
ABSTRACT 

YIN, ZIYU. Co-immobilization of Glucose Oxidase and Catalase for the Fabrication of Biofuel 

Cells. (Under the direction of Dr. Wenqiao Yuan). 

 

Biofuel cells are renewable energy sources that have gained attention in recent years 

because of their advantages over traditional batteries and fuel cells, such as high specificity, high 

conversion efficiency, and friendly to environment. However, current researches are facing 

various challenges in the development of biofuel cells such as low power density and short 

lifetime. Enzyme immobilization is an essential technique in the design of biofuel cells to 

address these challenges by maintaining its catalytic stability. The material for supporting 

enzyme immobilization is also important for designing biofuel cells. The overall goal of this 

project was to fabricate glucose oxidase (GOx) based bioanode with higher power density, 

energy efficiency and longer lifetime.  

The effect of different immobilization factors, such as adsorption time (0.5, 1, 2, 2.5, 3, 4, 

6, 8 h), GOx content (1.5, 2, 3, 4, 5, 6 mg), GOx concentration (2, 3, 4, 6 mg/ml), and GOx/CNP 

content ratio (0.4, 0.6, 0.8 w/w) on GOx immobilization were investigated and the effect of CAT 

on the performance of GOx-based bioanode was studied. GOx was immobilized on CNP by 

adsorption. The amount of immobilized GOx was determined by measuring the remaining GOx 

concentration in the supernatant and the highest value of 152.67 mg GOx/g CNP was achieved at 

0.8 GOx/CNP content ratio, 6 mg/ml GOx, 5 mg CNP and 2 hour adsorption time. After the peak 

value occurred, the prolongation of time, addition of GOx content or concentration could not 

improve enzyme loading. However, the immobilization of GOx was highly affected by the 

GOx/CNP content ratio. At same GOx concentrations level, the overall enzyme loading was 

increased with GOx/CNP content ratio. Further experiments were carried out to investigate the 

effect of CAT on the performance of GOx/CNP. The immobilization of CAT was after the 



adsorption of GOx with same reaction time. Based on previous literature reports, the amount of 

CAT that needs to be added was calculated by the GOx/CAT activity ratio of 1:5. By adding 

CAT to decomposing H2O2, the enzymatic activity of GOx/CAT/CNP bioanode only lost 

15.08% of its theoretical activity while GOx/CNP bioanode lost 31.28%. 

The electrochemical performance of the GOx/CNP and GOx/CAT/CNP bioanodes was 

analyzed through cyclic voltammetry (CVs) under physiological conditions. The heterogeneous 

electron transfer rate constant (ks) for GOx/CNP and GOx/CAT/CNP were found to be 8.09 s-1 

and 4.77 s-1, respectively. The Michaelis-Menten constant (Km) for GOx/CNP was estimated to 

be 0.085 mM while GOx/CAT/CNP was 0.017 mM. The smaller value confirmed high affinity 

of GOx/CAT/CNP to glucose. The sensitivity of GOx/CAT/CNP was 8.08 µA µM-1 cm-2 and 

6.43 µA µM-1 cm-2 for GOx/CNP in the glucose concentration range of 2-22 µM. Also, the peak 

currents remained 83% of the initial response for GOx/CAT/CNP which exhibited better stability 

than GOx/CNP (64% of the initial response) over a period of 15 days.  Based on the 

measurements, the GOx/CAT/CNP bioanode has shown better overall electrochemical 

performance than GOx/CNP bioanode. The results indicated the CAT plays an important role in 

catalysis which is the capability for the decomposition of H2O2. 

In this project, CNP-supported GOx and GOx/CAT bioanodes were fabricated. The 

immobilization factors were studied, and electrical performance was evaluated and compared. 

This research shows the effect of different factors on GOx immobilization and proves the co-

immobilization of GOx and CAT improves the performance of the fabricated bioanode. Also, 

this study proves the feasibility of using CNP as enzyme immobilization material.  
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CHAPTER 1 

Introduction 

Glucose oxidase (GOx) based biofuel cells (BFCs) that utilize glucose as fuel are 

receiving increasing attention due to their ability of generating power for implantable medical 

devices (Southcott, MacVittie et al. 2013), being biobatteries (Stolarczyk, Kizling et al. 2014), 

and glucose biosensors (Huang, Zhang et al. 2005). As the active redox center of GOx is deeply 

buried, it is difficult to enable direct electron transfer (Krikstopaitis, Kulys et al. 2004, 

Shangguan, Zhang et al. 2008). Thus, to choose a proper immobilization method and material to 

enhance electron transfer is important for designing BFCs. Today, various supporting materials 

are used for enzyme immobilization such as carbon nanotube (CNT) (Boussema, Gross et al. 

2018), ordered mesoporous carbon (OMC) (Zhou, Deng et al. 2009, Ghasemi, Shams et al. 

2015), and metal-nanoparticle (Hu, Chen et al. 2011, Turkmen, Bas et al. 2014). However, new 

materials are still demanded to enhance the performance of BFCs. 

In addition to the selection of immobilization method and materials, one other challenge 

faced by GOx based BFC is that during the oxidation of glucose into gluconolactone, hydrogen 

peroxide (H2O2) is generated which limits the enzyme activity of GOx. The high toxicity of H2O2 

also affects the usage of BFC in the human body (Christwardana, Chung et al. 2017). Also, H2O2 

accumulation covers the active site of GOx (Agnes, Reuillard et al. 2013). Therefore, catalase 

(CAT) is needed to decompose H2O2 and improve the electrochemical performance and stability 

of GOx-based BFCs. 

 

In this project, new immobilization support material, carbon nanoparticles (CNP), was 

used to fabricate co-immobilized GOx/CAT based BFC. The specific objectives are: 
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1. Immobilization of glucose oxidase and catalase on carbon nanoparticles for the 

fabrication of bioanode 

a. Understand the effect of adsorption time (0.5, 1, 2, 2.5, 3, 4, 6, 8 h), GOx content 

(1.5, 2, 3, 4, 5, 6 mg), GOx concentration (2, 3, 4, 6 mg/ml), and GOx/CNP 

content ratio (0.4, 0.6, 0.8 w/w) on GOx immobilization.  

b. Evaluate the activity of the GOx/CNP and GOx/CAT/CNP.  

2. Evaluate the electrochemical performance of carbon nanoparticle-supported glucose 

oxidase based bioanode 

a. Analyze the electrochemical performance of GOx/CNP and GOx/CAT/CNP 

bioanodes through cyclic voltammetry (CVs). 

b. Analyze response of GOx/CNP and GOx/CAT/CNP bioanodes to glucose. 

c. Compare the electrochemical performance of GOx/CNP and GOx/CAT/CNP 

bioanode. 
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CHAPTER 2 

Literature review 

2.1. Introduction 

 

The concept of a biofuel cell (BFC) was first demonstrated by M.C. Potter in the early 

20th century (Potter 1911). BFCs are fuel cells that employ biocatalysts, which use enzymes to 

utilize organic substrates as fuel. The chemical energy is converted into electrical energy via 

biochemical and electrochemical reaction.  

Compared to traditional energy sources, BFCs are renewable energy sources; they are 

biocompatible and self-sustainable because of the high diversity, high selectivity, and 

environmentally friendly property of enzymes. With these advantages, BFCs can be used in 

different ways. They can provide power for implanted medical devices (du Toit and Di Lorenzo 

2015). They can also be used as biosensors for health monitor (Han, Chabu et al. 2015), such as 

glucose biosensor for patients with diabete to detect blood glucose level (Hossain, Heo et al. 

2015). 

There are two types of BFCs, “indirect” and “direct”. These two types are categorized 

based on the behaviors of enzymes. “Indirect” BFCs are mediated electron transfer (MET) based 

devices. They need a mediator to channel the electron, which means enzymes are not involved in 

electricity generation for indirect BFCs. Biocatalysts promote the production of simple fuel for 

fuel cell from multiple fuel substrates. Hydrogen-oxygen fuel cells are indirect BFC, which 

produce hydrogen from glucose (Agnes, Reuillard et al. 2013, Monsalve, Roger et al. 2015). This 

type of BFC is less popular in current research.  
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The other type, direct BFC, is more common. In direct BFC, enzymes are directly 

involved in a redox reaction to generate electricity. Oxidation reaction takes place at the anode 

and releases electrons, and the cathode, where reduction reaction occurs, accepts electrons. 

Power is generated by direct electron transfer (DET) between enzymes and electrodes. DET is 

more efficient compared to MET, because using mediator may cause voltage loss due to the 

potential difference between enzyme and mediator. However, the drawback of DET is that only 

several enzymes are able to communicate with electrodes directly. Glucose oxidase (GOx) is 

commonly used for the oxidation of glucose at anode and laccase (Kamitaka, Tsujimura et al. 

2007, Gallaway, Wheeldon et al. 2008) and bilirubin oxidase (BOD) (Dronov, Kurth et al. 2007, 

Tasca, Gorton et al. 2008) are usually used at cathode. Therefore, the performance of BFCs is 

dependent on enzyme activity and efficiency of DET. Figure 1 shows an example of a biofuel 

cell employs GOx at anode and laccase at the cathode.  

