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The works presented solve of leakage of ferrocene (F c) which is a mediator in glucose 

biosensor from the biosensor, making the performance of the biosensor poorly. 

This work presented two immobilization methods of ferrocene onto the biosensor 1) ferrocene 

immobilized onto the NH2-functionalized multiwall carbon nanotubes and 2) ferrocene 

immobilized onto chitosan. This work consists of two methods for the construction of novel 

amperometric glucose biosensors. The first method is based onglucose oxidase (GOx) entrapped 

on composite of ferrocene covalently bound onto the NH2-functionalized multiwall carbon 

nanotubes (CNTs-NH2-Fc) and ferrocene bound chitosan (CS-Fe) to prevent ferrocene leakage 

from the matrix and retain its activity as an electron mediator before being coated on a glassy 

carbon (GC) electrode. The developed glucose biosensor (GC/CNTs-NH2-Fc/CS-Fc/GOx) was 

applied in a flow injection analysis system for amperometric detection of glucose using a solution 

of 0.1 M phosphate buffer (pH 7.0) as a carrier and applying a potential of 0.3 V. 

The proposed glucose biosensor exhibits linear calibration over the range of 2-80 mM of glucose 

with a slope of 5.0 nA /mM and a correlation coefficient of 0.997. The limit of detection, based 

on a signal-to-noise ratio (SIN = 3) of three, was 1.86 mM. The developed biosensor also 

provides good precision (% RSD = 3.6) for glucose signal (10 mM, n = 10) with rapid sample 
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throughput (42 samples/h). The second method, the biosensor was developed based on ferrocene 

(Fe) covalently bound onto the NH2-functionalized multiwall carbon nanotubes (CNTs-NH) to 

prevent ferrocene leakage from the matrix and retain its activity as an electron mediator. 

Glucose oxidase (GOx) was immobilized to ferrocene-modified NH2-functionalized multiwalled 

carbon nanotubes and bovine serum albumin (CNTs-NH2-Fc -BSA) composite film by using 

glutaraldehyde (Glu) before being coated on a glassy carbon (GC) electrode. The developed 

glucose biosensor (GC/CNTs-NH2-Fc-BSA-GOx) was applied in a flow injection analysis system 

for amperometric detection of glucose using solution of 0.1 M phosphate buffer (pH 7.0) as a 

carrier and applying a potential of 0.6 V. The proposed glucose biosensor exhibits linear 

calibration over the range of 2 - 16 mM of glucose with a slope of 323 nA /mM and a correlation 

coefficient of 0.999. The limit of detection, based on a signal-to-noise ratio (SIN = 3) of three, 

was 0.65 mM. The developed biosensor also provides good precision(% RSD = 1.9) for glucose 

signal (2 mM, n = 7) with rapid sample throughput (72 samples/h). Both fabrication methods of 

amperometric glucose biosensors exhibited good reproducibility, sensitivity, selectivity, stability, 

fast response time and ease of preparation and low cost. 
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CHAPTERl 

INTRODUCTION 

1.1 Importancein research and development 

The Development of a reliable, rapid, simple, accurate and highly sensitive biosensors 

for glucose detection has been attracted much attention due to a worldwide public health problem 

because of the increasing incidence of diabetes. This metabolic disorders result from insulin 

deficiency and hyperglycemia which is reflected by higher glucose concentrations in blood than 

the normal range of 80-120 mg/dL (4.4-6.6 mM) [1-5]. In addition, measuring the amount of 

glucose in body fluids including urinary and blood is necessary for diagnosis of diabetes disorder. 

Glucose monitoring in fermentation of food industry is also necessary as the amount of glucose in 

the fermentation greatly influences the quality of the food products [4]. 

Glucose oxidase ( GOx) have been widely used in the construction of glucose 

biosensor due to its high selectivity to glucose and high activity over a broad range of pH values 

[6]. To improve the performance of GOx based biosensors, effective immobilization of GOx in a 

biocompatible environment and inclusion of components that intensify electron transfer between 

electrode and GOx are strongly required [4, 7]. Materials commonly used as a matrix improving 

the performance of the glucose biosensor could possessability i) to promote electron transfer, such 

as metal nanoparticles, carbon nanotubes (CNTs) and ferrocene (Fe) and ii) enzyme compatibility 

such as bovine serum albumin (BSA) and chitosan (CS) [7-12]. 

CNTs have attracted much attention due to their high chemical stability, high surface 

area, unique electronic properties, excellent electricity, and biocompatibility. These unique 

properties make CNTs suitable materials for the promotion of electron transfer between GOx and 

the electrodes surface [3-4, 8-9, 11]. CNTs can be modified to the desired properties by surface 

functionalization with -OH, -COOH or -NH2 to improve the immobilized ability with biological 

substances, including enzymes, proteins or DNA. 
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BSA as the most abundant globular protein in plasma is naturally 

biodegradable/biocompatible, non-toxic and enhancement the activity of enzyme. It has been 

extensively used for the fabrication ofbiosensors [13-16]. 

CS contains large groups of -NH2 and -OH and has been widely used as a modifying 

reagent to prepare the modified electrode due to its non-toxicity, high mechanical strength and 

biocompatibility. These properties make it a promising matrix for enzyme immobilization 

[17-21]. It is preferable to maintain the high biological activity of immobilized biomolecules and 

enhance the sensitivity ofbiosensor. 

Fe and its derivatives, which are well-known as mediators, have been widely used in 

the development of biosensor due to their various highly desirable properties, e.g. relatively low 

molecular mass, reversibility, rapid responses to many electro-active substances, pH independent 

stability in both oxidized and reduced forms at low potentials and fast electron transfer [16, 22-

23]. Nevertheless, the Fe and its derivatives modified electrodes are unstable and difficult to be 

controlled because of their weak adsorption on electrode surface. Fe can easily diffuse away from 

the electrode surface into the bulk solution when the biosensor is used continuously, which would 

lead to significant signal loss and greatly affect the performance and lifetime of the biosensor 

[3, 12]. 

In this work, high sensitive and rapid measurements of glucose biosensors were 

developed for amperometric detection in a flow injection system. This work consists of two main 

parts. In the first part, a glucose biosensor was developed based on immobilization of glucose 

oxidase (GOx) on chitosan-ferrocene (CS-Fe) hybrid and ferrocene modified NH2- functionalized 

multiwalled carbon nanotubes (CNTs-NH2-Fc) coated on a glassy carbon (GC) electrode. 

The developed glucose biosensor was GC/CNTs-NH2-Fc/CS-Fc/GOx. 

In the second part, a glucose biosensor was developed based on ferrocene (Fe) 

covalently bound onto the NH2 functionalized multiwall carbon nanotubes (CNTs-NH2) to prevent 

ferrocene leakage from the matrix and retain its activity as an electron mediator. Glucose oxidase 

(GOx) was immobilized to ferrocene-modified NH2-functionalized multiwalled carbon nanotubes 

and bovine serum albumin (CNTs-NH2-Fc-BSA) composite film by using glutaraldehyde (Glu) 

before being coated on a glassy carbon (GC) electrode. The developed glucose biosensor was 

GC/CNTs-NH2-Fc-BSA-GOx. 
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1.2 Objectives 

1.2.1 To investigate the possibility of using a developed glucose biosensor for 

evaluation of glucose oxidation by using cyclic voltammetry. 

1.2.2 To optimize parameters effecting the sensitivity of glucose biosensor for 

evaluation oxidation of glucose by using cyclic voltammetry and amperometry. 

1.2.3 To implement the amperometric detection on the glucose biosensor in a FIA 

system for evaluation determination of glucose. 

1.3 Scope of Research 

1.3.1 Part I: Development of glucose biosensor based on CNTs-NH2-Fc/CS

Fc/GOx for evaluation of glucose. 

1.3.1.1 The possibility of improving stability of a glucose biosensor using 

ferrocene modified chitosan (CS-Fe) is investigated. 

1.3 .1.2 Parameters that affect the sensitivity of the glucose biosensor for 

evaluation of glucose oxidation using cyclic voltammetry and amperometry are evaluated. 

1) Optimization of pH of 0.1 M phosphate buffer solution used as a 

supporting electrolyte. 

2) Optimization of the CNTs-NH2-Fc composite loading. 

3) Optimization of the CS-Fe hybrid concentration. 

4) Optimization of the glucose enzyme concentration 

5) Optimization potential for amperometric detection 

1.3.1.3 Amperometric detection of glucose using the developed glucose 

biosensor in a FIA system will be studied. 

1) Characteristics of the amperometric response assessed in terms of 

linear concentration range, sensitivity and limit of detection will be explored. 

2) Study of interferences 

3) Stability ofbiosensor 

4) Characterization of the composites by FI-IR spectroscopy 
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1.3.2 Part II: Development of glucose biosensor based on CNTs-NH2-Fc-BSA 

composites for evaluation of glucose. 

1.3.2.1 Development of glucose biosensor were carried out by immobilizing 

GOx to ferrocene-modified NH2-functionalized multiwalled carbon nanotubes and bovine serum 

albumin (CNTs-NH2-Fc-BSA) composites for evaluation of the oxidation of glucose. 

1.3.2.2 Parameters that affect the sensitivity of the glucose biosensor for 

evaluation of glucose oxidation using cyclic voltammetry and amperometry will be studied. 

1) Optimization of pH of 0.1 M phosphate buffer solution used as a 

supporting electrolyte. 

2) Optimization of the CNTs- NH2- Fe composite loading. 

3) Optimization of the glucose oxidase enzyme concentration 

4) Optimization of the BSA concentration. 

1.3.2.3 Studies of amperometric detection of the developed glucose biosensor in 

a FIA system for evaluation of glucose 

1) Optimization of the potential for amperometric detection 

2) Optimization of flow rate for amperometric detection of glucose in 

the FIA system. 

3) Characteristics of the amperometric response assessed in terms of 

concentration range, sensitivity and limit of detection were explored 

4) Study of interferences 

5) Performance on real sample applications 

6) Stability of biosensor. 

7) Characterization of the nanocomposites by Fl-IR spectroscopy 



CHAPTER2 

LITERATURE REVIEWS 

2.1 Biosensor 

A biosensor can be defined as a compact analytical device or unit incorporating a 

biological or biologically derived sensitive recognition element integrated or associated with a 

physio-chemical transducer [24]. A biosensor is a device composed of two intimately associated 

elements (Figure 2.1): 

(1) A bioreceptor, that is an immobilized sensitive biological element (e.g. enzyme, 

DNA probe, antibody) recognizing the analyte (e.g. enzyme substrate, complementary DNA, 

antigen). Although antibodies and oligonucleotides are widely employed, enzymes are by far the 

most commonly used biosensing elements in biosensors. 

(2) A transducer, that is used to convert the (bio)chemical signal resulting from the 

interaction of the analyte with the bioreceptor into an electronic one. The intensity of generated 

signal is directly or inversely proportional to the analyte concentration. Electrochemical 

transducers are often used to develop biosensors. These systems offer some advantages such as 

low cost, simple design or small dimensions. Biosensors can also be based on gravimetric, 

calorimetric or optical detection [25]. 
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Figure 2.1 Schematic ofbiosensor components (bioreceptor and transducer) [26]. 
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Biosensors are categorized according to the basic principles of signal transduction and 

biorecognition elements. According to the transducer elements, biosensors can be classified as 

electrochemical, optical, piezoelectric, and thermal sensors. Electrochemical biosensors are also 

classified as potentiometric, amperometric and conductometric sensors [24, 27]. The application 

ofbiosensor areas are clinic, diagnostic, medical applications, process control, bioreactors, quality 

control, agriculture, veterinary medicine, bacterial and viral diagnostic, drug production, control of 

industrial waste water and mining, military defense industry, etc [28-31]. Examples of biosensors 

advantages are listed below: 

devices. 

( 1) They can measure non polar molecules that do not respond to most measurement 

(2) Biosensors are specific due to the immobilized system used in them. 

(3) Rapid and continuous control is possible with biosensors. 

(4) Response time is short (typically less than a minute). 

(5) Practical use in real samples. 

There are also some disadvantages ofbiosensors [32]: 

(1) Heat sterilization is not possible because of denaturalization of biological material, 

(2) Stability of biological materials (such as enzyme, cell, antibody, tissue, etc.), 

depends on the natural properties of the molecule that can be denaturalized under environmental 

conditions (pH, temperature or ions) 

(3) Cells used in biosensors can become intoxicated by other molecules that are 

capable of diffusing through the membrane. 

2.2 Enzyme immobilization 

The most important step in the development of an enzyme biosensor is the stable 

attachment of an enzyme onto the surface of the working electrode. This process is governed by 

various interactions between an enzyme and an electrode material, and strongly affects the 

performance of the biosensor in term of sensitivity, stability, response time and reproducibility 

[33]. Various immobilization strategies can be envisioned: adsorption, covalence, entrapment, 

cross-linking or affinity (Figure 2.2) [25]. 
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Figure 2.2 Schematic representation of the main different methods of enzyme immobilization, 

E:enzyme, P: inert protein [25]. 

2.2.1 Entrapment 

For an entrapment method, generally a solution of polymeric materials is 

prepared containing biologic material that was entrapped onto the working electrode. The solution 

is coated on the electrode with various coating methods. This immobilization method is easy to 

perform. Enzyme, mediators and additives can be simultaneously deposited in the same sensing 

layer. There is no modification of the biological element so that the activity of the enzyme is 

preserved during the immobilization process. Biosensors based on physically entrapped enzymes 

are often characterized by increased operational and storage stability. However, limitations such 

as leaching of biocomponent and possible diffusion barriers can restrict the performances of the 

systems [25, 34]. 
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2.2.2 Adsorption 

The easiest and least denaturing method is physical adsorption. The procedure 

consists of simple deposition of enzyme onto an electrode material and attachment of the enzyme 

is weak bonds such as Van der Waal's forces and electrostatic and/ or hydrophobic interactions. 

This technique does not involve any functionalization of electrode materials or covalent links and 

is generally non-destructive for enzyme activity. Although this immobilization method causes 

little or no enzyme inactivation, this technique presents drawbacks: enzymes are loosely bound to 

the support and desorption of the enzyme resulting from changes in temperature, pH and ionic 

strength, appears to be the main problem. Thus, biosensors based on adsorbed enzyme suffer from 

poor operational and storage stability. Another drawback is the non-specific adsorption of other 

proteins or substances [25, 34-35]. 

2.2.3 Covalent Coupling 

The most popular chemical immobilization for enzyme-based biosensors is 

covalent bonding of residues react with amino acid residues of the enzymes to form a monolayer 

of enzyme on the solid surface. Similarly, solid surfaces can be functionalised to carboxylic acid 

with subsequent attachment with enzymes. The carboxylic acid residues are converted to an 

active ester using carbodimide reagents, to acyl halides using thionyl chloride, or to a mixed 

anhydride by the reaction with an anhydride prior to the coupling of the enzymes on the solid 

support as displayed in Figure 2.3 a. Likewise, solid surfaces can be functionalised to amino 

groups with subsequent attachment with enzymes. The enzyme is coupled with the amino 

residues surface by glutaraldehydeas shown in Figure 2.3 b [35]. Covalent immobilization can be 

performed directly onto the transducer surface or onto a thin membrane fixed onto the transducer. 
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Figure 2.3 Examples of covalent linkage of enzyme layers to solid surfaces by coupling of 

a) carboxyand b) amino functionalities [35]. 
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2.2.4 Cross-linking 

In many cases the immobilization of enzymes has been achieved by cross

linking enzyme molecules to each other or to some functional groups on a carrier matrix. 

The result is a coupling one enzyme molecule to another, thus forming large matrices of enzyme 

molecules. The cross-linking is accomplished with bifunctional reagents, which may either 

contain two identical functional groups or two different functional groups. Of these reagents, 

glutaraldehyde is by far the most widely used. Glutaraldehyde is used to cross-link enzymes or 

link them to supports. It is particularly useful for producing immobilized enzyme membranes for 

use in biosensors by cross-linking the enzyme plus a non-catalytic diluents protein within a porous 

sheet [35]. 

The enzyme can be either cross-linked with each other or in the presence of a 

functionally inert protein such as bovine serum albumin. This method is attractive due to its 

simplicity and the strong chemical binding achieved between biomolecules. The main drawback 

is the possibility of activity losses due to the distortion of the active enzyme conformation and the 

chemical alterations of the active site during cross-linking [25]. 

2.2.5 Affinity 

Efforts have been achieved in order to develop biosensors based on oriented and 

site-specific immobilization of enzymes. A strategy is to create (bio )affinity bonds between an 

activated support (e.g. with lectin, avidin, metal chelates) and a specific group (a tag) of the 

protein sequence (e.g. carbohydrate residue, biotin, histidine). This method allows to control the 

biomolecule orientation in order to avoid enzyme deactivation and/ or active site blocking. 

Several affinity methods have been described to immobilize enzymes through (strept)avidin

biotin, lectin-carbohydrate and metal cation-chelator interactions. An enzyme can contain affinity 

tags in its sequence (e.g. a sugar moiety) but, in some cases, the affinity tag (e.g. biotin) needs to 

be attached to the protein sequence by genetic engineering methods such as site-directed 

mutagenesis, protein fusion technology and post-transcriptional modification. Table 2.1 presents 

the main advantages and drawbacks of each immobilization method [25, 34]. 
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Table 2.1 Advantages and drawbacks of the six basic immobilization methods. 

Binding nature Advantages Drawbacks 

Adsorption Weak bonds - Simple and easy - Desorption 

- Limited loss of enzyme activity - Non-specific adsorption 

Covalent Chemical binding between functional groups of the - No diffusion barrier - Matrix not regenerable 

coupling enzyme and those on the support - Stable - Coupling with toxic product 

- Short response time 

- High enzyme activity loss 

Entrapment Incorporation of the enzyme within a gel or a polymer - No chemical reaction between the monomer and - Diffusion barrier 

Cross-link 

Affinity 

Bond between 

glutaraldehyde)/inert 

molecule (e.g. BSA) 

enzyme/cross-linker 

the enzyme that could affect the activity 

- Several types of enzymes can be immobilized 

within the same polymer 

(e.g. - Simple 

Affinity bonds between a functional group on a support - Controlled and oriented immobilization 

and affinity tag on a protein sequence 

- Enzyme leakage 

- High concentrations of monomer and 

enzyme needed for electro polymerization 

- High enzyme activity loss 

- Need of the presence of specific groups on 

enzyme (e.g. His, biotin) 

...... ...... 
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2.3 Glucose oxidase 

One of the most important sensing materials widely used in glucose biosensors is 

glucose oxidase (GOx). Most of the electrochemical glucose biosensors are based on the GOx 

enzyme, which catalyzes the oxidation of glucose to gluconolactone which was hydrolyzed to 

gluconic acid in water as seen in Figure 2.4 [36). 

CH OH 
2 

J----o 

D-Glucose 

OH 

+o 
2 

HO 
2 2 

GOx 

-----. 

CH OH 
2 

..1----0 

OH 

D-Gluconolactone 

Figure 2.4 Schematic diagram of glucose oxidase (GOx) enzymatic reaction [36). 

o+HO 
2 2 

In general, GOx is selected as a model enzyme due to its being inexpensive, stable, 

and of practical use. The detection of glucose by electrochemical biosensors is based on the 

electrochemical oxidation of hydrogen peroxide generated by enzyme-catalyzed oxidation of 

glucose at anodic potentials (> 0.6 V vs. Ag/AgCI) [9]. Sensitivity and stability of a glucose 

biosensor are key features for its quantitative analysis applications. To improve the features of the 

biosensors, many attempts have been made, including making use of novel immobilization 

techniques and new enzyme immobilization materials [4]. 
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2.4 Carbon nanotubes 

Carbon nanotubes (CNTs) are allotropes of carbon with a cylindrical nanostructure. 

Nanotubes have been constructed with length-to-diameter ratio of up to 132,000,000: 1, 

significantly larger than for any other material [37]. The lamellar planes of sp
2 

carbon in graphite 

sheets are organized in hexagons with a tremendously high degree delocalization of Jr-electron. 

Thus, CNTs can display metallic, semiconducting and superconducting electron transport 

properties [38-39]. An important advantage displayed by CNTs is their high chemical stability, 

high surface area, unique electronic properties, excellent electricity, metal and semiconductors, 

especially biocompatibility, have become suitable candidates for the promotion of heterogeneous 

electron transfer [3, 11]. CNTs are categorized as single-walled carbon nanotubes (SWCNTs) and 

multi-walled carbon nanotubes (MWCNTs). The structure of SWCNTs can be conceptualized by 

wrapping a one-atom-thick layer of graphite called graphene into a seamless cylinder. The way 

that the graphene sheet wrapped is represented by a pair of indices (n,m) called the chiral vector. 

The integers n and m denote the number of unit vectors along two directions in the honeycomb 

crystal lattice of graphene. If m = 0, the nanotubes are called zigzag nanotubes, and if n = m, the 

nanotubes are called armchair nanotubes. Otherwise, they are called chiral in Figure2.5 [40]. 

armchair zlgug chiral 

Figure 2.5 SWCNTs with different chiralities. The difference in structure is easily shown at the 

open end of the tubes (armchair, zigzags and chiral structure). 
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Multi-walled carbon nanotubes (MWCNTs) consist of multiple rolled layers 

(concentric tubes) of graphite as shown in Figure 2.6. The interlayer distance in multi-walled 

carbon nanotubes is close to the distance between graphene layers in graphite, approximately 

3.4 A [41]. MWCNTs have found enormous number of applications in many areas including 

electrochemical devices, composite-polymer materials, gas storage, and in the area of sensors and 

biosensors. 

