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Abstract: Gold nanoparticles (GNPs) assembled polyaniline nanosperes (PANS) 

composite were prepared by noncovalent strategy. Cytochrome c (Cyt c) was 

electrostatically adsorbed on the GNPs/PANS modified electrode. The direct electron 

transfer (DET) between Cyt c and GNPs/ PANS modified electrode was investigated. 

Cyt c shows a couple of quasi-reversible and well-defined cyclic voltammetry (CV) 

peaks with a formal potential (E0') of –0.27 V (versus Ag/AgCl) in pH 7.0 phosphate 
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buffer solution (PBS). The Cyt c/ GNPs/PANS modified electrode gives an improved 

electrocatalytic activity towards the reduction of hydrogen peroxide (H2O2). The 

catalysis currents increase linearly to the H2O2 concentration in a wide range of 0.01 

to 2.4 mM with a correlation coefficient 0.998. After immobilized glucose oxidase 

(GOD) on the Cyt c/ GNPs/ PANS modified electrode by Nafion polymer, a 

bienzymatic glucose biosensor was further prepared for sensitive detection of glucose. 

The amperometric detection of glucose was assayed by potentiostating the 

bienzymatic electrode at −0.2 V versus Ag/AgCl to reduce the enzymatically 

produced H2O2 with minimal interference from the coexisting electroactive 

compounds. The proposed glucose biosensor exhibits good response performance to 

glucose with a wide linear range from 0.01 to 3.2 mM with a correlation coefficient of 

0.997. The electrode has high sensitivity of 63.1 μA mM-1cm-2 and a detection limit 

0.01 mM at the signal-to-noise ratio of 3. Moreover, the glucose biosensor possesses 

good stability and reproducibility. 

 

Keywords: Cytochrome c; Gold nanoparticles; Polyaniline nanospere; Direct electron 

transfer; Glucose biosensor.  

 

1. Introduction  

During recent years, direct electron transfer (DET) between proteins and electrodes 

has been widely investigated due to its broad application in many areas. 

Understanding the electron transfer between proteins and electrode can provide deep 

insight into physiological processes as well as impetus for the further development of 

amperometric biosensors and bioelectrocatalytic systems [1, 2]. Among these proteins, 

the study of direct electron transfer between cytochrome c (Cyt c) and electrode has 

gained increasing attention [3-5]. Cyt c plays an important role in the biological 

respiratory chain, whose function is to receive electrons from Cyt c reductase and 

deliver them to Cyt oxidase. However, it is difficult for Cyt c to exhibit a 

voltammetric response at a bare electrode, most probably due to protein denaturation 

at the bare electrode surface leading to extremely slow electron transfer kinetics or in 
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the light of its three dimensional structure which hinders interaction with the electrode 

[6]. 

Recently, nanomaterials are widely used to realize the direct electrochemistry of 

Cyt c, as they have large surface area, good biocompatibility and/or conductivity, 

which can facilitate the electron transfer between enzyme and the underlying 

electrodes [7-10]. In particular, conducting polymer, which are a new type of 

nanomaterials, have been extensively studied for the fabrication of new classes of 

advanced materials because of their remarkable electronic and biocompatible 

properties combined with high chemical stability. Furthermore, conducting polymer 

modified electrode has been demonstrated to promote electron-transfer reactions 

between enzyme and the electrode surfaces [10-12].  

On the other hand, gold nanoparticles (GNPs), due to its good biocompatibility, 

excellent electronic conductivity and relatively large surface area，have been widely 

used in modification of various electrodes and fabrication of different kinds of 

biosensors. GNPs have been attached on the multiple substrate by various methods 

[13, 14], but these methods seem to be tedious and complex. Moreover, few reports 

focus on decorating gold nanoparticles onto nanostructured conducting polymer. 