 

Figure 2.1. Schematic of a biofuel cell. 
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Current research demonstrates that the limitations of BFCs are instability of enzymes, 

short lifetime, and low power density. Enzyme immobilization is critical to the performance of 

BFCs. The method of enzyme immobilization will affect the stability, lifetime, and enzyme 

activity of BFCs. Therefore, to develop or select an appropriate enzyme immobilization method 

is important in designing efficient BFCs. Various immobilization methods are used in current 

research such as entrapment (Psoma, van der Wal et al. 2010, Huang, Liu et al. 2018), adsorption 

(Deng, Wang et al. 2008), cross-linking (Garcia-Perez, Hong et al. 2016, Ji, Joh et al. 2017), and 

covalent bond (Ghasemi, Shams et al. 2015, Wang, Kim et al. 2016). Besides these methods, 

some new technologies are used to immobilize enzymes, for example, microcontact printing 

(Buhl, Vonhoeren et al. 2015) and rotogravure printing (Pavinatto, Paschoal et al. 2015). The 

selection of enzyme immobilization method depends on various factors such as the type of 

enzyme, electrode material, operating environment, and function of the BFC.  

The selection of electrode material will also affect the performance of BFCs. Some 

common electrode materials are metals (Ryu, Kim et al. 2010, Zhang, Zhu et al. 2012, Korani, 

Salimi et al. 2015) and polymers (Barriere, Ferry et al. 2004, Noh, Won et al. 2010, Poeller, Beyl 

et al. 2012). With the improvement of technology, nanostructured materials have gained more 

attention for supporting material for enzyme immobilization such as carbon nanotubes (CNTs) 

(Cai and Chen 2004, Zhang, Smith et al. 2004, Li, Wang et al. 2005, Ogawa, Takai et al. 2015). 

Ordered mesoporous carbon (OMC) is another electrode material that becomes popular in recent 

research (Guo, Hu et al. 2010, Kwon, Youn et al. 2010, Ghasemi, Shams et al. 2015, Jia, 

Lawrence et al. 2015). 

In this chapter, current enzyme immobilization strategies and techniques are reviewed. 
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2.2. Enzyme Immobilization Method 

Enzyme stability and lifetime are key factors that determine the lifetime of BFCs. The 

immobilized enzyme is necessary for fabricating BFCs since immobilized enzymes show longer 

lifetime than free enzymes. Free enzymes can be only active about a couple of hours to 1 or 2 

days in buffer solution. However, after immobilization, their working lifetimes can be extended 

to over a month. Furthermore, recent research showed that high percentage of enzyme activity 

could be maintained after weeks, which indicates long-term stability of immobilized enzyme 

(Kim, Hong et al. 2014, Hyun, Han et al. 2015, Sun, Zhang et al. 2015). Enzymes can be 

immobilized physically or chemically. In this section, different methodologies of enzyme 

immobilization are discussed.  

 

2.2.1. Adsorption 

Enzyme adsorption can be easily achieved through weak bonds such as hydrophobic 

interactions. Adsorption process can happen physically, which involves deposit enzymes on a 

surface of solid supports. Physical adsorption is widely used to immobilize enzyme in current 

research. Another way of enzyme adsorption is through electrostatic interactions. This method is 

based on the charges of enzymes and supports. The layer-by-layer (LbL) method is an example 

of electrostatic adsorption. Minimum loss of enzyme activity is the advantage of adsorption. 

However, the major limitation of adsorption is susceptible leaching because of the weak bond. 

Also, the efficiency of immobilization mainly depends on temperature, pH, ionic strength, and 

properties of supports such as pore size, hydrophilic or hydrophobic. This could be a problem in 

the immobilization process. 
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Bonnet, Andresscu, and Marty (Bonnet, Andreescu et al. 2003) demonstrated the physical 

adsorption of acetylcholinesterase (AChE) on screen-printed electrodes (SPEs). It reported that 

by using adsorption, the developed device displayed good stability, the activity only dropped by 

1.6% after a storage period of 50 days.  

Another example of physical adsorption was reported by Qiu et al. (Qiu, Xu et al. 2008). 

Laccase was immobilized on nanoporous gold (NPG) with modified pore size. The research 

showed that through immobilization, the thermal and storage stabilities were improved. The 

optimum pH stayed the same for immobilized laccase and free laccase. However, the optimum 

temperature has changed from 40 to 60 °C. Regarding long-term stability, the electrode showed 

no significant changes in response after stored at 4 °C for one month.  

Hyun et al. (Hyun, Han et al. 2015) reported an LbL structured BFC. This structure 

contains layers of GOx and ethyleneimine (PEI) at CNT. With negatively charged GOx and 

positively charged PEI, the (GOx/PEI)n/CNT was fabricated. The figure below shows the 

schematic diagram of the LbL structure fabrication. By examining the cyclic voltammetry (CV) 

curve, (GOx/PEI)2/CNT was determined to be the optimal layer. This structure performed a 

glucose sensitivity of 1.34 mW/cm2, and the electron transfer rate constant (ks) was 11.3 s-1. 

Higher ks indicates faster electron transfer rate. Also, this structure exhibits long-term stability, 

after two weeks, 83% of the initial enzyme activity was maintained.  
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Figure 2.2. Schematic diagram of LbL structure (Source: Hyun et al., 2015). 

 

2.2.2. Entrapment 

Entrapment is a simple immobilization method that physically entraps enzymes. This 

method can be achieved by using a polymer network or sol-gel. The entrapped enzymes and 

other additives are protected in the matrix or gel so that the outside environment won’t affect 

them. The drawbacks of this method are leakage of enzymes, which causes low enzyme loading, 

and limitations of mass transfer.  

Silica sol-gel are most commonly used for entrapment. Hossain et al. (2015) entrapped 

GOx on functionalized grapheme sheets (FGs) by using a silica sol-gel network and coated with 

Nafion on the surface. The figure below shows the scheme of the procedures to fabricating the 

electrode. The immobilization procedure of GOx was simply mixing the enzymes with ethanol-

MTMOS gel and dropped into silica gel for stirring. The advantage of sol-gel is that the porous 
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structure can help the diffusion of molecules. The drawback is that during the drying process, the 

matrices may shrink and cause pore collapse which will affect the efficiency of immobilization.  

Beside silica sol-gel, Jawaheer et al. (Jawaheer, White et al. 2002) reported the use of a 

pectin-based gel to entrap GOx, mutarotase, invertase, and ascorbate oxidase. The stabilities of 

the enzyme were compared using pectin and polymer hydroxyethyl cellulose (HEC) as 

immobilization matrices. The results showed that pectin had better stability for enzyme 

immobilization.  

Fan et al. (Fan, Lin et al. 2015) have investigated the use of graphene capsules 

(GRCAPS) to entrap horseradish peroxidase. This research involves the biomimetic method, 

which is using porous CaCO3 as templates to mimic enzymes in organisms. This article provides 

the biomimetic method that can be used to immobilize different enzymes with good long-term 

stability and selective to outside interference. 

 

2.2.3. Covalent bonding 

Covalent bonding is a chemical immobilization method achieved through covalent links. 

The functional groups of enzymes are bonded to the surface of the support. The activation of the 

surface is accomplished by adding reagents. After the covalent bonding between enzymes and 

the activated support, the unbound molecules will be removed. High stability of enzymes is a 

major advantage of covalent immobilization. However, this method requires many different 

reagents, which makes it more complicated. Also, the enzymes are immobilized through covalent 

binding displays lower activity than the free enzymes.  
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Redox protein cytochrome c was covalently immobilized in aminopropyltriethoxysilane 

(APTES) functionalized antimony-doped tin oxide (ATO) film (Mueller, Rathousky et al. 2014). 

The covalent binding was carried out by the amide bonds between carboxylic groups from 

proteins and an amino group from APTES. The reagents N-(3-dimethylaminopropyl)-N’-

ethylcarbodiimide (EDC) and N-hydroxysulfosuccinimide sodium salt were used to anchorage 

the covalent bond by forming the peptide bond between protein and APTES. The specific surface 

area was 440 pmol cm -2 (4.4 10 × -10 mol cm -2) for the film thickness of 370nm.  

Figure 2.3. Schematic diagram of covalent bond BFC. 

 

A novel method of covalent modification of OMC to immobilize GOx was reported by 

Ghasemi, Shams, and Nejad (Ghasemi, Shams et al. 2015). The OMC was initially 

functionalized by 4-nitrophenyl (NP); then, the surface NP was electrochemically reduced to 

aminophenyl (AP); after that, 2,4,6-trichloro-1,3,5-triazine (TCT) was covalently bonded to AP; 

finally, GOx was immobilized on the surface of TCTs. This method achieves a strong attachment 
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between enzymes and the support. The surface coverage of enzyme activity is 6.87 × 10-12 mol 

cm -2 was reported.  

Wang and Kim et al. (2016) reported the optimization of GOx covalently bonded on 

multi-walled carbon nanotubes (MWCNTs) by adding 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC) and N-hydroxysuccinimide (NHS). NHS reacts with O-acylisourea, which 

was an intermediate that formed by the reaction of EDC and the carboxyl group, to produce 

NHS-ester. The GOx was bonded onto the surface of MWCNTs via the NHS-ester. The 

concentrations of EDC, NHS, and GOx were critical to the amount of enzyme loading. This 

paper reported that under 430 mM NHS, 52 mM EDC and 8.7 mg/mL GOx, the enzyme loading 

was 3.3 mg GOx/mg MWCNTs with a current density of 148 A/cm2. However, the activity of 

GOx/MWCNTs was only 27% and ~ 60% of the control after washed by buffer and 5 g/L of 

Tween-20, respectively. 

