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Abstract: In this study, green zinc oxide (ZnO)/polypyrrole (Ppy)/cellulose acetate (CA) film has been synthesized via solvent casting. This film was used as supporting material for glucose oxidase (GOx) to sensitize a glucose biosensor. ZnO nanoparticles have been prepared via the green route using olive leaves extract as a reductant. ZnO/Ppy nanocomposite has been synthesized by a simple in-situ chemical oxidative polymerization of pyrrole (Py) monomer using ferric chloride (FeCl3) as an oxidizing agent. The produced materials and the composite films were characterized using X-ray diffraction analysis (XRD), scanning electron microscope (SEM), Fourier transform infrared (FTIR) and thermogravimetric analysis (TGA). Glucose oxidase was successfully immobilized on the surface of the prepared film and then ZnO/Ppy/CA/GOx composite was sputtered with platinum electrode for the current determination at different initial concentrations of glucose. Current measurements proved the suitability and the high sensitivity of the constructed biosensor for the detection of glucose levels in different samples. The performance of the prepared biosensor has been assessed by measuring and comparing glucose concentrations up to 800 ppm. The results affirmed the reliability of the developed biosensor towards real samples which suggests the wide-scale application of the proposed biosensor.
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1  Introduction

Diabetes is considered one of the diseases that significantly affects human health, however, statistics show that the number of diabetic patients around the world is consistently increasing. Therefore, measuring and detecting glucose levels plays a vital role in controlling the disease [1,2]. In accordance, developing a sensitive and selective glucose biosensor that converts biological incidents into electrical signals became of great importance [3,4]. Electrochemical biosensors based on enzymes are being widely used in various analytical applications due to their simplicity, sensitivity, performance, and low cost. Recently, different enzymes namely, glucose oxidase (GOx), urease and cholesterol oxidase are usually used as a catalyst in enzymatic electrochemical biosensors for glucose detection. Amongst the used enzymes, GOx has proved its selectivity for glucose detection besides its low cost represents a promising candidate for biosensor application. The immobilization of GOx on the electrode’s surface and detection of the current associated with the enzymatic redox reaction is the major principle of glucose biosensors. Nonetheless, the weak stability of these enzymes on the electrode’s surface triggered the researchers to explore numerous support materials such as polymers and nanomaterials [5–9]. As a result, various conducting polymers have been intensively studied for the entrapment of GOx due to their outstanding electroconductive characteristics [10].

Amongst the known conducting polymers, polypyrrole (Ppy) has been frequently used and applied in amperometric biosensors for its good adherence to electrode materials, stability at ambient conditions, and compatibility with different enzymes and preventing them from leaching out [11,12]. Despite the mentioned unique properties of Ppy, its formed films still suffer from some drawbacks such as low mechanical stability and poor processibility which limits its utilization for biomedical applications. Consequently, many attempts have been proposed to overcome those disadvantages including blending with other biopolymers and/or nanoparticle impregnation [10,13,14]. In the last years, nanoparticles, particularly metal oxides have attracted attention for the fabrication of nanocomposites with improved electrocatalytic efficiency and enzymatic immobilization and stability [15,16]. Moreover, they may enhance the electron transport and the sensing properties [17]. The biocompatibility, chemical stability, non-toxicity, high adsorption ability owing to an isoelectric point of 9.5, large surface area, and rapid electron transfer features made zinc oxide (ZnO) a reliable competitive nanomaterial for glucose biosensors [18–20]. ZnO nanoparticles can be synthesized via different chemical techniques, nevertheless, the eco-friendly green synthesis routes using biological materials became more popular as they possess lower toxicity [21,22].

To boost the Ppy’s biocompatibility, combining it with other organic materials was the second attempt to be adapted [23]. Cellulose acetate (CA) was found to be applied for bio-sensing applications for its excellent chemical and mechanical stability and biocompatibility. Moreover, cellulose acetate showed unique performance in biomolecule immobilization and biosensing [24–26]. Thus, the preparation of ZnO/Ppy/CA composites is expected to improve the electron migration of the enzymatic reactions, sensitivity, stability and biosensor performance [27].

In the current study, an innovative green biocompatible ZnO/Ppy/CA membrane matrix was fabricated for the immobilization of glucose oxidase for glucose detection biosensors. The characteristics of the fabricated materials have been investigated. The fabrication of glucose biosensors and their measurements have been studied as well. The suitability and sensitivity of the developed biosensor were evaluated by measuring glucose concentration for different samples with known concentrations.