Polyaniline is considered as one of the most attractive conducting polymer due to its 

unique electrochemical properties, facile synthesis, and excellent conductivity, high 

environmental stability and biocompatibility. In the present paper, GNPs assembled 

polyaniline nanosperes (PANS) was fabricated in a simple and robust way. The 

nanocomposite shows good affinity to immobilize proteins. Cyt c was successfully 

immobilized on the GNPs/PANS modified electrode by electrostatically adsorbed 

method. The prepared electrode shows improved direct electrochemical behaviors of 

Cyt c and displays excellent electrocatalytical responses to the reduction of H2O2. 

After immobilized glucose oxidase (GOD) with Nafion polymer on the electrode, a 

bienzymatic glucose biosensor was further prepared for highly selective and sensitive 

detection of glucose. Operational characteristics of the bienzymatic sensor, in terms of 

linear range, detection limit, sensitivity, selectivity and stability, were presented in 
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detail. The proposed glucose biosensor is promising for practical usage due to its 

excellent analytical performance. And also this work provides a new platform for 

fabricating biosensor based on oxidase.   

 

2. Experimental  

2.1. Reagents 

 Horse heart cytochrome c (MW 12,384) was purchased from Sigma and used 

without further purification. Aniline monomer, Ammonium persulfate (APS), 

cellulose acetate, HAuCl4·3H2O were obtained from Sinopharm Chemical Reagent 

Co., Ltd. (Shanghai, China). GOD (from Aspergillus niger; 300,000 unit g−1) was 

purchased from Sanland (America). D-glucose was used without further purification 

and glucose solutions were stored overnight at room temperature before use. All other 

chemicals from commercial source were of analytical grade and used as received. 0.1 

M phosphate buffer solution (PBS), which was made from Na2HPO4 and NaH2PO4, 

was employed as supporting electrolyte. Deionized water was used throughout the 

experiments. 

 

2.2. Apparatus and measurements 

All electrochemical measurements were performed on an IM6e electrochemical 

workstation (Zahner-Elektrik, Kronach, Germany). The working electrode was the 

Bioanalytical Systems (BAS) cavity glass carbon (GC) electrode (3-mm diameter). 

The rotating disk electrode experiments were performed by BAS rotator system in 

conjunction with an IM6e. The rotating rate is 4000 rpm when detect H2O2 and 

glucose. An Ag/AgCl (saturated with NaCl) reference electrode was used for all 

measurements. A platinum wire was used as a counter electrode. Before all batch 

amperometric experiments, the potential of each electrode was held at the operating 

value, allowing the background current to decay to a steady state value.  

Electrochemical impedance spectroscopy (EIS) measurements were performed in 

the presence of 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) and 0.1 M KCl by applying an 

alternating current voltage with 5 mV amplitude in a frequency range from 0.1 Hz to 
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100 kHz. The electrolyte solution was purged with high-purity nitrogen for 15 min 

prior to electrochemical experiments and a nitrogen environment was then maintained 

for the solution during the measurement process except the amperometric experiments 

for the bienzymatic glucose biosensor. All experiments were performed at room 

temperature (20 ±1 ºC).  

Transmission electron microscope (TEM) images were obtained from a 

JEM-2000EX microscope (Japan). 

 

2.3. Preparation of GNPs/PANS composite 

GNPs were prepared by reduction of HAuCl4·3H2O in aqueous solution according 

to the reference [15]. The average nanoparticle diameter is about 10 nm (data not 

shown). PANS were prepared by chemical oxidation of aniline monomer in acetone 

solution according the established procedures [16]. Briefly, 2.5 mL acetone, 0.8 mL 

dimethylacetamide, and 0.4 g cellulose acetate were mixed together with magnetic 

stirring at room temperature. After 3 h, aniline (0.08 mL) was added into the above 

solution and stirred for 1 h. Then, 1 g oxalic acid and 2 g APS were added to the 

mixture and the magnetic stirring was kept for 2 h. The final solution was kept in 

refrigerator at 4 � for 48 h. Sequentially, the mixture was soaked with acetone under 

stirring for 10 min. the product was centrifuged and rinsed thoroughly with water and 

methanol to remove the residual monomers, oxidants and their decomposition 

products. Then the product was dispersed in water at a concentration of 10 mg mL-1 

with the aid of ultrasonication for 30 min. GNPs assembled PANS was prepared by 

adding 50 mL GNPs solution into 10 mL of 10 mg mL-1 PANS nanosperes suspension. 

