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Abstract 

 

The thesis work is dedicated to developing novel nanostructured electrode materials 

with large specific surface areas, good conductivity, excellent biocompatibility and 

high electrocatalytic activity toward the fabrication of novel generation, 

high-performance glucose biosensors.  

Multi-layered carbon nanotubes and gold nanoparticles hybrid structure were 

constructed on a gold electrode via a layer-by-layer self-assembly method. A 

second-generation glucose biosensor was fabricated by immobilizing glucose oxidase 

(GOx) on the multi-layered nanohybrid-modified electrode. The sensor achieved a 

high sensitivity of 19.27 µA mM
-1

 cm
-2

, a wide linear range of 20 μM to 10 mM with 

a low detection limit of 2.3 μM (S/N=3) for amperometric detection of glucose in the 

presence of ferrocene mediator.  

One-dimensional hierarchically structured TiO2 (1DHS TiO2) was synthesized by 

hydrothermal method with multi-walled carbon nanotube as a sacrificing template. 

The material exhibited a mesoporous structure with a large specific surface area of 

218.4 m
2
 g

-1
 and a uniform pore size distribution of 7~9 nm. GOx immobilized on 

1DHS TiO2 achieved direct electrochemistry with a fast electron transfer rate of 7.8 s
-1

. 

A third generation-glucose biosensor was fabricated by modifying the biocomposite 

of GOx/1DHS TiO2 on a glassy carbon electrode, which showed a high sensitivity of 

9.9 µA mM
-1 

cm
-2

, a linear range up to 1.5 mM and a low detection limit of 1.29 µM 

for mediatorless measurement of glucose concentrations.  

Hierarchically structured MnO2 spheres were further synthesized by the 

electrodeposition method for the immobilization of GOx. The synthesized MnO2 

mesoporous spheres also showed mesoporous morphology, exhibiting a surface area 

of 128.5 m
2
 g

-1
 with pore sizes in the range of 5~12 nm. Direct electron transfer (DET) 

between the electrode and the immobilized GOx was observed, and the electrode 

modified with GOx/MnO2 was also successfully demonstrated for glucose sensing in 

a mediator-free environment. The sensor exhibited a fast response within 3s, an 
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enhanced sensitivity of 31.6 µA mM
-1 

cm
-2

, an improved linear range up to 3.15 mM 

and a low detection limit of 0.35 μM (S/N=3). 

Moreover, uniquely structured carbon nanocages (CNCs) were synthesized by 

MgO template-assisted CVD method. CNCs exhibited a distinguished hollow interior, 

pronounced graphitic crystallinity and an extremely large surface area of 1651 m
2
 g

-1
, 

which is favourable for the enzyme immobilization and application as electrode 

materials. Fast DET was achieved between the immobilized GOx and the electrode, 

and mediatorless glucose detection was realized by modifying a GCE with the 

GOx/CNCs biocomposite material. The third-generation glucose sensor based on 

GOx/CNCs-GCE showed a significantly improved linear range up to 14 mM, with an 

excellent sensitivity of 19.18 μA mM cm
-2 

and a low detection limit of 0.33 μM. 

Finally, a hierarchically structured nanocomposite material of Mn3O4/3D graphene 

was developed by hydrothermal growth followed by electrodeposition. The material 

showed an extremely high electrocatalytic activity toward the glucose oxidation in a 

high-pH solution. Due to the flexibility and mechanical strength of the composite, 

Mn3O4/3D graphene was employed as a free-standing and flexible electrode for 

non-enzymatic biosensing of glucose. The non-enzymatic glucose biosensor showed 

an ultrahigh sensitivity of 360 μA mM cm
-2

, a wide linear range of 0.1 ~ 8 mM and a 

low detection limit of 10 μM. In addition, the non-enzymatic glucose biosensor also 

showed excellent selectivity for glucose.  

The thesis works have deepened the understanding of DET and forwarded the 

research toward the development of third-generation glucose biosensors. In addition, 

the nanostructured electrode materials and biosensing platforms developed in present 

thesis work provided many new opportunities for the research of other 

electrochemical devices, such as supercapacitors and biofuel cells.  
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Chapter 1-Introduction 

 

1.1. Background 

Diabetes is a major health problem marked by the inability of the body to properly 

manage the level of glucose in the blood, resulting from insulin deficiency and 

hyperglycemia. The disease is one of the leading causes of mortality and disability in 

the globe.
1
 Diabetes is mainly presented as two forms: Type 1 and Type 2. Type 1 

diabetics do not produce any insulin, the hormone that regulates the usage of sugar in 

a human body. Without strict control of blood glucose level, Type 1 diabetic 

individuals suffer from serious and chronic complications including blindness and 

tissue damage.
2
 Type 1 diabetes affects approximately 10% of the diabetic population. 