MWCNT 

Figure 2.6 Structure of multi-walled carbon nanotubes (MWCNTs). 

2.5 Chitosan 

Chitosan is a polysaccharide extracted from the shells of crustaceans, such as shrimp, 

crab and other sea crustaceans, including pandalus borealis and cell walls of fungi. 

Chemical name is 2-amino-2-deoxy-b-D-glucopyranose.molecular formula is (C6H 110 4N)n. 

Chitosan is also known as soluble chitin. Chitin consists mainly of unbranched chains 

of beta-(1 ~4)-2-acetamido-2-deoxy-D-glucose (N-acetyl-D-glucosamine). It is similar to 

cellulose, in which the C-2 hydroxyl groups are replaced by acetamido residue. Chitin is 

practically insoluble in water, dilute acids, and alcohol, with variation depending on product 

origin. Chitosan, the partially deacetylated polymer of N-acetyl-D-glucosamine, is water-soluble. 

Structure of the chitin molecule (Figure 2. 7), showing two of the N -acetyl glucosamine units that 

repeat to form long chains in beta-1, 4 linkage. Structure of the chitosan shown in Figure 2. 7 
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composed of randomly distributed ~-(1-4)-linked D-glucosamine (deacetylated unit) and 

N-acetyl-D-glucosamine (acetylated unit) [42-43]. 
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Figure 2.7 Structures of cellulose, chitin and chitosan. 

Le ; i) '-\ I.] Lt 

Local Information 

H 

H 

CHOH 
2 

H 

CHOH 
2 

H 

CH OH 
2 

H 

OH 

H 

0 

H 

H 

OH 

NH COCH 
3 

NH 
2 

0 

n 

0 

n 

0 

n 

khanitha
Rectangle



16 

2.5.1 Properties of chitosan 

Most of the naturally occurring polysaccharides e.g. cellulose, dextran, pectin, 

alginic acid, agar, agarose and carragenans, are neutral or acidic in nature, whereas chitin and 

chitosan are examples of highly basic polysaccharides. Their unique properties include 

polyoxysalt formation, ability to form films, chelate metal ions and optical structural 

characteristics. Chitosan, the deacetylated shells obtained as a food industry waste is product of 

chitin, the amino group in chitosan has a pKa value of~ 6.5, which leads to a protonation in acidic 

to neutral solution with a charge density dependent on pH and the % DA-value. Chitosan is 

soluble in dilute acids such economically feasible, especially if it includes as acetic acid, formic 

acid, etc [43]. 

Chitosan was selected as a matrix for immobilization of an enzyme because of 

the unusual combination of its properties, which includes an excellent membrane-forming ability, 

high permeability toward water, good adhesion, biocompatibility, non-toxicity, high mechanical 

strength and biocompatibility, making it a promising matrix for enzyme immobilization [21, 44-

45]. 

2.6 Bovine serum albumin 

Bovine serum albumin (BSA) is a highly abundant protein in blood of all mammals 

[46]. BSA has several known benefits, including good stability, low cost, non-toxicity and 

enhancement the activity of enzyme. It is often used as a blocking agent of immunoblots during 

western blotting to reduce non-specific binding, and as model protein applied in enzyme-linked 

immunosorbent assay and protein micro-array technology. Therefore, the assembly of BSA and 

other proteins on carriers or electrodes becomes increasingly important for the fabrication of 

biosensors anddevelopment of protein-based devices. 

Despite the fact that BSA has many advantages, the two main problems still exist in 

the fields of protein electrochemistry. (1) Strong adsorption of BSA and its oxidized products on 

the electrode surfaces leads to an unpredictable and irreproducible depression of electrochemical 

signals. (2) Electron transfer reaction between BSA and electrode is relatively poor due to lack of 

redox-active centers [47]. 
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2. 7 Mediator 

Mediators are artificial electron transferring agents that can readily participate in the 

redox reaction with a biological component and thus help in the rapid electron transfer. There is a 

low molecular weight redox couple, which shuttles electrons from the redox center of an enzyme 

to the surface of an indicator electrode. During the catalytic reaction, the mediator first reacts with 

the reduced enzyme and then diffuses to the electrode surface to undergo rapid electron transfer. 

For example: 

Glucose + FAD + Hp 

FADH2 +Mox 

At electrode: Mrect 

Gluconic acid + F ADH2 

FAD+ Mrcd+ 2H 
+ 

(2.1) 

(2.2) 

(2.3) 

The rate of production of the reduced mediator (M,
0
ct) is measured amperometrically by 

oxidation at the electrode. 

A mediator is expected to be stable under required working conditions and should not 

participate in the side reactions during electron transfer. The mediator should be used in such a 

way that it has a lower redox potential than other electrochemically active interferences in 

samples. The redox potential of a suitable mediator should provide an appropriate potential 

gradient for electron transfer between enzyme's active site and electrode. The redox potential of 

the mediator (compared to the redox potential of enzyme active site) should be more positive for 

oxidative biocatalysis or more negative for reductive biocatalysis. 

Characteristics of an ideal mediator [23] 

(1) It should be able to react rapidly with the reduced enzyme. 

(2) It should exhibit reversible heterogeneous kinetics. 

(3) The over potential for the regeneration of the oxidized mediator should be low and 

pH independent. 

(4) It should have stable oxidized and reduced forms. 

(5) The reduced form should not react with oxygen. 
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Advantages of using mediators (23] 

(1) Measurements are less dependent on oxygen concentration. 

(2) The working potential of the enzyme electrode is determined by the oxidation 

potential of the mediator. 

(3) With the use of mediators at low oxidation potentials, interferences can be avoided. 

( 4) If oxidation of reduced mediator does not involve protons, it can make the enzyme 

electrode relatively pH insensitive. 

Electron transfer in electrochemical biosensors is based on mediated or unmediated 

electrochemistry as shown in Figure 2.8. 

Analyte 

Product 

Enz 
(ox) 

Enz 
(red) 

Analyte 

Product 

Med 
(red) 

Med 
(ox) 

Mediated Electron Transfer 

Enz 
(ox) 

Enz 
(red) 

Unmediated Electron Transfer 

Figure 2.8 The scheme of mediated and unmediated electron transfer m electrochemical 

biosensor (23]. 
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Ferrocene (Fe) and its derivatives, ferricyanide, methylene blue, benzoquinone and N-

methyl phenazine etc. are attractive organometallic compounds due to their sandwich structure 

resulting in interesting physical and chemical properties [48]. Fe and its derivatives have been 

used as mediators in the development of enzyme-based biosensor, due to their properties of 

relatively low molecular mass, rapid responses to many electroactive substances, being pH-

independent, stability in both oxidized and reduced forms at low potential and having fast electron 

transfer [22-23, 49]. The structure offerrocene is shown in Figure 2.9. 

Q Q 
I I 

-Fe2+ I 3+ .. Fe + -
I 

' 
I e I I 

I I 

~ ~ 
Figure 2.9 Structure of ferrocene. 

2.8 Electrochemical biosensors 

Electrochemical biosensors are the most commonly used class of biosensors. 

These are based on the fact that during a bio-interaction process, electrochemical species such as 

electrons are consumed or generated producing an electrochemical signal which can in tum be 

measured by an electrochemical detector. Electrochemical biosensors have been widely accepted 

in biosensing devices. These biosensors can be operated in turbid media, have comparable 

instrumental sensitivity and are more amenable to miniaturization [23]. 

2.8.1 Amperometry 

Amperometry is operated at a given applied potential between the working 

electrode and the reference electrode, and the generated signal is correlated with the concentration 

of target compounds. In the amperometric detection, the current signal is generated as a function 

of the reduction or oxidation of an electro-active product on the surface of a working electrode 

[23]. 
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Amperometric detectors, which are the most commonly used, are of the three

electrode type. The potential of working electrode is set relatively to a reference electrode, the iR 

drop between the working and counter electrodes is compensated for using the potentiostat and 

current flowing through the working electrode is the measured signal. Current, which is in the pA 

to µA range, is amplified and recorded as a function of the time flow of the mobile phase. 

This gives the concentration-time profile or chromatogram of the analyte in the effluent [50]. 

The principle of amperometric detection is outlined in Figure 2.10. 

Detector Amplifier Chromatogram 

WE 

i 

CE 

RE 

Eluate t 

Figure 2.10 Outline of amperometric detection. WE - working electrode; CE - counter electrode; 

RE - reference electrode. Adopted from [50]. 

2.8.2 Voltammetry 

V oltammetry is the most versatile technique in electrochemical analysis. 

Both current and potential are measured. The position of peak current is related to the specific 

chemical and the peak current density is proportional to the concentration of the corresponding 

species. A remarkable advantage of voltammetry is the low noise which can endow the biosensor 

with higher sensitivity. In addition, voltammetry is able to detect multiple compounds, which 

have different peak potentials, in a single electrochemical experiment (or scan), thus offering the 

simultaneous detection of multiple analytes. The voltammetric technique is one of the most 

sensitive electro-analytical methods [23]. 
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2.8.2.1 Cyclic voltammetry 

Cyclic voltammetry is one of the most widely used forms and it is useful 

to obtain information about the redox potential and electrochemical reaction rates (e.g. the 

chemical rate constant) of analyte solutions. In this case, the voltage is swept between two values 

at a fixed rate, however, when the voltage reaches V2 the scan is reversed and the voltage is swept 

back to V" as is illustrated in Figure 11 a. The scan rate, (V2- V1)/(t2- t1), is a critical factor, since 

the duration of a scan must provide sufficient time to allow for a meaningful chemical reaction to 

occur. Varying the scan rate, therefore, yields correspondingly varied results. 

The voltage is measured between the reference electrode and the 

working electrode, while the current is measured between the working electrode and the counter 

electrode. The obtained measurements are plotted as current vs. voltage, also known as a 

voltammogram, as is illustrated in Figure 11 b. As the voltage is increased toward the 

electrochemical reduction potential of the analyte, the current will also increase. With increasing 

voltage toward V2 past this reduction potential, the current decreases, having formed a peak as the 

analyte concentration near the electrode surface diminishes, since the oxidation potential has been 

exceeded. As the voltage is reversed to complete the scan toward VI' the reaction will begin to 

reoxidize the product from the initial reaction. This produces an increase in current of opposite 

polarity as compared to the forward scan, but again decreases having formed a second peak as the 

voltage scan continues toward V 1• The reverse scan also provides information about the 

reversibility of a reaction at a given scan rate [51]. The cyclic voltammetry system consist of 

three-electrodes including, the potential is applied to the working electrode (WE) with respect to a 

reference electrode (RE), and counter electrode (CE) is used to complete the electrical circuit, as is 

illustrated in Figure 11 c. A working electrode is typically made of noble metals (platinum or 

gold) or carbon (i.e., glassy carbon). The counter electrode usually uses a Pt wire. 

Two commonly used reference electrodes are Ag/ AgCl electrode (E
0 

= 0.20 V vs. SHE) and 

saturated calomel electrode (SCE, E
0 

= 0.25 V vs. SHE) [52]. 
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Figure 2.11 Typical of a) cyclic voltammogram wave from: variation of the potential applied to 

the working electrode with time, b) cyclic votammogram: resulting current-potential 

curves, c) voltammetric or components of cyclic voltammetry systems which 

composed ofvoltammetric analyzer and voltammetric cell adopted from [53]. 
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2.9 Flow injection analysis 

Flow injection analysis (FIA) is based on the injection of a liquid sample into a 

moving, nonsegmented continuous carrier stream of a suitable liquid. FIA is a simple, rapid and 

versatile technique that is now firmly established, with widespread application in quantitative 

chemical analysis. The designation of FIA was proposed in 1975 by Ruzicka and Hansen [54]. 

The inclusion of the term injection in the name of this technique occurred because the technique 

originally entailed using a syringe to inject a sample through a septum into a reagent flow. 

FIA may be defined as the sequential insertion of discrete sample solution into an 

unsegmented continuously flowing stream with subsequent detection of the analyte [55]. 

Even this definition, however, is frequently made obsolete by new developments. The first 

definition, given by Ruzicka and Hansen [54] was "A method based on injection of a liquid 

sample into a moving unsegmented continuous stream of a suitable liquid. The injected sample 

forms a zone, which is then transported toward a detector that continuously records the 

absorbance, electrode potential, or other physical parameter as it continuously changes due to the 

passage of the sample material through the flow cell [56]. This definition, however, was soon 

considered obsolete and was revised to describe a technique for information gathering from a 

concentration gradient formed from an injected, well-defined zone of a fluid, dispersed into a 

continuous unsegmented stream of a carrier in order to accommodate new developments in 

stopped-flow FIA, merging zones, zone sampling and other gradient techniques. This new 

definition was soon challenged by FI systems which were segmented in one way or another, or 

which dealt with samples eluted from columns without well-defined boundaries. Furthermore, 

Fang [57] defines FIA as A flow analysis technique performed by reproducibly manipulating 

sample and reagent zones in a flow stream under thermodynamically non-equilibrated conditions. 

The simplest flow injection analyzer (Figure 2.12 (a)) consists of a pump, which is 

used to propel the carrier stream through a narrow tube; an injection port, through which a well

defined volume of a sample solution S is injected into the carrier stream in a reproducible manner; 

and a microreactor in which the sample zone disperses and reacts with the components of the 

carrier stream, forming a species which is sensed by a flow through detector and recorded. 

A bypass loop allows passage of carrier when the injection valve is in the load position. A typical 

recorder output has the form of a peak (Figure 2.12 (b)) the height H, width W, or area A of which 
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is related to the concentration of the analyte. The time span between the sample injection S and 

the peak maximum, which yields the analytical readout as peak height H, is the residence time t 

during which the chemical reaction takes place. A well-designed FIA system has an extremely 

rapid response, because T is in the range 5 - 20 s. Therefore, a sample cycle is less than 30 s 

(roughly T +ti,) and thus, typically, two samples can be analyzed per minute. The injected sample 

volumes may be between 1 and 200 mL (typically 25 - 50 mL), which in tum requires no more 

than 0.5 mL of reagent per sampling cycle. This makes FIA a simple, automated microchemical 

technique, capable of a high sampling rate and minimum sample and reagent consumption. 
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Figure 2.12 a) The simplest single line FIA manifold utilizing a carrier stream of reagent; S is 

the injection port, D is the flow cell, and Wis the waste. b). The analog output has 

the form of a peak, the recording starting at S (time of injection to). H is the peak 

height, W is the peak width at a selected level, and A is the peak area. T is the 

residence time corresponding to the peak height measurement, and ti,is the peak 

width at the baseline [56). 
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It follows from the preceding discussion that FIA based on a combination of three 

factors: sample injection, controllable dispersion of the injected sample zone and reproducible 

timing of the injected sample through the flow system [56]. Except for detector warm-up, the 

system is ready for instant operation as soon as the sample is introduced. 

FIA offers several advantages in term of considerable decrease in sample (normally 

using 10 to 50 µL) and reagent consumption, high sample throughput (50 to 300 samples per hour) 

reduced residence times (reading time is about 3 to 40 s), shorter reaction times (3 to 60 s), easy 

switching from one analysis to another (manifolds are easily assembled and/or exchanged), 

reproducibility (usually less than 2% RSD), reliability, low carry over, high degree of flexibility, 

and ease of automation. Perhaps the most compelling advantage of the FIA technique is the great 

reproducibility in the results obtained by this technique that can be setup without excessive 

difficulties and at very low cost of investment and maintenance [55]. These advantages have led 

to an extraordinary development of FIA, unprecedented in comparison to any other technique. 

2.10 Related Research 

In 2003, Wang, S. G. et al. [4] presented the bio-electrochemical characteristics of a 

novel multi-walled carbon nanotube (MWCNTs)-based biosensor for glucose detection. 

The MWCNTs-based biosensor was studied and compared with those of glassy carbon (GC)

based biosensor. The MWCNTs based biosensor exhibits a strong glucose response at applied 

potentials of0.65 and 0.45 V vs Ag/AgCl, respectively, while a GC-based biosensor shows a weak 

glucose response at 0.65 V and no response at 0.45 V. Besides, the MWCNTs-based biosensor 

shows a high stability of 86. 7% of the initial activity to glucose after four-month storage. 

This response current was about 37.2% higher than the corresponding value obtained from a GC

based biosensor. MWCNTs based enzyme electrodes were prepared in the following steps. 

After MWCNTs was grown on Si substrate, a thin gold film was evaporated on the top surface of 

the MWCNTs. Si substrate was subsequently etched away in a mixture of nitric acid (HN0
3

) and 

hydrofluoric acid (HF) solution at a volumetric ratio of 1 :3. After the Si substrate was removed , 

the retained MWCNTs vertically adhered to the Au film with good adhesion. The Au/ MWCNTs 

electrode was immersed in a 0.1 M phosphate buffer solution containing glucose oxidase ( GOx) to 

form a structure of Au/MWCNTs-GOx. 
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In 2004, Luo, X.-L. et al. [58] developed an amperometric biosensor for quantitative 

measurement of glucose. The biosensor is based on a bio-composite which is homogeneous and 

easily prepared. This bio-composite is made of chitosan hydrogel, GOx and gold nanoparticles 

(AuNPs) by a direct and facile electrochemical deposition method under enzyme-friendly 

conditions. The resulting biocomposite provided a shelter for the enzyme to retain its bioactivity 

at considerably extreme conditions, and the decorated AuNPs in the biocomposite offer excellent 

affinity to enzyme. 

In 2005, Liu, Y. et al. [11] presented fabrication of glucose biosensors based on GOx 

entrapped in the composite of CNTs/CS and direct electron transfer reaction between GOx and 

electrode. The preparation of GOx/CNTs/CS/GC electrode was as following, 2 mg of CNTs and 

1 mL of 1 % CS solution were firstly mixed with ultrasonic agitation over 15 min. After that, the 

viscous and black suspension was mixed thoroughly with appropriate amount of GOx solubilized 

in pH 7.5 PBS. Next, 5 µL of the GOx/CNTs/CS mixture was spread evenly onto the GC 

electrode surface with syringe. Finally, to get more uniform films, the modified electrode was 

covered with a small bottle and allowed to dry for over 24 hat 4 °C. Then an adherent and robust 

film electrode containing GOx/CNTs/CS was obtained. Electrochemical experiments were 

performed by using a CHI 660B Model electrochemical analyzer with three electrodes system. 

The modified electrodes were the working electrode, coiled platinum wire as a counter electrode 

and Ag/ AgCl (saturated KCI) as a reference electrode. The electrochemical detection based on 

cyclic voltammetry and chronamperometry measurements were performed in an electrochemical 

cell containing O.lM PBS pH 7.5, 5 mM glucose and 0.5 mM FMCA under nitrogen purge to 

remove oxygen. Results from electrochemical behavior of GOx/CNTs/CS/GC electrode 

demonstrate good bioactivity of GOx. Therefore, the developed electrode can be used as an 

amperometric biosensor for glucose detection using 0.5 mM FMCA added to supporting 

electrolyte as the mediator. These developed electrodes displayed satisfy sensitivity and better 

stability. 

In 2006, Tripathi, V. S. et al. [16] proposed method for prevent of mediator leakage 

from the matrix. This paper demonstrated a novel approach for both encapsulation of the mediator 

in ormosil and improvement of the conductivity using both ferrocene monocarboxylic acid-bovine 

serum albumin (FMC-BSA) conjugate and multiwall carbon nanotubes (MWCNTs). FMC-BSA 
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conjugate was prepared using a carbodiimide coupling reaction using a molar ratio of 1 :30 (BSA: 

FMC). The FMC-BSA/MWCNTs/ormosil composite was prepared by mixing 125.0 µL double 

distilled water with 25.0 µL 4% PEG, 17.0 µL sol-gel precursors APTES, 9.0 µL Epoxy, 4.0 µL 

25 mg/mL MWCNTs suspension, 10.0 µL FMC-BSA conjugate (2.64 mg protein/mL) and 2.0 µL 

of 0.1 M HCl solution sequentially. 3.0 µL of the resulting homogeneous solution was cast on 

well-polished glassy carbon electrode surface, which was kept at room temperature (28 °C) for 4 h 

and 4 °C for 20 h for the formation of FMC BSA/MWCNTs/ormosil composite film. 

The formed ormosil film was washed with PBS and stored at 4 °C till using. Results from 

electrochemical behavior of FMC BSA/MWCNTs/ormosil composite are highly useful for the 

bioelectrochemical/ biosensing applications. This composite possesses excellent conductive, 

entrapment and biocompatible properties and the doped ferrocene group can act as electron 

transfer mediator for preparation of reagent less biosensors. 