The precipitated GNPs/PANS nanosperes were centrifuged and washed with water 

several times. Finally, the composite was dried in vacuum for 12 h prior to use. 
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2.4. Fabrication of the modified electrodes 

1 mg of GNPs/PANS composite was dispersed in 2 mL water with the aid of 

ultrasonic bath to give a 0.5 mg mL-1 black suspension. The GC (3 mm in diameter) 

electrode was polished carefully with 1.0, 0.3 and 0.05 μm alumina slurry, and then 

utrasonicated successively in 1:1 nitric acid, acetone and deionized water, respectively. 

After dried at room temperature, a suspension (10 μL) of the GNPs/PANS was 

dropped on the GC electrode and then dried under an infrared lamp. After thoroughly 

rinsed with water, the obtained electrode was immersed in the 2 mg/mL Cyt c solution 

for 10 h at 4 ºC.  

GOD solution was obtained by dissolving 10 mg of GOD in 2 mL of 0.1 M PBS 

(pH 7). For the preparation of the glucose biosensor, 3 μL of GOD solution was 

dropped onto the Cyt c/GNPs/PANS modified electrode surface carefully. After 

drying for 1 h at room temperature, a 1% (3 μL) Nafion solution was placed on the 

enzyme surface as protective film. The reaction process of the bienzyme electrode is 

illustrated in Scheme 1. 

 

3. Results and Discussion 

3.1. Characterization of the modified GC 

The morphologies of the as-prepared PANS and GNPs/PANS were studied by 

means of TEM. As shown in Fig. 1, PANS are uniform with average diameter in the 

range of 90-120 nm. Most of the nanospheres were in the form of aggregations, which 

could benefit the sensor performance because the well-dispersed PANS were 

electrochemical accessible. A direct evidence for the attachment of GNPs on the 

PANS was showed in Fig.1b. The GNPs with high density were well dispersed on the 

surface of the PANS, which provide a good biocompatible interface and excellent 

microenvironment for the immobilization of proteins. Interestingly, the density of the 

decorated GNPs was found to be controllable by change the ratio (volume of GNPs 

solution versus volume PANS suspension) of GNPs and PANS. Under the optimized 

condition, the ratio of 5 was chosen to prepare the biosensor in the present paper.   
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Cyclic voltammetry (CV) and EIS were used to characterize the modification of the 

electrode in 5 mM Fe(CN)6 
3-/ 4- and 0.1 M KCl solution. Fig. 2 compares the CVs 

response at GC, PANS/GC, GNPs/PANS/GC, Cyt c /GNPs/PANS/GC electrodes in 

the above solution, respectively. Compared with bared GC electrode, the anodic and 

cathodic peak currents on the PANS modified electrode are increased (curve b), 

indicating PANS improves the surface area of electrode substantially. When GNPs are 

assembled on the surface of PANS, the peak currents decrease a little but still much 

higher than that at GC electrode (curve c). It maybe attribute to the distribution of 

GNPs with negative charge on surface of PANS to hinder the diffusion of ferricyanide 

toward the electrode surface, which is similar to the reference [17]. After 

immobilizing Cyt c on the GNPs/PANS/GC electrode, the peak currents dropped 

again. It may attribute that protein is nonconductive and hinder the electron transfer. 