Type 2 diabetes mellitus, constituting 90% of the diabetes cases results from insulin 

resistance and relative deficiency of insulin secretion. Type 2 diabetics may suffer 

from complications such as heart disease, stroke and kidney failure.
3
 With careful 

management and stringent control of the blood glucose level, the complications 

arising from Type 1 and Type 2 diabetes could be greatly reduced, delayed or even 

prevented. 
1, 4

 

 

Figure 1-1. The diabetic population in the world (data collected from WHO). 
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World Health Organization (WHO) reports that 347 million people worldwide have 

diabetes in 2008,
5
 and estimates that diabetes deaths will double between 2005 and 

2030.
6
 (Figure 1-1) In 2004, glucose biosensors occupied 85% of the entire biosensor 

market, which accounts for approximate US $5 million.
4
 After accelerated growth 

during the last decade, the global market for glucose sensors and strips has expanded 

to US $11.5 million in 2012, according to the recent report by Global Industry 

Analysts, Inc.
7
 The figure is expected to increase continually in the next few years. 

1.2. Motivations 

 

Figure 1-2. The number of articles related to glucose sensors published in the last decade 

(Reprinted with permission from reference 9).  

 

Although the research of electrochemical glucose biosensors began 60 years ago 

when Clark and Lyons pioneered the first enzyme electrode for glucose monitoring
8
, 

there is no sign of illness until today in this field. The number of publications 

pertaining to glucose biosensors has been gaining momentum in the last decade 

(Figure 1-2), according to Science Citation Index.
9
 The significant activity in the field 

of glucose biosensors reflects the clinical importance of the topic. Enormous demand 
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for tight management of diabetes has led to continuous innovation of the biosensing 

technology for glucose monitoring. Accordingly, major fundamental advances and 

technological breakthrough have been witnessed during the past six decades to 

improve the reliability and enhance the accuracy of glucose measuring devices. 

Combination of elegant new research concepts with numerous technological 

innovations has opened the door for electrochemical glucose sensors for widespread 

applications. The innovation and revolution of glucose sensing technology has thus 

contributed to tremendous economic impact and fascinating research opportunities. 

The advance of glucose sensing technology has also promoted the development of 

other in-vitro and in-vivo biosensing devices for the detection of other biologically 

important molecules. Likewise, the concepts and materials initially employed for 

glucometers (i,e. mediators, membranes and catalysts) are now applied to improve the 

performance of a wide variety of biosensing devices.  

Although impressive progress has been made during the past decades, the goal of 

effective management of diabetes is yet to be fully achieved. There are still many 

challenges and obstacles to be conquered before fulfilment of the promise toward 

blood glucose monitoring in a highly stable, reliable and real-time manner. Substantial 

improvement in tight diabetes management could be expected with continuous 

monitoring of the moment-to-moment changes of blood glucose level. Providing such 

tight control of diabetes thus has become the primary focus in the field of glucose 

biosensors and has fuelled enormous research activity. Obviously, success in this 

direction requires a detailed understanding of the underlying biochemistry, physiology, 

surface chemistry, materials chemistry and electrochemistry. However, commercial 

and regulatory considerations rather than scientific aspects are dominant for the 

ultimate implementation of the new biomedical devices.  

As the field enters its sixth decade of intense research, the emergence and advances 

of nanotechnology have provided enormous opportunities for the development of new 

approaches for glucose biosensors. Since nanomaterials can be tailored to have the 

similar dimension as glucose oxidase (GOx), they are capable of reaching the ‘redox 

centre’ of the enzyme and improving the electrical contact between GOx and the 
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electrode supports. This could lead to the achievement of third-generation glucose 

biosensors and revolutionize the glycemic monitoring technology. In addition, 

nanotechnology also brings new inspirations for the development of innovative 

non-enzymatic biosensors. Nanostructured electrocatalysts are promising to solve the 

problems associated with non-enzymatic glucose biosensors, such as poor selectivity 

and surface fouling. Due to their large surface areas, nanomaterials based 

non-enzymatic electrochemical biosensors are also expected to show significantly 

higher sensitivities than those based on bulk electrode materials.  

