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A nanocomposite of ferrocenecarboxylic acid (FcA), graphene oxide (GO), chitosan (CS) and glucose 

oxidase (GOD) has been developed and used as the functional component of a needle-type implantable 

glucose biosensor. GOD was successfully immobilized in a single step without any crosslinking agents; 

and the enzymatic function and specificity was preserved. The biosensor morphology was characterized 

by scanning electron microscopy (SEM), and the functional properties were examined 

electrochemically. We showed that our glucose biosensor exhibited a fast response with high 

reproducibility and stability. A linear response to glucose - which was mostly undisturbed by common 

interfering species - was obtained between glucose concentrations between 0.01 to 10 mM. The detection 

limit and sensitivity of our biosensor were 19 µM and 8 mA cm-2mM-1 (S/N = 3), respectively. 
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1. INTRODUCTION 

Diabetes mellitus is a widespread disease which causes death and disability. According to the 

World Health Organization (WHO), the rate of morbidity is increasing[1], such that between 2017 and 

2045, the number of patients globally is expected to increase from 451 million to 693 million [2, 3]. In 

2017, approximately 5 million deaths worldwide were attributable to diabetes in the 20-99 years age 

range[3]. Specialists predict that diabetes will become the world's seventh largest cause of death by 2030. 

Hence, the development of high-performance glucose detection technology is essential for monitoring 

diabetes mellitus; and currently, biosensors have been shown to offer the most promising 

advancements[4].  

At present, most commercialized glucose biosensors are based on electrochemical enzyme-based 

sensors, which combine the substrate specificity of enzymes with electrochemical transduction methods. 

Accordingly, highly selective, sensitive, low-cost and simple instrumentation is obtained[5]. To achieve 
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this, the enzyme must be immobilized onto electrode surfaces; and efficient methods which enable the 

electrochemical reaction while maintaining their bioactivities are essential[6-8]. This has been achieved 

by either covalently binding enzymes onto substrate surface or incorporating enzymes into different 

matrices[9-11]. The incorporation of enzymes into a matrix is advantageous over immobilization 

methods as it maximizes enzyme loading while protecting the enzyme from the surrounding 

environment. Additionally, electron transfer between the enzymes and electrode must be optimized since 

the active sites of the enzymes are usually deeply embedded inside the protein shell and electron transfer 

is often inefficient[12].  

In order to address these two issues, we used a homogeneous ferrocenecarboxylic acid—

graphene oxide-chitosan/glucose oxidase (FcA-GO-CS/GOD) composite membranes as a platform for 

the fabrication of glucose biosensor. Chitosan (CS), obtained from the partial deacetylation of chitin[13], 

is a promising biopolymer matric material for immobilizing enzymes due to its excellent film-forming 

ability, good adhesion, high permeability towards water, non-toxicity, excellent biocompatibility, high 

mechanical strength and ease of chemical modifications[14-20]. However, its electron transfer efficiency 

is very low, and must be enhanced with a covalently-bound redox mediator[21]. For this, a carboxylated 

derivative of ferrocene (FcA), which is a well-known mediator with reversibility, the ability to be 

regenerated at low potential, and stable redox states, shows great promise[22-24]. Finally, the electron 

transport could be enhanced by compositing FcA and CS with graphene, a two-dimensional carbon 

nanomaterial[25-27]. Graphene has recently attracted tremendous attention because of its unique 

nanostructure and many extraordinary properties, such as exceptional conductivity, excellent thermal 

and chemical stability, outstanding mechanical flexibility, and environmental friendliness[28-32]. 

Therefore, it is a remarkable candidate matrix material for electrochemical biosensors. 

Here, needle-type implantable glucose biosensors were prepared using a nanocomposite 

comprising CS, FcA and GO. The simple, one-pot fabrication process entails the initial mixing of 

ferrocenecarboxylic acid (FcA), graphene oxide (GO) and chitosan (CS) were mixed together, followed 

by the addition and mixing with glucose oxidase (GOD) without any cross linking agents or modifiers 

to achieve the FcA-GO-CS/GOD nanocomposite. Finally, a needle-type implantable glucose biosensor 

was prepared by fixing a nanocomposite film to the needle-type electrodes. Most importantly, our 

prepared nanocomposite exhibited superior performance for glucose detection than competing State-of-

the-Art materials, boasting a low detection limit, a wide detection range, high selectivity, excellent 

sensitivity, and good stability. 