The capability of electron transfer on the modified electrode was also investigated by 

EIS (Fig.S1). At the naked GC electrode, the electron transfer resistance (Ret) can be 

estimated to be 460 Ω (curve a). After coated with PANS and GNPs/ PANS films, the 

Ret decreases dramatically, nearly to zero at curves b and c, indicating that the PANS 

and GNPs/PANS form high electron conduction pathways between the electrode and 

electrolyte, and obviously improve the diffusion of ferricyanide toward the electrode 

surface. These results were consistent with the CV tests. An obvious increase in the 

interfacial resistance is observed when the heme protein Cyt c was immobilized on 

GNPs/PANS/GC electrode (curves d) (Tab. S1), resulting from the hindered pathway 

of electron transfer by Cyt c. These results indicated that Cyt c was successfully 

immobilized on the surface of the modified electrode. 

 

3.2. DET of Cyt c on the Cyt c /GNPs/PANS/GC electrode 

 Direct electron transfer (DET) of Cyt c on the GNPs/PANS modified electrode was 

examined by voltammetry. The CVs of different modified electrodes were obtained in 

0.1 M PBS (pH 7.0) at a scan rate 100 mV/s. To study the electrochemical response of 

the Cyt c on the bare GC electrode, the GC electrode was inserted in the 0.5 mg mL-1
 

Cyt c solution directly. As shown in Fig. 3, no obvious redox peaks can be observed 
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at the Cyt c/GC electrode in the potential range from –0.7 to 0.3 V (curve a). A pair of 

well-defined and quasi-reversible redox peaks was shown on the Cyt c/GNPs/ PANS 

/GC and Cyt c/ PANS /GC modified electrode, corresponding to the electrochemical 

redox reaction between Cyt c-Fe(�) and Cyt c-Fe(�). These results indicated that 

DET has been achieved between the Cyt c heme protein and the PANS-based 

modified electrode. But the peak current on the Cyt c/GNPs/PANS/GC electrode is 

higher than that of Cyt c/PANS/GC modified electrode obviously, indicating that 

GNPs/PANS is a more effective matrix than PANS to realize the DET of Cyt c. The 

anodic peak potential (Epa) and cathodic peak potential (Epc) were located at -0.221 

and -0.307 V on the Cyt c/GNPs/PANS/GC electrode, respectively. The formal 

potential (E0') taken by the average value of the anodic and cathodic peak potential 

was ca. –0.26 V and the peak-to-peak separation (ΔEp) was 75 mV at the scan rate of 

100 mV/s, indicating a fast electron transfer reaction. These results reveal that the 

DET of Cyt c has been realized on the Cyt c/GNPs/PANS/GC modified electrode. To 

exam the stability of the Cyt c immobilization on the nanocomposite, Cyt 

c/GNPs/PANS/GC modified electrode was immersed into PBS solution and CV 

curves were recorded (Fig.S2). There is no obvious peak drecrease after 50 cycles, 

which indicating the immobilization of Cyt c on the electrode is quite good. 

 

The cyclic voltammograms of Cyt c/GNPs/PANS/GC electrode in pH 7.0 PBS at 

different scan rates was also investigated (Fig.S3). Both the cathodic and anodic peaks 

currents are linearly proportional to the scan rate in the wide range from 100 to 900 

mV/s, which indicates that the electrode reaction corresponds to a surface-controlled 

quasi-reversible process. Meanwhile, the peak-to-peak separation increases with the 

increase of scan rate. An estimation of the electron transfer rate constant (ks) has been 

made from the peak potential separation value using the model of Laviron [18] for a 

surface-controlled electrode process. The electron transfer rate constant can be 

estimated to be 2.362 s−1. It was much higher than that of Cyt c adsorbed 

graphene-based modified electrode (1.95s-1) [19], ordered mesoporous niobium oxide 

film (0.28 s-1) [20] and NaY zeolite (0.78 ± 0.04 s-1) [21]. The fast ks indicates that the 
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GNPs/PANS composite film was an excellent promoter for the electron transfer 

between Cyt c and the electrode.  