 

2.2.4. Cross-linking  

Cross-linking is another simple immobilization method achieved by the chemical bond. 

Enzymes can be either cross-linked to themselves or bifunctional reagents such as glutaraldehyde 

(GA). This method is simple to attain and can achieve strong bonding between molecules. 

However, low enzymatic activity is a major drawback of cross-linking. This is caused by the 

distortion of the enzyme, and some of the active enzymes acted as support.  
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GA is the most common reagent that used for cross-linking immobilization. Dudzik et al. 

(Dudzik, Chang et al. 2013) introduced cross-linked enzyme cluster (CEC) technique to 

immobilize GOx on CNTs. GA was added to the GOx-CNT solution for the generation of CECs. 

The scanning electron microscopy (SEM) graph showed that about 78 µm2 of the enzyme cluster 

was localized on the CNT surface. The research also showed that the DET improved and the 

maximum power density was about 180 µWcm-2.  

 

Figure 2.4. Schematic diagram of cross-linking BFC. 

 

Christwardana and Kwon (Christwardana and Kwon 2015) fabricated an anode electrode 

that consists of GOx, polyaniline (PANI), and CNT ([GOx/PANI/CNT]n). GA was surrounded 

on the outside of this layer-structured catalyst as a cross-linking reagent to immobilize GOx. In 

the article, the effect of GA on catalytic activity was tested. Figure 2.5 shows the schematic 

diagram of the fabrication of GA/[GOx/PANI/CNT]n layer. The GA/[GOx/PANI/CNT]n layer 

had an electron transfer rate constant of 5.1 s-1, and the glucose sensitivity was 135 μA mM-1 cm-

2. Also, the stability of electrode had significantly improved by adding GA to form a strong 

amine bond with GOx to prevent leaching.  
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Figure 2.5. Schematic diagram of the fabrication of GA/[GOx/PANI/CNT]n layer (Source: 

Christwardana & Kwon, 2015). 

 

2.2.5. Other Methods 

Besides those four commonly used immobilization methods, several other techniques 

were reported in different studies. Zebda et al. (Zebda, Gondran et al. 2011) fabricated a glucose 

biofuel cell using GOx and laccase. Enzymes were immobilized by mechanical compressing in 

CNTs disks. The fabrication of electrode was achieved by compacting the composite material, 

which was the mixture of enzyme, MWCNTs, and water, under an applied force of 1 × 104 N. 

The SEM micrograph was used to show the cross-section of the bioanode and indicates this 

method has a uniform distribution of enzymes. This BFC was able to deliver a power density of 

1.3 and an open circuit voltage of 0.95 V. Regarding long-term stability; the BFC can maintain 

one mWcm-2 power density for a 30-day storage period.  
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Buhl et al. (Buhl, Vonhoeren et al. 2015) demonstrated the immobilization of GOx and 

lactase on alkene terminated self-assembled monolayers (SAMs) on the glass by combining 

thiol-ene chemistry and microcontact printing. This simple and fast method was achieved by 

forming covalently bond alkenes on the substrates with free thiol groups in enzymes without 

modification or additional reagents. 

 

Figure 2.6. Schematic view of fabrication of electrode (Source: Buhl et al., 2015). 

 

2.3. Immobilization Supporting Materials  

Materials that support the enzyme immobilization are critical for improving enzyme 

stability. Metals such as platinum or gold are expensive, limited availability, and exhaustible. 

Along with the improvement of technologies, the nanomaterials have emerged to potentially 

replace or combine with metallic electrodes for better performance for supporting enzyme 

immobilization. Nanostructured biocatalysts have a large surface area and high porosity that can 

increase enzyme loading. The enzymes are oriented at the nanostructured electrode optimally to 

enhance DET, improve electron transfer rate, and thus increase the power density of the BFCs. 

Also, the nanomaterials can potentially improve the stability of the BFCs.  
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2.3.1. Carbon Nanotubes (CNTs) 

CNTs are popular in current research. Single-walled carbon nanotubes (SWNTs) and 

multiwalled carbon nanotubes (MWNTs) are two major types of CNTs. The difference between 

the two CNTs is that several layers of graphite surround the central tubule of MWNT whereas 

SWNT is not. MWNTs are less expensive and easier to disperse while SWNTs are desirable for 

their high surface area. SWNTs can be metallic or semiconductive whereas MWCNTs are all 

metallic. Research has shown that the CNT performs well at promoting the DET and enhancing 

the stability of enzymes. The stretchable, laminate BFC developed by modified CNT showed 

good stability even with stretching and twisting. The BFC produced the power of ~ 0.2 mW/cm2 

with 1.2 kΩ load (Ogawa, Takai et al. 2015). The electrode that fabricated by immobilizing GOx 

on the surface of CNT can remain ~68% of the initial current after a storage period of 32 days 

(Cai and Chen 2004).  

Hyun et al. (Hyun, Han et al. 2015) introduced an immobilization structure that involving 

physical adsorption of GOx to CNTs (GOx/CNT). The research showed a GOx concentration of 

2 mg mL-1 exhibited the best performance. Also, by using CNTs as an electrode material, the 

electron transfer rate constant, ks, was 1.14 s-1, and this structure can maintain 86% of its initial 

activity after two weeks. Two things this research reported were: this structure was controlled by 

surface reaction and quasi-reversible. 

The challenge of using CNTs is to sustain the stable attachment of enzymes and maintain 

the enzymatic activity and function as a native state. Not all immobilization methods are suitable 

for CNTs. The performance of CNTs will be affected by the choice of immobilization method 

and the chemistry that involved in the experiment.  
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2.3.2. Ordered Mesoporous Carbon (OMCs) 

OMCs are newly developed as a class of carbon-based nanomaterials. The major 

advantages of mesoporous carbon are a high specific area, high porosity, uniform pore 

distribution, and adjustable pore size. With this property, the pore size can by modified to 

narrower or wider for different enzymes and substrates. They also have high thermal stability 

and flexible framework composition (Zhou, Deng et al. 2009). However, due to lack of the 

functional groups that contain oxygen, OMCs perform poor surface reactivity and 

hydrophobicity, which make it difficult for enzyme immobilization on the surface of the 

electrode (Guo, Hu et al. 2010). Another drawback of mesoporous carbon is that they are less 

conductive compared to CNTs.   

To make the surface of OMCs active, Gou et al. (Guo, Hu et al. 2010) reported a method 

for the synthesis of hydrophilic OMC that involves the microwave-assisted method. The carbon 

material was fabricated by microwave heating the mixture of glucose, polymer poly vinyl 

alcohol (PVA), and a silica template. An anode-limited glucose-oxygen BFC was fabricated 

using this carbon material. At a cell voltage of 0.72 V a high output power density, 110 μWcm-2 

was achieved, which was much higher than the anode made from SWNTs.  

 

Figure 2.7. Schematic view of the fabrication of OMC (Source: Guo et al., 2010). 
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Compare the performance of CNTs and OMCs, Zhou et al. (Zhou, Deng et al. 2009) 

fabricated OMCs based and CNTs based compartment-less glucose-oxygen BFCs. The open 

circuit voltage was 0.82 V, and the maximum power output was 38.7 μWcm-2 at a cell voltage of 

0.54 V for the OMCs-based BFC, whereas the open circuit voltage and the maximum power 

output were 0.75 V and 2.1 μWcm-2  (cell voltage 0.46 V) for the CNTs-based BFC. Consider the 

internal resistance, the OMCs-based BFC has a much lower internal resistance eight kΩ 

compared to 48 kΩ for CNTs-based BFC, which indicates the electrons are much easier to 

transfer on OMCs. Regarding stability, after 24 h continuous work, the power output for OMCs-

based BFC dropped by 25% of its initial power while the power decreased by 40% for CNTs-

based BFC. However, approximately no power degradation was observed on either OMCs- or 

CNTs-based BFC after being stored for 48 h without working. This indicates both OMCs- and 

CNTs-based BFC can maintain enzyme stability. 

 

2.4. Discussions   

The development of BFC has gained undivided attention in the past decade because of its 

desirable advantages: renewable energy, high substrate specificity, self-sustainability, and 

biocompatibility. However, at the current stage of the enzymatic BFCs, they cannot compete 

with conventional energy sources such as conventional fuel cells or primary batteries. Different 

research studies have been done on the improvement of BFCs, but they are still facing significant 

challenges in developing efficient BFCs. Although by using current technologies such as enzyme 

immobilization methods and nanostructured materials the lifetime of BFCs has extended, in most 

cases, power density is still low and insufficient and the long-term stability remains as a 

challenge.  
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New immobilization method is still needed to improve the performance of enzymes. 

Current immobilization methods have different drawbacks that affect the performance of 

enzymes. The specific surface area of the enzyme is much higher using adsorption 

immobilization compared to covalent (Mueller, Rathousky et al. 2014). However, covalently 

bonded enzymes exhibit higher stability and less leaching. The process of cross-linking an 

enzyme to itself is expensive and insufficient compared to other methods. Cross-linking is better 

to use along with other methods to enhance the stability of enzymes. For example, laccase and 

GOx immobilized by enzyme adsorption, precipitation and cross-linking (EAPC) method display 

higher enzymatic activity and more extended stability compared to adsorption immobilization 

(Kim, Hong et al. 2014). 