In 2009, Qiu, J.-D. et al. [12) reported a simple electrochemical approach to 

controllable fabrication of a biosensor with a homogeneous CS-Fe/Au NPs/GOx nano-composite 

film. The preparation of CS-Fc/AuNPs/GOx modified electrode is as follows: firstly, Fe 

covalently bound CS was prepared by dissolving CS (75.0 mg) in 0.1 M acetic acid solution 

(15 mL). FcCHO (20 mg) was dissolved in methanol (15 mL) and added to the CS solution. 

After the mixture was stirred at room temperature for 2 h, NaCNBH3 (100 mg) was added and the 

reaction mixture was further stirred for another 24 h. The reaction was quenched by precipitation 

with 5% NaOH and the yellow product was exhaustively washed with ethanol and water. 

The product was dried in air and finally dispersed in 0.2 M acetate buffer (pH 5.0) using 

sonication. Secondly, polished GC was immersed in the deposition solution containing 2.0 mL 

CS-Fe (0.5 mg/mL), Au NPs (0.06 mg/mL) and GOx (4.0 mg/mL), and a constant potential of 

+ 1.5 V was applied for 120 s. When the pH was higher than 6.3, CS became insoluble, and CS 

hydrogel incorporated Au NPs and enzyme was electrodeposited at the electrode surface. 

Finally, the modified electrode was removed from the solution and rinsed with water, then dried in 

air at room temperature for about 3 h. The results showed that the redox polymer, the leakage of 

both enzyme and mediator was effectively prevented by using CS-Fe. Moreover, its activity can 

be retained by controllable electro-deposition method. 
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In 2009, Qiu, 1.-D. et al. [3] presented an amperometric biosensor for glucose was 

developed by entrapping GOx m a new composites of MWCNTs-Fc and CS. 

Ferrocenecarboxaldehyde (FcCHO) was covalently bound onto the MWCNTs with 

ethylenediamine (EDA) as cross-linker to achieve Fc-MWCNTs conjugate. The prepared 

MWCNTs-Fc/CS composites possessed high surface area, good mechanical stability, and good 

conductivity, which provided a compatible microenvironment for maintaining the activity of the 

immobilized enzyme and mediator, increased the mediator loading, and more importantly 

prevented the leakage of mediator. Preparation of MWCNTs-Fc nanocomposite by the amount of 

15 mg of MWCNTs was prepared by dispersing in 5 mL doubly distilled water with 

ultrasonicating for 10 min, and then added to the FcCHO aqueous solution (10 mL, 7 mg/mL) 

with stirring at room temperature. After l h, NaCNBH3 (200 mg) was added in the mixture, and 

left stirring for 24 h. Then the MWCNTs-Fc nanocomposites were centrifuged, and washed with 

methanol and water several times to remove the dissociative FcCHO or any physically adsorbed 

FcCHO from the surface ofMWCNTs. Finally, the MWCNTs-Fc nanocomposites were dispersed 

in doubly distilled water with ultrasonicating. The authors have demonstrated that the MWCNTs-

Fe nanocomposites can be effectively employed for fabrication of the reagent less glucose 

biosensor. This composite not only provides a very suitable environment for enzyme entrapment 

but also establishes efficient electronic communication between GOx and the electrodes. 

In 2010, Zhilei, W. et al. [7] presented an ingenious approach for the fabrication of a 

promising glucose sensor, GOx/C60Fc-CS-IL, that exploits the synergistic beneficial 

characteristics of fullerene (C60), ferrocene (Fe), chitosan (CS) and ionic liquid (IL) for glucose 

oxidase (GOx). The biosensor prepared by polishing glassy carbon (GC) electrode (3 mm in 

diameter) with 0.3 and 0.05 µm alumina powder, and sonicating in a 6.0 M HNO/Hp and 

EtOH/H20 for 20 min, respectively. Then, 40 µL of the C60 solution was coated onto the surface 

of the pretreated GC using a micro syringe and dried in a stream of hot air (50 °C). Next, 0.1 mL 

of the Fe solution was well mixed withO. l mL of the IL solution, and 2 µL of the mixture solution 

was then coated on the surface of C60-GC. After that, 50 µL the IL was well dispersed in 0.2 mL 

of the CS solutions. After the mixture was sonicated for 30 min, 5 µL of the mixture was coated 

on the surface of the C60-Fc-GC. GOx stock solution was prepared by dissolving 10 mg ofGOx in 

1.0 mL of pH 7 .0 PBS. 8 µL of the enzyme solution was dropped onto the surface of C -Fc-CS-
60 
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IL-GC to fabricate the glucose biosensor. The modified electrode exhibits stable and reversible 

electrochemistry, it can be used as electron transfer mediator to shuttle electrons between GOx and 

the modified electrode. 

In 2011, Gomathi, P. et al. [8] presented the new method for fabrication of glucose 

biosensor based on multiwalled carbon nanotubes (MWCNTs) grafted chitosan (CS) nanowire 

(NW) was prepared by phase separation method. GOx was sequentially immobilized into 

MWCNTs-CS-NW to obtain MWCNTs-CS-NW/GOx biosensor. The MWCNTs-CS-NW/GOx 

biosensor shows an excellent performance for glucose at + 0.34 V with a high sensitivity 

(5.03 NmM) and lower response time (3 s) in a wide concentration range of 1-10 mM (correlation 

coefficient of 0.9988). In addition, MWCNTs-CS-NW/GOx biosensor possesses good 

reproducibility, storage stability and there is negligible interference from other electroactive 

components. 

In 2012, Huang, C. et al. [59] reported a novel flow injection analysis (FIA) system 

suitable for measurements of glucose in blood serum. In this proposed FIA system of glucose 

sensor based on immobilized GOx into the inter space of poly (l ,3 phenylenediamine/resorcinol) 

molecules during electropolymerization followed by modification of Nafion perfluorinated ion 

exchange resin (5 wt.% in solution in lower aliphatic alcohols/ Hp mix containing 45% water) 

film. A wide linear range of 0.1-50 mM for glucose detection was reported in virtue of the new 

configuration of the sensor and the developed FIA system. The reproducibility of signals was 

quite good with relative standard deviation (%RSD) values for n = 4 injections (typically 5.7 %). 

Good analytical recovery of glucose spiked into serum samples, with recoveries in the range of 

96. 7-105.0%, was obtained. 

In 2012, Y1lmaz, 6. et al. [49] proposed the advantages of covalently linked chitosan

ferrocene (CS-Fe) hybrid. Ferrocene bound chitosan (CS-Fe) was synthesized by dissolving CS 

(75.0 mg, 0.39 mmol NH) in 15 mL of 0.1 M acetic acid. FcCHO (39.0 mg, 0.18 mmol) was 

dissolved in 15 mL of methanol and added to the CS solution. After stirring the reaction mixture 

at room temperature for 1 h, NaCNBH3 (23.0 mg, 0.36 mmol) was added to the mixture and stirred 

for 24 h. Then 3 mL of 5.0% NaOH was added, the orange precipitates were formed. 

Subsequently, the orange products were separated by filtration and washed with distilled water 

and methanol. Finally, the products were first dried in air for a few hours and then dried under 
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vacuum. 1.0 wt.% CS-Fe solution was prepared by dissolving 2.5 mg of CS-Fe in 250 µL of 

1.0 wt.% acetic acid with stirring for 1 h at room temperature. The biosensor was prepared by 

spreading 17 µL of 1 % CS -Fe solution onto the electrode surface. Subsequently, 5.0 µL of 1.0% 

Glu (in 50 mM sodium phosphate buffer, pH 7.5) was dropped on GC/CS-Fc electrode surface for 

cross linking. Then, 5.0 µL of GOx (in 50 mM sodium acetate buffer pH 5.5) was placed on the 

GC/CS-Fc/Glu electrode and dried at room temperature for 90 min. The results form 

electrochemical behaviors demonstrated this immobilization technique was effective in preventing 

the leakage of enzyme and mediator. Furthermore, the Fe group improved the electron transfer 

efficiency of the biopolymer film, which provides a biocompatible microenvironment around the 

enzyme. The biosensors exhibited good analytical characteristics form including wide linear 

ranges, fast response times, sufficient stability and reproducibility towards the quantification of 

glucose. 



3.1 Instrumentation 

CHAPTER3 

EXPERIMENTAL 

Table 3.1 Instrumentation used for cyclic voltammetric measurements. 

Instrument 

Potentiostat 

Data System 

Working electrode 

Reference electrode 

Counter electrode 

Model 

EA161 

e-Corder210 

Glassy carbon electrode 

(3 mm) 

Company 

eDAQ, Australia 

eDAQ, Australia 

CH Instruments, USA 

Ag/ AgCl electrode (3 M KCI) CH Instruments, USA 

Pt wire CH Instruments, USA 

Table 3.2 Instrumentation used for FIA experiments. 

Instrument Model Company 

Injector 20 µL injection loop Rheodyne, USA 

Pump LC-IOAD Shimadzu 

Detector EA161 eDAQ, Australia 

Data System e-Corder210 eDAQ, Australia 

Thin layer flow cell CHI 130 CH Instruments, USA 

Working electrode Glassy carbon electrode (3 mm) CH Instruments, USA 

Reference electrode Ag/ AgCl electrode (3 M KCI) CH Instruments, USA 

Counter electrode Stainless steel tube CH Instruments, USA 



3.2 Reagents and Chemicals 

Table 3.3 List of reagents, grade and their suppliers. 

Chemical and reagent Grade 

Glucose oxidase, from Aspergillusniger (50 AR 

KU/g) 

Bovine serum albumin (BSA) (20 mg/mL) 

Ferrocenecarboxaldehyde (FcCHO) 

Sodium cyanoborohydride (NaCNBH3) 

Glutaraldehyde (Glu) (50%) 

Muti-walled carbon nanotubes 

Chitosan (CS) 

AR 

98% pure 

95% pure 

Poto graphic 

95% pure 

Medium molecular weight, 

78-85% deacetylated 

di- Sodium hydrogen phosphate anhydrous AR 

(N~HP04) 

Sodium phosphate monobasic (NaH2P04 Hp) AR 

D(+)glucose (C6H1p 6) AR 

Sucrose (C 12H220 11 ) AR 

Fructose (C6H 1p 6) AR 

Sodium chloride (NaCl) AR 

Ascorbic acid (C
6
Hg0

6
) AR 

Dopamine (C6H11 N02) AR 

32 

Supplier 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Acros-Organics 

Kemika 

Nanolabinc. (MA, 

USA) 

Sigma-Aldrich 

Carlo Erba 

Carlo Erba 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 

Sigma-Aldrich 



33 

3.3. Part I: Development of glucose biosensor based on GC/CNTs-NH2-Fc/CS-Fc/GOx 

3.3.1 Chemical preparation 

Preparation ofFerrocene bound chitosan (CS-Fe). 

Ferrocene bound chitosan (CS-Fe) was synthesized according to the method 

described by Yilmaz et al. [49]. Briefly, CS (75 mg) was dissolved in 15 mL ofO.l M acetic acid 

solution. FcCHO (39 mg) was dissolved in 15 mL of methanol and a then added to the CS 

solution. After stirring the reaction mixture at room temperature for 1 h, NaCNBH3 (23 mg) was 

added into the mixture and stirred for 24 h. Then 3 mL of NaOH 5.0% was added, the orange 

precipitates were formed. Subsequently, the orange products were separated by filtration and 

washed with distilled water and methanol. Finally, the products were first dried in air for a few 

hours and then dried under vacuum. A schematic diagram of CS-Fe synthesis is illustrated in 

Figure 3.1. 

0 

n 

v~H 
Fe 

~ 
NaCNBH 

J 
NH 

~ 
Fe 

~ 
Figure 3.1 Synthesis offerrocene bound chitosan (CS-Fe). 

Preparation of CNTs-NH2-Fc composites. 

H 

Preparation of CNTs-NH2-Fc composites according to Qiu et al. [3] was adopt. 

Briefly, CNTs-NH2 (30 mg) was dispersed in 10 mL of deionized water with ultrasonicating for 

30 min, and then FcCHO aqueous solution (20 mL, 7 mg/mL) was added into the solution and 

continuously stirring for I h at room temperature. After that, 20 mg of NaCNBH
3 

was added in 

the mixture, and then the mixture was stirred for 24 h. After that the CNTs-NH
2
-Fc composites 

were centrifuged and washed with methanol and water to remove dissociative FcCHO or any 

physically adsorbed FcCHO from the surface ofCNTs-NH2 and dried at room temperature. 

0 

n·m 
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0.5% CS-Fe solution 

0.5% CS-Fe solution was prepared by dissolving 25 mg of CS-Fe in 5 mL of 2% 

acetic acid with stirring for 1 h at room temperature. 

7.5 mg/mL of CNTs-NH2 -Fe solution 

7.5 mg/mL of CNTs-NH2-Fc solution was prepared by dispersing 7.5 mg of 

CNTs-NH
2
-Fc in 1 mL of0.1 M phosphate buffer pH 7.0 with ultrasonicating for about 1 h. 

7.5 mg/mL of GOx solution 

7.5 mg/mL ofGOx solution was prepared by dissolving 7.5 mg ofGOx in 1 mL 

ofO.l M phosphate buffer pH 7.0. The solution was shaken using vertex mixer, until homogenous 

dispersion of GOx was achieved. 

0.1 M Na2HP04 solution 

14.196 g of di-Sodium hydrogen phosphate (Na2HP04) was dissolved and 

diluted with deionized water to 1.00 L in a volumetric flask. 

0.1 M NaH2P04 solution 

13.799 g of sodium phosphate monobasic (NaH2P04·Hp) was dissolved and 

diluted with deionized water to 1.00 L in a volumetric flask. 

0.1 M Phosphate buffer pH 7.0 

0.1 M phosphate buffer pH 7.0 was prepared by mixing 59 mL of 0.1 M 

N~HPO 4 and 41 mL of 0.1 M NaH2PO 4 then the mixture was adjusted to pH 7 .0 by adding small 

amount of 3 M NaOH or 3 M HCI. 

3.3.2 Electrode preparation 

Glassy carbon (GC) electrodes (diameter of 3 mm, from CH Instrument inc.) 

were polished using 1.0, 0.3 and 0.05 µm alumina slurry, sequentially. The electrodes were rinsed 

with distilled water and then sonicated in deionized water for 5 min to remove any residual 

abrasive particles. 

GC/CNTs-NH2-Fc electrode 

A GC/CNTs-NH2-Fc electrode was prepared by dropping 40 µL of 7.5 mg/mL 

CNTs-NH2-Fc solution on the surface of well polished glassy carbon (GC) electrode, and then 

dried at room temperature. A schematic diagram for preparation of GC/CNTs-NH
2
-Fc electrode is 

shown in Figure 3.2 a. 
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GC/CS electrode 

A GC/CS electrode was prepared by coating 20 µL of 0.5% CS solution on the 

surface of GC electrode. Then electrode was dried at room temperature. A schematic diagram for 

preparation ofGC/CS electrode is shown in Figure 3.2 b. 

GC/CS-Fc electrode 

A GC/CS-Fc electrode was prepared by dropping 20 µL of0.5% CS-Fe solution 

on the surface of GC electrode. Then electrode was dried at room temperature. A schematic 

diagram for preparation ofGC/CS-Fc electrode is shown in Figure 3.2 c. 

GC/GOx electrode 

A GC/GOx electrode was prepared by dropping 30 µL of 7.5 mg/mL GOx 

solution on the surface of GC electrode. Then electrode was dried at room temperature. 

A schematic diagram for preparation ofGC/CS electrode is shown in Figure 3.2 d. 

GC/CNTs-NH2-Fc/CS-Fc electrode 

A GC/CNTs-NH2-Fc/CS-Fc electrode was prepared by coating 40 µL of CNTs

NH,-Fc (7.5 mg/mL) on the well-polished GC electrode surface. The electrode was dried at room 

temperature. Then, 20 µL of 0.5% CS-Fe solution was dropped on the GC/CNTs-NH2-Fc 

electrode. After that, electrode was dried at room temperature. A schematic diagram for 

preparation ofGC/CNTs-NH2-Fc/CS-Fc electrode is shown in Figure 3.2 e. 

GC/CNTs-NH2-Fc/GOx electrode 

A GC/CNTs-NH2-Fc/GOx electrode was prepared by coating 40 µL of CNTs

NH,-Fc (7.5 mg/mL) on the surface of GC electrode. The electrode was dried at room 

temperature. Then, 30 µL of GOx (7.5 mg/mL) was dropped on the GC/CNTs-NH2-Fc electrode, 

After then, electrode was dried at room temperature. A schematic diagram for preparation of 

GC/CNTs-NH2-Fc/GOx electrode is shown in Figure 3.2 f. 

GC/CS-Fc/GOx electrode 

A GC/CS-Fc/GOx electrode was prepared by 20 µL of 0.5% CS-Fe solution 

dropped on the surface of GC electrode. The electrode was dried at room temperature. 

Then, 30 µL of GOx (7.5 mg/mL) was dropped on the GC/CS-Fc electrode, and then dried at 

room temperature. A schematic diagram for preparation of GC/CS-Fc/GOx electrode is shown in 

Figure 3.2 g. 
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GC/CNTs-NH2-Fc/CS-Fc/GOx electrode 

A CNTs-NH2-Fc/CS-Fc/GOx electrode was prepared by 40 µL of CNTs-NH2-

Fc (7.5 mg/mL) was dropped on the surface of GC electrode and the electrode was left to dry at 

room temperature. Then, 20 µL of 0.5% CS-Fe solution was coated on the GC/CNTs-NH2-Fc 

electrode, and then dried. After that 30 µL of GOx (7.5 mg/mL) was dropped on GC/CNTs-NH2-

Fc/CS-Fc, and then dried. Figure 3.2 h shows a diagram for preparation of the GC/CNTs-NH2-

Fc/CS-Fc/GOx biosensor. 

7.5 m_g/ mL CNTs-NHrFc, 40 µL a) 0.5%CS 20 µL b) 

v 
Dried at room y y Dried at room y temperature temperature 

GC GC/CNTs-NHrFc GC GC/CS 

0.5% CS-Fe 20 µL c) 7.5 m_g/mL GOx 30 µL d) 

v 
Dried at room y y Dried at room y temperature temperature 

GC GC/CS-Fc GC GC/GOx 

Figure 3.2 Preparation procedure of a) GC/CNTs-NH2-Fc, b) GC/CS, c) GC/CS-Fc, d) GC/GOx, 

e) GC/CNTs-NH2-Fc/CS-Fc, f) GC/CNTs-NH2-Fc/GOx, g) GC/CS-Fc/GOx and h) 

GC/CNTs-NH2-Fc/CS-Fc/GOx electrodes. 
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7.5 mg/ mL CNTs-NHrFc 40 µL 0.5% CS-Fe 20 µL e) 

temperature temperature 

GC GC/CNTs-NHz-Fc/CS-Fc 

7.5 mg/ mL CNTs-NHrFc 40 µL 7.5 mg/mL GOx 30 µL t) 

-Y Dried at room Dried at room 

temperature temperature 

GC GC/CNTs-NHrF c/GOx 

0.5% CS-Fe 20 µL 7.5 mg/mL GOx 30 µL g) 

temperature temperature 

GC 
GC/CS-Fc/GOx 

7.5 mg/ mL CNTs-NH,-Fc, 40 µL 0.5 .%CS-Fc,20µL 7.5 mg/mL GOx, 30µL h) 

v v 
Dried at room y Dried at room y Dried at room y temperature temperature temperature 

GC GC/CNTs-NHrFc/CS-Fc/GOx 

Figure 3.2 Preparation procedure of a) GC/CNTs-NH
2
-Fc, b) GC/CS, c) GC/CS-Fc, d) 

GC/GOx, e) GC/CNTs-NH2-Fc/CS-Fc, f) GC/CNTs-NH
2
-Fc/GOx, g) GC/CS

Fc/GOx and h) GC/CNTs-NH2-Fc/CS-Fc/GOx electrode (Continued). 
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3.3.3 Measurement procedures 

3.3.3.1 Cyclic volatmmetry and arnperometry 

An eDAQ potentiostat (model EA161) equipped withe-Corder (model 

210) with three electrodes system was used for all cyclic voltammetric studies. Electrochemical 

oxidation of glucose was studied the developed biosensor using cyclic voltammetry (CV). 

The modified electrode was used as a working electrode, Ag/ AgCl as a reference electrode and Pt 

wire as a counter electrode. 0.1 M phosphate buffer pH 7.0 was used as a supporting electrolyte. 

Figure 3.3 shows the setup of the system used for all electrochemical studies. 