 

3.3. Electrocatalysis of Cyt c/GNPs/PANS/GC electrode  

In order to explore the electrocatalytic activity of the Cyt c/GNPs/PANS/GC 

modified electrode, its response towards the reduction of H2O2 was studied (Fig.S4). 

After the addition of H2O2, the electrochemical behavior of Cyt c immobilized 

electrode changes dramatically. The reduction peak current increases obviously, while 

the oxidation peak current decreases with increasing the concentration of H2O2, 

showing a typical electrocatalytic reduction process of H2O2. These results demonstrate 

that Cyt c/GNPs/PANS/GC has a good catalytic activity toward H2O2. 

  The capability of the enzymatic electrode can be enlisted for the detection of H2O2. 

Fig. 4 shows a typical current–time plot of the Cyt c/GNPs/PANS/GC electrode upon 

the successive addition of 0.1 mM H2O2. Based on the optimal experiments, -0.2 V 

was selected as the applied potential. As shown in Fig. 4, the reductive current 

increases to reach 95% of the steady state current within 5 s, suggesting the response 

of the electrode to H2O2 should be a quick responsive process. The linear range of 

H2O2 was from 0.01 to 2.4 mM with a correlation coefficient of 0.998 (Fig. 4, inset), a 

detection limit of 0.003 mM was estimated at the signal-to-noise ratio of 3. The 

modified electrode displays a wider linear range and lower detection limit than those 

reported in literature [22]. The excellent electrocatalytic activity of the electrode 

toward H2O2 also means that the electrode can represent a new electrochemical 

platform that provides operational access to a large number of oxidase-based enzymes 

for fabricating bienzyme biosensors. 

  

3.4. Amperometric determination of glucose at the bienzymetic electrode 

Due to the fast DET between Cyt c and GNPs/PANS composite and rapid response 

of Cyt c/GNPs/PANS/GC toward H2O2, a bienzymatic electrode was further 

constructed for the sensitive detection of glucose. Fig. 5 shows a typical current–time 

plot for the enzyme electrode upon the successive addition of 0.2 mM glucose at -0.2 
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V. The current response of the enzyme electrode decreased along with glucose 

concentration. This is attributed to the electrocatalytic response to dissolved oxygen, 

which is similar to the literature [23]. Based on the decrease of the electrocatalytic 

response to dissolved oxygen, this system can be used as a glucose biosensor. The 

modified electrode reached 95% of the steady state current within 5 s. The calibration 

curve is shown in Fig. 5 (inset). The enzyme electrode gave a linear response to 

glucose in the range from 0.01 to 3.2 mM with a correlation coefficient of 0.997. The 

electrode has high sensitivity of 63.1 μA mM-1cm-2 and a detection limit 0.01 mM at 

the signal-to-noise ratio of 3. The sensitivity of the resulting biosensor is much higher 

than the reported 29.9 μA mM-1 cm-2 [24]，0.98 μA mM-1 cm-2 [25] and 9.9 μA mM-1 

cm-2 [26]. The bienzyme biosensor has high sensitivity due to chemical amplification, 

which is rapidly increased by the rise in enzymatic activity [27]. It indicates that the 

immobilizing process may retain the enzymatic activity good.  

 

3.5. Performance of the glucose biosensor  

   The interference of electroactive species on glucose detection and selectivity of 

the glucose biosensor was evaluated. The most common electrochemical interfering 

species, such as ascorbic acid and acetaminophen were examined. Addition of 0.2 

mM ascorbic acid，0.2 mM acetaminophen to 0.5 mM glucose did not produce 

observable interference in the biosensor response. These results indicate that glucose 

biosensor has high selectivity. That may due the low potential was applied. 

Futhermore, Nafion polymer, a perselective barrier, can circumvent the entry of 

anionic biological interferences effectively. 