With the progress of nanotechnology, nanostructured materials are widely used as the 

support for enzyme immobilization. High enzyme loading and excellent enzyme stability are the 

major advantages of using the nanobiocatalytic method. However, the properties of 

nanomaterials and the actual interaction between the nanomaterial and the biocatalyst are still not 

fully understood by modern researchers. More knowledge is expected for future studies.  

In this project, , carbon nanoparticles (CNP) was used to co-immobilize GOx and 

catalase (CAT) for the fabrication of BFC. The effect immobilization factors and electrochemical 

performance of the fabricated bioanode were investigated. 
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CHAPTER 3 

Immobilization of Glucose Oxidase and Catalase on Carbon Nanoparticles for the 

Fabrication of Bioanode 

Abstract In this chapter, glucose oxidase and catalase were immobilized on carbon nanoparticles 

for the fabrication of bioanode. The effect of different immobilization factors, such as adsorption 

time (0.5, 1, 2, 2.5, 3, 4, 6, 8 h), glucose oxidase (GOx) content (1.5, 2, 3, 4, 5, 6 mg), GOx 

concentration (2, 3, 4, 6 mg/ml), and GOx/carbon nanoparticles (CNP) content ratio (0.4, 0.6, 0.8 

w/w) on GOx immobilization were investigated. GOx was immobilized on CNP via adsorption. 

The amount of immobilized GOx was determined by measuring the remaining GOx 

concentration in the supernatant and the highest value of 152.67 mg GOx/g CNP was achieved at 

0.8 GOx/CNP content ratio, 6 mg/ml GOx, 5 mg CNP and 2 hour adsorption time. For the 

immobilization factors of time, GOx content and concentration, a critical value has observed. 

However, after this critical point, the prolongation of time, addition of GOx content or 

concentration could not improve enzyme loading. On the other hand, the immobilization of GOx 

was highly affected by the GOx/CNP content ratio and the interaction between content ratio and 

GOx concentration. After the adsorption of GOx, catalase (CAT) was added with the same 

reaction time. Based on previous literature reports, the amount of CAT that needs to be added 

was calculated by the GOx/CAT activity ratio of 1:5. The stabilities of the GOx/CNP and 

GOx/CAT/CNP were studied and compared. By adding CAT to decomposing H2O2, the 

enzymatic activity of GOx/CAT/CNP bioanode was enhanced, only 15.08% of its theoretical 

activity was lost while GOx/CNP bioanode lost 31.28%. 
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3.1. Introduction 

Biofuel cells (BFCs) are fuel cells which use biocatalysts, such as enzymes,  to generate 

electrical energy via biochemical reactions (Bullen, Arnot et al. 2006). At the bioanode, the 

oxidation reactions release electrons, and the biocathode, where reduction reactions occur, accept 

the electrons. Power is produced by the movement of electrons. 

Compared with chemical catalysts, enzymes are highly specific to substrates in the 

reaction, and usually inexpensive, able to work under mild conditions, and friendly to the 

environment and human. Thus, the distinctive properties of enzymes make BFCs a renewable, 

biocompatible, and self-sustainable energy source. Also, due to the high diversity of enzymes, 

various fuel substances can be utilized, such as glucose (Huang, Liu et al. 2018), lactose (Choi, 

Kim et al. 2016, Wenzel, Fuentes et al. 2017), and xylose (Wu, Ma et al. 2018).  

With the increasing development of small implanted medical devices, the demand of 

glucose biofuel cell has arisen due to its ability to work as a power source for implanted medical 

devices (Southcott, MacVittie et al. 2013) and detect blood glucose level for diabetes patients 

(Rigla, Hernando et al. 2008). However, current biofuel cells are limited by low power output, 

short lifetime, and instability.  

In recent decades, there has been an increasing interest in new supporting material and 

proper immobilization method to increase enzyme loading per unit surface area to generate 

higher electrical power. Carbon structured materials have been used for biosensors and various 

types of electrochemical applications due to their high specific surface area, chemical inertness, 

wide potential range window, high conductivity, and good biocompatibility (Zhou, Shang et al. 

2008, Wu, Shao et al. 2010, Razmi and Mohammad-Rezaei 2013, Ghasemi, Shams et al. 2015). 

Various forms of carbon materials, such as carbon nanotubes (Zebda, Gondran et al. 2011), 
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carbon nanodots (Zhao, Gao et al. 2015), and ordered mesoporous carbon (Guo, Hu et al. 2010), 

have been used as supporting materials for the immobilization of enzymes. Carbon nanoparticle 

(CNP) is a promising candidate for immobilization support due to its small particle size with the 

large specific surface area. Although various studies have been investigated on the immobilizing 

enzymes on nanomaterials, not enough literature reported on the characteristics of enzyme 

immobilization on CNP.  

The co-immobilization of GOx and catalase (CAT) on CNP was also performed to 

fabricate the bioanode. The accumulation of hydrogen peroxide (H2O2) during the catalysis of 

glucose (Eq. 3.1) inhibits the catalytic activity of GOx. Thus, the CAT was added to decompose 

H2O2 into water (Eq. 3.2). 

𝛽 − 𝐷 − 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 + 𝑂2
𝐺𝑂𝑥
→  𝐷 − 𝑔𝑙𝑢𝑐𝑜𝑛𝑜𝑙𝑎𝑐𝑡𝑜𝑛𝑒 + 𝐻2𝑂2   (3.1) 

2𝐻2𝑂2
𝑐𝑎𝑡𝑎𝑙𝑎𝑠𝑒
→      2𝐻2𝑂 + 𝑂2    (3.2) 

 

The objective of this chapter was to immobilize glucose oxidase and catalase on carbon 

nanoparticles for the fabrication of bioanode. The effect of different immobilization factors, 

adsorption time (0.5, 1, 2, 2.5, 3, 4, 6, 8 h), GOx content (1.5, 2, 3, 4, 5, 6 mg), GOx 

concentration (2, 3, 4, 6 mg/ml), and GOx/CNP content ratio (0.4, 0.6, 0.8 w/w) on GOx 

immobilization were investigated. The enzymatic activities of the GOx/CNP and 

GOx/CAT/CNP were also studied. 
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3.2. Materials and Methods 

3.2.1. Reagents and chemicals 

Glucose oxidase (GOx) (from Aspergillus niger), catalase (from bovine liver), and carbon 

nanopowder (<500 nm particle size), hydrogen chloride (HCl) were purchased from Sigma 

Aldrich (St. Louis, MO). Phosphate buffer solution (PBS 0.1 M pH 7) was prepared by mixing 

solutions of stored monopotassium phosphate (K2HPO4) and potassium phosphate dibasic 

trihydrate (KH2PO4 3H2O). Aqueous solutions were prepared using distilled water, and all 

chemicals were used without further purification.  

 

3.2.2. Apparatus 

Microplate reader was used to detecting optical density of the supernatant of enzyme and 

CNP mixture for the determination of enzyme loading.  

 

3.2.3. Immobilization of GOx and CAT on CNP 

CNP was suspended in 0.1 M phosphate buffer saline solution containing certain amounts 

of GOx. After stirring at 25 ℃, 250 rpm for a series of adsorption time (from 0.5 to 8 h), the 

immobilization solution was centrifuged at 15,000 g for 5 min. GOx immobilization was then 

determined by measuring the remaining GOx concentration in the supernatant based on 

spectrophotometric absorbance at 290 nm (Liu, Yang et al. 2017). The immobilized GOx/CNP 

pellet was rinsed by 0.1 M PBS (pH 7.0) for three times, freeze-dried and then used for anode 

fabrication. The effect of adsorption time (0.5, 1, 2, 2.5, 3, 4, 6, 8 h), CNP content (5, 10, 15, 20, 

25, 30 mg), GOx/CNP content ratio (0.4, 0.6, 0.8 w/w), and GOx concentration (2, 3, 4, 6 

mg/ml) on GOx immobilization were studied.  
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According to previous literature reported (Godjevargova, Dayal et al. 2004), the amount 

of CAT was determined by the GOx and CAT activity ratio of 1:5. The GOx/CNP solid mixture 

was immersed in a certain amount of CAT and followed the same immobilization procedure. The 

supernatant was removed and detected at an absorbance of 310 nm in determining the amount of 

immobilized CAT. After drying at room temperature, the GOx/CNP and GOx/CAT/CNP were 

stored at 4 C when not use. 

 

3.2.4. Determining the activity of immobilized GOx 

The enzymatic activity of immobilized GOx was determined by a previously reported 

method, which was measuring the amount of o-dianisidine oxidation product during the 

oxidation reaction of glucose (Frederick, Tuang et al. 1990) (Eq. 3.1). The GOx/CNP solid was 

dispersed in PBS with a 1:400 dilutions. Then 1 ml from each mixture was pipetted and added 

into 5 ml o-dianisidine solution with a concentration of 5 mg/ml. Then, 0.5 ml 1 M glucose 

solution (180 mg/ml) and 1 ml of peroxidase with 200 units/ml were added into the mixture and 

reacted at room temperature, avoided from light. After 3.5 min of reaction, 5 ml 5 M HCl was 

added to stop the reaction. In the end, 150 l of the final product was pipetted and measured by 

the spectrometer at 460 nm (Frederick, Tuang et al. 1990).   