1.3. Research Objectives 

The main objective of this thesis work is to develop novel nanostructured and 

nanocomposite materials for the fabrication of highly stable, reliable and sensitive 

electrochemical glucose biosensors toward tight diabetes management. Carbon 

nanomateirals including carbon nanotubes (CNTs) and graphene are mainly used as 

support for the development of novel nanocomposite materials due to their large 

specific surface areas. Metal oxides such as TiO2 and MnO2 are tailored to have 

mesoporous nanostructures in order to effectively immobilize the enzyme and 

interface the ‘redox centre’ of enzyme. Another metal oxide (Mn3O4) is synthesized as 

a nanostructured electrocatalyst for non-enzymatic glucose biosensors. Gold 

nanoparticles are employed not only to immobilize the proteins but also to improve 

the conductivity of fabricated glucose biosensor.  

1.3.1. Assembly of Nanocomposite Electrode Materials for Highly Stable and 

Sensitive Mediator-based Glucose Sensing 

Stability is the major issue of commercialized second-generation glucose biosensor. 

Gold nanoparticles (AuNPs), due to their small size and excellent biocompatibility, 

could provide a suitable microenvironment for the immobilization of GOx while 

retaining their bioactivities.
10, 11

 Multi-walled carbon nanotubes (MWCNTs) are used 

as electrically conductive supports for the self-assembly of AuNPs. The research 

objective is to fabricate multilayered assembly of MWCNTs and AuNPs on an 

electrode surface to provide a biocompatible and stable matrix for enzyme 
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immobilization and improve the sensitivity of mediator-based glucose biosensors.  

1.3.2. Development of Mesoporous Nanostructured Materials for Interfacing the 

Redox Centre of Enzyme toward the Fabrication of Third-Generation Glucose 

Sensors 

It is generally very difficult for GOx to transfer electrons directly from its redox 

centre to the electrode surface, because the redox centre is surrounded by a thick 

protein insulating shell. Mesoporous nanomateirals with pore sizes similar to GOx are 

able to mediate the electron shuttling between the redox centre and electrode supports 

due to the greatly shortened electron transfer distance.
12, 13

 In addition, mesoporous 

nanomaterials usually have large specific surface areas, which are beneficial for 

improving the sensitivity of glucose biosensor. The mesopores could also effectively 

immobilize a large amount of GOx. The research objective is to synthesize 

mesoporous metal oxides and carbon nanomaterials for GOx immobilization, explore 

the direct transfer between GOx and electrode, and fabricate third-generation 

biosensors for glucose sensing. 

1.3.3. Synthesis of Nanostructured Electrocatalysts toward the Application of 

Non-enzymatic Glucose Biosensor 

Nanostructured electrocatalysts promise to solve the problems related to bulk 

electrode materials based non-enzymatic glucose biosensors such as surface fouling 

and poor selectivity. In addition, the sensitivity of non-enzymatic glucose sensor 

could also be significantly enhanced as a result of the extremely high catalytic activity 

of nanostructured electrocatalysts. Three-dimensional graphene (3D graphene) was 

recently reported to have very large specific surface area and high conductivity while 

exhibiting excellent mechanical strength and flexibility.
14

 The objective of this 

research is to fabricate a freestanding nonenzymatic glucose biosensor with 

nanocomposite material of 3D graphene and in-situ grown nanostructured Mn3O4. 3D 

graphene serves as an independent and flexible electrode support while Mn3O4 serves 

as the electrocatalysts.  

1.4. Organization 
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In Chapter 1, a brief introduction is given to describe the background of my thesis 

work, and the motivations behind the objectives of my research. Chapter 2 overviews 

the literatures related to three generations of enzymatic glucose biosensors and 

nonenzymatic glucose biosensors, among which nanomaterials based electrochemical 

sensing is focused. Chapter 3 summarizes the methods used for nanomaterials 

synthesis, materials characterizations, electrode fabrication and electrochemical 

measurement. Chapter 4 describes a highly stable and sensitive glucose biosensor 

constructed by self-assembly of multi-layered MWCNTs, AuNPs and GOx on Au 

electrode. In Chapter 5, a uniquely structured nanomaterial, hierarchically structured 

one-dimensional TiO2 (1DHS TiO2), is introduced and its performance for enzyme 

immobilization, mediating direct electron transfer of GOx and glucose sensing, is 

discussed. Chapter 6 presents the synthesis and application of another hierarchically 

structured metal oxide, MnO2 mesoporous sphere, for enzyme immobilization and 

glucose sensing. A new mesoporous nanomaterial, carbon nanocage, is explored for 

the fabrication of third-generation glucose biosensor in Chapter 7. In Chapter 8, the 

non-enzymatic glucose biosensor based on a nanocomposite material of 3D 

graphene/Mn3O4 is studied. Chapter 9 is the last chapter, which summarizes the thesis 

work and outlooks the future research prospects. 
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Chapter 2-Literature Review† 