2  Materials and Methods

2.1 Materials

All chemicals were of analytical grade and used as purchased with no additional modifications. Pyrrole (Py) (97%), ferric chloride (FeCl3, 95%), ethanol (C2H5OH, 99%) and zinc nitrate (Zn(NO3)2.6H2O,98%) were purchased from Sigma Aldrich. Sodium hydroxide (NaOH, 99%), dimethylformamide (DMF, 97%), acetone (95%) and cellulose acetate (CA) (98%) were supplied by Acros organics. Fresh leaves of olive were collected during May from Sohag–Egypt. The leaves were washed thoroughly with tap water followed by distilled water to get rid of any contaminants. Then, they were dried overnight at 70°C and finally grinded to a fine powder. The obtained powder was then stored in an air-tight container until further usage.

2.2 Biosynthesis of Zinc Oxide Nanoparticles

ZnO nanoparticles were fabricated as previously reported in the literature with some modifications [28,29]. The biosynthesis procedures depend on the antioxidants (polyphenols) that were extracted from olive leaves as a reducing agent. First, 15 g of the dried leaves were mixed with 200 ml of distilled water and heated for 2 h at 70°C. The light-yellow extract was then cooled to room temperature, filtered, and stored in the refrigerator. This extract was utilized for the reduction of zinc ions (Zn2+) to (ZnO). Secondly, 70 ml of the metal precursor (Zn(NO3)2.6H2O) with a concentration of 0.2 M was reduced using 30 ml of Olive leaf extract. The extract was added dropwise under constant stirring and heating at 60°C for 1 h. The produced powder was stirred overnight to ensure the complete conversion of zinc hydroxide into zinc oxide. The obtained yellowish paste was calcinated at 500°C for 2 h. The white powder was grinded after calcination to produce fine ZnO powder.

2.3 Preparation of ZnO/Ppy Nanocomposites

ZnO/Ppy nanocomposite has been synthesized by a simple in-situ chemical oxidative polymerization of Py monomer using FeCl3 as an oxidizing agent. During the synthesis, a certain amount of nano-ZnO was ultrasonicated with a certain amount of water for an hour to obtain a homogeneous dispersion. then, both 0.8 mL of Py monomer and 0.6 g of FeCl3 were added to the mixture and continuously stirred for 4 h at room temperature. The obtained product was then separated and washed with deionized water and ethanol. Afterward, it was dried at 60°C in an oven for 8 h.

2.4 ZnO/Ppy/CA Membrane Preparation

Membranes were prepared by solvent casting technique on a polytetrafluoroethylene (PTFE) dish. Cellulose acetate polymer powder was dissolved in acetone (15 wt% concentration) and stirred for 1 h until a complete homogeneous polymeric solution was obtained. After that, the prepared ZnO/Ppy composite was added with a concentration of (5%). The mixture was mixed using a magnetic stirring device for 24 h and continued with 15 min sonication. Then, the solution was poured into the PTFE dish and kept at room temperature for 24 h to evaporate the solvent.

2.5 Fabrication of Glucose Biosensors

The prepared ZnO/Ppy/CA films have been cut into small pieces (2 cm × 2 cm). Then, these cuts were immersed in a mixture of 5 mL glucose oxidase and phosphate buffer solutions for 24 h to immobilize GOx onto the ZnO/Ppy/CA membrane matrix. After that, the membrane’s small pieces were dried at room temperature for 2 h and stored in a refrigerator. Subsequently, platinum (Pt) electrodes were deposited with a thick platinum layer by a plasma sputtering machine as follows: a thin layer of the copper mask was fixed on the top of the sample and the evaporating process occurred to deposit a thin layer of platinum electrodes by a sputtering instrument (Model Hummer 8.1.Turbo Sputtering RF and DC) at a power of 100 W and deposition time of 5 min. Finally, ZnO/Ppy/CA/GOx/Pt electrode has been employed for the electrochemical detection of glucose.

2.6 Analytical Methods

The diffraction peaks of the synthesized materials were identified using an X-ray diffraction (XRD) (6000, Shimadzu). The morphologies and particle sizes were investigated using scanning electron microscopy (SEM). The chemical composition and functional groups of the synthesized materials were studied using Fourier transform infrared spectroscopy (FTIR) (Shimadzu, FTIR-8400S). The wavenumber was selected in the range of 400 and 4000 cm−1. Cyclic voltammetry (CV) was used to measure the response of the prepared electrode. Thermal gravimetric analysis (TGA Q50) was studied to understand the thermal stability of the fabricated materials over the studied temperature range from 10° to 500°C.

