrode twice 

on the next day, which showed reproducible results. Common interfering species such as 

ascorbic acid, cholesterol, urea & cysteine require a high oxidation potential for detection [43]. It 

may be inferred that GOx immobilized electrodes does not have interference from the fact that 

its operation condition is negative potential. The potential used in this study is lower compared to 

previously reported potentials for sensing in mediated and non-mediated biosensors [44,45]. 

Since the present study contemplated devising a low cost electrode on an inexpensive substrate 

PC, only one-time usage was envisaged. But the electrodes were able to produce comparable 

current even after 48 hours of preparation and 2nd cycle of use (Figure S4). 
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The sensitivity of GOx/AZO/PC prepared here was higher than GOx immobilized on other 

substrates without mediator reported in (Table 1). It is also comparable to the complex sensors 

involving nanomaterials (Table 1). The present work is the first study on GOx immobilized on 

PLD coated ZnO film on PC without any mediator at neutral pH. The GOx/AZO/PC exhibited a 

wider linear range of 0.26-28 mM glucose as compared to previous reports (Table 1). 

To evaluate the biological activity of the enzyme, the apparent Michaelis-Menten constant (Km) 

for the calibration graph was obtained through the Lineweaver-Burke plot (Figure 6(c))[44] 

𝐼𝑚𝑎𝑥

𝐼𝑠
=

𝐾𝑚

𝐶
+ 1 

Where Imax is the maximum current obtained by the system, Is is the steady state current and C is 

the concentration of the glucose. Km was 21.7 mM and 66.7 mM of glucose for GOx/ZnO and 

GOx/AZO, respectively. This was in agreement with the biochemical assay data which showed 

higher specific activity of GOx on ZnO as compared to AZO. 

3.3.3 Electrochemical Impedance Spectroscopy of prepared and GOx modified electrodes: 

The Nyquist plot of thin film only is reported in Table S1, together with the fitting results of its 

equivalent circuit. The results show only one time constant, as expected for semiconductor under 

non-turnover conditions. An infinite Warburg element was added to account for diffusion in the 

solution. These data are consistent with previous literature which shows similar circuit model for 

deposited ZnO films[50]. As observed from the equivalent circuit fit shown in Figure 7(a), the 

charge transfer resistance of thin film interface was higher in case of ZnO/PC with 6.95± 0.9 x 

105 Ω as compared to AZO/PC with 2.21± 0.04 x 105 Ω (Table 2). When GOx is coated on the 

film, a second time constant at higher frequency appears. The charge transfer resistance value 

were 21.8± 3.3 x 104 Ω and 3.7± 0.9 x 104 Ω for GOx/ZnO and GOx/AZO, respectively, due to 

the lower conductivity of ZnO thin film and the higher enzyme loading on the surface of the 

ZnO/PC as observed from the biochemical assay data (Table 2).The Nyquist plot shows that the 

charge transfer resistance was higher in GOx/ZnO/PC as compared to GOx/AZO/PC (Figure 

7(a)). However, upon addition of glucose, the charge transfer resistance under turnover 

conditions decreased to similar values for ZnO and AZO thin films (5.6 ± 2.2 x 103 Ω and 7.72 ± 

0.7 x 103 Ω, respectively, Figure 7(b) and Table 2). As observed, the magnitude for the decrease 

for the GOx catalyzed reaction of glucose is higher in case of GOx/ZnO as compared to that of 

GOx/AZO. This is in agreement with the Bode plot, which shows a more defined time constant 

for ZnO/PC as compared to AZO/PC (Figure S3). The detailed fitting parameters of the EIS 

spectra are provided in the supplementary information (Table S1, S2 & S3). 

GOx/ZnO/PC exhibited a better catalytic activity towards glucose as compared to GOx/AZO/PC, 

due to high enzyme loading rather than the conductivity of the thin film itself. However, 

GOX/AZO/PC had better sensitivity to glucose with lesser enzyme loading, which may be 

attributable to the carrier concentration of AZO films. 
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3.3.4 Validation of glucose sensing using blood serum: 

The real time application of the modified electrode was established by analyzing the blood serum 

sample obtained from diagnostic laboratory (Table 3). The system showed good performance in 

the higher range of blood sugar with relatively low error compared to values from the diagnostic 

laboratory. The error for lower range can be further reduced by miniaturization of the electrode 

with appropriate connection to the signal processor and better fabrication. Thus, the current 

system is suitable for fabrication of self-diagnostic device with the optimal range in 100-450 mg 

dl-1 of blood glucose level. 