 

 

 

2. EXPERIMENTAL 

2.1. Apparatus 

Scanning electron microscopy (SEM) was used to characterize the composite morphology 

(Electron Microscopy Inc., Cambridge, U.K.). All electrochemical experiments were carried out with a 

CHI 650D model electrochemical workstation (Shanghai, Chenhua Co., China). A three-electrode cell 

was used with a modified glassy carbon electrode (GCE) or the fabricated needle-type platinum 
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electrodes as the working electrode, a saturated calomel electrode (SCE) as the reference electrode and 

a platinum wire as the counter electrode. Amperometric measurements were performed in 0.1 M 

phosphate buffer saline (PBS, pH 7.4) under gentle stirring at room temperature. The electrolyte was 

bubbled with high-purity (99.999%) N2 for 15 min. Ultrasonic Cleaner KQ-800KDE (Kunshan Co. Ltd, 

China) was used to clean samples during preparation. 

 

2.2. Reagents and materials 

Graphite was purchased from Alfa Aesar Co (USA). Chitosan (CS, 200-400 mPa·s), 

ferrocenecarboxylic acid (FcA, 98%), glucose oxidase (GOD, EC 1.1.3.4, 100 U/mg ) were purchased 

from Sigma-Aldrich. D-(+)-glucose， uric acid (UA)，L-ascorbic (AA) and dopamine hydrochloride 

(DA) were purchased from Beijing Chemical Reagent (Beijing, China), All other chemicals used in this 

investigation were of analytical grade (99.9%). Phosphate buffer solution (PBS, 0.1 M, pH 7.4) was used 

as a supporting electrolyte for all electrochemical measurements. Deionized water was obtained from an 

in-house Millipore Milli-Q system (18.2 MΩ cm at 25 °C). All experiments were performed at room 

temperature (25 ± 1 °C). 

 

2.3. Production of FcA-CS-GO/GOD nanocomposite precursor. 

Graphene oxide was prepared according to our previous work[33]. GO and FcA were dispersed 

into water by ultrasonication for 2 h in separate vials to achieve homogeneous GO suspension (5 mg·mL-

1) and FcA suspension (0.075 M), respectively. GOD was dissolved in 0.1 M PBS (pH 7.4) by stirring 

to produce a 10 mg/mL GOD solution. 1.5 g CS was added into 98.5 g deionized water followed by 1 

mL acetic acid, and then stirred for 2 h at room temperature. 60 µL FcA suspension (0.075 M), 3 µL GO 

suspension (5 mg/mL) and 60 µL CS solution (1.5%) were mixed with ultrasonication for 2 h to produce 

FcA-CS-GO precursor mixture. Finally, 60 µL 10 mg/mL GOD solution was added, and the mixture 

was stirred 30 min to yield a FcA-CS-GO/GOD nanocomposite precursor. 

 

2.4. Fabrication of FcA-CS-GO/GOD nanocomposite-modified electrode. 

The GCEs were carefully polished with alumina polishing powder and washed sequentially with 

ethanol and deionized water by ultrasonication for 3 min. The GCE surface was coated with 10 µL FcA-

CS-GO/GOD nanocomposite precursor and dried at room temperature. 5 µL of Nafion solution (0.5% 

in ethanol) was then dropped onto the surface of FcA-CS-GO/GOD nanocomposite-modified GCE. Prior 

to testing, the GCEs were rinsed with deionized water for several times to remove any loosely attached 

nanocomposite. The test solution was N2-saturated PBS (0.1 M, pH 7.4).  
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2.5. Fabrication of FcA-CS-GO/GOD nanocomposite-modified needle-type electrode 

The needle-type electrodes were steel needles coated with electrodeposited platinum. A silane 

film was precoated onto the surface of the needle-type electrode, and dried in vacuum for 8 h. The 

electrode was then covered with the FcA-CS-GO/ GOD nanocomposite and silane in tune, and dried for 

15 h. The biosensor was then completed by adding a final polyurethane membrane onto the electrode 

surface. 