 

†Partially reprinted from [P. Si, et al. RSC Adv, 2013, 3 (11), 3487-3502] by permission from The 

Royal Society of Chemistry. Copyright 2013 

 

2.1. Introduction of Glucose Biosensors 

A biosensor is defined as a sensing device consisting of a biological recognition 

element (i.e, enzymes, proteins, antibodies, nucleic acids, cells, tissues or receptors) 

that selectively reacts with the target analyte in intimate contact with a suitable 

transducer, which is able to convert the biological recognition reaction or eventually 

the biocatalytic process into a measurable electronic signal.
1
 The configuration of a 

biosensor is demonstrated in Figure 2-1. Biosensors offer many favourable analytical 

characteristics, such as high sensitivity, good selectivity, portability, high speed, low 

cost and potential for miniaturization, which create exciting opportunities for 

numerous decentralized analytical applications, and they are quickly becoming useful 

tools in medicine, food quality control, environmental monitoring and other practical 

fields.
2-4

 In principle, biosensors can be tailored to match individual analytical 

demands for almost any target molecule or compound that interacts selectively with a 

biological system.
5
 

 

Figure 2- 1. Schematic illustration of the configuration of a biosensor.
6
 (Reprinted with 

permission from Ref. 6. Copyright 2010 The Royal Society of Chemistry). 

The sensing elements commonly used for glucose biosensors are enzymes, due to 

their high specificity and biocatalytic activity for glucose.
7
 The most widely used two 
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families of enzymes are glucose oxidase (GOx) and glucose dehydrogenase (GDH) 

(Table 2-1), the wide type of which are originally derived from Aspergillus niger and 

Acinetobacter calcoaceticus, respectively.
8
 GOx could directly catalyze the oxidation 

of analyte glucose in the presence of oxygen (Eqn 1):   

 22

GOx

2 OH +acid gluconic O+glucose    (1) 

However, GDH requires cofactors and redox mediators for the oxidation of glucose. 

The cofactors could be nicotinamide adenine dinucleotide (NAD
+
), pyrroloquinoline 

quinone (PQQ) and flavin adenine dinucleotide (FAD). In the presence of excess Ca
+
, 

the PQQ cofactor is able to bind stably to the apoenzyme.
9
 The mechanisms of 

glucose oxidation by glucose dehydrogenase are as follows (Eqn 2, 3):  

 NADHneglucotactoNAD  glucose
GDH     (2) 

 (red) PQQ  neglucolacto (ox) PQQ  glucose
GDH

   (3) 

PQQ-GDH is the most widely used dehydrogenase system for glucose sensing due 

to its efficient catalytic efficiency and rapid electron transfer rate.
10

 However, the use 

of PQQ-GDH is limited by its stability and poor selectivity, because PQQ-GDH not 

only catalyzes the oxidation of glucose, but also other sugars.
8, 11

 

Table 2-1. The enzyme system used in commercialized glucose biosensors 

Manufacturer Brand Enzyme system 

AgaMatrix WaveSense KeyNote GOx 

Bionime Rightest GM300 GOx 

Diabestic Supply of Suncoast Advocate Redi-Code GOx 

Diagnostic Devices Prodigy Autocode GOx 

LifeScan OneTouch UltraLink GOx 

Nova Biomedical NovaMax GOx 

Abbott FreeStyle Freedom Lite PQQ-GDH 

Roche Accu-Chek Aviva PQQ-GDH 

Bayer Ascensia Contour FAD-GDH 
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According to the monitoring methods, glucometers can be classified as intermittent 

sensors or continuous sensors (Figure 2-2). Intermittent sensors include clinical 

stand-alone instruments and near patient (point-of-care) devices, which probably 

occupy the largest biosensor market.
12

 Continuous sensors are further assorted into 3 

types, which are invasive, minimally invasive and non-invasive glucose monitors. 
13

 

The ultimate goal of the implantable continuous glucose sensor is the creation of an 

‘artificial pancreas’, which releases insulin into the blood stream automatically once 

triggered by the signal of a high blood glucose level.  