To determine the enzymatic activity of GOx that co-immobilized with CAT, the same 

assay protocol was followed as GOx/CNP.  

 

 

 

 



  31 

 

3.3. Results and Discussion 

3.3.1. Effect of adsorption time on immobilization 

The amount of enzyme loading changed with the increase in the contact time between 

GOx and CNP (Fig. 3.1). The immobilized GOx increased by 77% from 0.5 to 2 h and reached 

the maximal amount of 85.99 mg GOx/g CNP at 2 h reaction time. There was an apparent drop 

after 2h, the attachment of GOx reduced by 16% at 3 h. After 4 hours of adsorption, the enzyme 

loading flattens out at around 73 mg GOx/g CNP. The result indicated that after certain hours of 

adsorption, more contact time could not improve the loading of GOx, which agrees with previous 

research (Passos, et al., 2016). This might be caused by the formation of disordered multilayer or 

multiple bonds which deformed the surface of the CNP support and resulted in the loss of the 

ability to hold GOx (Antony, Balachandran et al. 2016). Therefore, a contact time of 2 h was 

selected for the following studies for maximum GOx loading.  

 

Figure 3.1. Time profile for GOx immobilization: 0.5, 1, 2, 2.5, 3, 4, 6, 8 h. 
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3.3.2. Effect of GOx concentration and content on enzyme immobilization 

The adsorption of GOx was affected by different concentrations of GOx solution (Fig. 

3.2). Within the GOx concentrations of 2 to 4 mg/ml, the adsorption of GOx increased by 86%. 

The highest value 92.33 mg GOx/g CNP was observed at 4 mg/ml of GOx solution. As the 

concentration continued to increase, enzyme loading dropped and then leveled off. A previous 

study has also shown that the amount of GOx loading could not further increase with increasing 

GOx concentration (Zhou et al., 2015).  

 

 

Figure 3.2. The effect of GOx concentration on enzyme immobilization: 1.5, 2, 3, 4, 5, 6, 7 

mg/ml with 2 mg GOx. 

 

A similar result was found in the experiment of the effect of GOx content on 

immobilization (Fig. 3.3). Peak value was obtained in the same condition as the GOx 

concentration analysis, which was 2 mg GOx with the concentration of 4 mg/ml. There was a 
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clear drop after the peak value, which indicated the additional amount of GOx could not improve 

enzyme loading.  

The volume of GOx/CNP mixture was decreasing with the rising in GOx concentration 

(Fig. 3.2) and opposite for GOx content (Fig. 3.3), which illuminated the importance of the 

mixture volume on GOx immobilization. When the volume of the GOx/CNP composite is low, 

the interaction space for GOx and carbon nanoparticles is limited that might lead to aggregation 

of CNP and increase the difficulty for GOx to contact the entire carbon mass. Also, the GOx 

molecules and carbon particles are dispersed in large volume that lowers the probability of GOx 

and CNP to encounter. Therefore, the appropriate interaction space leads to the highest 

immobilization of GOx occurred at critical GOx concentration and content.  

Figure 3.3. The effect of GOx content on GOx immobilization: 1.5, 2, 3, 4, 5, 6 mg with a 

concentraion of 4 mg/ml. 
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3.3.3. Relationship between GOx/CNP content ratio and GOx loading 

To investigate the relationship between GOx/CNP content ratio and the immobilization 

amount of GOx, CNP content was reduced to 5 mg to achieve different content ratio. The effect 

of GOx concentration and content on the immobilization of 5 mg CNP were executed to compare 

with 20 mg CNP; results are shown in Fig. 3.4 and 3.5. The tendency of GOx immobilization 

affected by GOx concentration was similar to a pervious study (Zhou, Pu et al. 2015). The 

maximal amounts of immobilized GOx, 109.27 and 88.69 mg GOx/g CNP, appeared at 3 mg 

GOx with a concentration of 3 mg/ml for the concentration test and 0.5 mg GOx with 0.75 

mg/ml for the content test, respectively. The highest immobilization increased by 18.5% 

compared to 20 mg GOx. However, the adsorption characteristics were similar for the two 

different CNP contents, which indicated that the adsorption of GOx could not be improved with 

additional GOx content or concentration.  

The immobilization of 5 mg GOx was higher than that of 20 mg GOx maybe because the 

amount of GOx was excessive for 5 mg GOx. With appropriate interaction space, a small amount 

of CNP has higher chance to contact GOx molecules. The experiment on GOx/CNP content ratio 

and immobilization was carried out to further investigate the relationship among GOx loading, 

content and concentration of GOx, and CNP content.  
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Figure 3.4. The effect of GOx concentration on GOx immobilization for 5 mg CNP: 2, 2.5, 3, 3.5 

mg/ml. 

 

 

Figure 3.5. The effect of GOx content on GOx immobilization for 5 mg CNP: 0.25, 0.5, 0.75, 1.0 

mg. 
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The effect of the GOx/CNP content ratio on enzyme immobilization is shown in Fig. 3.6. 

Results show that the immobilization of GOx was strongly dependent on the GOx/CNP content 

ratio. The highest immobilization value, 152.67 mg GOx/g CNP, was obtained at 0.8 GOx/CNP 

content ratio, 6 mg/ml GOx, 5 mg CNP and 2 hours adsorption time. The overall enzyme loading 

was increased with GOx/CNP content ratio, and statistical analysis was executed in determining 

significant differences between each ratio group.  

The statistical analysis was conducted using SAS 9.4. Table 3.1 shows the p-value at 0.05 

significance level, indicating the significance of the GOx/CNP content ratio and the interaction 

of content ratio and GOx concentration on enzyme loading. However, the p-value for GOx 

concentration was greater than 0.05 shows the effect of GOx concentration on GOx 

immobilization was not significant which agrees with pervious experiment. The result indicated 

that large GOx immobilization occurs at 0.8 GOx/CNP content ratio at higher GOx 

concentration. 
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Figure 3.6. The effect of GOx/CNP content ratio on enzyme immobilization: 0.4, 0.6, and 0.8 

GOx/CNP. 

 

 

Table 3.1. ANOVA table for significance test. 

Source DF SS MS F p-value 

GOx/CNP content 

ratio 
2 11135  5567.4  4.77 0.0432  

GOx Concentration 4 3343.91 835.98 0.71 0.6061 

Ratio*Concentration 8 9491.49 1186.44 26.77 <0.0001 

Error 24 1063.77 44.32   
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3.3.4. Co-immobilization of GOx and CAT on CNP 

The amount of CAT that co-immobilized with GOx was determined by previous 

literatures reported; the activity ratio between GOx and CAT was 1:5 (Godjevargova, Dayal et 

al. 2004). A pre-test was carried out to demonstrate the characteristics of CAT immobilization. 

As shown in Fig. 3.7, CAT could easily achieve large amounts of immobilization. The 

theoretical activity of GOx is 163.4 units/mg and 2000 units/mg for CAT, thus for 152.67 mg 

GOx, only 62.67 mg CAT was needed for 1 g of CNP. Therefore, small amounts of immobilized 

CAT would be enough for the fabrication of GOx/CAT/CNP electrodes. After a series of 

experiments, with appropriate interaction space, 0.5 mg CAT with a concentration of 1 mg/ml 

was able to attain proper amount of immobilization. 

 

Figure 3.7. Immobilization profile of catalase at 1, 2, 3, 4, 5 mg. 

 

 



  39 

 

3.3.5. Analysis of immobilized GOx activity 

The enzymatic activity of immobilized GOx is shown in Table 3.2 for GOx/CNP and 

GOx/CAT/CNP. The GOx/CNP lost 31.28% of the theoretical activity while adding CAT only 

lost 15.08%, which indicates that the CAT was able to promote the reduction of H2O2 and 

enhance the activity of GOx. The results were close to GOx immobilized on single-walled 

carbon nanotube, which lost about 20% (Min, Kim et al. 2012), and better than GOx 

immobilized on multi-walled carbon nanotubes, about 27% lower than the theoretical activity 

(Wang, Kim et al. 2016). The reduction in the enzymatic activity of the immobilized enzyme was 

acceptable due to the difficulty to access substrate after adsorption (Zhou, Pu et al. 2015), or the 

change of working condition for substrate conversion (Wang, Kim et al. 2016).   

 

Table 3.2. The enzymatic activity of GOx for GOx/CNP and GOx/CAT/CNP bioanodes. 

 

Theoretical 

Activity 

(U/mg GOx) 

Activity 

(U/mg GOx) 
% Loss 

GOx/CNP 15.56 10.69 31.28 

GOx/CAT/CNP 11.12 9.45 15.08 

 

3.4. Conclusions 

 

In this study, GOx was immobilized on CNP and large amounts of GOx immobilization, 

152.67 mg GOx/g CNP was achieved, which occurred at GOx/CNP content ratio of 0.8 by 

adsorption. The effect of adsorption time, GOx content, GOx concentration, CNP content, and 

GOx/CNP content ratio on enzyme immobilization were investigated. Experimental results 

showed that the amount of GOx immobilization was greatly affected by the content ratio of GOx 

and CNP and the interaction between content ratio and GOx concentration. The immobilization 
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process of CAT was also operated simply by adsorption without additional chemical reagents. 