4.Conclusions: 

A novel approach for immobilizing GOx on a conductive ZnO matrix deposited on a non-

conducting base like PC is described here. Increased carrier concentration of the thin film on 

doping of Al was exploited for easy electron transfer by immobilizing GOx by a simple method 

of drop casting. Though immobilized protein was decreased on doping, the sensitivity for the 

detection of glucose was higher compared to un-doped ZnO. It appeared that the dipole 

interaction of the amino groups of the protein with the oxygen atoms of AZO was the probable 

basis of interaction. GOx/AZO had a better sensitivity of 5.5 µA cm-2 mM-1 compared to 

GOx/ZnO with 2.2 µA cm-2 mM-1. GOx/AZO had a wide range of detection of glucose from 

0.28-28 mM with LoD of 167 µM and a fast response time of 10s. GOx/AZO also performed 

better for detecting glucose in real blood with better better accuracy than GOx/ZnO. We 

envisage that such new doped metal oxide matrices on PC wherein model enzyme like GOx can 

be easily immobilized would serve as a new platform for the development of the other redox 

enzyme based biosensors. 
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Appendices: 

 

I. Figures: 

a. Fig.1(a) SEM morphology of the nanostructured AZO film, Inset shows 

ZnOfilms;(b) 2θ XRD scans of the ZnO and AZO films.  
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b. Fig.2: Measured and fitted optical transmission spectra of ZnO thin films and 

AZO thin films. 
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c. Fig.3 Biochemical assay of immobilized GOx on ZnO and AZO thin films. (a) 

Enzyme activity; (b) Protein concentration. 
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d. Fig.4 XPS of GOx/AZO/PC (a) Survey scan of GOX/AZO/PC and AZO/PC; (b) 

Deconvolved high resolution peak of O 1s; (c) Deconvolved high resolution peak 

of N 1s. 
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e. Fig. 5 CV of immobilized GOx in 5 mM glucose phosphate buffered (pH7.2).(a) 

GOx/ZnO/PC; (b) GOx/AZO/PC. 
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f. Fig. 6(a) Chronoamperogram obtained by incremental addition of glucose (i) 

GOx/ZnO/PC, (ii) GOx/AZO/PC (b) Amperometric calibration of glucose for 

GOx immobilized on ZnO/AZO thin films in phosphate buffer (pH-7.2); (c) 

Lineweaver-Burke plot of amperometric calibration curve. 
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g. Fig. 7 Nyquist plot for (a) GOx/AZO and GOx/ZnO in 0.1M phosphate buffer 

pH7.2; (b) 5 mM glucose in 0.1M phosphate buffer pH7.2 on GOx/AZO and 

GOx/ZnO. Inset showing the equivalent circuit model used for the fit. 
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II. Tables: 

a. Table 1: Comparison with other mediated and non-mediated glucose sensors 

b.  Table 2: Charge transfer resistances obtained by fitting of EIS spectra 

c. Table 3: Detection of glucose in blood serum sample 

 

 

Table 1: Comparison with other mediated and non-mediated glucose sensors 

System 

Sensitivity (μA 

mM−1 cm−2) 

LoD 

(μM) Range (mM) 

Ref 

GOx/ZnO–KFCN/ITO/glass 0.078  230  2.78-11.11  [46] 

GOx/ZnO/GOx/MWCNTs/GCE  10  2.22  0.007 to 1.29  [47] 

GOx/SPG–AuNPs–CH/ITO 6.51  130  0.5-22.2  [17] 

ZnO/GOx/ Ferricyanide 1.27  50  1.38 to 22.22  [48] 

GOx/ZnO nps/Pt 

2.1 

  5.6  - 
[49] 

GOx/ZnO-MB/ITO 0.2 - 2.78-16.67 [50] 

GOx/AZO/PC 5.5  160  0.26-28  Current 

Work GOx/ZnO/PC 2.2  367  0.6-28  

 

Table 2: Charge transfer resistances obtained by fitting of EIS spectra: 

Electrode system Charge transfer resistance (Rct Ω) 

AZO/PC in Buffer 2.21 ± 0.04 x 105 

ZnO/PC in Buffer 6.95 ± 0.9 x 105 

GOx/AZO/PC in Buffer (non-turnover) 3.7 ± 0.9 x 104 

GOx/ZnO/PC in Buffer (non-turnover) 21.8 ± 3.3  x 104 

GOx/ZnO/PC in 5mM Glucose (turnover) 7.72 ± 0.7 x 103 

GOx/ZnO/PC in 5mM Glucose (turnover) 5.6 ± 2.2 x 103 

 

 Table 3: Detection of glucose in blood serum sample: 

Clinical 

Value (mM)  

GOx/AZO/PC 

(mM) 

Relative 

error (%) 

GOx/ZnO/PC 

(mM) 

Relative error 

(%) 

4.77 5.35 12 6.27 31 

7.05 5.8 17.5 6.15 12.8 

17 17.7 4.25 18.5 9 

23.7 23.28 2.08 25.81 8.58 

26.8 28.4 5.65 28.2 4.94 

 