 

3. RESULTS AND DISCUSSION 

3.1. Morphology characterization of the needle-type glucose biosensor 

SEM analysis showed that the most significant feature was homogeneous dispersion of the 20-

50 nm diameter, electrodeposited Pt particles on the electrode surfaces (Fig. 1a). This provides an 

excellent platform for the proceeding deposition steps. Pt nanoparticle deposition was advantageous 

because it increased the electrode activity by increasing the surface area and thereby increased the 

availability of a greater number of active sites in the immobilized enzyme[34, 35].  Additionally, Pt 

nanoparticles are also known to be excellent catalysts for the breakdown of hydrogen peroxide[36], 

which could effectively convert chemical signals into electrical signals and transmit to the detection 

system. The morphology of the overlaid FcA-CS-GO/GOD nanocomposite was generally smooth but 

folded into large wrinkles, and thus the underlying surface topography was lost (Fig. 1b). However, the 

wrinkles, which formed during drying, would be expected to increase the activity of the electrode by 

again increasing the surface area, especially compared to a flat surface. Finally, SEM analysis of the 

morphology of the polyurethane diffusion limiting membrane deposited on the surface of the FcA-CS-

GO/GOD showed the formation of many pores which were distributed across the electrode surface. It 

comprises the outermost layer of diffusion limit film, which is produced by polyethylene glycol (PEG) 

and potassium chloride (KCl) aqueous solution, and is designed to change the hydrophily of the glucose 

biosensor. Corresponding CCD microscope images (inset) showed the change on the surface during each 

step of preparation process of the biosensor (Fig. 1). 

 

  
 

Figure 1. SEM images of the morphologies of the Pt-plated steel needle (a) before coating and (b) after 

coating with FcA-CS-GO/GOD and (c) after coating with the polyurethane diffusion limited 

membrane. Corresponding CCD microscope images are located in the lower left corner of each 

image. 
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3.2. Electrocatalytic performance of the FcA-CS-GO/GOD film-modified electrode 

   
 

Figure 2. Cyclic voltammograms of the GOD/FcA-GO-CS film-modified electrode (a) in the absence 

(black) and presence (red) of 15.0 mM glucose in N2-saturated PBS (pH = 7.4). Scan rate = 100 

mV·s-1. (b) in N2-saturated PBS (0.1 M, pH 7.4) at 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 

mV·s-1（from internal to external）. The inset is the plot of anodic and cathodic peak current 

versus scan rate. 

 

Cyclic voltammetry (CV) studies[14, 15, 34] were conducted using a GOD/FcA-CS-GO-

modified glassy carbon electrode (GCE) as the working electrode to characterize the electrochemical 

performance (Fig. 2). In the absence of glucose, a standard, reversible electrochemical behavior of FcA 

was observed, but in the presence of 15 mM glucose, the anodic peak current increased dramatically 

(Fig. 2a). This was attributed to the oxidation of glucose by GOD in the electrode surface. This also 

confirmed that GOD retained its bioactivity after mixing with FcA-CS-GO. By appreciating the 

cooperative redox behavior of both the GOD and the FcA[12-14, 21, 24], a mechanism was proposed[37-

40]. Firstly, glucose was oxidized by GOD to gluconolactone, which in turn reduced the enzyme from 

GOD(ox) to GOD(red). Secondly, the GOD(red) was oxidized by the electron mediator FcA back to its 

original state, GOD(ox), at an amperometric catalytic anodic current. CVs of the GOD/FcA-GO-CS 

were also run under the same conditions but at different scan rates in the range of 10–100 mV·s-1 (Fig. 

2b). We clearly observed a pair of reversible redox peaks located at 0.33 V and 0.27 V vs. saturated 

calomel electrode (SCE), which was indicative of the electron transfer from FcA on the electrode surface. 

Further analysis of the CV data showed that the cathodic and anodic peak currents increased linearly as 

the scan rate increased, which suggested that the electrochemical reaction of the GOD/FcA-GO-CS film-

modified electrode was a diffusion-controlled process (Fig. 2b). 

 

3.3. Electrocatalytic behavior of the FcA-CS-GO/ GOD film-modified needle-type glucose biosensor. 

The typical amperometric response[38, 40] of the GOD/FcA-GO-CS film-modified a needle-

type glucose biosensor was assessed with the successive addition of glucose into the electrolyte under 

an applied potential of 0.33 V (Fig. 3). Our data showed that the biosensor reached 95% of the steady-

state current within 3 s. This rapid response to changes in glucose concentration was attributed to the 

presence of the electron transfer mediator FcA[13, 22]. The amperometric response increased linearly 
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with glucose concentration between 0.01 and 10 mM (Fig. 3). We determined a detection limit of 19 µM 

and a sensitivity of approximately 8 µA cm-2mM-1 (S/N = 3). A comparison of the electrochemical 

performances of GOD/FcA-GO-CS with other enzymatic glucose sensors (Table 1). 91.2% of the 

original sensitivity [41]of the biosensor was maintained after 4 consecutive uses, which was indicative 

of good stability and reusability (Fig. 4). 