Figure 3.3 Photograph of the setup for cyclic volatammetric measurements using an eDAQ 

potentiostat with a 25 mL voltammetric cell. 
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3.3.3.2 Amperometric detection in flow injection system 

The setup of flow injection analysis system (FIA) used for 

amperometric studies is shown in Figure 3.4. The FIA system, used for amperometric 

measurements, was comprised of a pump (model LC-1 OAD ), an injection valve equipped with a 

20 µL injection loop, an eDAQ potentiostat (model EA161), e-Corder (model 210) and a flow cell 

(CHI130) with three electrodes system. The modified electrode was used as a working electrode, 

Ag/AgCl as a reference electrode and a stainless steel tube as a counter electrode. 0.1 M 

phosphate buffer pH 7 was used as a carrier solution. 

a) 

Pump 

LJ 
b) 

Figure 3.4 a) Manifold of FIA system, b) photograph of the setup for amperometric detection in 

the FIA system using thin layer flow cell coupled with the modified glassy carbon 

electrode as a working electrode. 
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3.3.4 Procedure 

3.3.4.1 Electrochemical detection of glucose on biosensor 

1) Cyclic voltammetric study of glucose oxidase 

The unique electrochemical behavior of glucose oxidase was 

studied at different modified electrode materials. Cyclic voltammograms of a) bare GC and 

modified electrodes with b) GC/CNTs-NH2-Fc, c) GC/CS, d) GC/CS-Fc, e) GC/GOx, t) 

GC/CNTs-NH2-Fc/CS-Fc, g) GC/CNTs-NH2-Fc/GOx, h) GC/CS-Fc/GOx and i) GC/CNTs-NH2-

Fc/CS-Fc/GOx in the absence and presence of glucose were measured using cyclic voltammetry. 

Electrode codes for bare and modified glassy carbon electrodes are shown in Table 3.4. 

Results are discussed in Section 4.1. l. l. 

Table 3.4 Electrodes codes for bare and modified glassy carbon electrodes. 

Electrode codes Electrode 

a GC 

b GC/CNTs-NH2-Fc 

c GC/CS 

d GC/CS-Fc 

e GC/GOx 

f GC/CNTs-NH2-Fc/CS-Fc 

g GC/CNTs-NH2-Fc/GOx 

h GC/CS-Fc/GOx 

i GC/CNTs-NH2-Fc/CS-Fc/GOx 

3.3.4.2 Studies parameters that affect the sensitivity of the glucose biosensor 

1) Effect of CNTs-NH2-Fc loading on the glucose response obtained 

from GC/CNT- NH2-Fc/CS-Fc/GOx electrode. 

Optimization of the CNTs-NH2-Fc modified amount was 

investigated using cyclic voltammetry to find the most sensitive condition for glucose detection. 

At all investigated CNTs-NH2-Fc amount at 0.0, 2.0, 5.0, 7.5, and 10 mg/mL in 0.1 M phosphate 

buffer solutions was used for a modified electrode of GC/CNT- NH
2
-Fc/CS-Fc/GOx. 
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Results of the effect ofCNTs-NH2-Fc amount in the immobilized solution on the oxidation current 

were illustrated in Section 4.1.2.1. 

2) Effect of CS-Fe loading (GC/CNTs-NH
2
-Fc/CS-Fc/GOx) 

The effect of CS-Fe concentration in a modified electrode was 

studied at the concentrations varied at 0.0, 0.1, 0.2, 0.5 and 1.0%. Results are discussed in Section 

4.1.2.2. 

3) Effect of glucose oxidase loading 

The influence of enzyme glucose oxidase loading on the glucose 

oxidation response was studied at the concentrations varied at 2.0, 5.0, 7.5, and 10 mg/mL. 

Results are presented in Section 4.1.2.3. 

4) Effect of buffer pH (0.1 M phosphate buffer solution) 

The effect of pH on the performance of the GC/CNTs- NH2-Fc/CS

Fc/GOx biosensor were varied at pH 5.0, 6.0, 6.5, 7.0, 7.5 and 8.0 using 0.1 M phosphate buffer 

solution as supporting electrolyte. Results are presented in Section 4.1.2.4. 

5) Electrochemical behavior of the GC/CNTs-NH2-Fc/CS-Fc/GOx 

electrode under optimum conditions 

The electrochemical behavior of glucose oxidation was studied at 

the developed glucose biosensor (GC/CNTs- NH2-Fc/CS-Fc/GOx) using cyclic voltammetry 

(CV). The modified electrode was used as a working electrode, Ag/AgCl as a reference electrode 

and Pt wire as a counter electrode. 0.1 M phosphate buffer pH 7 .0 was used as a supporting 

electrolyte. Results are presented in Section 4.1.2.5. 

6) Optimum potential for amperometric detection 

Optimization of the potential for amperometric detection of glucose 

oxidation was investigated using chronoamperometry (Figure 3.3). The potential for amperometric 

detection of glucose signal was studied at 0.1, 0.2, 0.3, 0.4 and 0.5 V in 0.1 M phosphate buffer 

solutions containing 0.5 mM glucose. Results are presented in Section 4.1.2.6. 
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3.3.4.3 Analytical features 

1) Linearity 

Calibration standards of glucose were prepared by diluting the 

appropriate amount of glucose solution in 0.1 M phosphate buffer pH 7.0 to give working 

solutions in the range of 2-80 mM. 20 µL of each standard was injected into the FIA system using 

a flow rate of 1.0 mL/min with 0.1 M phosphate buffer pH 7 .0 as a carrier solution. 

Amperometric responses were recorded using an applied potential of 0.3 V. Results are presented 

in Section 4.1.3.1. 

2) Limit of detection 

In this study, the limit of detection was calculated from current peak 

signals from glucose standard solution at a concentration of 10 mM (10 replicates). The signal 

value of 3 times the standard deviation from injection of 10 mM glucose was converted to a 

concentration to give the limit of detection. Results are presented in Section 4.1.3.2. 

3) Interference study 

In this study, the effect of interference ions, including compounds 

that are likely to exist in the sample of interest was investigated. The concentration of the foreign 

species that provide a signal change greater than 5% was considered as the tolerance limit. 

The interference used in this study was fructose, sucrose, sodium chloride, dopamine and ascorbic 

acid. Results are discussed in Section 4.1.3.3. 

4) Stability of the developed biosensor 

20 µL of 10 mM glucose standard solution was repeatedly injected 

into the FIA system to evaluate of the responses stability (n = 50). Results are discussed in 

Section 4.1.3.4. 

3.3.4.4 Characterization of the composites by Fl-IR spectroscopy 

Infrared spectroscopy is an important technique to identify the 

functional groups in molecules. Composites of the study including CS, CS-Fe and Fe were 

examined using FT-IR. FT-IR spectra were recorded on KBr pellets technique (100 mg of dried 

KBr and 2 mg of composites) with the Perkin-Elmer Spectrum RX I. The wavenumber range of 

measurement was between 500 to 4,000 cm.
1
• Results are discussed in Section 4.1.4. 
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3.4 Pardi: Development of glucose biosensor based on GC/CNTs-NH2-Fc-BSA-GOx 

3.4.1 Chemical preparation 

Preparation of CNTs-NH2-Fc composites 

Preparation of CNTs-NH2-Fc composites according to the reported method of 

Qiu et al. with a little modification [3]. Briefly, CNTs-NH2 (30 mg) was dispersed in 10 mL of 

deionized water with ultrasonicating for 30 min, and then FcCHO aqueous solution (20 mL, 

7 mg/mL) was added into the solution and continuously stirring for 1 h at room temperature. 

After that, 20 mg of NaCNBH3 was added in the mixture, and stirring for 24 h. Then the CNTs

NH2-Fc composites were centrifuged, and washed with methanol and water to remove the 

dissociative FcCHO or any physically adsorbed FcCHO from the surface of CNTs-NH2 and dried 

at room temperature. 

1 % bovine serum albumin solution (BSA) 

1 % BSA solution was prepared by diluting 100 µL of BSA (20 mg/ mL) in 

10 mL deionized water. 

2.5% glutaraldehyde solution 

2.5% Glu solution was prepared by diluting 500 µL of Glu (50%) in 10 mL 

deionized water. 

7.5 mg/mL ofCNTs-NH2 solution 

7.5 mg/mL of CNTs-NH2 solution was prepared by dispersing 7.5 mg of 

CNTs-NH2 in I mL ofO.l M phosphate buffer pH 7.0 with ultrasonicating for about I h. 

7.5 mg/mL of CNTs-NH2 -Fe solution 

7.5 mg/mL of CNTs-NH2-Fc solution was prepared by dispersing 7.5 mg of 

CNTs-NH2-Fc in I mL ofO.l M phosphate buffer pH 7.0 with ultrasonicating for about 1 h. 

Mixture of bovine serum albumin and glucose oxidase solution (BSA-GOx) 

Mixtureofbovine serum albumin and glucose oxidase solution (BSA-GOx) was 

prepared by dissolving 7.5 mg of GOx in 500 µL of BSA solution (1% v/v). Then the resulted 

solution was mixed with 500 µL ofGlu solution (2.5% v/v) and stored at 4 °C for 2 h. 

Mixture ofCNTs-NH2-Fc-BSA-GOx solution 

Mixture of CNTs-NH2-Fc-BSA-GOx solution was prepared by pipetting 

1,000 µL ofBSA-GOx mixed with 1,000 µL of7.5 mg/mL CNTs-NH2-Fc solution (1:1). 
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0.1 M disodium hydrogen phosphate (Na2HP04) solution 

14.196 g di-sodium hydrogen phosphate (N~HP04) was dissolved and diluted 

with deionized water to 1.00 L in a volumetric flask to have 0.1 M N~HPO 4 solution. 

0.1 M Sodium phosphate monobasic (NaH2P0
4 

H20) solution 

13.799 g sodium phosphate monobasic (NaH2P04 Hp) was dissolved and diluted with deionized 

water to 1.00 L in a volumetric flask to have 0.1 M NaH2PO 4 solution. 

0.1 M Phosphate buffer pH 7.0 

0.1 M phosphate buffer pH 7.0 prepared by mixing 59 mL of0.1 M Na2P04 and 

41 mL of 0.1 M NaH2P04 then the mixture was adjusted to pH 7.0 by addition of a small amount 

of 1 M NaOH or 3 M HCL 

3.4.2 Electrode preparation 

Glassy carbon (GC) electrodes (diameter of 3mm, from CH Instrument inc.) 

were polished using 1.0, 0.3 and 0.05 µm alumina slurry, sequentially. The electrodes were rinsed 

with distilled water and then sonicated in deionized water for 5 min to remove any residual 

abrasive particles. 

GC/CNTs-NH2 electrode 

A GC/CNTs-NH2 electrode was prepared by dropping 40 µL of 7.5 mg/mL 

CNTs-NH2 solution on the surface of a well be polished glassy carbon (GC) electrode, and then 

dried at room temperature. A schematic diagram for preparation of the GC/CNTs-NH2 electrode 

is shown in Figure 3.5 a. 

GC/CNTs-NH2-Fc electrode 

A GC/CNTs-NH2-Fc electrode was prepared by dropping 40 µL of 7.5 mg/mL 

CNTs-NH2-Fc solution on the surface of a well be polished the glassy carbon (GC) electrode, and 

then dried at room temperature. A schematic diagram for preparation of the GC/CNTs-NH
2
-Fc 

electrode is shown in Figure 3.5 b. 

GC/BSA electrode 

A GC/BSA electrode was prepared by dropping 40 µL of 1 % BSA solution on a 

glassy carbon (GC) electrode. Then the electrode was dried at room temperature. 

A schematic diagram for preparation of the GC/BSA electrode is shown in Figure 3.5 c. 



45 

GC/GOx electrode 

A GC/GOx electrode was prepared by dropping 40 µL of 7.5 mg/mL GOx 

solution on a glassy carbon (GC) electrode. Then the electrode was dried at room temperature. 

A schematic diagram for preparation of the GC/CS electrode is shown in Figure 3.5 d. 

GC/ BSA-GOx electrode 

40 µL of the BSA-GOx solution was spread evenly onto a well-polished glassy 

carbon electrode (GC) surface and allowed to dry at 4 °C for overnight to form a BSA-GOx 

composites film. Figure 3.5 e shows a diagram for preparation of the GC/BSA-GOx biosensor. 

GC/CNTs-NH2-Fc-BSA-GOx electrode 

40 µL of the CNTs-NH2-Fc-BSA-GOx solution was spread evenly onto a well

polished glassy carbon electrode (GC) surface and allowed to dry at 4 °C for overnight to form a 

CNTs-NH2-Fc-BSA-GOx composites film. Figure 3.5 f shows a diagram for preparation of the 

GC/CNTs-NH2-Fc-BSA-GOx biosensor. 

7.5 mg/ mL CNTs-NH2, 40 µL a) 7.5 mg/ mL CNTs-NHrFc, 40 µL b) 

-Y Dried at room 

temperature 

Dried at room 

temperature 

GC GC/CNTs-NH2 GC GC/CNTs-NHrFc 

c) 1% BSA40 µL 

Dried at room 

temperature 

7.5 mg/mL GOx 30 µL 

v 
y Dried at room 

temperature 

d) 

GC GC/BSA GC GC/GOx 

Figure 3.5 Preparation procedure of a) GC/CNTs-NH
2 

b) GC/CNTs-NH
2
-Fc, c) GC/BSA, d) 

GC/GOx, e) GC/BSA-GOx and f) GC/CNTs-NH2-Fc-BSA-GOx electrodes. 



BSA-GOx solution, 40 µL 

GC 

CNTs-NH2 -Fc-BSA-GOx 
solution, 40 µL 

dried at 4 °C for one day to form the 

BSA-GOx composite film. 

dried at 4 °C for one day to form the 

CNTs-NHrFc-BSA-GOx composite 

GC 
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e) 

GC/BSA-GOx 

t) 

GC/CNTs-NHrFc-BSA-GOx 

Figure 3.5 Preparation procedure of a) GC/CNTs-NH2 b) GC/CNTs-NH2-Fc, c) GC/BSA, 

d) GC/GOx, e) GC/BSA-GOx and D GC/CNTs-NH2-Fc-BSA-GOx electrodes 

(Continued). 

3.4.3 Measurement procedures 

Cyclic volatmmetry and amperometry for these studies are described in Section 

3.3.3.1 (page 40). 

Amperometric detection in flow injection system set up of the system was 

shown in Section 3.3.3.2 (page 41). 

3.4.4 Procedure 

3.4.4.1 Electrochemical detection of glucose on biosensor 

1) Cyclic voltammetric study of glucose oxidase 

The unique electrochemical behavior of glucose oxidase was studied 

using different modified electrode materials. Cyclic voltammograms of a) bare GC and modified 

electrodes ofb) GC/CNTs-NH2, c) GC/CNTs-NH2-Fc, d) GC/BSA, e) GC/GOx, D GC/BSA-GOx 
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and g) GC/CNTs-NH2-Fc-BSA in the absence and presence of glucose were measured using cyclic 

voltammetry. Electrode codes for bare and modified glassy carbon electrodes are shown in Table 

3 .5. Results discussed in Section 4.2. l. l. 

Table 3.5 Electrode codes for bare and modified glassy carbon electrode 

Electrode codes Electrode . 
a GC 

b GC/CNTs-NH2 

c GC/CNTs-NH2-Fc 

d GC/BSA 

e GC/GOx 

f GC/BSA-GOx 

g GC/CNTs-NH2-Fc-BSA-GOx 

3.4.4.2 Studies of parameters that affect the sensitivity of the glucose biosensor 

1) Effect ofCNTs-NH2-Fc amount on the glucose response 

Optimization of the CNTs-NH2-Fc modified amount was 

investigated using cyclic voltammetry to find the most sensitive condition for glucose detection. 

The amount ofCNTs-NH2-Fc at 0.0, 2.5, 5.0, 7.5 and 10.0 mg/mL was prepared by dispersing 0.0, 

2.5, 5.0, 7.5 and 10 mg of CNTs-NH2-Fc in 1 mL of 0.1 M phosphate buffer pH 7. Then the 

resulted solution was mixed with BSA-GOx solution (1: 1) used to modify electrode of GC/CNTs

NH2-Fc-BSA-GOx. Results of the amount of CNTs-NH2-Fc amount in the immobilized solution 

were illustrated in Section 4.2.2.1. 

2) Effect of bovine serum albumin concentration 

The effect of bovine serum albumin used for the electrode 

modification was investigated at 0, 0.25, 0.5, 1, 1.5 and 2% using cyclic voltammetry to find the 

most sensitive condition for glucose detection. Results are presented in Section 4.2.2.2 . 
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3) Effect of enzyme glucose oxidese modified on GC/CNTs-NH2-Fc-

BSA-GOx 

The influence of enzyme glucose oxidase loading was studied at the 

concentration ofO, 2.5, 5, 7.5 and 10 mg/mL. Results are presented in Section 4.2.2.3. 

4) Effect of buffer pH (0.1 M phosphate buffer solution) 

The effect of buffer pH on oxidation peak current for glucose at the 

GC/CNTs- NH2- Fe /CS-Fc/GOx electrode was investigated over the pHs of 4.0, 5.0, 6.0, 7.0, 8.0 

and 9.0 by using 0.1 M phosphate buffer solution as supporting electrolyte. Cyclic 

voltammograms of glucose were recorded using electrolyte solutions of varied pH. Results are 

presented in Section 4.2.2.4. 

5) Electrochemical behavior of the GC/CNTs-NH2-Fc-BSA-GOx 

electrode under optimum conditions 

The electrochemical behavior of glucose oxidation was studied at 

the developed glucose biosensor (GC/CNTs-NH2-Fc-BSA-GOx) using cyclic voltammetry (CV). 

The modified electrode was used as a working electrode, Ag! AgCl as a reference electrode and Pt 

wire as a counter electrode. 0.1 M phosphate buffer pH 7 .0 was used as a supporting electrolyte. 

Results are presented in Section 4.2.2.5. 

3.4.4.3 Amperometric detection of glucose in the developed FIA 

1) Optimum potential for amperometric detection 

Optimization of the potential for amperometric detection of glucose 

was studies at 0.3, 0.4, 0.45, 0.5, 0.55, 0.6, 0.65, 0. 7 and 0.8 V. Results are presented in Section 

4.2.3.l. 

2) Optimum flow rate for glucose detection 

The influence of flow rate for detection of glucose signal was 

studied at 0.3, 0.5, 0.8, 1.0 and 1.5 mL/min. Results are presented in Section 4.2.3.2. 

3.4.4.4 Analytical features 

1) Linear concentration range 

A calibration curve of glucose standards was investigated by 

diluting the appropriate amount of in 0.1 M phosphate buffer pH 7 .0 to give working solutions in 

the range of 2 - 16 mM. 20 µL of each standard was injected into the FIA system using a flow rate 
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of 1.0 mL/min and 0.1 M phosphate buffer pH 7 .0 as a carrier solution. Amperometric responses 

were recorded using an applied potential of 0.6 V. Results are presented in Section 4.2.4.1. 

2) Limit of detection 

In this study, the limit of detection was investigated by injecting 

standard solution at a low concentration for 7 times. The injection of 3 times the standard 

deviation from 2 mM glucose signals was converted to a concentration to give the limit of 

detection. Results are presented in Section 4.2.4.2. 

3) Interference study 

In this study, the effect of interference, including compounds that 

are likely to exist in the sample of interest was investigated. The concentration of the interference 

that provides a signal change greater than 5% was considered as the tolerance limit. 

The interference used in this study was sodium chloride, fructose, sucrose, dopamine and ascorbic 

acid. Results are discussed in Section 4.2.4.3. 

3.4.4.5 Application of glucose biosensor in real samples 

1) Samples preparation 

Glucose samples of intravenous injection were obtained from A.N.B 

Laboratories co., LTD. A picture of samples used in this work is shown in Figure 3.6. This type 

of samples contains glucose. The samples were diluted (A) 150, (B) 200, (C) 300, (D) 500, and 

(E) 600 times with 0.1 M phosphate buffer pH 7.0 before measurement using the developed 

method. Results are presented in Section 4.2.4.4. 

Figure 3.6 Samples for glucose determination in application of real samples. 



50 

3.4.4.6 Stability of the developed biosensor 

20 µL of 10 mM glucose standard solution was repeatedly injected in to 

the FIA system to evaluation of the signal stability (n = 120). Results are discussed in Section 

4.2.4.5. 

3.4.4.7 Characterization of the composites by FI-IR spectroscopy 

In this study nanocomposites including CNT-NH2, CNT-NH2-Fc and Fe 

were investigated. Perkin-Elmer Spectrum RX I was used to recorded FT-IR spectra by the KBr 

-I 
pellets technique. The wavenumber range of measurement was between 500 to 4,000 cm . 

Results are discussed in Section 4.2.5. 