 
Figure 2-2. Classification of glucose sensors according to the detection approaches.  

According to the type of transducers, glucose monitoring devices could be divided 

into electrochemical glucose biosensors and optical glucose biosensors. The 

electrochemical method is a well-established technique widely used in most 

commercially successful glucose biosensors. The glucose biosensor market is well 

covered by electrochemical sensors,
8
 mainly in the form of stand-alone instruments in 

clinical labs and homecare testing strips. In contrast, optical methods rely on the 

measurement of photons, rather than electrons. Although optical glucose sensors have 

not attained the success of the electrochemical glucose monitors, they are undergoing 

Glucose Sensors

Continuous

Intermittent

Stand-alone 

Point-of-care

Invasive

Minimally Invasive

Non-invasive
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highly active research and have several advantages. For example, optical glucose 

sensors are especially useful when the patients are wearing heart pacemakers or under 

radiotherapy for cancer, as the electromagnetic field would affect electrochemical 

sensing, but not optical sensing. Optical fibers enable the sensing of glucose in the 

deeper tissue or less accessible regions of body. In addition, since optical schemes do 

not require a reference electrode, they are especially beneficial for continuous sensing 

and non-invasive sensing of glucose. Absorptiometry (reflectometry), fluorescence 

and surface plasmon resonance (SPR) are the most successful optical methods to date. 

Among them, fluorescent and SPR methods are capable of continuous monitoring. 

Although the reflectometric or interferometric method has been described for glucose 

detection in plain water, it cannot sense glucose continuously in blood sample. 

Chemi- and bioluminescence-based optical sensors are not suitable for continuous 

monitoring either.
12

  

2.1.1. Clinical High-throughput Instrumentation 

Multiparametric instrumentation is widely used in hospitals in clinics for sensing 

glucose along with other interferential compounds in the blood such as Na
+
, K

+
, Cl

-
, 

ascorbic acid, urea, lactate, O2, etc. The instrument performs electrochemical-based 

assays capable of determining glucose concentrations in multiple blood samples 

simultaneously in a high-throughput manner. With the assistance of microfluidic or 

other flow systems, the instrument could produce readings within 1~2 min with a 

sample volume as small as 30~100 μL. The sensors in such instrumentation must be 

reusable or fully reversible. After each round of test, the sensor surface is regenerated 

by chemical means, and the sensors are recalibrated before the introduction of 

subsequent samples; this, however, compromises the frequency of assays.  

2.1.2. Point-of-care Personal Glucose Meters 

Near patient or point-of-care glucometers, on the other hand, are portable, 

disposable, low-cost and calibration free. Such devices do not have the requirements 

of biocompatibility, maintainability, reversibility, long operational lifetime or long 
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shelf time. With millions of testing strips consumed every year, the homecare devices 

obviously dominate the whole glucose sensor market.
14

 The mediator-based 

electrochemical glucose meter enables the users to test their blood glucose daily at 

home, with a small sample loading volume of 1~10 μL and a result waiting time as 

short as 30 s. To date, majority of the homecare glucose testing strips in the market 

rely on enzyme based screen printed electrodes,
10, 15

 which could be mass produced 

by rapid microfabrication technology or vapor deposition process.
16, 17

Screen-printing 

is a thick film process, which has been employed for the production of robust, 

low-cost and miniaturized electronic circuits since 1980s. A small laboratory-scale 

screen printer, as shown in Figure 2-3A, is capable of producing thousands of sensors 

per day. Larger ones could far exceed this figure. For example, Abbott Inc. produces 

over 1 billion biosensor strips every year. The screen-printing technology could 

contribute largely to the commercial success of electrochemical glucose personal 

sensors. Screen-printing functions by fabricating the patterns of conductors and 

insulators onto the surface of planer supporting substrates (usually ceramic or plastic) 

based on squeezing the ink suspension through a patterned mask. The inks for the 

printing of biosensor strip circuits are usually carbon and metals. 
10, 17

Each printed 

strip comprises the counter-reference, fill detection and working electrode, which is 

immobilized with necessary reagents such as the enzyme, mediator, stabilizer, 

surfactant, membrane and binding agents. Figure 2-3B shows the inner architecture of 

a representative electrochemical test-strip, composed of seven major components. The 

bottom plastic substrate (1) is screen printed with the working electrode (2), which is 

immobilized with enzyme, mediators, etc. (3). The counter-reference and fill detection 

electrodes (4) are screen-printed on top plastic layer (5) and are separated from the 

working electrode by an adhesive layer (6). A small capillary chamber (7) is 

constructed on the adhesive material and over the electrodes, enabling the sensor to 

detect glucose with a blood sample volume as small as 1 μL.
8
 By employing the 

aforementioned techniques, such a single-use device not only eliminates the problems 
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of carry over, cross contamination or drift, but also has the advantages of low cost, 

capability of mass production and high clinical accuracy.  