2.7 Glucose Biosensing Measurements

ZnO/polypyrrole/cellulose acetate/GOx composite that has been casted on platinum electrode surface can transfer the electrical signal from the active sites of GOx (flavin adenine dinucleotide (FAD)) to the electrode surface as shown in Eqs. (1)–(3) [30] and then the current values were recorded using potentiostat galvanostat auto lab machine. Current values were recorded in the case of different glucose concentrations ranging from 0 to 800 mg/dL. A calibration curve has been developed between glucose concentration and current to measure the concentration of glucose in any sample via the measured current value. The sensitivity and reliability of glucose biosensors were assessed by measuring the concentration of glucose in the case of different samples with known concentrations such as laboratory-prepared glucose solution (100 mg/dl), serum glucose sample (100 mg/dl), plasma glucose sample (100 mg/dl) and blood glucose sample (200 mg/dl). Glucose concentrations of laboratory, serum, plasma and blood samples were determined using spectrophotometer 5010 and Accu-Check glucose determination machine.


Glucose+FAD−GO → Gluconolactone+FADH2−GOx
(1)

FADH2−GOx+ O2 →FAD−GOx+H2O2
(2)


H2O2 →O2+ 2 e−+2H+
(3)

3  Results and Discussions

3.1 X-Ray Diffraction of the Synthesized Materials

Fig. 1 shows the XRD patterns of pure green ZnO, ZnO/Ppy nanocomposite and ZnO/Ppy/CA membrane with a scan rate of 2°/min. The XRD patterns of ZnO in Fig. 1 show the distinctive peaks at 2θ of 31.7°, 34.4°, 36.2°, 47.5°, 56.6°, 62.8°, 67.9° and 69.1° are ascribed to the diffraction planes of (100), (002), (101), (102), (110), (103), (112) and (201), respectively of wurtzite hexagonal ZnO (JCPDS CARD No. 36-1451) [31,32]. Moreover, the broad peak in the 2θ region 20°–30° confirmed the existence of amorphous polypyrrole in the composite. X-ray diffraction pattern of ZnO/Ppy/CA membrane shows three sets of diffraction peaks which are imputed to cellulose acetate, nano-ZnO, and polypyrrole as portrayed in Fig. 1. The figure also illustrates new peaks at 13.83° and 16.63° are ascribed to cellulose acetate [33]. Accordingly, it was confirmed that the prepared film was successfully prepared from the ZnO/Ppy nanocomposite incorporated at cellulose acetate polymeric matrix. The main feature of cellulose acetate is it’s classified as a bio-polymeric network that hosts two conductive materials ZnO and Ppy which are suitable for sensing applications. Both ZnO and Ppy nano-fillers are characterized by their unique and fascinating properties as both have antimicrobial activities, electronic conductivities and bio-compatibilities besides their facile synthesized techniques. So, the fabricated ZnO/Ppy/CA composite membrane is considered as a biocompatible assembly for biosensor application.
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Figure 1: XRD patterns of (a) green synthesized ZnO, (b) ZnO/Ppy composite and (c) ZnO/Ppy/CA film

3.2 Fourier Transform Infrared Spectroscopy (FTIR) of the Prepared Materials

Fig. 2 demonstrates the FTIR spectra of the prepared biosynthesized ZnO, where the peaks at 1639.55, 1635.69, 1456.30 cm−1 and all bands at 449.43–557.45 cm−1 is attributed to ZnO nanoparticles which correspond to Zn–O stretching and deformation vibration, respectively. The broad peak at 1456.30 cm−1 is due to the effect of polyphenols and natural pigments from plant leaf extracts [34]. The broad peaks at 3398.69 and 3439.19 cm−1 are due to metal-oxygen (metal oxides) frequencies observed for the respective ZnO nanoparticles. The peaks located at 879 and 900 cm–1 are attributed to C–H bonds [35]. Furthermore, the peaks at 1523 and 1543 cm−1 correspond to C=C stretching vibration [35]. The peaks at 1660 and 1676 cm−1 are ascribed to C=N and C–N bonds, respectively, whereas the peak at 1064 cm−1 is attributed to the stretching mode of N–H [36]. The presence of C–C out-of-plane ring deformation vibrations or C–H rocking has been affirmed by the peaks at 677 and 695 cm−1 [36]. FTIR spectra showed broad absorption bands at 3400 and 3200 cm−1 which are imputed to N–H ring vibrations of polypyrrole [37]. Fig. 2 also displays FTIR spectra of ZnO/Ppy. The bands at 449.43 and 557.45 cm−1 are attributed to Zn–O bond stretching and deformation vibration [32]. The same bands in pure polypyrrole were observed in ZnO/Ppy composites with small shifts. For ZnO/Ppy/CA composite, besides the bands of Zn–O bond and pure polypyrrole, the bands at 2947, 1730, 1735 and 1051 cm−1 are assigned to CH stretching, C=O stretching, CH3 stretching and O–CH3 stretching vibrations of cellulose acetate [38].
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Figure 2: FTIR spectra of (a) green synthesized ZnO, (b) ZnO/Ppy composite and (c) ZnO/Ppy/CA film