CHAPTER4 

RESULTS AND DISCUSSION 

4.1 Part I: Development of glucose biosensor based on GC/CNTs-NH2-Fc/CS-Fc/GOx 

4.1.1 Electrochemical detection of glucose oxidation on biosensor 

4.1.1.1 Cyclic voltammetric study of glucose oxidation 

The unique electrochemical behavior of glucose oxidation was studied 

at different modified electrode materials using cyclic voltammetry (CV). The bare GC or GC 

modified electrode was used as a working electrode, Ag/ AgCl and Pt wire as a reference and 

counter electrode, respectively. Cyclic voltammograms of glucose were measured in a 0.1 M 

phosphate buffer pH 7 .0. Results are shown in Figure 4.1. The glucose oxidation waves obtained 

from GC, GC/CS, GC/GOx and GC CNTs- NH2-Fc/GOx were not well defined peaks at a 

potential window of 0.0 to 1.0 V. The GC/CNTs-NH2-Fc and GC/CNTs-NH2-Fc/CS-Fc 

electrodes were observed with the low current signal of glucose oxidation at potentials of 0.35 and 

0.30 V, respectively. High current signals from glucose oxidation were obtained from GC/CS-Fc, 

GC/CS-Fc/GOx and GC/CNTs-NH2-Fc/CS-Fc/GOx. Moreover, these three modified electrodes 

enhanced the oxidation of glucose at lower potentials than 0.30 V. Results of anodic potentials 

and currents of 10 mM glucose obtained from the bare and modified electrodes are summarized in 

Table 4.1. The GC/CNTs-NH2-Fc/CS-Fc/GOx electrode provides the highest sensitivity for 

glucose oxidase (Figure 4.1 i). This result indicated that this nanocomposie CNTs-NH
2
-Fc/CS

Fc/GOx was the most effectively catalytic in glucose oxidation. This result showed that 

chemically bonded of ferrocene (Fe) to CNTs-NH2 and CS could inhibit the leakage of Fe from 

electrode surface. CS-Fe could also improve the catalytic property of the composites film and it 

can be used as an electron transfer mediator to shuttle electrons between analytes and the 

electrode. In addition, CS-Fe was an effective supporting material for immobilization of the 

enzyme because of an excellent membrane-forming ability, high permeability toward water, good 

adhesion, non-toxicity, high mechanical strength and biocompatibility. This biosensor 

(GC/CNTs-NH2-Fc/CS-Fc/GOx) exhibited good analytical performance towards the glucose 
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detection. The mechanism of glucose oxidation by the biosensor is illustrated in scheme 4.1. 

In this study, the GC/CNTs-NH2-Fc/CS-Fc/GOx which provided the highest glucose oxidation 

current and lower potential was selected as the optimum modified electrode. 

Table 4.1 Anodic potential (Ep.a) and current (ip_a) of 10 mM glucose measured using bare and 

modified GC electrodes. 

Electrode code Electrode EP,•' (V) ip,•' (µA) 

a GC > 1.0 -

b GC/CNTs-NH2-Fc 0.35 0.29 

c GC/CS >1.0 -

d GC/CS-Fc 0.3 0.79 

e GC/GOx >1.0 -

f GC/CNTs-NH2-Fc/CS-Fc 0.3 0.32 

g GC/CNTs-NH2-Fc/GOx >1.0 -

h GC/CS-F c/GOx 0.27 1.40 

i GC/CNTs-NH2-Fc/CS-Fc/GOx 0.3 8.90 

Fe GOx(FAD) Glucose 

dropping 

• CNTs-NH2-Fc JCS-Fe / GOx 

Scheme 4.1 Schematic representation of the CNTs-NH2-Fc/CS-Fc/GOx modified electrode and 

the mechanism of the oxidation of glucose catalyzed by GOx and mediated by Fe. 
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Where Fe and Fe - represent reduced and oxidized forms of the 

ferrocene, GOx (FAD) and GOx (F ADH) are the oxidized and reduced forms of glucose oxidase. 

In this process, initiation the GOx (FAD) catalytic oxidized glucose to gluconolactone and 

GOx(F AD) is converted to GOx (F ADHJ The GOx (F ADH2) is reoxidized to the GOx (FAD by 

the mediator, Fe+ . Then, the Fe is reoxidized to Fe+ directly at an electrode, giving a current 

signal (proportional to the glucose concentration). The current flowing through the electrode is an 

amperometric measurement for the glucose concentration. 
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Figure 4.1 Cyclic voltammograms of a) bare glassy carbon electrode (GC) in the absent 

(dotted line) and present of 10 mM glucose (solid line), b) GC/CNTs-NH
2
-Fc, c) 

GC/CS, d) GC/CS-Fc, e) GC/GOx, f) GC/CNTs-NH
2
-Fc/ CS-Fe, g) GC/CNTs-NH

2
-

Fc/GOx, h) GC/CS-Fc/GOx, and i) GC/CNTs-NH
2
-Fc/CS-Fc/GOx in 0.1 M 

phosphate buffer pH 7.0. 
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Figure 4.1 Cyclic voltammogramsof a) bare glassy carbon electrode (GC) in the absent (dotted 

line) and present of 10 mM glucose (solid line), b) GC/CNTs-NH2-Fc, c) GC/CS, d) 

GC/CS-Fc, (e) GC/GOx, t) GC/CNTs-NH2-Fc/CS-Fc, g) GC/CNTs-NH
2
-Fc/GOx, 

h) GC/CS-Fc/GOx, and i) GC/CNTs-NH2-Fc/CS-Fc/GOx in 0.1 M phosphate buffer 

pH 7.0 (Continued). 
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4.1.2 Studies of parameters that effect the sensitivity of biosensor 

4.1.2. l Effect of CNTs-NH2-Fc loading on the glucose response obtained from 

GC/CNTs-NH2-Fc/CS-Fc/GOx electrode 

The effect of CNTs-NH2-Fc loading from 0 to 10 mg/mL on the 

biosensor was investigated. As shown in Figure. 4.2, increasing of CNTs-NH2-Fc amount from 

0 -7.5 mg/mL resulted in response increasing. This result assumed that increasing of CNTs-NH2-

Fe amount can improve the conductive property of the composites film. The response current 

seems to decreasing at the concentrations above 7.5 mg/mL. Thus the CNTs-NH2-Fc of 

7 .5 mg/mL was selected as the optimum concentration. 
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Figure 4.2 The effect of the concentration of CNTs-NH2-Fc (mg/ mL) on oxidation current of 

10 mM glucose solution in 0.1 M phosphate buffer solution pH 7.0. 

4.1.2.2 Effect of CS-Fe loading 

The effect of CS-Fe loading from 0 to 1% on the biosensor (GC/CNTs-

NH2-Fc/CS-Fc/GOx) was investigated. As shown in Figure. 4.3, the current response increased 

with increasing the amount of CS-Fe immobilized on the electrode and reached maximum at 

0.5%. These results were assumed to be due to the chitosan was biocompatibility and contributed 

to the enzyme activity. Chitosan (CS) is convenient polymeric scaffold for enzyme 

immobilization and has been used previously for the immobilization of the other dehydrogenases 
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in an enzymatic reaction [60]. The result also demonstrated the benefit of using CS to enhance 

performance. Slightly decrease of the oxidation current when the concentration of CS-Fe was 

greater than 0.5% also observed. This could be ascribed to viscosity of CS if CS-Fe concentration 

was greater than 0.5%, the viscosity increased and the resistance to the electron transfer was also 

increased. In this study, the CS-Fe concentration of 0.5% which provided the maximum response 

current was selected as the optimum concentration. 
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Figure 4.3 The effect of concentration of CS-Fe(% w/v) on the oxidation current of 10 mM 

glucose solution in phosphate buffer solution pH 7.0. 

4.1.2.3 Effect of enzyme glucose oxidase loading 

The redox-active material, Fe, enhances electron transfer efficiency 

between the redox center of GOx and the surface of the working electrode. The enzymatic process 

occurs according to the following reaction [ 61]: 

Glucose+ GOx (FAD) ____. Gluconolactone + GOx (FADH
2
) (3.1) 

GOx (FADH) + 2Fc- ____. GOx (FAD)+ 2Fc + 2H+ (3.2) 

Fe 
+ . 

Fe+ e (3.3) 
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Where Fe and Fe - represent reduced and oxidized forms of the 

ferrocene, GOx (FAD) and GOx (F ADH2) are the oxidized and reduced forms of glucose oxidase. 

In this process, the GOx (FAD) catalytic oxidized glucose to gluconolactone and GOx (FAD) is 

converted to GOx (F ADH2) (Eq (3.1)); electrons are transferred from the GOx (F ADH2) to the Fe 

sites (Eq (3.2)), and the electrons are then transferred through the Fe+ I Fe sites to the electrode 

surface (Eq (3.3)). These electrons can then be transferred from GOx (FADH2) to the mediator, 

which is then oxidized at the electrode surface producing a current that is directly proportional to 

the concentration of glucose in solution. 

According to the catalytic reaction above, the biosensor performance is 

related to the enzyme loading amount. Hence, the effect of enzyme that immobilized on the 

biosensor is very essential to the biosensors sensitivity. The effect of GOx loading on the current 

response shows in Figure 4.4. The current response gradually increased with increasing the 

amount of enzyme loading from 2 to 7 .5 mg/mL. These results were assumed that due to the GOx 

is a catalyses of the oxidation of glucose. With increasing amount of enzyme loading increases 

the rate of glucose oxidation as a result, the current response gradually increased. The current 

response decreased significantly when the amount of GOx was increased further than 7.5 mg/mL, 

which could be attributed to an increase of film thickness, leading to an increase of interface 

electron transfer resistance. The increasing of film thickness may cause the electron transfer more 

difficulty. Therefore the concentration of 7.5 mg/mL of GOx was selected as the optimum for 

subsequent experiments. 



Figure 4.4 The effect of GOx concentration (mg/ mL) on the current response obtained from 

10 mM glucose in phosphate buffer solution (0.1 M, pH 7.0). 

4.1.2.4 Effect of buffer pH (O. l M phosphate buffer solution) 

The pH of supporting electrolyte can affect the performance of the 

biosensor. It is generally known that the bioactivity of GOx and the stability of CS are pH 

dependent. Alkaline solution will decrease the enzyme activity. On the contrast, strong acidic 

medium will decrease both of CS stability and GOx bioactivity leading to the decreasing of 

biosensor performance [12]. Thus, the effect of pH was examined in the range of pH 5.0 to 8.0 in 

0.1 M phosphate buffer solution using cyclic voltammetry. Figure 4.5 a shows the signal of 

10 mM glucose at various pH. The relationship between the oxidation peak potential and pH was 

shown in Figure 4.5 b. It can be seen that the oxidation peak potential decreased with an increase 

of pH value. The developed biosensor showed a maximum response current at pH 7.0 

(Figure 4.5 c), which is in good agreement with the previous studies [12, 61-63]. 
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Figure 4.5 a) Cyclic voltammetric responses of 10 mM glucose at various buffer pH and the 

dependence of buffer pH on b) peak potential, c) peak current obtained from the 

biosensor (GC/CNTs-NH2-Fc/CS-Fc/GOx). 

4.1.2.5 Electrochemical behavior of the GC/CNTs-NH2-Fc/CS-Fc/GOx 

electrode under optimum conditions 

The electrochemical behavior of glucose oxidation was studied at the 

developed glucose biosensor (GC/CNTs-NH2-Fc/CS-Fc/GOx) using cyclic voltammetry (CV). 

Experiments were performed in 0.1 M phosphate buffer under the optimum conditions. 

The modified electrode exhibits high sensitivity and stability. The matrix of CNTs-NH
2
-Fc/CS-Fc 

can be used as mediator for electron transfer between analytes and the electrode and also as 

biocompatibility environment for GOx immobilization. Figure 4.6 shows the CVs of the 

developed biosensor in the absence and presence of glucose in 0.1 M PBS. In the absence of 

glucose, the reversible electrochemical behavior of Fe was observed on the GC/CNTs-NH2-Fc/CS

Fc/GOx modified electrode (Figure. 4.6 a). After addition of 10 and 20 mM glucose, the anodic 

peak current increased with concentration increased (Figure 4.6 band c, respectively), which 
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clearly showed the catalytic properties of modified electrode to glucose. The catalytic effect of 

CS-Fe via glucose oxidation was similar to GC/CS-Fc/GOx developed by Yang et al. [42]. 

Yang et al. reported GOx immobilized in CS-Fe to prevent GOx leakage from an electrode. 
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Figure 4.6 Cyclic voltammograms obtained from the glucose biosensor (GC/CNTs-NH2-Fc/CS

Fc/GOx) in a) 0.1 M phosphate buffer b) 10 and c) 20 mM glucose. 

4.1.2.6 Optimum potential for amperometric detection 

The detection potential affects the sensitivity of current signal obtained 

from analytes. The optimal potential was studied in the applied potential from 0.1 to 0.5 V by 

using chronoamperometry. The effect of applied potential on the glucose response of the 

biosensor was shown in Figure 4.7. The electrode response to glucose increases with the change 

of applied potential from 0.1 to 0.3 V. The significant increase of oxidation current upon 

changing the potential in the above range is attributed to the increased driving force for the 

oxidation of ferrocene to ferriciniumium [63]. The applied potential is higher than 0.3 V, the 

current response decrease rapidly, presumably due to the rate-limiting process of the enzyme 

kinetics and substrate diffusion. The potential at 0.3 V provided the maximum response and 

therefore selected as the optimum potential. This represents a significant improvement with 

respect to other biosensors for glucose determination using ferrocene as mediator reported in the 
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literature: The optimal potential at 0.3 V reported by Qiu et al. [61], their developed amperometric 

biosensor for glucose based on chitosan-ferrocene/graphene oxide/glucose oxidase (CS-

Fc/GO/GOx) nanocomposites film was cast on the surface of GCE. 0.35 V reported by Qiu et al. 

[3], their developed amperometric biosensor for glucose was developed by entrapping glucose 

oxidase (GOx) in a new composites doped with CNTs-Fc and chitosan (CS) modified GCE, 

Yilma et al. [49], their developed biosensor for detecting glucose based on immobilization ofGOx 

onto Chitosan-ferrocene (CS-Fe) hybrid synthesized through covalent modification then coated on 

GCE, Yang et al. [63], their developed biosensor for detecting glucose based on covalent 

immobilization of an enzyme GOx onto a carbon sol-gel silicate composites surface as a 

biosensing platform and Kase et al. [64], their developed amperometric biosensor for glucose 

based on plasma-polymerized thin film of dimethylaminomethylferrocene (DMAMF) on a 

sputtered gold electrode. 0.4 V reported by Qiu et al. [12], their fabricate glucose biosensor based 

on a homogeneous chitosan-ferrocene/Au nanoparticles/glucose oxidase (CS-Fc/AuNPs/GOx) and 

Yang et al. [42], their fabricate glucose biosensor by using CS-Fc/GOx films coated on GCE. 
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Figure 4.7 Effect of the applied potential on glucose detection using the GC/CNTs-NH
2
-Fc/CS

Fc/GOx electrode. The current obtained from 0.5 mM glucose in phosphate buffer 

(O.l M, pH 7.0). 
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4.1.3 Analytical feature 

4.1.3.1 Linear concentration range 

In order to produce a linear concentration range of the analytical system, 

it was necessary to inject several different concentrations of standard glucose into the stream. 

The analytical performance of FIA method with amperometric detection using the developed 

glucose biosensor was examined. As shown in Figure 4.8, an anamperometric detector yielded a 

fast response to glucose and the response current returned to the baseline within 138 s. 

A calibration curve of glucose shows a linear range of 2 - 80 mM and the regression equation is 

y = 0.005x - 0.067 (r
2
= 0.997). This linear range is wider than the ranges previous reported by 

Yilmaz et al. [49], their studied the glucose biosensor based on covalent immobilization of 

ferrocene on a chitosan modified GCE, which provided the linear range of 2-16 mM and Gomathi 

et al. [8], their fabricationthe glucose sensor based on immobilization of glucose oxidase in 

multiwalled carbon nanotubes grafted chitosan nanowire, repored the linear range of 1.0 - 10.0 

mM. 
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Figure 4.8 An FIA diagram of injected glucose concentration within 2 - 80 mM into phosphate 

buffer solution pH 7.0, operating potential 0.3 V vs Ag/AgCl, flow rate 1 mL/min, 

injection volume of 20 µL. The inset shows the linear relationship between the signal 

of glucose and the concentration. 
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4.1.3 .2 Limit of detection 

The limit of detection was injected by 10 mM glucose with ten replicate 

injections into a carrier solution of O.l M phosphate buffer pH 7.0. Results are shown in Figure 

4.9. The limit of detection (SIN = 3) is 1.86 mM. The system provides an impressively good 

precision(% RSD = 3.0). The developed system demonstrates good stability of the immobilized 

enzyme in spite of the hydrodynamic condition. Sample throughput of the developed method is 

42 samples/h. 
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Figure 4.9 An FI amperometric response obtained from the developed glucose biosensor for 10 

repetitive injection of 10 mM glucose. Carrier solution; 0.1 M phosphate buffer pH 

7.0, applied potential; 0.3 V, flow rate; 1.0 mL/min. 

4.1.3.3 Interference study 

In this study, the effect of interference, including compounds that are 

likely to exist in the sample of interest was investigated. The concentration of the interference that 

provides signal change greater than 5% was considered as the tolerance limit. The interference 

used in this study was sodium chloride (NaCl), fructose, sucrose, and ascorbic acid (AA). 

The results are summarized in Table 4.2. 
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Table 4.2 Effect of interferences on amperometric signals obtained from replicate injections 

(n=3) of 10 mM standard glucose. 

Interferences Investigated concentration (mM) Tolerance limit"(mM) 

ascorbic acid(AA) 2-4 2 

fructose 2-20 2 

sucrose 2-80 4 

sodium chloride 2-200 4 

• greater than ± 5% signal alteration is classified as an interfering condition. 

The results from Table 4.2 show the tolerance limit; of NaCl, fructose, 

sucrose, and AA were 4, 2, 4 and 2, respectively. Ascorbic acid strongly interferes glucose 

analysis. This is because AA is an organic compound that easily to be oxidized and the oxidation 

potentials is close to glucose. Fructose and sucrose also strongly interfere glucose analysis. 

This result was assumed that fructose and glucose have the same molecular formula, C6H120 6, 

sucrose is a disaccharide chemically composed of equal parts glucose and fructose. Therefore, the 

oxidation potentials are close to glucose. NaCl is an electrolyte substance that provides positive 

and negative charges when dissolved. In this case, the produced charged were interferes increase 

conductivity and the current signal of glucose. 

4.1.3.4 Stability of the developed biosensor 

In this study operational and stability of the developed electrode was 

investigated. The stability was carried out using the amperometric measurement in flow injection 

analysis (Figure 3.4). The operational stability of the modified electrode was investigated by 

uninterruptedly measuring the glucose response from repeated injections of 10 mM glucose. 

Relationship between (%) relative responses and number of injection (times) was shown in 

Figure 4.10. The responses showed good stability after 40 injections. The current response 

remained at 90% of its initial response. The excellent analytical performance and long-term 

stability of the developed biosensor can be attributed to three aspects: Firstly, biopolymer of 

chitosan provides a biocompatible microenvironment around the enzyme molecules to stabilize its 

biological activity to a large extent. Secondly, the formation of the CNTs-NH
2 

-Fe and CS-Fe 
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conjugate prevents the Fe leakage out of the film. Lastly, CNTs-NH2 provided a conduction 

pathway to accelerate electron transfer due to their excellent conductivity. 
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Figure 4.10 Operational stability of the CNTs-NH2-Fc/CS-Fc/GOx glucose biosensor to 

repeatedly injections of 10 mM glucose. 

4.1.4 Characterization of CS-Fe by Fl-IR spectroscopy 

CS-Fe biopolymer or supporting material used in this work was synthesized 

according to the procedure proposed by Yilmaz et al. (49). In the first step of preparation a Schiff 

base was formed by using the reaction between aldehyde group of FcCHO and the amino group of 

CS. In the second step, the Schiff base was reduced by NaCNBHr The formation of CS-Fe was 

confirmed by FT-IR spectra (Figure 4.11). CS shows characteristic peaks at 1,655 and 1,596 cm-', 

which are assigned to the amide I and II bands of CS (Figure 4.11 a), respectively. It is should be 

note that the intensity of the peak at 1,596 cm-' for primary amine N-H bending decreases in the 

spectrum of CS-Fe (Figure 4.11 b), as a result of N-alkylation at the glucosamine unit. 

On the other hand, the characteristic peak of FcCHO at 1,680 cm-' (v, C-0, Figure 4.llc) 

disappears in the CS-Fe spectrum, because this synthetic process consumes the aldehyde groups of 

FcCHO. Simultaneously, the CS-Fe spectrum displays a new absorption band at about 486 cm-', 

attributed to M-ring stretch and ring tilt of ferrocenyls (42). In addition, another new absorption 
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band at 819 cm-
1
, for C-H, in the spectra also indicates that the ferrocenyls exist in the CS-Fe 

biopolymer. 
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Figure 4.11 FT-IR spectra of a) CS, b) CS-Fe, and c) FcCHO. 
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4.2 Part II: Development of glucose biosensor based on GC/CNTs-NH2-Fc-BSA-GOx 

electroed 

4.2.1 Electrochemical detection of glucose oxidation on the developed biosensor 

4.2.1.1 Cyclic voltammetric study of glucose oxidation 

The electrochemical behavior of glucose oxidation was studied at 

different modified electrode materials using cyclic voltammetry (CV). The GC or GC modified 

electrode was used as a working electrode, Ag/ AgCl as reference electrode and Pt wire as a 

counter electrode. Cyclic voltammograms of glucose were measured in a 0.1 M phosphate buffer 

pH 7.0 and the results show in Figure 4.12. Glucose oxidation waves obtained from GC, 

GC/CNTs-NH2, GC/BSA, GC/GOx and GC/BSA-GOx electrodes were not well defined at the 

potential window from 0.0 to 1.0 V. As show in Figure 4.12 (c, g) the oxidation of glucose from 

GC/CNTs-NH2-Fc and GC/CNTs-NH2-Fc-BSA-GOx were observed at potential of 0.35 and 

0.6 V, respectively. Results of anodic potential and current of 10 mM glucose at these electrodes 

are summarized in Table 4.3 The GC/CNTs-NH2-Fc-BSA-GOx electrode provides the highest 

glucose oxidation current (Figure 4.12 g). CNTs-NH2-Fc could improve the conductive property 

of the composites film and it can be used as electron transfer mediator to shuttle electrons between 

analytes and the electrode. The results indicated that electrode modified with the conjugation of 

mediator Fe to CNTs- NH2 structure could inhibit Fe leakage from electrode surface. 