By co-immobilizing GOx and CAT, the enzymatic activity of GOx was improved, only lost 15% 

of its theoretical activity indicating the CAT effectively decomposed H2O2. In addition, this 

study shows the feasibility of using CNP as immobilization supporting material. Further 

experiments were carried out to analyze the electrochemical performance of the GOx/CNP and 

GOx/CAT/CNP bioanodes.  
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CHAPTER 4 

The electrochemical characteristics of carbon nanoparticle-supported glucose oxidase 

bioanode 

Abstract The electrochemical performance of the GOx/CNP and GOx/CAT/CNP bioanodes 

were investigated and compared through cyclic voltammetry (CVs) under physiological 

conditions in this chapter. Both GOx/CNP and GOx/CAT/CNP displayed a pair of well-defined 

and reversible redox peaks. The electrochemical parameters such as charge transfer coefficient 

(α), heterogeneous electron transfer rate constant (ks), and Michaelis-Menten constant (Km) for 

GOx/CNP and GOx/CAT/CNP were calculated. The small value of Km, 0.017 mM for 

GOx/CAT/CNP (while 0.085 mM for GOx/CNP) confirmed a high affinity of the bioanode to 

glucose. Over the glucose concentration range of 2-22 µM, the developed bioanodes respond 

efficiently to glucose with the sensitivity of 8.08 µA µM-1 cm-2 and 6.43 µA µM-1 cm-2 for 

GOx/CNP and GOx/CAT/CNP, respectively. The storage stabilities of GOx/CNP and 

GOx/CAT/CNP bioanodes were studied. The peak currents remained 83% of the initial response 

for GOx/CAT/CNP and 64% for GOx/CNP over a period of 15 days. The results showed the 

GOx/CAT/CNP bioanode exhibited better overall electrochemical performance than GOx/CNP 

bioanode due to the capability of CAT for the decomposition of H2O2. 

 

4.1. Introduction 

Biofuel cells (BFCs) are a renewable energy system employing enzymatic catalysis of 

specific organic compounds to convert chemical energy into electrical energy via biochemical 

and electrochemical reactions. Electricity is produced by a redox reaction in the BFCs. At the 

anode, the oxidation reactions release electrons, and at the cathode, where reduction reactions 

occur, accept the electrons. The distinctive properties of enzymes make BFCs a renewable, 
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biocompatible, highly selective, and self-sustainable energy source that can operate under 

physiological environments (Garcia-Perez, Hong et al. 2016). Thus, BFCs can be used as 

batteries to power implantable medical devices. Also, due to the high substrate specificity of 

enzymes, BFCs can be used to detect particular compounds in human bodies as biosensors for 

health monitoring. 

As the demand for implantable biosensors and biofuel cells increased in recent years, 

many researches tried different methods to improve the electrochemical performance of BFCs. 

Glucose oxidase (GOx) is commonly used for glucose-based BFC due to its high selectivity 

towards the oxidation of glucose to gluconolactone. However, current GOx-based biofuel cells 

are still facing numerous challenges such as low amount of GOx immobilization, low power 

output, and stability. Another difficulty faced by GOx catalyst is the accumulation of hydrogen 

peroxide during fuel cell operation that inhibits the catalytic activity of GOx (Christwardana, 

Chung et al. 2017). Also, the high toxicity of H2O2 affects the application of biofuel cells under 

physiological conditions (Christwardana, Chung et al. 2017). Thus, proper suppression method 

for H2O2 is needed to enhance the enzymatic activity and stability of GOx. 

𝛽 − 𝐷 − 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 + 𝑂2
𝐺𝑂𝑥
→  𝐷 − 𝑔𝑙𝑢𝑐𝑜𝑛𝑜𝑙𝑎𝑐𝑡𝑜𝑛𝑒 + 𝐻2𝑂2 (4.1) 

 

In regarding of this, catalase (CAT) is considered to be a co-immobilize enzyme catalyst 

with GOx because of its ability to decompose H2O2 into unharmful substance, water, as shown in 

the equation below. The combination of CAT and GOx has been used in BFCs in previous 

research. However, the effect of CAT and comparison between GOx and GOx/CAT electrodes 

have not been reported (Zebda, Cosnier et al. 2013, Slaughter and Kulkarni 2016). 

2𝐻2𝑂2
𝑐𝑎𝑡𝑎𝑙𝑎𝑠𝑒
→      2𝐻2𝑂 + 𝑂2 (4.2) 
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Based on the previous work on immobilization, the GOx/CNP- and GOx/CAT/CNP-

based bioanodes were fabricated. The objective of this chapter was to evaluate the 

electrochemical performance of GOx/CNP and GOx/CAT/CNP bioanode through cyclic 

voltammetry (CVs) under physiological conditions. The electrochemical parameters such as 

charge transfer coefficient (α), heterogeneous electron transfer rate constant (ks), and Michaelis-

Menten constant (Km) were calculated. The storage stabilities of GOx/CNP and GOx/CAT/CNP 

were studied. 

 

4.2. Materials and methods 

4.2.1. Reagents and chemicals  

Glucose oxidase (GOx) (from Aspergillus niger), catalase (from bovine liver), carbon 

nanopowder (<500 nm particle size) and Nafion (117 solution) were purchased from Sigma 

Aldrich (St. Louis, MO). Carbon cloth (Item # 7302005) was purchased from Fuel Cell Store and 

D-glucose was obtained from Fisher Scientific (Hampton, NH). Phosphate buffer solution (PBS 

0.1 M pH 7) was prepared by mixing solutions of stored monopotassium phosphate (K2HPO4) 

and potassium phosphate dibasic trihydrate (KH2PO4 3H2O). Aqueous solutions were prepared 

with distilled water and all chemicals were used without further purification.  

 

4.2.2. Apparatus 

The electrochemical experiments were carried out using cyclic voltammetry (CV) with a 

computer-controlled potentiostat (Homiangz LLC, Longmont, CO) at room temperature. A 

conventional three-electrode cell was used throughout the experiments, including a GOx/CNP or 



  47 

 

GOx/Cat/CNP as the working electrode, Ag/AgCl (4 M KCl) as a reference electrode, and a 

platinum wire as the auxiliary electrode (BASi, MW-1032).  

 

4.2.3. Preparation of GOx/CNP- and GOx/Cat/CNP-based electrode  

Based on the previous experiments on the immobilization of GOx and Cat on CNP 

(Chapter 3, section 3), 5 mg of CNP was suspended in 0.1 M phosphate buffer saline solution 

(PBS) containing 2, 3 and 4 mg of GOx with concentration of 6 mg/ml. After stirring at 25 ℃, 

250 rpm for 2 hours adsorption, the immobilization solution was centrifuged at 15,000 g for 5 

min. The immobilized GOx/CNP pellet was washed by 0.1 M PBS (pH 7.0) for three times. For 

the preparation of GOx/Cat/CNP, 0.5 mg of Cat with 1 mg/ml was added and followed the same 

immobilization procedure. After removing the supernatant, GOx/CNP and GOx/Cat/CNP were 

dispersed in 0.5 ml Nafion, separately. Next, 5, 10, 20 l of the mixtures were transferred to the 

carbon cloth with a surface area of 1.5 x 1.5 cm2. The CNP-electrode was used as control 

electrode, which followed the same fabrication procedure without adding enzymes. After drying 

at room temperature, the modified electrodes were stored in 0.1 M PBS (pH 7.0) at 4 C when 

not use.  

 

4.3. Results and Discussion 

4.3.1. Electrochemical characteristics of GOx/CNP-based bio-anode 

The electrochemical behavior of GOx/CNP-based bio-anode with different GOx/CNP 

content ratios was investigated through cyclic voltammetry in N2-saturated 0.1 M PBS, pH 7.0 at 

the scan rate of 100 mV s-1. As shown in Fig. 4.1, the redox currents increased as the GOx/CNP 

content ratio increased from 0.4 to 0.8. The anodic and cathodic peaks were higher and more 
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clearly defined for content ratio of 0.8 compared to 0.4 and 0.6. The results demonstrated that the 

GOx loading amount was critical to the electrochemical behavior of fabricated bio-anode. Larger 

amounts of immobilized GOx means that more enzymes are involved in the reaction, which 

increases peak redox currents. Thus, the GOx/CNP content ratio of 0.8 was used in follow-up 

experiments.     

Another parameter that needed to be determined before further experiments was the 

amount of GOx/CNP mixture added on the carbon cloth. The GOx/CNP-based bioanodes with 5, 

10, 20 l GOx/CNP mixture were studied through cyclic voltammetry in N2-saturated 0.1 M 

PBS, pH 7.0 at scan rate of 100 mV s-1 (Fig. 4.2). The electrode with 20 l GOx/CNP mixture 

performed best among the three samples implied that the amount of GOx/CNP mixture on 

carbon cloth was an important factor to electrochemical properties of fabricated bio-anode. With 

same surface area (0.5 x 0.8 cm), more GOx/CNP particles indicate more enzymes pre-unit area 

leads to high electricity generation. Therefore, the electrode fabricated with 20 l GOx/CNP 

mixture was used in further experiments. 
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Figure 4.1. Cyclic voltammograms of GOx/CNP electrode with various GOx/CNP content ratios: 

0.4 (curve a); 0.6 (curve b); 0.8 (curve c) in N2-saturated 0.1 M PBS, pH 7.0 at scan rate of 100 

mV s-1. 