Typically, diabetic patients need to prick their finger, place one small droplet of 

their blood on the testing strip, which is inserted into the control device to obtain to 

blood glucose concentration. The control devices are pocket sized, light and battery 

controlled. Most of them provide glucose concentration readings within 5~30 s. 

Although there are more than 50 different brands of testing strips and pocket-sized 

monitors available in the market, 90% of them are manufactured by four major 

companies: Bayer, Lifer Scan, Abbott and Roche Diagnostics.
18, 19

 Figure 2-3C shows 

the top-selling personal glucose meter of Roche Diagnostics, the Accu-Chek 

Advantage 
TM

, which is one of the fastest glucose sensors commercially available, 

displaying the results as fast as 5 s. The side-fill capillary configuration allows for 

easy drop and collection of blood sample into the strip and requires a sample volume 

as small as 1 μL. Overall, the attractive performance and elaborate features of near 

patient glucose monitor could be contributed to the significant scientific developments 

and major technological advances in past decades. Nevertheless, drawbacks of 

personal monitoring devices, including low and irregular testing frequency, 

inadequate interpretation of results by patient and liability issues, are expected to be 

overcome in the near future by more integrated devices, which provide 

multifunctional capability, enhanced interface with physicians and easy tracking of 

blood glucose level fluctuation.
10

 

 

Figure 2-3. (A) Pilot-scale screen-printing machine. (B) Expanded view of a typical 

electrochemical test-strip, with blood droplet partially filled in the capillary chamber. More 

A B C
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than 1 billion of such strips are produced every year. (C) Accu-Chek Advantage
TM

 personal 

glucose monitor manufactured by Roche Diagnostics. (Reprinted with permission from Ref. 8 

and 10. Copyright 2005 Elsevier. Copyright 2008 American Chemical Society) 

2.1.3. Implantable Long-term Glucose Monitors 

Despite the big success of test-strip based personal glucose meters, the 

inconvenience of finger pricking associated with such sensors prevents the patients 

from frequently measuring their blood glucose level, especially during the night, 

resulting in poor approximation of blood glucose fluctuations. Tight diabetes 

management could be achieved by more frequent measurement or continuous 

monitoring, which provides greater information about the blood glucose fluctuation 

throughout the day, such as overall direction, magnitude, trend, pattern, duration and 

frequency of such variations. Sharp changes in blood glucose level could 

automatically trigger the alarms, warning of hypo- and hyperglycemic conditions.  

In order to achieve fast and optimal therapeutic interventions, an ‘artificial 

pancreas’, which could deliver insulin timely in case of abnormal blood glucose levels, 

is highly desirable.
20

 Such a ‘holy grail’ requires a closed-loop glycemic control 

system in which an implantable glucose monitor is the key component. The ‘sense 

and release’ concept is expected to revolutionize the means for glucose monitoring 

and have significant impact on diabetes management and treatment.
21

 Generally, 

implantable glucose monitors are classified into three categories: subcutaneous, 

intravenous and microdialysis systems.
13

 

 Unfortunately, the development of an in vivo glucose monitoring system is not 

straightforward. Several major challenges have to be taken into consideration. For 

intravenous implantable devices, the main problem arises from the severe surface 

fouling of electrode by proteins and coagulation factors, which suppresses glucose 

response and increases the risk and thrombus formation. Therefore, the majority of the 

implantable glucose monitors have been developed to alternatively measure the 

glucose in the interstitial fluid of the subcutaneous tissue, where the glucose 

concentration reflects the blood glucose level.
22-27

 Nevertheless, the wound site 
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generated by subcutaneous implantation would induce a serious local inflammatory 

response, which is associated with scar formation and accompanied by bacteria and 

macrophage adhesion, resulting in distortion of the glucose concentration near the 

sensor area (Figure 2-4A). The extent of inflammatory reaction varies according to 

size, shape, stiffness, physical and chemical properties of the sensor.
28

  