The reproducibility of enzyme electrode construction was estimated from the 

response to 0.5 mM glucose at five enzyme electrodes prepared under the same 

conditions (Fig.S5). The results revealed that the biosensor has a satisfied 

reproducibility with a relative standard deviations (RSD) of 4.6 %. The operational 

stability of the enzyme electrode was measured at 0.0 V in 0.10 M PBS+0.1 M KCl 

containing 0.5 mM glucose (Fig.S6). Less than 2.4 % relative deviation was obtained 
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for five times continuous determinations of the same sample, which indicates that the 

biosensor has a good operational stability. Excellent reproducibility seems to mean 

that little amount enzyme was leaked out from the electrode surface which indicated 

the immobilizing method of enzyme was effective. 

To evaluate the practical usage of the glucose biosensor, a series of human serum 

samples were tested (Tab.S2). The values measured by the present system and 

hospital are very close. The RSD for five samples are less than 5%, which indicates 

the glucose biosensor is reliable for practical application. 

The storage stability of the biosensor was also studied. The steady-state response 

current of 0.5 mM glucose was determined every 2 days. When not in use, the 

biosensor was stored dry at 4 ºC (Fig.S7). The results show that the steady-state 

response current only decreases by 8% after 30 days (15 times) measurements, which 

indicates that the enzyme electrode was considerably stable. The good stability of the 

biosensor can be attributed that GNPs/PANS can form strong interaction between the 

enzymes and maintain the activity of the enzyme favorably. 

 

4. Conclusions  

An easy and effective method for fabricating GNPs/PANS modified GC electrode 

was developed in the present paper. The direct electron transfer of Cyt c on the 

modified electrode was achieved. The results show that the GNPs/PANS composite 

film can promote the direct electron transfer between the redox proteins and the 

underlying electrode and keep the activity of the enzyme well. The Cyt 

c/GNPs/PANS modified electrode as a biosensor for the catalytic reduction of H2O2 

was also investigated. The results show that the GNPs/PANS composite film was an 

excellent matrix for studying the direct electrochemistry of protein and fabricating 

biosensor. Based on these, a bienzymatic glucose biosensor was further prepared. The 

glucose biosensor also shows excellent analytical performance. The nanocomposites 

provide a new electrochemical platform for designing a variety of bioelectrochemical 

devices. 
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Scheme 

Nanocomposite
modified electrode  

Scheme 1. The reaction illustration of the GOD/Cyt c/GNPs/PANS/GC bienzyme 
electrode. 
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Caption of the figures 

Fig.1. TEM images of polyaniline nanospheres (A) and GNPs/polyaniline 

nanospheres composite (B). 

Fig.2. CVs at: (a) GC; (b) PANS/GC; (c) GNPs/PANS/GC; (d) Cyt c 

GNPs/PANS/GC electrodes in 0.1 M KCl and 5 mM Fe(CN)6 
3-/ 4- solution, 

scan rate, 50 mV s -1 

Fig.3. CVs at: (a) Cyt c/GC; (b) PANS/GC; (c) Cyt c/PANS/GC; and (d) Cyt 

c/GNPs/PANS/GC electrodes in pH 7.0 PBS; scan rate, 100 mV s-1. 

Fig.4. Amperometric responses of the Cyt c modified electrodes at –0.20 V upon 

successive additions of 0.2 mM H2O2 to 10 mL PBS (0.1M, pH 7.0). rotating 

rate, 4000 rpm. Inset: The calibration curve of the H2O2 biosensor. 

Fig.5. Typical current–time plot for the biosensor upon the successive addition of 0.4 

mM glucose at -0.2 V in 0.1 M pH 7.0 PBS, rotating rate, 4000 rpm. Inset: 

calibration curve of the biosensor as a function of glucose concentrations. 
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Higlights 

 Fabrication of gold nanoparticles assembled polyaniline nanosperes composite.  

 Direct electron transfer between Cyt c and the nanocomposite modified electrode. 

 Enhancement of electrochemical activity of proteins. 
 A bienzymatic glucose biosensor was constructed with excellent performance. 

 
 
 
 

Nanocomposite
modified electrode  