 

Figure 4.2. Cyclic voltammograms of GOx/CNP electrode with various amounts of GOx/CNP 

mixture: 5 µl (curve a); 10 µl (curve b); 20 µl (curve c) in N2-saturated 0.1 M PBS, pH 7.0 at 

scan rate of 100 mV s-1. 
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The catalytic activity of CNP-based and GOx/CNP-based bioanode was further 

investigated through cyclic voltammetry in N2-saturated 0.1 M PBS, pH 7.0 at scan rate of 100 

mV s-1. In Fig. 4.3A, no redox peaks were detected for CNP-based bioanode (curve a). However, 

a pair of well-defined redox peaks were observed for GOx/CNP (curve b). The result indicates 

the bare CNP did not undergo redox reaction by itself and only acted as supporting material.  

Fig. 4.3B displays the CVs of GOx/CNP at different scan rates. At 10 mV s-1, the 

observed redox peaks had formal peak potential (E0’) of 0.309 mV and peak-to-peak separation 

(Ep) of 54.8 mV; the result was similar to previous literatures (Songqin Liu 2003, Shangguan, 

Zhang et al. 2008), which indicates reversible electrochemical reactions and fast electron transfer 

process. The redox peak currents and peak potential separations increased with scan rates. The 

reduction and oxidation peak currents were directly proportional with scan rates from 10 to 100 

mV s-1 (Fig. 4.3C), which suggests that the redox reaction of GOx was a surface controlled 

process (Razmi and Mohammad-Rezaei 2013).  

The anodic and cathodic peak potentials had a linear relationship with the logarithm of 

scan rates (log v) as shown in Fig. 4.3D. The heterogenous electron transfer rate constant (ks) and 

transfer coefficient () were estimated based on Laviron’s equation (Laviron 1979): 

𝐸𝑝𝑐 = 𝐸
0′ −

2.3𝑅𝑇

𝛼𝑛𝐹
log 𝑣 (4.3) 

𝐸𝑝𝑎 = 𝐸
0′ +

2.3𝑅𝑇

(1−𝛼)𝑛𝐹
log 𝑣 (4.4) 

log 𝑘𝑠 = 𝛼 log(1 − 𝛼) + (1 − 𝛼) log 𝛼 − log
𝑅𝑇

𝑛𝐹𝑣
−
𝛼(1−𝛼)𝑛𝐹∆𝐸𝑝

2.3𝑅𝑇
 (4.5) 

Where E0’ is the formal potential; Ep is peak-to-peak separation; n is the number of electrons 

transferred; R is gas constant (8.314 J/mol K); T is room temperature in K (298 K); and F is 

Faraday constant (96485 C mol-1). Using the data in Fig. 4.3D, taking scan rate of 100 mV s-1, n 
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was calculated to be 1.69, the charge-transfer coefficient () was 0.56 and ks was 8.09 s-1. The 

value of ks is greater than GOx covalently immobilized on ordered mesoporous carbon (3.4 s-1) 

(Ghasemi, Shams et al. 2015),  on modified multi-walled carbon nanotube (2.3 s-1) (Ivnitski, 

Branch et al. 2006) and on graphene quantum dots (1.12 s-1) (Razmi and Mohammad-Rezaei 

2013). Higher ks indicates the immobilization of GOx on CNP facilitates the electron transfer. 

Assuming a flat surface, the surface concentration () of GOx on CNP was calculated 

based on Laviron’s equation(Laviron 1979): 

𝐼𝑃 =
𝑛2𝐹2𝑣𝐴Γ

4𝑅𝑇
=
𝑛𝐹𝑄𝑣

4𝑅𝑇
 (4.6) 

Where Ip is the peak current; A is surface area (0.5 x 0.8 cm assuming flat); v is the scan rate; Q 

is the total amount of charge. Thus, the surface coverage () is estimated to be 5.09 x 10-9 mol 

cm-2. This value is much larger than that reported in other literatures (Youdan Wang 2006, Wu, 

Shao et al. 2010, Razmi and Mohammad-Rezaei 2013), suggesting CNP had high adsorption 

capacity for GOx immobilization.  
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Figure 4.3. (A) CVs of CNP (curve a) and GOx/CNP (curve b) in N2-saturated PBS 0.1 M, pH 7 

and scan rate of 100 mV s-1. (B) CVs of GOx/CNP at different rates (a: 10 mV s-1; b: 20 mV s-1; 

c: 50 mV s-1; d: 100 mV s-1.) (C) Anodic and cathodic peak currents vs. scan rate. (D) Anodic 

and cathodic peak potentials vs. log scan rate. 

 

4.3.2. Effect of solution pH on electrochemical characteristics 

It is well known that the electrochemical reaction of GOx is two-electron coupled with 

two-proton and influenced by the pH value of the solution (Ghasemi, Shams et al. 2015). The 

redox reaction follows the equation: 

𝐺𝑂𝑥(𝐹𝐴𝐷) + 2𝑒− + 2𝐻+⟷ 𝐺𝑂𝑥(𝐹𝐴𝐷𝐻2) (4.7) 

 

A B 

C D 
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The GOx/CNP electrode was scanned at 100 mV s-1 through CV in the solutions with 

various pH values (5.8-8). With increasing pH, the potentials shifted towards the negative 

direction as shown in Fig. 4.4. The slope was -54.1 mV pH-1 which was close to the theoretical 

value of -58.6 mV pH-1, indicating equal numbers of electron and proton transferred in the 

electrochemical process (Salimi and Noorbakhsh 2011).  

Figure 4.4. Dependence of potential on the pH (5.8-8) of the solution. 

 

4.3.3. Response characteristics of the GOx/CNP-based bio-anode to glucose 

  The biocatalytic activity of GOx/CNP for the oxidation of glucose is summarized as 

follows:  

𝐺𝑂𝑥(𝐹𝐴𝐷𝐻2) + 𝑂2 → 𝐺𝑂𝑥(𝐹𝐴𝐷) + 𝐻2𝑂2 (4.8) 

𝐺𝑙𝑢𝑐𝑜𝑠𝑒 + 𝐺𝑂𝑥(𝐹𝐴𝐷) → 𝑔𝑙𝑢𝑐𝑜𝑛𝑜𝑎𝑐𝑡𝑜𝑛𝑒 + 𝐺𝑂𝑥(𝐹𝐴𝐷𝐻2) (4.9) 

Hence, the catalytic activity critically depends on the presence of oxygen and glucose. In the 

present study, the CV experiments were performed to investigate the electrochemical responses 

of the GOx/CNP in air-saturated PBS (pH 7.0) with different concentrations of glucose (Fig. 

4.5A) at the scan rate of 10 mV s-1.  
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The cathodic peak current decreased with the increase in glucose concentration, which is 

due to the losses of oxygen that caused by the oxidation reaction between GOx and glucose. Fig. 

4.5B shows that the reduction peak current is linearly proportional to the concentration of 

glucose in the range of 2-10mM.  

 

Figure 4.5. (A) CVs of the GOx/CNP in air-saturated PBS (pH 7.0) at scan rate of 10 mV s-1 with 

the additional of 2 mM (a), 6 mM (b) and 10 mM (c). (B) Plot of relation between reduction peak 

currents and concentrations of glucose. 

 

To further investigate the relationship between reduction current and glucose 

concentration, the chronoamperometry technique was used. Fig. 4.6A illustrates the steady-state 

reduction current with increasing glucose concentration. The current was linear over the glucose 

concentration in the range of 2-20 M (Fig. 4.6B) with a sensitivity of 6.43 A M-1 cm-2 and 

detection limit of 1.09 M. The results of this developed electrode are compared with previously 

reported glucose biosensors in Table 4.1. With higher concentrations of glucose, the currents 

decreased linearly over a wide concentration ranges from 86 to 106 M then leveled off (Fig. 

A B 
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4.6C and D), which follows the Michaelis-Menten kinetic mechanism. The apparent Michaelis-

Menten constant (Km) was calculated to be 0.085 mM according to the Linewacer-Burk equation 

(Li, Tan et al. 1996) using data from Fig. 4.6C. Km is used to evaluate the biological activity of 

GOx and smaller value suggesting higher affinity and enzymatic activity of immobilized GOx to 

glucose. 

 

Figure 4.6. Amperometric response of GOx/CNP to glucose: (A) in the ranges of 2 µM to 24 µM 

with successive addition of 2 µM; (C) in the concentration ranges of 80 µM to 120 µM  with 

successive addition of 2 µM; (B) and (D) plot of chronoamperometric current vs. glucose 

concentration. 

  

D 

A B 

C 
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Table 4.1. Analytic performance of some GOx-based biosensors. 

Electrodes Linear range Sensitivity 

 

Detection 

limit 

(M) 

Km  

(mM) 

Ref. 

Nafion/GOx/OMC 0.5-1.5 mM 0.053 A M-1 

cm-2 

156.62 - (Zhou, Shang 

et al. 2008) 

GOx-GQD/CCE 5-1270 M 0.085 A M-1 

cm-2 

1.73 0.76 (Razmi and 

Mohammad-

Rezaei 2013) 

RGO-

Fe3O4/GOx/MSPE 

0.05-1 mM 5.9 A mM-1 0.1 0.16 (Pakapongpan 

and Poo-

Arporn 2017) 

CS/GOx-poly(5-

HT)-

PdNPs/Pdplate/Au 

0.002-6.66 

mM 
0.11 A M-1 

cm-2 

0.2 4.07 (Huang, Liu et 

al. 2018) 

ZnO/GOx/MWCNTs 6.67-1290 

M 

0.01003 A 

M-1 cm-2 

2.22 2.4 (Hu, Chen et 

al. 2011) 

GOx/CNP 2-20 M 6.43 A M-1 

cm-2 

1.09 0.085 This work 

OMC: ordered mesoporous carbon. 