The first subcutaneous implantation of needle-type glucose monitor was 

demonstrated by Shichiri et al. in 1982.
29

 In the following 20 years, subcutaneous 

implantable glucose sensors moved gradually from the experimental stage to 

commercial products.
30, 31

 After a long research program, MiniMed (Sylmar, CA, 

USA) marketed the first needle-type subcutaneous glucose monitor (Figure 2-4B) in 

2002. The continuous glucose monitoring system (CGMS) allows for the 

measurement of glucose every 5 minutes, with nearly 300 readings per day and data 

storage in the monitor’s memory. However, the MiniMed’s device restricts patients’ 

access to real-time data, which could only be downloaded by the physician. 
30

 Similar 

FDA-approved devices include Guardian REAL-Time system by Medtronic 

(Minneapolis, MN, USA), SEVEN by Dexcom (San Diego, CA, USA) and Freestyle 

Navigator by Abbott (Abbott Park, IL, USA), which are all flexible sensors with sub 1 

mm diameter, containing a GOx-immobilized working electrode and a Ag/AgCl 

counter-reference electrode under the skin (Figure 2-4C). The needle-type sensor is 

inserted in the subcutaneous fat, usually 5-10 mm below the skin by a hollow, 

retractable sharp needle. The amperometric measurements of glucose are typically 

conducted at intervals of 1~5 minutes by the implantable sensor, which is connected 

to a small on-skin potentiostat that transmits signals wirelessly to the displaying 

device. The disposable needle-type sensors could be implanted up to seven days 

before replacement.
32

 TheraSense (Alameda CA, USA, now Abbott) developed a new 

generation of subcutaneous glucose monitors with a miniaturized needle 10% shorter 

than MiniMed’s system that could be painlessly replaced by patients. The system is 

based on the enzyme wiring technology developed by Heller and Feldman.
31

 In 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



 

16 

 

addition, the signal transduction between the sensor and monitor is based on a 

wireless system, making the device easy to carry and user-friendly. MiniMed (Sylmar 

CA, USA) has also developed an artificial insulin pump, which is able to regulate the 

insulin release automatically with the design of a “closed-loop”, which enables the 

direct communication between the implanted glucose sensor and the insulin pump. 

The updated version Model 2007 was approved by Europe in 2000 and is projected to 

have a 10-year battery life. Animas (Frazer, PA, USA) aims to develop a long-term 

subcutaneous glucose monitor which could be used for more than 5 years without 

replacement. The Animas sensor measures glucose concentration by an optical 

method, near-infrared adsorption of blood. The device is designed to have 

implantation across a vein with readings transmitted to wrist-wearing display unit by 

radio wave telemetry. However, spectroscopic determination of blood glucose is 

proved to be difficult since the glucose concentration is low in blood and its spectra 

overlaps with other components in the blood such as urea, uric acid, water, 

hemoglobin and other proteins. Most attempts to measure glucose through the skin or 

mucous membranes failed due to the loss of light energy in intervening tissues or the 

difficulty of discerning blood spectra from tissues.
10
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Figure 2-4. (A) Schematic illustration of protein fouling and inflammatory response at the 

surface of implantable glucose sensor. (B) The first commercial implantable glucose monitor 

launched by MiniMed
TM

. (C) Commercially available needle-type subcutaneous sensors: (a) 

Abbott’s FreeStyle Navigator, (b) Dexcom STS, and (c) Medtronic’s Guardian RT. (Reprinted 

with permission from Ref 8, 10 and 11. Copyright 2005 Elsevier. Copyright 2008 American 

Chemical Society) 

The alternative approach for implanted glucose biosensors is microdialysis 

sampling, which enables continuous subcutaneous glucose monitoring without direct 

contact between the transducer and the interstitial fluid.
33, 34

 Typically a hollow 

dialysis fiber is implanted in the subcutaneous tissue and perfused with isotonic fluid. 