 

 

 
 

Figure 3. Amperometric response of the GOD/FcA-GO-CS film-modified a needle-type glucose 

biosensor at an applied potential +330 mV with the successive addition of glucose in a stirred 

N2-saturated 0.1 M PBS (pH = 7.4). 

 

 

 

Table 1. A comparison of the electrochemical performances of GOD/FcA-GO-CS with other enzymatic 

glucose sensors 

 

Electrode Linear 

range (mM) 

Limit of 

detection (µM) 

Sensitivity            

(µA mM-1cm-2) 

References 

GOD/rGO-TEPA/PB 0.1-25 25 - [39] 

Fe3O4 -CS-

CD/MWCNTs/GOD/GCE 

0.04-1.04 19.30 23.59 [38] 

GOD/AuNPs/GO/MWCNTs 0.3-2.1 4.8 29.72 [42] 

ZnO rods/CS/GOD/GCE 0.01-0.04 - - [43] 

GOD-SiO2 /Lig/CPE 0.5-9 145 - [37] 

GOD-CS-IL-PB-Pt 0.01-4.2 5 37.8 [44] 

GOD/Naf/MnO2 -GNR/SPCE 0.1-1.4 0.05 56.32 [45] 

GOD/AuNP/PANI/rGO/NH2 -

MWCNTs 

1-10 246 64 [40] 

PANI-MMT/PtNPs/CS-GOD 0.01-1.94 0.1 - [41] 

GOD/FcA-GO-CS 0.01-10 19 8 This work 
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Figure 4. Stability of the GOD/FcA-GO-CS film-modified a needle-type glucose biosensor at an applied 

potential of +330 mV in a stirred N2-saturated 0.1 M PBS (pH = 7.4) with the addition of 1 mM 

glucose. 

 

 
 

Figure 5. Amperometric response of the GOD/FcA-GO-CS film-modified needle-type glucose 

biosensors at an applied potential +330 mV to different concentrations of glucose in 0.1 M PBS 

(pH = 7.4). Error bars are equivalent to a standard deviation (n = 3). 

 

 

In order to study the reproducibility, three identical GOD/FcA-GO-CS nanocomposite-modified 

needle-type glucose biosensors were prepared and tested (Fig. 5). The amperometric response of each 

of the electrodes was obtained simultaneously using a specialist in-house, glucose biosensing detector 

in our laboratory which can test up to ten biosensors at the same time. The difference between the three 

biosensors, as shown by the error bars at each measurement, was very small, and suggested that our 

glucose biosensor could be suitable for mass production.  
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3.4. Interfering solutes 

 
 

Figure 6. Interference test at an applied potential +330mV with 1mM glucose and other electroactive 

species including 0.1mM UA 、0.1mM DA and 0.1mM AA in a stirred N2-saturated 0.1M PBS 

(pH=7.4). 

 

 

Finally, the selectivity[38, 41] of our GOD/FcA-GO-CS glucose biosensor was tested with 

interference studies. The change in current was recorded while different volumes of 0.1 mM AA 

solution, 0.1 mM DA solution, 0.1 mM UA solution were added to the glucose-enriched N2-saturated 

0.1M PBS electrolyte (Fig. 6). The responses caused by the interfering AA, DA and UA components 

were negligible compared to that caused by glucose. This suggested that the needle-type glucose 

biosensors were suitably selective for glucose detection under physiological conditions. 

 

 

4. CONCLUSION 

Needle-type implantable glucose biosensors based on GOD/FcA-GO-CS nanocomposite 

membranes were prepared using a simple one-pot method. The nanocomposite not only immobilized the 

enzyme while retaining its functionality, but also improved the efficiency of the electron transfer 

between GOD and the electrodes thanks to the mediated electron transfer. The high sensitivity and 

selectivity of the amperometric response of the biosensor was attributed to the synergy between GO, 

FcA and CS. Our needle-type implantable glucose biosensors exhibited a low detection limit 19 µM, a 

wide detection range from 0.01 to 10 mM, high selectivity, excellent sensitivity, and good stability. We 

believe that the needle-type implantable glucose biosensors could be soon ready for commercial-scale 

production. 
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