3.3 Scanning Electron Microscope (SEM) Analysis

SEM images were used to understand the morphological structure of ZnO, ZnO/Ppy and ZnO/Ppy/CA composite. As can be seen in Fig. 3a, the resulting green nano-ZnO particles are mostly spherical with a particle size ranging from 20 to 80 nm [39]. In addition, SEM images reveal that the prepared ZnO/Ppy composite has different morphologies (e.g., spherical, spongy). As it was presented in Fig. 3b, the Ppy core is covered by ZnO nanoparticles, and this can confirm the formation of ZnO/Ppy nanocomposite [40]. The surface morphology of neat CA and ZnO/Ppy/CA composite are shown in Figs. 3c and 3d, respectively. As shown, neat CA revealed a smooth surface. However, small white particles appeared after the impregnation of ZnO/Ppy composite, which indicates the successful fabrication of ZnO/Ppy/CA membrane. The cross-section images in Figs. 3e and 3f show the formation of a homogeneous sponge-like porous structure membrane with a high degree of porosity.
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Figure 3: SEM images of (a) Green synthesized nano-ZnO, (b) ZnO/Ppy composite, (c) pure Cellulose acetate film’s surface (d) ZnO/Ppy/CA film’s surface (e) pure Cellulose acetate film’s cross section area and (f) ZnO/Ppy/CA film’s cross section area

3.4 Thermal Properties of the Prepared Materials (TGA)

Thermogravimetric analysis (TGA) of the samples was performed under N2 atmosphere by raising the temperature from room temperature to 500°C. Fig. 4 shows the TGA pattern of the green synthesized ZnO nanoparticles over the studied temperature range. The first degradation step of green synthesized ZnO nanoparticles started at 19°C and ended at around 200°C with a weight loss of almost 2.2% from the original material weight. This could be attributed to the removal of the surface water adsorbed to the green synthesized ZnO nanoparticles. However, the remaining mass of the material remained constant up to 500°C [41,42].
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Figure 4: TGA patterns of (a) green synthesized ZnO, (b) ZnO/Ppy composite and (c) ZnO/Ppy/CA film

As shown in Fig. 4, the thermal decomposition behavior of ZnO/polypyrrole nanoparticles was investigated by increasing the temperature from 26°C to 500°C. The weight loss at temperatures ranging from 38°C to 177°C was attributed to the removal of water molecules adsorbed on zinc oxide/polypyrrole surface. The increase of the temperature from 177°C to around 282°C resulted in an increase in the weight loss due to the condensation dehydration of the hydroxyls [43]. The last thermal degradation step started at 282°C and ended at around 500°C might be due to the decomposition of the residual organics. The average weight loss ratio of ZnO/polypyrrole nanoparticles was about 51.6%.

For the TGA pattern of ZnO/Ppy/CA film. The weight loss was measured by increasing the temperature from 26°C to 500°C. The weight loss at 25°C–210°C was due to the loss of adsorbed water molecules and a weight loss of 2.3% was observed at a temperature range from 210°C to 269°C. A weight loss of 69.5% was observed by raising the temperature from 269°C to 406°C due to the loss of H-bond between cellulose acetate molecules and the loss of O-bond between C–O. Then, a weight loss of 4.58% was attained at temperatures from 406°C to 500°C corresponding to the decomposition of the main chain of the polymeric composite [44]. The ZnO/Ppy/CA membrane showed better thermal stability than the nano-ZnO/Ppy composite.