GQD: graphene quantum dots. 

CCE: carbon ceramic electrode. 

RGO: reduced graphene oxide. 

MSPE: magnetic screen-printed electrode. 

CS: chitosan. 

Poly(5-HT): poly(5-hydroxytryptamine).  

MWCNTs: multiwalled carbon nanotubes. 

 

 

4.3.4. Electrochemical characteristics of the GOx/CAT/CNP-based bio-anode   

To improve the performance of GOx based biofuel cell, catalase was co-immobilized 

with GOx to fabricate GOx/CAT/CNP anode, and its electrochemical behaviors were 

investigated through CVs. Fig. 4.7A shows the CVs of the GOx/CAT/CNP in N2-saturated PBS 

(pH 7.0) at different scan rates. The reduction and oxidation peak currents were proportional to 

the scan rate (Fig. 4.7C) and the peak potentials had linear relationship with the logarithm of 

scan rates (Fig.4.7D) from 10 to 100 mV s-1. These electrochemical behaviors were similar to the 

GOx/CNP. The detailed peak current comparison between GOx/CNP and GOx/CAT/CNP is 
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shown in Fig. 4.7B. At the same scan rate, the peak currents of GOx/CAT/CNP were higher than 

GOx/CNP, indicating that the addition of catalase improved the redox reaction.  

The electron transfer rate constant is important to compare the performance of GOx/CNP 

and GOx/CAT/CNP. Based on the Laviron’s equation, the transfer coefficient was 0.37 and ks 

was 4.77 s-1. The electron transfer rate constant was lower than GOx/CNP, this might be caused 

by the immobilization method for CAT. The CAT was immobilized after the immobilization of 

GOx which might lead to overlapping of CAT and GOx. Another reason was in the 

immobilization process, no other reagents were added to promote chemical bonding between 

CAT and GOx. Further experiments were carried out to evaluate the electrochemical 

performance of GOx/CAT/CNP bioanode. 

 

4.3.5. Response characteristics of the GOx/CAT/CNP-based bio-anode to glucose 

The effects of glucose and oxygen on the electrochemical characteristics of fabricated 

GOx/CAT/CNP electrode was also studied through CV experiments in air-saturated PBS (pH 

7.0) with different concentrations of glucose (Fig. 4.8A) at the scan rate of 10 mV s-1. The redox 

peak currents were upshifted due to the oxidation of glucose into gluconolactone which was the 

same as the GOx/CNP. 
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Figure 4.7. (A) CVs of GOx/CAT/CNP in N2-saturated PBS 0.1 M, pH 7 at different scan rates 

(a: 10 mV s-1; b: 20 mV s-1; c: 50 mV s-1; d: 100 mV s-1.). (B) CVs of GOx/CNP and 

GOx/CAT/CNP at scan rate of 10 mV s-1. (C)Anodic and cathodic peak currents vs. scan rate. 

(D) Anodic and cathodic peak potentials vs. log scan rate. 

 

 

 

 

 

A B 

C D 
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Figure 4.8. (A) CVs of the GOx/CAT/CNP in air-saturated PBS (pH 7.0) at scan rate of 10 mV s-

1 with the addition of 2 mM (a), 6 mM (b) and 10 mM (c). (B) Plot of relation between reduction 

peak currents and concentrations of glucose. 

 

Chronoamperometric measurements were performed to estimate Km and sensitivity of 

GOx/CAT/CNP electrode. In Fig. 4.9A and B, as glucose was added gradually, currents 

increased and the increase rate of GOx/CAT/CNP was greater than GOx/CNP. The plot follows 

Michaelis-Menten mechanism (Fig. 4.9B), thus, Km was estimated to be 0.017 mM. The value 

was smaller than GOx/CNP (0.085 mM), indicating that the decomposing of H2O2 by catalase 

could increase the reactivity of the reaction. In the range of 2-22 M glucose, the sensitivity was 

calculated to be 8.08 A M-1 cm-2 with detection limits of 2.39 M. The sensitivity of 

GOx/CAT/CNP was better than GOx/CNP (6.43 A M-1 cm-2). 

 

 

A B 
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Figure 4.9. Amperometric response of GOx/CNP to glucose: (A) in the ranges of 2 µM to 24 µM 

with successive addition of 2 µM; (B) plot of chronoamperometric current vs. glucose 

concentration. 

 

4.3.6. Electrochemical performance of GOx/CNP and GOx/CAT/CNP 

The stability of GOx/CNP and GOx/CAT/CNP were investigated by cyclic voltammetry 

in N2-saturated PBS 0.1 M, pH 7.0 over a period of 15 days. The peak currents remained 64% of 

the initial response for GOx/CNP and 83% for GOx/CAT/CNP proving good stability of the 

fabricated GOx/CAT/CNP electrode, and the result is comparable with pervious researches 

(Kang, Jiao et al. 2018).  

The electrochemical performance of GOx/CNP and GOx/CAT/CNP bioanodes was 

compared in Table 4.2. As the results shown, GOx/CAT/CNP exhibited better overall 

electrochemical performance than GOx/CNP. 

 

  

A B 
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Table 4.2. Comparison between GOx/CNP and GOx/CAT/CNP 

 
GOx/CNP GOx/CAT/CNP 

Michaelis-Menten constant 

(Km) 

0.085 mM 0.017 mM 

Electron transfer rate constant 

(ks) 

8.09 s-1 4.77 s-1 

Sensitivity 6.43 µA µM-1 cm-2 8.08 µA µM-1 cm 

Current density (at 100 mv s-1) 2.51 mA cm-2 3.42 mA cm-2 

Power density (at 100 mv s-1) 507.88 µW cm-2 672.85 µW cm-2 

Stability (15 days) 64% 83% 

 

 

4.4. Conclusions 

In this study, the CNP-supported GOx- and GOx/CAT-based bioanodes were fabricated. 

The electrochemical performance of two electrodes was evaluated and compared using CVs 

under physiological conditions. Compare to GOx/CNP, GOx/CAT/CNP electrode exhibited 

better electrochemical characterizations in low Michaelis-Menten constant of 0.017 mM, high 

sensitivity of 8.08 µA µM-1 cm-2, and better stability which the peak currents remained 83% of 

the initial response after 15 days. Based on the calculated parameters, GOx/CAT/CNP has shown 

better overall electrochemical performance than GOx/CNP bioanode. These results indicated the 

effectiveness of catalase for decomposing H2O2 into O2 and H2O. With these advantages, further 

studies might be on the test of GOx/CAT/CNP in human serum. 
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 CHAPTER 5 

Conclusions and Contributes 

5.1. Conclusions 

In this project, CNP was used as immobilization supporting material to co-immobilize 

GOx and CAT for the fabrication of GOx-based bioanode. GOx and CAT were immobilized on 

CNP by adsorption. The electrochemical performance of the fabricated bioanode was analyzed 

through CVs. The large surface area of CNP increased the GOx loading amount. High 

immobilization value of 152.67 mg GOx/g CNP, was obtained at 0.8 GOx/CNP content ratio, 6 

mg/ml GOx, 5 mg CNP and 2 hour adsorption time. Furthermore, it is also easy for CAT to 

immobilize on CNP after the immobilization process of GOx. The electron transfer rate constant, 

Michaelis-Menten constant, and detection sensitivity for glucose of the fabricated CNP-

supported GOx-based bioanode were also improve compared to other supporting materials.  

By co-immobilizing GOx and CAT, the electrochemical performance and stability were 

shown better results than the bioanode that only contain GOx. The Michaelis-Menten constant 

for GOx/CNP was estimated to be 0.085 mM while GOx/CAT/CNP was 0.017 mM. The 

sensitivity of GOx/CAT/CNP was 8.08 µA µM-1 cm-2 whereas the sensitivity of GOx/CNP was 

6.43 µA µM-1 cm-2, in the glucose concentration range of 2-22 µM. According to the shown 

parameters, the GOx/CAT/CNP exhibited better electrochemical performance than GOx/CNP. 

These results indicated CAT play an important role in the removal of H2O2, which enhance the 

performance of GOx-based BFC.  
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5.2. Contributions  

Various researches have studied the immobilization supporting materials such as CNTs, 

OMC, and polymer, etc. However, limited literatures are investigating the ability of CNP as a 

support material for the immobilization of enzymes. This project provided experiential results for 

proving the feasibility of using CNP as enzyme-based electrode material with simple 

immobilization method, large amounts of enzyme loading, better electrochemical performance, 

and improved stability. The results of the electrochemical performance of the co-immobilized 

GOx and CAT demonstrated the ability of CAT to decomposing H2O2 which enhanced the 

enzymatic activity of GOx and improved the electrochemical performance. Overall, this project 

demonstrated a simple way to co-immobilize GOx and CAT on CNP with promising enzyme 

loading and electrochemical performance.  

 

 

 