In addition, BSA plays an important role in enhancing the activity of the immobilized enzyme. 

This biosensor exhibited good analytical performance towards the quantification of glucose 

oxidation. 
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Table 4.3 Anodic potential (Ep.a) and current Op.a) of 10 mM glucose measured using bare and 

modified GC electrodes. 

Electrode code 

a 

b 

c 

d 

e 

f 

g 

Electrode (Ep,.), V 

GC > 1.0 

GC/CNTs-NH2 > 1.0 

GC/CNTs-NH2-Fc 0.35 

GC/BSA > 1.0 

GC/GOx >1.0 

GC/BSA-GOx > 1.0 

GC/CNTs-NH2-Fc-BSA-GOx 0.6 

.... = 
~ -= u 
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0 

a)GC 

- - - Background 

- I 0 mM glucose 

0.0 0.2 0.4 0.6 0.8 1.0 

Potential (V, vs. Ag' AgCI) 
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-

-

0.32 

-

-

-

7.03 

Figure 4.12 Cyclic voltammograms for a) bare glassy carbon electrode (GC) in the absent (dotted 

line) and present of 10 mM glucose (solid line), b) GC/CNTs-NH2, c) GC/CNTs

NH2-Fc, d) BSA, e) GC/GOx, D GC/BSA-GOx and g) GC/CNTs-NH2-Fc-BSA-GOx 

in 0.1 M phosphate buffer pH 7.0. 
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Figure 4.12 Cyclic voltammograms for a) bare glassy carbon electrode (GC) in the absent (dotted 

line) and present of 10 mM glucose (solid line), b) GC/CNTs-NH2, c) GC/CNTs

NH2-Fc, d) BSA, e) GC/GOx, t) GC/BSA-GOx and g) GC/CNTs-NH2-Fc-BSA-GOx 

in 0.1 M phosphate buffer pH 7.0 (Continued). 

4.2.2 Studies of parameters that effect the sensitivity of biosensor 

4.2.2.1 Effect of CNTs-NH2-Fc amount on the glucose response 

The effect of CNTs-NH2-Fc loading on the biosensor from 0 to 

10 mg/mL was investigated. As shown in Figure 4.13, increasing ofCNTs-NH2-Fc amount could 

improve the conductive property of the composites film, which increased response of the resulting 

biosensor from 0.0 -5.0 mg/mL and seems to saturate at the concentration above 7.5 mg/mL. 

Thus the CNTs-NH2-Fc of7.5 mg/mL was selected as the optimum concentration. 
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Figure 4.13 The effect of the concentration ofCNTs-NH2-Fc (mg/ mL) on the cyclic voltametry 

response of oxidation current to 10 mM glucose solution in phosphate buffer 

solution pH 7.0. 

4.2.2.2 Effect of BSA loading(GC/CNTs-NH2-Fc-BSA-GOx) 

The effect of BSA loading on the biosensor from 0 to 2% was 

investigated. As shown in Figure 4.14, the current response increased with increasing amount of 

BSA and reached maximum at about 1 %. BSA contributes current response increased, it can be 

seen that the current response obtained from 0% BSA only about 1.5 µA while 1 % BSA provide 

current response about 3.5 µA which for 2 times higher than that obtained from without BSA. 

These results assume that due to BSA was biocompatibility. It is concluded thus that BSA plays 

an important role in enhancing the activity of the immobilized enzyme. The slightly decrease of 

reduction current when the concentration of BSA greater than 1 % was also observed. 

This assumed that because the resistance was increased and therefore the electron transfer was 

blocked. BSA contributes current response increased, it can be seen that the current response 

obtained from 0% BSA only about 1.5 µA while 1 % BSA provide current response about 3.5 µA 

which 2 times higher than that obtained from without BSA. 
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Figure 4.14 The effect of the concentration of BSA (%) on the cyclic voltametry response of 

oxidation current to 10 mM glucose solution in phosphate buffer solution pH 7.0 

4.2.2.3 Effect of enzyme glucose oxidase loading 

The concentration of enzyme in composites was also an important factor 

affecting the current response of the biosensor. The effect of enzyme loading on the biosensor 

from 0.0 to 10.0 mg/mL was investigated. As show in Figure 4.15, the current response increased 

with increasing amount of glucose oxidase immobilized on the electrode and reached the 

maximum at 7.5 mg/mL. These results were assumed that due to the GOx is a catalyzed the 

oxidation of glucose with increasing amount of enzyme loading increases the rate of glucose 

oxidation as a result, the current response gradually increased. The current response decreased 

significantly when the amount of GOx increased further than 7.5 mg/mL. The response then 

reduced slowly due to the increased protein concentration in composites, which restricted the 

approach of the substrate to the immobilized enzyme and attributed to the increase of film 

thickness, leading to an increase of interface electron transfer resistance, making the electron 

transfer more difficult, which was consistent with other previous studies [16, 65]. 

Therefore, 7 .5 mg/mL glucose oxidase immobilized on the electrode was chosen for all 

subsequent experiments. 
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Figure 4.15 The effect of the concentration of GOx (mg/ rnL) on the cyclic voltametry response 

of oxidation current to 10 mM glucose solution in phosphate buffer solution pH 7 .0. 

4.2.2.4 Effect of buffer pH (0.1 M phosphate buffer) 

The influence of the buffer pH is very essential to the sensitivity of the 

biosensors, because the pH affects not only the electrochemical behavior of Fe but also the 

bioactivity of GOx. The optimal pH reported for GOx is usually in the range of 6.5 - 7.5 

[3, 65-66], which varies with immobilization method and micro-environment around the enzyme. 

Thus the effect of pH was examined in the range of pH 4.0 to 9.0. Figure 4.16 a shows the cyclic 

voltammogram of 10 mM glucose at various pH. The relationship between the oxidation peak 

potential and pH was shown in Figure 4.16 b. With the pH increased from 4.0 - 8.0, the peak 

potential values remain constant. The further increase of buffer pH led to decrease of the potential 

values. Figure 4.16 c shows the relationship between the current response of the biosensor and 

pH. According to Figure 4.16 c, oxidation peak current increased with increasing pH from 4.0 to 

7.0. The further increase of buffer pH led to decrease of the response. Decrease in the response at 

high pH was possibly due to the decrease of enzymatic activity. This biosensor showed a 

maximum response at pH 7.0, which was consistent with other previous studies [12, 16, 61-62]. 

As a consequence, the performance of the glucose biosensor was evaluated at pH 7.0 for the 

further work. 
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Figure 4.16 a) Cyclic voltammetric responses of 10 mM glucose at various buffer pH and the 

dependence of buffer pH on the b) peak potential, c) peak current obtained from the 

biosensor. 

4.2.2.5 Electrochemical behavior of the GC/CNTs-NH2-Fc-BSA-GOx electrode 

under optimum conditions 

The electrochemical behavior of glucose oxidation was studied at the 

developed glucose biosensor (GC/CNTs-NH2-Fc-BSA-GOx) using cyclic voltammetric 

experiments were performed in 0.1 M phosphate buffer. Figure 4. l 7shows the electrocatalytic 

response of the CNTs-NH2-Fc-BSA-GOx modified electrodes to glucose. In the absence of 

glucose, the reversible electrochemical behavior of Fe was observed on the electrode 

(Figure 4.17 a)). Figure 4.17 b, c and d displayed the cyclic voltammogram of 5, 10, 15 mM 

glucose which anodic peak current increased corresponding to the increasing concentration. 

The results clearly showed the catalytic properties of modified electrode to glucose. This reaction 

could be described by the well known following mechanism in [67]. 
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Glucose + GOx<oxl Gluconolactone + GOx(redl (4.1) 

GOx(oxl + 2Fc (4.2) 

2Fc + 2e 2Fc+ (on electrode) (4.3) 

In the presence of glucose and enzyme GOx, glucose is oxidized to 

gluconolactone and the coenzyme GOx<oxl is converted to GOx(rectJ· The resulting reduced form of 

the enzyme GOx<rcdl _is then reoxidized by the ferrocene ion, yielding ferrocene, which in tum is 

reoxidized at the electrode. 

These facts suggested that the BSA and ferrocene bound CNT-NH2 

could facilitate electron communication between the active site of the immobilized enzyme and 

the electrode surface. Therefore, sensitive and stable biosensors can be fabricated using these 

nanocomposites. 
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Figure 4.17 Cyclic voltammograms of the glucose biosensor (GC/CNTs-NH2-Fc-BSA-GOx) 

a) 0.1 M phosphate buffer, b) 5, c) 10 and d) 15 mM of glucose. 
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4.2.3 Amperometric detection of glucose in the developed FIA 

4.2.3.1 Optimum potential for amperometric detection 

The detection potential affects the sensitivity of current signal of an 

analyte. In order to obtain the optimal potential for amperometric detection in FIA, hydrodynamic 

voltammetric behavior of glucose was investigated at various potential from 0.3 to 0.8 V. 

As shown in Figure 4.18, the response current increased with the increase of applied potential until 

the potential reached 0.6 V, and then decreased when the of applied potential was above. 

Therefore, a potential of 0.6 V was chosen for further studies. The results indicated that 

electrocatalytic activity of enzyme GOx incorporated with the matrix CNTs- NH2-Fc-BSA toward 

the oxidation of glucose enables the biosensor can be effectively detect at potential 0.6 V. 

This potential was similar to previous work reported by Koide et al. [68], their developed glucose 

biosensor based on glucose oxidase (GOx) immobilized to ferrocene-modified polyallylamine 

hydrochloride and bovine serum albumin by using glutaraldehyde (Glu) before coated on a glassy 

carbon (GC) electrode. 
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Figure 4.18 Effect of operating potential on the biosensor response studied by amperometric 

measurement of 10 mM glucose in O.lM phosphate buffer (pH 7.0). 
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4.2.3.2 Optimum flow rate for glucose measurements using FIA system. 

The flow rate used for glucose measurements was an important 

parameter since the process involved the enzymatic reaction kinetics and the sensor response time 

toward oxidation of glucose. The effect of flow rate on the biosensor response was optimized by 

injection of 10 mM of glucose into the carrier stream to optimize sensitivity and sample 

throughput. The flow rate was studied between 0.3 to 1.5 mL/min. Figure 4.19 shows that the 

response decreases with the increasing of flow rate. If the higher flow rate was applied, it is likely 

that carrier stream containing samples passed by the detector has not adequate time to react at the 

surface of electrode which correspond to the previous report [59]. However, increasing flow rate 

increase sample throughput. To balance between response and sample throughput, the flow rate of 

1.0 mL/min was selected as the future experimental. 
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Figure 4.19 Effect of the flow rate on glucose biosensor response and sample throughput. 
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4.2.4 Analytical feature 

4.2.4.1 Linear concentration range 

The current response of the GC/CNTs-NH2-Fc-BSA-GOx biosensor was 

investigated after injection glucose standard solution into the carrier solution under optimized 

condition. As shown in Figure 4.20. The calibration curve of the biosensor shows a linear range 

of 2 -16 mM for glucose with the regression equation of y = 0.3235 x - 0.6655 and a correlation 

coefficient of 0.9996. The sensitivity of the biosensor obtained from this method is approximately 

323 nA/mM. This linear response range is wider than the ranges for the glucose biosensor based 

on immobilizing glucose oxidase (GOx) on poly(methy 1 methacrylate)-bovine serum albumin 

(PMMA-BSA) core-shell nanoparticles modified GCE (0.2-9.1 mM) [13] and the glucose sensor 

prepared using ferrocene modified polysiloxane/chitosan composites (1.0-6.0 mM) [10]. 
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Figure4.20 FIA diagram of injected glucose concentration within 2 - 16 mM in to phosphate buffer 

solution pH 7.0, operating potential 0.6 V vs Ag/AgCl, flow rate 1 rnL/min, injection 

volume of 20 µL. The inset shows the linear relationship between the signal of 

glucose and the concentration. 
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4.2.4.2 Limit of detection 

The limit of detection was investigated by injection by 2 mM glucose 

with the seven replicates into a carrier solution of 0.1 M phosphate buffer pH 7 .0. The results 

show in Figure 4.21. The detection limit was calculated to 0.65 mM that was obtained from the 

signal-to-noise characteristics of these data (SIN = 3). A relative standard deviation (% RSD) of 

1.9 for the measurement was obtained. These results indicate that the measurement has high 

precision for the biosensor. Sample throughput is 72 samples /h. 
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Figure 4.21 FI amperometric response obtained from the developed sulfite biosensor for 

7 repetitive injection of 2 mM glucose. Carrier solution; 0.1 M phosphate buffer 

pH 7.0, applied potential 0.6 V, flow rate; 1.0 mL/min. 

4.2.4.3 Interference study 

In this study, the effect of interference, including compounds that are 

likely to exist in the sample of interest was investigated. The concentration of the interference that 

provides signal change greater than 5 % was considered as the tolerance limit. The interference 

used in this study was sodium chloride (NaCl) fructose, sucrose, dopamine, and ascorbic acid 

(AA). The results are summarized in Table 4.4. The results from this study could be roughly 

divided in to two groups. 
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Group I: very low interfering potentials. In this group, tolerance limit 

were in between 4 to 10 mM these foreign were including NaCl, fructose and sucrose. 

Group II: low interfering potentials. In this group, tolerance limit was 

less than 2 mM which were dopamine and AA. 

Table 4.4 Effect of interference on amperometric signal obtained from replicate injections (n=3) 

of standard glucose 10 mM. 

Interference Investigated concentration (mM) Tolerance limit
3
(mM) 

sodium chloride (NaCl) 2-100 10 

fructose 2-200 4 

sucrose 2-200 10 

dopamine 2 2 

ascorbic acid(AA) 2-4 2 

• greater than ± 5% signal alteration is classified as interfering condition. 

4.2.4.4 Performance on real sample applications 

In an attempt to explore the CNTs-NH2-Fc-BSA-GOx composites 

electrode for practical application, the biosensor was applied to determine glucose in sample of 

glucose for diabetes. Five samples including: A (diluted sample 150 times), B (diluted sample 

200 times), C (diluted sample 300 times), D (diluted sample 500 times) and E (diluted sample 

600 times) were diluted with 0.1 M phosphate buffer pH7.0 then investigated using our developed 

method. The concentration of glucose in samples determined from calibration of the FIA system 

(Figure 4.22). As show in Table 4.5, the concentration of glucose in samples determined by the 

developed glucose biosensor provide the accurate values with the relative error (calculated from 

the labeled concentration) was less than 1.4%, which indicates that the CNTs-NH2-Fc-BSA-GOx 

composites electrode is promising for practical application in determination of glucose. 
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Figure 4.22 Response to standard glucose a) and the corresponding standard glucose calibration 

curve b). Flow rate 1.0 mL/min, applied potential 0.6 V. 

Table 4.5 Determination of glucose in real sample with the biosensor. 

Sample code Signal (current, µA) Determined by biosensor a 
Labeled content Relative error 

(mM) (mM) (%) 

,..., 
A 0.157 ± 0.002 2,808.50± 0.002 1.39 

8 0.146 ± 0.002 2,767.36± 0.002 0.10 

c 0.135±0.001 2,803.36±0.001 > 2,770.00 1.20 

D 0.126 ± 0.001 2, 773.66±0.00 I 0.13 

E 0.124 ± 0.002 2,808.40±0.002 , ... 1.39 

aGlucose for intravenous injection in diabetes (volume 50 mL, glucose 5 g/10 mL). 
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4.2.4.5 Stability of the developed biosensor 

The modified electrodes were investigated for their operational stability. 

The operational stability of the modified electrode was investigated by uninterruptedly measuring 

the glucose response from the repeated injections of 10 mM glucose. Relationship between of(%) 

relative responses and injection (times) was shown in Figure 4.23. The responses showed good 

stability, at 50 injections the current response still remained at 90 % of its initial response. 

The excellent analytical performance and response stability of the fabricated biosensor can be 

attributed to three aspects: First, BSA provides a biocompatible microenvironment around the 

enzyme molecules to stabilize its biological activity. Second, the formation of the CNTs -NH2 -Fe 

conjugant prevents the Fe from leakage out of the film. Lastly, CNTs-NH2 provided a conduction 

pathway to accelerate electron transfer due to their excellent conductivity. 
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Figure 4.23 Operational stability of the CNTs-NH2-Fc-BSA-GOx glucose biosensor to repeated 

injections of 10 mM glucose. 
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4.2.5 Characterization of CNTs-NH2by Fl-IR spectroscopy 

Figure 4.24 shows the FT-IR spectra of CNTs-NH2 (curve a), CNTs-Fc (curve 

b), and pure FcCHO (curve c). Results from Figure 4.24 displays the characteristic peaks of N-H 

stretching vibration at 3,417 cm-
1 

and in-plane scissoring vibration at 1,647 cm-
1 

from primary 

amine, C-H stretching vibration at 2,868, 2,935 cm-
1
• The FTIR spectrum of FcCHO (curve c) 

shows the peak at 1,680 cm-
1 

which is ascribed to the stretching vibration of carbonyl from the 

aldehyde group. The aldehyde group can easily react with the -NH2 group on CNTs-NH2 through 

the Schiff-based reaction and subsequently forms the CNTs-Fc by the reduction of NaCNBHr 

In the spectrum of the CNTs-NH2-Fc (curve b), displays the evident ofFcCHO completely reacted 

with the amino groups of CNTs- NH2• This evident was confirmed by the disappeared of all peaks 

·I ·I 
at 1,647 cm and 1,680 cm . IR-spactrum obtained from this work corresponded to the CNTs-

NH2 spectrum reported by Qiu et al. and Liu et al. [3, 62]. 
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Figure 4.24 FT-IR spectra ofa) CNTs-NH2, b) CNTs-NH2-Fcand c) FcCHO. 
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4.2.6 Comparison the performance characteristics of biosensor GC/CNTs-NH2-

Fc/CS-Fc/GOx with GC/CNTs-NH2-Fc-BSA-GOx electrode 

In this work consists of two methods for the construction of novel 

amperometric glucose biosensors. The first method is based on glucose oxidase ( GOx) entrapped 

on composites of ferrocene covalently bound onto the NH2 -functionalized multi wall carbon 

nanotubes (CNTs-NH2-Fc) and ferrocene bound chitosan (CS-Fe) coated on GC electrode 

(GC/CNTs-NH
2
-Fc/CS-Fc/GOx). The second method is based on glucose oxidase (GOx) 

immobilized to ferrocene-modified NH2 -functionalized multiwalled carbon nano tubes and bovine 

serum albumin (CNTs-NH2-Fc -BSA) composites film by using glutaraldehyde (Glu) before 

coated on a glassy carbon (GC) electrode (GC/CNTs-NH2-Fc-BSA-GOx). The performance 

characteristics of the amperometric response assessed in terms of linear concentration range, 

sensitivity and limit of detection from both methods are summarized in Table 4.6. A wider linear 

range was obtained in the GC/CNTs-NH2-Fc/CS-Fc/GOx biosensor, when compared to the 

GC/CNTs-NH
2
-Fc-BSA-GOx biosensor. The limit of detection was obtained in the GC/CNTs

NH2-Fc-BSA-GOx biosensor lower that of the GC/CNTs-NH2-Fc/CS-Fc/GOx about 3 times. 

The GC/CNTs-NH2-Fc-BSA-GOx biosensor showed a satisfactory sensitivity, which was revealed 

by the value of 323 nA/mM when compared the GC/CNTs-NH2-Fc/CS-Fc/GOx biosensor was 

sensitivity about 5.0 nA/mM. The GC/CNTs-NH2-Fc-BSA-GOx biosensor showed good stability 

at 50 injections the current response still remained at 90 % of its initial response with the 

GC/CNTs-NH2-Fc/CS-Fc/GOx biosensor showed stability, at 40 injections. 

These all results were assumed that due to immobilization of an enzyme results 

in a considerable change in the microenvironment of the enzyme and may affect the properties of 

the enzyme, as well as changes in the physical and kinetic properties. These changes may affect 

their usefulness in biochemical analysis. The first method is based on physical entrapment of 

GOx molecules in the composites. There is no modification of the biological element so that the 

activity of the enzyme is preserved during the immobilization process. Biosensors based on 

physically entrapped enzymes are often characterized by increased operational. However, 

limitations such as leaching of biocomponent and possible diffusion barriers can restrict the 

performances of the systems. The second method is based on GOx molecules cross-linked by 

glutaraldehyde on the BSA. This method is attractive due to its simplicity and the strong chemical 
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binding achieved between biomolecules. The main drawback is the possibility of activity losses 

due to the distortion of the active enzyme conformation and the chemical alterations of the active 

site during cross-linking. 