3.5 Effect of the Electrolyte pH on the Prepared Biosensor Performance

The influence of supporting electrolyte pH solution on the redox behavior of GOx fixed onto the prepared composite electrode has been conducted out by Cyclic voltammetry (CV) in 0.01 M phosphate-buffered saline (PBS) solution with different pH values containing 4 mM glucose at a scan rate of 50 mV/s, as shown in Fig. 5. Two solutions of 0.5 M HCl and 0.5 M NaOH have been used to regulate the pH value of PBS before adding 4 mM glucose solution. Enzymatic performance is largely pH-dependent because the enzymes are stable between the pH of 3.5 and 8.0 and lose their activity at a pH value higher than 8 and lower than 2. As demonstrated in Fig. 5, the electrocatalytic activity was increased from a pH of 5 to a pH of 8 and peaked at approximately a pH of 7. In the present work, the catalytic activity of GOx decreased at pH > 7 because of the irreversible denaturation of the enzyme [45].
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Figure 5: Effect of the electrolyte pH on the prepared electrode response to 4 mM glucose solution

3.6 Evaluation of the Developed Biosensor

Fig. 6 illustrates the dependent relation between the current and a wide range of glucose concentrations. As can be seen, the current increases with increasing glucose concentration due to the rise of H2O2 released and consequently more electrical signals are transferred to the electrode [46]. In addition, the figure demonstrates a linear relation with R2 of 0.965 up to a 500 mg/L glucose concentration. Moreover, the increase in glucose concentration from 500 to 800 mg/L showed a linear plot with R2 value of 0.938. The linearity of the relation between glucose concentration and current affirmed the suitability and high sensitivity of the constructed biosensor. The unknown glucose concentrations of different samples can be estimated via the linear relationship between current and glucose levels. To evaluate the performance of the prepared biosensor, different glucose samples with known concentrations such as laboratory-prepared glucose solution (100 mg/dl), serum glucose sample (100 mg/dl), plasma glucose sample (100 mg/dl) and blood glucose sample (200 mg/dl) were re-estimated via the current values. The measured glucose concentrations of the different tested samples were approximately the same as their actual concentrations affirming the high sensitivity and accuracy of the developed biosensor.
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Figure 6: The relation between current and glucose concentration for glucose biosensor

The optimal performance of the electrodes within a sensor requires the choice of suitable materials for the kind of enzymatic reaction taking place. Moreover, the sensor sensitivity can be enhanced by improving the electrode surface area. So, the fabricated ZnO/Ppy/CA/GOx Porous film electrode leads to higher sensitivity due to its large surface area suitable to accommodate the chemical reaction. Moreover, the other key factor to evaluate the quality of the fabricated electrode for measuring glucose concentration is the degree of enzyme immobilization onto the electrode. The permanent immobilization of enzymes grants the reliability of the biosensor for long-term performance. There are various techniques utilized for GOx enzyme immobilization including cross-linked with hydrogel (e.g., chitosan and gelatin), nanomaterials (e.g., carbon nanotubes and graphene) and other stabilizers (e.g., bovine serum albumin) by chemical and physical bonds. The immobilization technique of the fabricated ZnO/Ppy/CA/GOx film electrode was compared with the various immobilization techniques and the materials used in the literature [47,48] for the fabrication of GOx enzyme electrodes for fabrication glucose biosensor in Table 1.
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4  Conclusions

Green ZnO nanoparticles, ZnO/Ppy composite and ZnO/Ppy/CA membrane have been synthesized. Various characterization techniques such as XRD, FTIR, SEM and TGA were involved to confirm the chemical structure and the cohesion between the prepared materials and in return the successful fabrication of the composites. Glucose oxidase was successfully supported on ZnO/Ppy/CA membrane and then the immobilized glucose oxidase was coated on the platinum electrode surface for the detection of glucose. The current was measured at different concentrations of glucose and the dependent linear relation between glucose concentration and current affirmed the high sensitivity of the constructed biosensor. The fabricated biosensor has shown high reliability in glucose detection for glucose existing in different samples such as serum, plasma and blood.
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Table 1: Comparable investigation of various GOx enzyme immobilization techniques for fabrication

glucose biosensor

Substrate Immobilization technique
Au/Ag-NCs Trapping
ITO/Chitosan-Polypyrrole Au-NPs Trapping

Si/vertically aligned carbon nanofiber Absorption

Boron-doped diamond/Graphene/Pt-NPs Absorption
ZnO/Ppy/CA/GOx/Pt (this study) Absorption

Graphite NPs
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