Table 4.6 Comparison of the present GC/CNTs-NH2-Fc/CS-Fc/GOx with GC/CNTs-NH2-Fc

BSA-GOx electrode. 

Electrode Detection Sensitivity Linear Limit of Sample a 
Stability 

potential (nA/mM) range (mM) detection throughput (injection) 

(mM) (samples/h) 

GC/CNTs-NH
2
- 0.3 v 5.0 2-80 1.86 42 40 

Fc/CS-Fc/GOx 

GC/CNTs-NH2- 0.6 v 323 2-16 0.65 72 50 

Fc-BSA-GOx 

a The current response remained at 90% of its initial response 



CHAPTERS 

CONCLUSIONS 

This work presented the development of glucose biosensor for amperometric 

determination of glucose using a simple flow injection system. This work consists of two main 

parts. 

5.1 Part I: Development of glucose biosensor based on GC/CNTs- NH2-Fc/CS-Fc/GOx 

In this work biosensor were developed based on glucose oxidase ( GOx) entrapped on 

composites of i) ferrocene covalently bound onto the NH2-functionalized multiwall carbon 

nanotubes (CNTs-NH2-Fc) and ii) ferrocene bound chitosan (CS-Fe) to prevent ferrocene leakage 

from the matrix and retain its activity as an electron mediator before coated on a glassy carbon 

(GC) electrode. The electrocatalytic activity of CNTs-NH2-Fc remarkably improves the electron 

relays for activation of oxidation of glucose and accelerate electrochemical reaction. The CS-Fe 

provides a favorable microenvironment to keep the bioactivity of GOx. The developed glucose 

biosensor (GC/CNTs-NH2-Fc/CS-Fc/GOx) was applied in the flow injection analysis system for 

amperometric detection of glucose using solution of 0.1 M phosphate buffer (pH 7 .0) as a carrier 

and applying a potential of 0.3 V. The proposed glucose biosensor exhibits linear calibration over 

the range of 2-80 mM for glucose response with the regression equation y = 0.005 x - 0.067 and a 

correlation coefficient of 0.997. The limit of detection, based on a signal-to-noise ratio (SIN= 3) 

of three, was 1.86 mM. The developed biosensor also provides good precision(% RSD = 3.0) for 

glucose signal (2 mM, n = 10) with rapid sample throughput (42 samples/h). 
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5.2 Part II: Development of glucose biosensor base on GC/CNTs-NH2-Fc-BSA-GOx 

In this part, a high sensitive and rapid measurement of glucose biosensor was 

developed for amperometric detection in flow injection system. The biosensor was developed 

based on ferrocene (Fe) covalently bound onto the NH2-functionalized multiwall carbon nanotubes 

(CNTs-NH2) to prevent ferrocene leakage from the matrix and retain its activity as an electron 

mediator. Glucose oxidase (GOx) was immobilized to ferrocene-modified NH2-functionalized 

multiwalled carbon nanotubes and bovine serum albumin (CNTs-NH2-Fc-BSA) composites film 

by using glutaraldehyde (Glu) before coated on a glassy carbon (GC) electrode. In CNTs-NH2-Fc 

-BSA) composites film, BSA provided a biocompatible microenvironment for the GOx to retain 

its bioactivity and CNTs-NH2-Fc possessed excellent inherent conductivity to enhance the electron 

transfer rate. The developed glucose biosensor (GC/CNTs-NH2-Fc-BSA-GOx) was applied in the 

flow injection analysis system for amperometric detection of glucose using solution of 0.1 M 

phosphate buffer (pH 7.0) as a carrier and applying a potential of 0.6 V. The proposed glucose 

biosensor exhibits linear calibration over the range of 2-16 mM for glucose response with the 

regression equation y = 0.3235x-0.6655 and a correlation coefficient of 0.9996. The sensitivity of 

the biosensor obtained from the slop of this linear part of the calibration is approximately 

323 nA /mM. The limit of detection, based on a signal-to-noise ratio (SIN = 3) of three, was 

0.65 mM. The developed biosensor also provides good precision (% RSD = 1.9) for glucose 

signal (2 mM, n = 7) with rapid sample throughput (72 samples/h). The fabrication of 

amperometric glucose biosensors both methods exhibits good reproducibility, sensitive, 

selectivity, stability, fast response time and ease of preparation and low cost. 
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Part I: Electrochemical detection of glucose on glucose biosensor 

(GC/CNTs-NH
2
-Fc/CS-Fc/GOx) 
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Effect of CNTs-NH
2
-Fc loading on the glucose response obtained from GC/CNTs-NH2-Fc/CS 

Fc/GOx electrode (raw data for Figure 4.2) 
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Figure A.1 Cyclicvoltammetric responses of IO mM glucose at various concentration of CNTs-

NH2-Fc (mg/mL). 



Effect of CS-Fe loading (raw data for Figure 4.3) 

30 

25 

< 20 

d- 15 -c 
~ 10 ... ... 
= w 5 

0 

-5 

-10 
0.0 

30 

25 

~ 
20 

::t 15 '-' -c 
~ 10 ... ... 
= u 5 

0 

-5 

30 
0%CS-Fc 

25 

,.._ 20 
< ::t 

15 '-' -c 
~ 10 ... ... 
= u 5 

0 
- - - - Background 

-5 - 10 mM glucose 

0.0 0.2 0.4 0.6 0.8 

Potential (V vs. AW AgCI) 

0.1 %CS-Fe 

--- - ------: : : , 

- - - Backgrmm 

- IOmMglucose 

0.2 0.4 0.6 0.8 

Potential (V vs. AW Agel) 

' I 

0.5 %CS-Fe 

, 
I 

------- -- -
- - - Background 

- IOmMglucose 

25 

20 

< 
d-15 

i 10 ... ... a 5 

0 

-5 

0.2 %CS-Fe 

--' --------- ... "" - - --... 

- - - Background 

- 10 mM glucose 
-10-'----.-----.----.----r------r-

0.0 0.2 0.4 0.6 0.8 

Potential (V vs. AWAgCI) 
30..---------------, 
25 

20 

l 15 
'-' = 10 ~ 

l: 5 
= u 0 

-5 

-10 

1 %CS-Fe 

I 

I 

~---- __ . ____ ........ ,,,' 
--

- - - Background 

- 10 mM glucose 
-10-'----r--.---.----,----,----' -15~--r--..,----.----.---..-~ 

0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 

Potential (V vs. AW Aga) Potential (V vs. AgAgCI) 

98 

Figure A.2 Cyclic voltammetric responses of 10 mM glucose CS-Fe concentration in modified in 

electrode. 



Effect of enzyme glucose oxidase loading(raw data for Figure 4.4) 
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Figure A.3 Cyclic voltammetric responses of 10 mM glucose on GOx concentration in modified 

in electrode. 



Optimum potential for amperometric detection (raw data for Figure 4.7) 
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Interference study (raw data for Table 4.2) 

-02 

-03 
GC/CNTs- NH2-Fc/CS-Fc/GOx 

glucose:NaCl 
-04 

- -05 
< ::t -- -06 c 
Iii 
I.. 
I.. 

= u -07 

::E a 
~ 9 

~ ~ ~ ~ 0 N 

~ ~ 0 ':I': 0 

~ ~ - 0 
0 <'.'! 0 

~ 
0 ':I': 0 0 

0 00 0 0 
0 0 

0 
0 <'.'! 

0 

-08 

-09 

-10 

0 DD JUI llD 4DI 

~ 

-0.60 

-0.65 
GC/CNTs- NH2-Fc/CS-Fc/GOx 

glucose: ascorbic acid 

-0. 70 

-1 -0.75 
'-' -c 
Iii 
I.. -0.80 I.. 

= 

~ 
0 

~ 
0 

~ 
<'.'! ':I': 
0 0 

u 
-0.85 

-0.90 

-0.95 

1500 2000 2500 3000 3500 4000 

Time (s) 

Figrure A.5 FIA gram of the interference on the GC/CNTs-NH
2
-Fc/CS-Fc/GOx biosensor. 



-0 .3 

GC/CNTs- NH2-Fc/CS-Fc/GOx 

-0.4 glucose: fructose 

-0.S -1 
---.... 

-0.6 = ~ ... ... 
= u 

-0.7 

~ ~ ~ ~ ~ '? 
0 N 

0 "31: 0 0 

~ 
0 

~ 

~ 
....... 0 0 

~ ~ ~ 

-0.8 

-0.9 

0 1000 2000 3000 4000 

Time(s) 
--0.4 

GC/CNTs- NH
2
-Fc/CS-Fc/GOx 

--0.5 glucose:sucose 

-< --0.6 

~ ~ ~ :::i. 

~ ~ - ~ ~ 
.... = '? N 0 
~ 0 .. 0 0 "31: 0 .. 0 0 N 0 00 = --0.7 '<:f" 

ill~ - - 0 0 u 0 

~ J~\JJJ1tt --0.8 

1000 2000 3000 4000 

Time (s) 

Figrure A.5 FIA gram of the interference on the GC/CNTs-NH2-Fc/CS-Fc/GOx biosensor 

(Continued). 

102 

5000 



-0.6 

< -0.7 
::t --= Q,j -0.8 i.. 
i.. = u 

-0.9 

-1.0 

Stability of the develop biosensor (raw data for Figure 4.10) 

' 
0 500 1000 1500 

I 10 mM glucose_0.3~F;: ra: 1 mL/min I 

2000 2500 

Time (s) 

3000 3500 

Figrure A.6 FIA gram of stability on the GC/CNTs-NH2-Fc/CS-Fc/GOx biosensor. 

4000 4500 5000 

-0 
w 



APPENDIXB 

Part II: Electrochemical detection of glucose on glucose biosensor 

(GC/CNTs-NH2-Fc-BSA-GOx) 
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Effect of CNTs-NH2-Fc amount on the glucose response(raw data for Figure 4.13) 
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Figure B.1 Cyclicvoltammetric responses of 10 mM glucose on CNTs-NH
2
-Fc concentration in 

modified in electrode. 
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Effect of BSA loading (GC/CNTs-NH2-Fc-BSA-GOx) (raw data for Figure 4.14) 
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Figure B.2 Cyclic voltammetric responses of 10 mM glucose on BSA concentration in modified 

in electrode. 



Effect of enzyme glucose oxidase loading (raw data for Figure 4.15) 

20 

15 
,...._ 

~10 .... 
= <II s.. 
s.. 5 = u 

0 

-5 
0.0 

12 

10 

< 
8 

~6 .... 
= 4 <II s.. 
s.. 
= 2 u 

0 

-2 

-4 
0.0 

Omg/mL GOx 

4 

0 - - - Background 

10 rnM glucose 
-2~---.~---r---.----..-----r~ 

0.0 0.2 0.4 0.6 0.8 t.0 

Potential (V, vs. Ag/AgCI) 

2.5 mg/mL GOx ,' 

- - - Backround 

- I 0 rnM glucose 

0.2 0.4 0.6 0.8 1.0 

Potential (V, vs. Ag/ AgCI) 

7 .5 mg/mL GOx 

,.. 

- - - - - · Background 

--- 10 rnM glucose 

0.2 0.4 0.6 0.8 1.0 

Potential (V, vs. Ag/Agel) 

10 

8 

< 
~6 
.... 
= ~ 4 
s.. = u 2 

0 

5 mg/mLGOx 

-..... -.. 

' - - - Background 

- 10 rnM glucose 
~+-----~-~--~--..-----.~ 

0.0 

10 

0 

-2 

0.2 0.4 0.6 0.8 1.0 

Potential (V, vs. Ag/AgCI) 

lOmg/mLGOx 

, 
,-' 

- - - Background 

- 10 rnM glucose 
~+----.~---r---.----..-----.~ 

0.0 0.2 0.4 0.6 0.8 1.0 

Potential (V, vs. Ag/AgCI) 

107 

Figure B.3 Cyclic voltammetric responses of 10 mM glucose on glucose oxidase (GOx) 

concentration in modified in electrode. 
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Optimum potential for amperometric detection (raw data for Table 4.18) 
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Figrure B.4 FIA gram of the applied potential on the GC/CNTs-NH2-Fc-BSA-GOx biosensor 

response 10 mM glucose, flow rate 1 mL/min. 
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Figrure B.4 FIA gram of the applied potential on the GC/CNTs-NH2-Fc-BSA-GOx biosensor 

response 10 mM glucose, flow rate 1 mL/min (Continued). 
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Optimum flow rate for glucose measurements using FIA system (raw data for Table 4.19) 
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Figrure B.5 FIA gram of flow rate on the GC/CNTs-NH2-Fc-BSA-GOx biosensor response 10 

mM glucose, applied potential at 0.6 V. 
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Interference study (raw data for Table 4.4) 
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Figrure B 6 FIA gram of the interference on the GC/CNTs-NH
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-Fc-BSA-GOx biosensor at 0.6 

V, flow rate 1 mL/min. 
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0.6 V, flow rate I mL/min (Continued). 
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Figrure B 6 FIA gram of the interference on the GC/CNTs-NH2-Fc-BSA-GOx biosensor at 

0.6 V, flow rate 1 mL/min (Continued). 



Sample determination (raw data for Table 4.5) 
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Figrure B.7 FIA gram of the sample on the GC/CNTs-NH2-Fc-BSA-GOx biosensor at 0.6 V, 

flow rate 1 mL/min. 
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Stability of the develop biosensor (raw data for Figure 4.23) 
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Figrure B.8 FIA gram of stability on the GC/CNTs-NH2-Fc-BSA-GOx biosensor. 
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functionalized multiwalled carbon nanotubes (Fe- NH 2-MWCNTs) and bovine serum albumin 
(BSA) composite film coated on a glassy carbon (GC) electrode. The covalently bonded of 
redox mediator ferrocene group (Fe) with NH 2-MWCNTs could prevent the leakage of Fe 
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Development of Flow Injection System for Glucose Detection by 
Amperometric Detection on Fc-NH2-MWCNTs-BSA-GOx 

Modified-Glassy Carbon Electrode 

Uangporo Sompoog, Wongduan Sroyseea and Maliwan Amatatongchai 

Department of Chemistry and center of Excellent for Innovation in Chemistry, F acuity of Science, Ubon Ratchathani 
University. Ubon Ratchathani, 34190, Thailand. 

Jntroduction and Objective 
In this research, development of a flow injection system with ampcrometric detection on 

Fc-NH2-MWCNTs-BSA-GOx modified-glassy carbon electrode was proposed for sensitive and 
selective measurement of glucose. 

Methods 
The glucose sensor was developed based on cross-linking of glucose oxidase (GOx) by 

glutaraldehyde with ferrocene-modified NH2-functionalized multiwalled carbon nanotubes 
(Fe- NHi-MWCNTs) and bovine serum albumin (BSA) composite film coated on a glassy 
carbon (GC) electrode. The covalently bonded of redox mediator ferrocene group (Fe) with 
NH2-MWCNTs could prevent the leakage of Fe from the matrix and retain its electrochemical 
acitivity. Optimization of the analytical conditions were studied using cyclic voltammetry (CV). 

The FIA with ampcrometric detection can be easily constructed using a HPLC system. The 
system consisted of a pump, an injection port equipped with a 20 µLsample loop, and the 
electrochemical detector. 

Results 
In order to improve sensitivity for glucose detection, GOx, Fe- Nl{z-MWCNTs and BSA 

composite film was coated onto the glassy carbon working electrode of the HPLC 
electrochemical detector. When the developed glucose sensor was employed for amperometric 
detection (at +0.55 vs Ag/AgCl), highly reproducible responses was observed (RSD = 2.5 %). 
The linear working range was 2-16 mM, with the detection limit of 0.36 mM ( 3a of blank). 

Conclusion 
The developed biosensor (Fc-NHi-MWCNTs-BSA-GOx/GC) was used in the ampcrometric 

detection of glucose in a solution of 0.1 M phosphate buffer, pH 7.0, by applying a potential of 
+o.55 V at the working electrode. The proposed Fc-NHi-MWCNTs-BSA-GOx/GC electrode 
performed good electrocatalytic oxidation for glucose. A linear calibration graph is obtained 
over range 2-16 mM of glucose with slope of 300 nA/mM and correlation coefficient of0.9996. 
The detection limit, based on a signal-to-noise ratio (SIN) of three, was 0.36 mM. 

Keywords: glucose, biosensor, NHi-MWCNT, flow injection 
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Abstract 

In this work, a highly sensitive and rapid measurement of a glucose biosensor was developed for 

amperometric detection in a flow injection system. The biosensor was developed based on ferrocene carboxal

dehyde (FcCHO) co-valently bound onto the NH
2
-functionalized multi-walled carbon nano-tubes (MWCNTs-NH

2
) 

to prevent ferrocene leakage from the matrix and retention of its activity as an electron mediator. Glucose oxidase 

(GOx) was immobilized to ferrocene-modified NH
2
-functionalized multi-walled carbon nano-tubes and bovine 

serum albumin (MWCNTs-NH
2
-FcCHO -BSA) composite film by using glutaraldehyde (Glu) before being coated 

on a glassy carbon (GC) electrode. The developed glucose biosensor (GC/MWCNTs-NH
2
-FcCHO-BSA-GOx) 

was applied in the flow injection analysis system for amperometric detection of glucose using a solution of 0.1 

M phosphate buffer (pH 7.0) as a carrier and applying a potential of +0.6 V. The proposed glucose biosensor 

exhibited linear calibration over the range of 2-16 mM of glucose with a slope of 323 nA/mM and a correlation 

coefficient of 0.9996. The detection limit. based on a signal-to-noise ratio (S/N) of three, was 0.36 mM. The 

developed biosensor also provided good precision (%RSD=2.5) for a glucose signal (0.6 mM, n=7) with a rapid 

sample throughout (72 samples/h). 

Keywords: Glucose biosensor, MWCNTs-NH,. Ferrocene, Amperometry: Flow injection analysis 
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2 ' 

ffllllW 1ii.mw11.:1ITT1m.J:fi1m'Vi 't~uri 11.l1~ii. LtJUL'l!i.i" 

'1'11ei ~Leiii.w BSA Lilu.l1.l1~ii.~iimn 1ii.Yi<i1ffll1 LUUff11 

:S1111 ..... ~UiiiYiM- ITTm1m'll1nii.'l'il1inrneiu.'t'l!ifu.a::·1bu 

a.JLff111m1'Y11.:11ii."1JtJ.JLtl'IJ, L'llif ~.JU[Jll\hm 1iiah'ILU lei 
L'l!'IJ,L'lltlftJr.J1.Jffll.J"IJ11.J [13],(17] 

Fe u.a::eiii.~wiiiuii.1in1a'il'l'lrl.:1~Lllii.~i~nnu.~LL<i:: 
' ' .. 

nnU.1m 1ii'Lllii.a11u1<f .:1EiLan'il·rnii.1ii.m1~Y11u.1'tu fo ... 
L'llii.L'lleif L iiei.:1111nff1m1mn'il1.lijmmLfiiiu.uu~u.n.ru 
L~ LL<i::'Ji1 tJ \i1.JfiITTtJ1tltJn0:UL'iiifU.Ln'il~~mitvJVJ1~16} L'ii 

[18],[19J 1u.m1'141 Fe u.a::eiu.~wrfm~'ilu1hih'tvJw1l'ilu 
' 

m::mii.m1'il'ilim::'Y11 lii1 'tu lm'l!m'lleif~'tiiim111 .. 
Laii u1fi eiwii1.:1~1 L ilei,i-;i1nu.1.:1u'ilmilv1uii.ti1i1 'tvJvh 

fieiii.-ii1.:1rieiii. 'Y111i Fe 'l'li'l'iltltln111lii.ITT1a::a1mrieiH 
' 

'tu 1m'llm'lleifm.h.;i~mrlei.:1 a.:11-1flm::'Ylu~ei1.l1::ff'Ylnm'Vi 
m1'Y11.:11u."1Jei.J 'tu 1m'llii.L'lleif'Y1, 1'1'1"'tiaqiqpmfi1m::t1.m 

~1a.:1,i1ii.i~£Jd'ti!Laii.eiiiiLfi11::'1{na Lfia~1vna lfiff'tu lei 
" .. 

L'llii.L'lleif'lfu'il 1'1'1li~a::'il1n 11~L11LLl'l::ii1.l1::tffiim'Vi t~w 
m1u1mfiufi tvJaam-;ifiiii.m 1'li1111num1~11111'ilL1.uu 

LLtlm Vieift1L11r1'1~i1na tfia'tu 1eiL6Jl'IJ,L6JltJf~-W'illii.1~u. ... 

tnii.mfueinifl~'t~~ '1'1°1ei FcCHO mrn.:1wu.lf::1firnau.~ 

nu MWCNTs-NH LYieiilei,inii. Fe 'l'l<l'iltltlmnm11r11non 
2 ' 

u.fldnmu.eifini~m.JLfiij'tvH'h 1.rn::H BSA 1.Yifl'li1u 

a..:i1.m111m1Yi1->11u."1Jei.:1wii.'t'l!if GOx 1~tJtl1fltJn11L~tlll 
'tii1 (cross link) "IJtl.J GOx ~1£Jnfl<;i11fl~L~'fi'L;iei\i 

" 
1.eiii.L'llifnn'il1.J't11ii.1ff'ilL.;a..J1.l1::neiu MWCNTs-NH -

... ' 2 

FcCHO-BSA-GOx ri tJ'IJ,UILULfi~ eiuuwiY1'tvJvh'llU'i1 

na1fftnmfueiii. 1.Yiei 1'lhilwi1m1v1'iln<i 1fia1u1::uu .. 
1Wflfl'IJ,L-;Jfiif'IJ, 'Y11 l'l'IL'iiL 'YlfiitfilLfiTI::'l·i'na foa~3j'Jlei~fiei ... 
1'liff11mm ru. il'eiu'li1£J<i'ilfi11'Ji,j1vua::ff1m1nm1-;i1'i1 

Meici1.:1<iimrlei.:1 11'il1.11u.a::iim111L~LJ'1m.J .. 

2.1 i'IT'iUli:i 

1uiu.~111B'auilu. (BSA. non acetylated, 20 mg/ .. 
ml 1ii.il1) -;i1n Sigma-Aldrich (USA), rieiu.11u.mfoeiu. 

LL1JUl-l'lt.J'11<l1£Jiu.~iimiVl.jni'ii.ei::illu. (MWCNTs-NH ' 
.. 2 

u1ff'Ylf > 95%, Ll.TIUhii.l'IU.tJni'll..J 15 + 5 U.11U.LlJ'il1, ' ... 
u11 1-5 't11meiii.) -;i1n Nanolab inc. (USA), wu'l'll~ 



nG'I hnnrnn:Ubc;iff (GOx type X-S -;nn Aspergillus niger), 
'II 

Lwer!h:fiumfoflnon.i~'h1"1(Ferrocene-carboxaldehyde: 

FcCHO, 1f~~rii 98%) n~c;i11°a~'t~..l (Glu, u1~rii 50%) 

bl&'!:: n~hrn (/)-0(+)-glucose) -;nn Sigma-Aldrich. 

1'llt~f.J!JL'IHJ11uuflhL~c;ii,c;if (NaCNBH u'iffrii 95%) 
3 ' 

-;nn Acros organics 

2.2 f!t.ln'lm 

Lfl4fl.Jii <mG'l::~tl mm~u 1m L"JIL'l.4n11<;J"fHl<;im,i 

Lflii'twvhtl1::nfl1J~1f.J bfl4fl.J1VHYl'l.4:n1flffU<;JYJ i'" EA 

161, e-corder 210 (u1M'n eDAQ, Australia) 1::uu 3 -ff1 

'twvh fifl.fr1'twi'l1H,i1u (working electrode) "ll'lt<;inG'l1ff 

:fif11fofl'" ('lll41<;1Ltt'l4f.i1ftl4vna1,i 3 ilaf\b1J<;J1), .ff1'twvh 
" 

fl1'1B'1iDG'lnflf-iDG'lnflffla1.JL1<il (Ag/AgCI) bbG'l::.ff1'twvh 

01hu (counter electrode) "l!ito/IG'l1V1U'l'lG'liiit!J (Pt) (u1M'ri 

CH Instruments, USA.) 

1::uu lw G'l a'imfli°'l.4 ~~~'"1~'l.4L ~fl Hhm1<;in;i 

1'1mmru.nG'l 1flff~1mriflitflbbflm'l'l1lfb1Jri"i~.fr1nt'l lflff 
'II 'II 

'tu lm'll'l.4L'll1.lftl1::n1.lu~1 fJ B "i'" LC-1 OA D (u1M'ri 

Shimadzu, Japan) ITT1G'l::G'l1f.Jcil1vn (W1lffbWV1UWbW1lf 

Ylw"l! 7.0 m1mii1Jiil4 0.1 foa1f) injection valve ~ii 
sample loop 'll'"1o/I 20 L!J 1mf\<;i1 (u1M'ri Rheodyne, 

USA) thin layer flow cell 1::uu 3 .fr1'tww1 fi1.l.ff1'tww1 

hr,i1un~ 1"~'tu 1m'll'l.4L'll1lf .fr1'tww151,ia,iiDaL 11lf

iUG'IL11lfflG'11lL1<il (Ag/AgCI) U.G'l::.ff1'twvh'li1fJ"l!ito/I stain

less steel tube (u1M'ri CH Instruments, USA.) LbG'l::1::uu 

<;i11-;il'vimJLflii'tww1 

~ .-~ -.. .. 
2.3 n1"iff..:JLA"i1::"H'lff~Lth11J'i::natJ~<hHn'i1Ja" 

.,. - .-d.. • _.,. _.. rr .. 
"1LWt1'l1J't13J'Ha,f£1::3JL"-Ln£1'i 'i'im (MWCNTs-NH2-

FcCHO) 

MWCNTs-NH -FcCHO Lil"if.J!J 1o/lfJ~~'l.41!J1'illn 
2 

l~'llf.J-3 Qiu U.G'l::flru.:: [3] 1'1mb MWCNTs-NH 30 
~ • 2 

iJG'liln1°1Jm 'l'h1vim::-;i1u~1 L'l.4'1.t1n~'l.4tl'1mc;i1 10 

iJG'!~f\m ~1mfl41.J,iaam11'llitn (fa CT360D, u1M'ri 
' 

Scientific promotion) LU'l.4L1G'l1 30 'l.41ri U1!J1L~!J 

ff1w::a1u FcCHO m1mii1Jiil4 7 iJG'lf\n11J~1.li:JG'!f\f\<;i1 

mmm 20 i:JG'!f\\lc;i1 Lb~1U1ltl n1'1.4~1ln4Vllli:Jlfo-:ld'.J'l.4 
' 'II 

L1G'l11 i1fo-:1.i1nttiu~1J NaCNBH 20 ilaf\n1mL.r1u1 
3 

1tln1'1-L~1l~ilnrn11ilvi1l-:1LU'l.4L1G'll 24 i111J-:1 lllL'll'l.4-
, 'II 

'll'1VJ1-;}bbG'l::.r1-:1c;i::nam11m1Jm'l.41.lG'l 10 iJG'!f\f\c;i1 <;i11J~1u 

ti1t111f!-;i1n't<H.HJ'l.4 10 i:laf\f\m ~,ilvitLvi'1~1.lru.V111i:lvi1.l-:1 
' 'II 

-;i:::l~lff<;JL:nJt11::n1.JU MWCNTs-NH -FcCHO 
' 2 
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2.4 n1'iL~~hrnn~lAL'f1ulm'il'M.L'ila{ GC/ 

MWCNTs-NH -FcCHO-BSA-GOx 
~ 2 

u1-ff1 'twi'l1nG'l1ff:fimfrnmm'l'11m11Jff::il1<;l1c;i f.J 

-ff '1 ~1VI '"l'll a-:1.ff 1'twi'l1nuff1if°nVIG'l1Vl1<;] f.J HtH 1.J::G'IU'\.41 
'II 

'll'U.lo/I 1.0, 0.3, UG'I:: 0.05 L!J1'111.J'\.4<;]1!Jiilcill.J 'illn'if 'l.4.r1-:1 

Lviff::a1c;i~1 uti1n~'" ua::.r1-:1~1fJ~1tl11ff•nn L1l 1l1.l'l.41c;iu 

1i'Lfl41.l-:1a.ic;i·n1'llitmtluna1 5 u1ri utl'1tll11viuv\.;i 

n11Lil1f.J!Jff1''rn::G'llf.JcilYJU.1h.ff1'1.wi'l1L~!J-;)lfflb GOx 7.5 

iJaf\n1iJ L~!JG'l-:IL'l.4ff11G'l::a1u 1% BSA tl'1m<;i1 500 

L!J1mili11 -;i1nii'l.4L~!J Glu m1i.11ii1Jiil4 2.5% mmc;i1 

500't"1mf\m u1ITT1G'l::G'l1u~'tiitt1tnu~1.lru.V111i:l 4 ei,ift1 
' 'II 

L'l!G'IL:fif.Jff LU'l.l.L1G'l1 2 if111J-:1 V1.r-:1-;nnii'l.4L~1JITT1G'l::G'l1fJ 
MWCNTs-NH -FcCHO LiiiJ-Jiu 7.5 ila\ln1°!J~1lilaf\~YJ1 

2 • , 

ma.J1il1 1,000 L1J 1mf\~n LL<l1u1'1.tlifmrn11~1mfl~tl-:I 

aG'lm11'11itn LU'\.4L 1&'11 5 l41ri -;i:: L~ff11G'l::G'l1f.J~1Vlfo 

~viu.t11.fr1'twvh (MWCNTs-NH -FcCHO-BSA-GOx) 
2 

nt'l 1flffl1J faL'll'l.4L'll1lfLo/11fJ1Jli;i'(~l'.JULtl<;Jff11G'l::<l1fJ~1V11°1J 
'II 

cil<;iLLtl1,r1'1.wi'J1 mm~140 't111mf\.;n Vlf.J~G'l-:11J'l.4~1VIU1 
.fr1'tww1~'1'11m111ff::mc;i"a1-t\'.,,h~'uv\,i~1.Jru.V1nil 4 ei,im 

' 'II 

L'llat:fiuff LU'l.4L1G'l11 fi'l-L 'il::L~n~1flffLu1m'll'l.4L'llff'f (GC/ 

MWCNTs-NH
2
-FcCHO-BSA-GOx) 

.... Q,, .... ~ 

3 eH.rn1'i'l\ltJUa::'l\l1'iCIUrn 

3.1 Amanitm::11a..:i MWCNTs-NH -FcCHO 
• 2 

1tl~ 1 LLffil-:1 FTIR ffLtlfli11°1J 'llfl-:1 MWCNTs-NH 
'II 2 

(m1W a), MWCNTs-NH -FcCHO (m1w b) lLG'I:: FcCHO 
2 • . 

(m1w c) -;i1n m1w a Ll41tlfi1 Ylflri 3,417 cm_, Lll'l.4 
' 'II 

anMrn::n11ft'l.4LL1Jl.JU<;J-V1<;1 (stretching) 'llfl.:J'l'\:IJ N-H LLG'I:: 
'II 

n11~'1.4LLUU n11'tn11u1::u 1u (In-plane scissoring 

vibration) ~ 1,647 cm·' -;i1nm.iLaiiutl;rn11i:l (primary 
" ~ 'II . . 

amine) <i1l4Ylflii 2,868, 2,935 cm-' Lnm1nm1i'l.4Lll.JU 

u'1-Vl<;1 'llei-:1 C-H ''" FTIR ffLtlflYJ1°1J'lleiJ FcCHO (nnw 

c) Ylfl~ 1.680 cm·1 Ln~-;i1nm1~'l.4'll1l-:I C=O -;i1nm.iEi'a 
" 

~'tn..l FTIR mtlfl'11°!J (nnY'I b) 'lltl-:lff11tl1::neiu MWC-

NTs-NH -FcCHO Lnm1n C=O -;i1nV1uaG'l~Luc;] Lii1'1'11 
2 " 

tll)n'1fJ1rll.J -NH, l.J'j.j, MWCNTs-NH2 ~f.i1'l.4tlljn'1fJ1 
Schiff-base LLG'l::c;i11J~1utll)iifo11~niu1o/lfJ H NaCN

BH -;i::L~ff11tl1::neiuL'l.41tl MWCNTs-NH -FcCHO ~,i 
3 'II 2 

u'"t'J'"M~1mrn-;i1n~LtlflYJ1°11 (m1w b) .i:::1ut111nDV1fl 

~ 1,647 cm·' 'llei.:i MWCNTs-NH (Lt11urnriuununnw 
2 

a) Lb&'!::: Ylfl~ 1.680 cm·' 'llfl-J FcCHO (Llffornriuum1w 

c) tii1.l.:1-;i1mn<;itll)mu1 Schiff-base 1:::V1-l1,i -NH
2 

LLG'I:: 

~uot'l~L~~ ffeJ~fl.rei.:1nrnmm1riviaei-:1'lJ1.l.J Qiu ua::flru.:: 
'II 



[3] LUUl.:llit'ihti1 FcCHO ~n'il1.:l<J\11JU.lff'llL-nJ1h::mrn 

MWCNTs-NH -FcCHO hi'LUU.f.l<i~1t1'1 
2 

4000 3000 2000 1000 
·I 

Wavenunmer (cm ) 

~uii 1 mrn.:1 FTIR spectra 'lHl\I MWCNTs-NH, 

(nnw a), MWCNTs-NH2-FcCHO (m1w b) u<i:: 

FcCHO (m1w c) 

lufm'Y!\4.L'im{ (GC/MWCNTs-NH -FcCHO-BSA-GOx) 
2 

~onafFn'f 
v 

f.I <in11'Yl'il <i il\1'11 rn riflitfl L'llfl ~ n 11 '1 LL'Yll.JL1.l'Yl1 

(cyclic voltammetry) lu.nTi~n'l!t1n1WlEl1JffU.il\l'llil\l,11 
nt11flffL1J fot'l!U.L'l!il{ GC/MWCNTs-NH -FcCHO-BSA-

., 2 

GOx LUrnJ~.J"ll.1~ 2 

14 

-12 

:§.10 
8 

c 6 

~ 4 ..... 
:::> 2 

C.) 0 

" 

I 
j 

J / 

~ 
~o 02 OA o~ os 1.0 

Potential (V,vs Ag/AgCI) 

d 

c 

b 

a 

1il11'liu. (a) 0, (b) 5, (c) 10 m'l:: (d) 15 il'1~111'11{ 

~i1nt11flffL1J foL'l!tU'lluf (GC/MWCNTs-NH -
" 2 

FcCHO-BSA-GOx) hrn11<1::<11tJWilOILW'il 

uvltwo{ L'll11'llu. 0.1 1mnf VlLo'll 7.0 (mtJL~ 

u11tJ1n1~n1'llo1fnE1u.) 
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'11mtlL'l!fl~n 1-rnLm1l foum11 (CV) ~,11n<1 lflff-., .. 
'tu 1m'l!U.L'llilf (1tl~ 2) vrni1 CV 'llil\IL1J lDL'l!UL'llfl'f~ii .. 
m1t~1.ln'11flff 5 il<i~fo<i1f '1\ILUff11'1::<i1v (nnrJ b) .. 
l11 lv\m::U01il1 lu~m Yi11~UilLJ1\I L ~U.l~i'iltrim ntJ1Jfl1J 

0111<i:::'11tJ~'llliin<i 1flff (m1w a) ut1:::ti1m::LLff'1::tvi11~u. .. 
m11m111t'll11'liu'lJE1.:1n~ 1flff~Lvi11~u (m1w c-d) n~ 1flff 

a111Trn Ln'il il on:fiL'iliu.'l'ilL'iltJiiti1ftmi~ tJD'ilVlfl ill fa~n 
(E ) tl1::111ru. 0.6 11.,c;l Lbff'il\ll1lff'ilt.n.:1t11::nou 

pa ' 

(MWCNTs-NH -FcCHO-BSA) l11l~ GOx a1mwd.:1 
2 

tlljmV11l1ln:fit'iliu'lJo.m~ 1fla'l~fori1.,:iiitl1:::~'Yl~mv; LL<i:: 

a11111n'il11'11'ilmmrnn<i 1fla'l~~ft'nu~16J 1'iltJii Fe-
" 

CHO ~af1.,:i~ull:::nu MWCNTs ttlu.L11~Lm'ilvf'!i1tJ'it1 
~.JDL~n'il"lilW'i::V.i1..:i active site 'llthlL1lU.L'llaJfl1Ji:i1'1'1U1 

i11'lwvh ~..rnD'ilfl~D.Jnrn1u1~v'llD.J Cass LL<l::flru.:: [20J 

LL<l::: Liu u<i:::flru.: [11] 

gluconolactone 

glucose 

FcCHO ~ 

FcCHO*J 

Biosensor 

~tJ;l 3 n<1'lm.Jljn1V1'llil.JL1J 1m'llut'lloflum1'il11'11'il 

n<i 1fla .. 

ff1Jn11~L~rn'lio.J LL<l'il.JL~~.Jd 
glucose + GOx - gluconolactone + GOx (1) 

(OXJ (fed) 

GOx"°") + 2FcCHO* - GOx
10

x
1 
+ 2FcCHO +2 H+ (2) 

2FcCHO ~ 2FcCHO* + 2e- (3) 

3.3 fl1"jAfftt1V11Yirn'll110.:1aTrn::a1ufit~nTm 

lavl';lman::aa.i 

ti1Vl Lil'll'llil.Jff11'1:::ffwfo~n 1m'l<1<ilii f.1'1 D ri1.:1mn 

'1iaamv;'l1'llil.JL1J 1m'llUL'llilf L ~o-:mnti1Vlta'lliif.l'1~il 
vir1~m111m.Jtflii'lwvh'll1l.J Fe Lt<1:'lu1mtaf1Yi1~ (bio-

' ' 
activity) 'llil.J GOx '11m1v.,:i1u.%vli~1u.mti1Vltv'llli 

mm::0111~vm1l11..:i1u.'llfl.J GOx iJ'nE1riYi'li1.:1Vltfl'.ll 6.5-

7.5 [21-22] J.Jd~uaunu1~Lb'1:::1a~~h1u.m1~1;i .. ' 
LilUL'llif m1n'fi'1EJ.Jd~"rhm1i'intt1N'1'll1l.JY1L1l'll1w1b;i 
4.0-9.0 f.1'1n11'tl~H'l O.Jllff'il.J~;i1tl~ 4 .. 



2.0 
....... 
~ 1.5 

/\ -c 1.0 !!! ... 
:l 
() 0.5 .--

4 5 6 7 8 9 10 

pH 

ltlfi 4 m111a11wwif1::'1'1-i1..:ifi1m::uin11ntlfin'7v1 

1HJn:fib'iliU.'llfl..Jfifl foa- rllJfi1YiLfl"li'llfl..JITT10::011'.J .. 
1lb~n1mht;f v.JEJabv-l'ilUl-h'vlaf boii11"!lu. 0.1 

h1n1f 

~rnm1'Yl"10EJ.:J'il1mtl~ 4 viu'i1dfaiilLfl"li'llfl..J .. 
a11n::n1va--:i~u. fi1m::ua-'il::bvl11a--i~u'ilu.n..:iiilbEJ"li 7.0 .. .. 

a a ~ 
un::nvin.:JLll EJYlLfl"li'llfl.:Jl1'11n::n1 t1111n'llu 'il1nm1'Yl"1n a..:i 

ua'il.J liL v;u.EJti1..:iiviL'ilU. -hiilLfl"li'llfl..Ja11n::n1vn 111n<ii El 

n1nJ1..J1U.'llfl..JLflUL'llJJ GOx nn 1flffLlJ 1m'llU.L'llflf~w~U.1 
~u.tt'l.ifi1m::btaff..Jff'il~YiLEJ"li "'7.0 fffl"1fl~fl..JrllJ.:J1Ul~l'.J 

... 'U q " ... 

riflu.'l'\u1ii. r121. [17], [23J.[24J ~,,'ltu..:J1u.%t1ii.~..:ib~an 

Ti1YiLEJ"li 7.0 Ltlu.wLfl"li'llfl..Jff11n::n1t11iL~n1mtnt;f~ 
L'l'\111::ff3J 

3.4 011A0171'1'11R11ll ttiini"mh11&'1RLii'1 . 
tl1::mm MWCNTs-NH -FcCHO fiL'l'lll1::&'1ll 

2 • 

hm1ft n M1'1'11tl'7111 ru. lff"1 b; .:J tl1:: n EJlJ ii 
' 

L'l'l111::a-3J'l.u.m1bi;i'1t111nn 1fla-Lu 1m'llU.L'llEJf c.in'llEJ.J .. 
m111ru.lff"1blB.Jtl1::nE1lJ MWCNTs-NH -FcCHO 'iiEln11 

' 2 

i;i11'ili'iltlfimt11E1an:fib"1iu.'llfl.:Jnn 1fla-bLff'il..:iil-:11tl~ 5 
::..I " " 

fi1 m::ua-EJ a n:fiL'iliu. 'I. u. 1tl bU u.Ti1Lu~ t1'il1n.fr1 t v.Jvh 

~L'i1'1t111~u. 3 .fr1tv.Jvh ti1~bbtium111fln1"1bfl~flu. (error 

bar) ua'il.:Jfi1bUt1.:JLlJU.111"11~1u. (S.D.) 'il1nm11"1 

4 

:3.. 3 

/"---· c 2 

~ 
:::J 

CJ / 0 • 
0 2 4 6 8 10 12 

Concentration of MWCNT-NH -FcCHO (mg/ml) 
2 
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ltJfi 5 fl1111ff11WU.lf1::'1'1l1.:Jfi1m::bLff'il1fiUDfi°7t11 

fl EJnonL'iliu'll fl.mo 1fla-num111Loii11-iiu.'ll EJ.:J1 a-'il .. ' 
L;.:Jth::nfllJMWCNTs-NH -FcCHO ~H'l.u.m1 

2 

~viutlwl'l 1fla-Lu 1m'llU.L'llElf 
" 

'il1n111l'lm1'Yl'ill'lfl.:J 'l.u.1tl~ 5 viui1Lriflm111ru.1a'il 
" ' 

L:n..:it11::nE11J MWCNTs-NH -FcCHO Lvl3J~U'il1n 0-5 
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