Glucose is diffused from tissue into the fiber and pumped toward the enzymatic 

biosensor. Microdialysis based glucose sensors have been extensively studied in 

recent years
35-56

 and portable systems have been developed by several groups for 

continuous glucose monitoring.
44, 57-61

 For example, Vering et al developed a wearable 

in-vivo continuous monitoring system based on a biocompatible microdialysis 

needle.
44

 Langerman et al. applied microdialysis systems for glucose and lactate 

sensing in the brain tissue of injured critical care patients.
57

 Commercial 

microdialysis-based systems include GlucoDay (Menarini, Florence, Italy)
48, 49, 62

 and 

A

B C

a

b

c
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SCGM1 (Roche, Mannheim, Germany)
63

. The microdialysis fibers of both devices are 

implanted in the abdominal adipose tissue, with interstitial fluid flowing to an external 

amperometric electrode immobilized with GOx. The results of GlucoDay show good 

consistency with the measurement of blood glucose level of 70 diabetes patients.
48

 

The SCGM1 is a non-enzymatic system based on monitoring glucose-induced 

changes in the viscosity associated with binding to the lectin concanavalin.
58

 The 

readings of SCGM1 lag by 30 minutes behind the actual blood-glycemia.
63

 Although 

microdialysis techniques based implantable glucose monitors provide more clinical 

accuracy and less signal drift than needle-type sensors,
52, 64

 the many issues such as 

biocompatibility, lagging measurement, calibration, long-term stability, specificity, 

linearity and miniaturization of the sensor still remain as challenges. The lifetime of a 

microdialysis-based system is mainly limited by surface fouling and bacterial 

contamination of the sensor. The extent of the lag in measurement is determined by 

equilibration, flow rate and volume of the sensor compartment.
48, 50, 52

 A novel 

microdialyzer that adds constant glucose concentration to the perfusate and operates 

in a pulsatile flow mode would eliminate the need for calibration.
47

 

2.1.4. Minimally Invasive Glucose Sensors 

In order to alleviate the pain and discomfort associated with regular finger-pricking 

and to avoid the problems pertaining to in vivo monitoring devices, some workers 

have proposed the method of minimally invasive measurement, which aims to avoid 

traditional blood sampling by drawing fluid through the skin without conventional 

puncture.  

LifeGuide
TM

 developed by Integ (St. Pau, MN, USA) enables the user to collect 1 

μL interstitial fluid by a 1.4 mm small needle. The sample is then analyzed by infrared 

spectroscopy. The approach is less painful than traditional pricking method by Lancet. 

However, spectroscopy-based detection lacks sufficient accuracy compared to the 

enzyme electrode-based electrochemical method. SpectRx
TM 

(Norcross, GA, USA) 

conducts the measurements by collecting interstitial fluid through an array of 
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microscopic holes created with a laser in stratum corneum. Kumetrix (Union City, CA, 

USA) have developed an interesting sampling system based on silicon micro-needles 

that mimic the dimension of human hair. By penetrating the skin, the micro-needles 

draw a very small volume of blood (~100 nL), which is then loaded in a disposable 

element where the glucose concentration is measured.  

2.1.5. Non-invasive Glucose Monitoring Systems 

Non-invasive glucose monitoring is another trend in the development of glucose 

sensing technology, which has attracted tremendous research efforts. 

Reverse-iontophoretic, impedimetric and optical approaches are the most commonly 

employed methods.
13, 65

 

The GlucoWatch developed by Cygnus Inc. (Redwood City, CA, USA) extracts 

glucose from interstitial fluid by reverse iontophoresis and transports fluid across the 

skin to an externally worn monitor for glucose measurement.
66, 67

 GlucoWatch G2 

Biographer (GW2B) was sold by Animas Technologies Inc. (now part of Johnson & 

Johnson). The detection of glucose is based on enzyme-based electrooxidation at 0.42 

V with Ag/AgCl as the reference electrode. GW2B provides 36 readings within a 12 h 

period after a single calibration, showing the trends, tracking patterns in glucose 

levels and alarming hypoglycemic and hyperglycemic events. A study
68

 of 89 

pediatric patients suggests that the mean relative absolute difference between GW2B 

results and laboratory serum values is 22%, which is similar to that of subcutaneous 

implanted devices.
69

 Unfortunately, GW2B was discontinued in 2008 due to skin 

irritation induced by iontophoresis and missed readings in periods of perspiration.
70

 

Some other considerable issues such as long warm up time, false alarms, fingerstick 

calibration and change of skin temperature also limited the utility of the device. 

The Pendra
TM

 developed by Pendragon (Zurich, Switzerland) utilizes impedance 

spectroscopy for non-invasive continuous glucose monitoring. The wrist watch-like 

device measures glucose-related effects by detecting the impedimetric changes of the 

skin and underlying tissue. It is claimed that the device is suitable for both Type 1 and 
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Type 2 diabetics. Nevertheless, Type 1 diabetics need to conduct a fingerstick test 

following a warning from the device, as is the case for Cygnus and MiniMed glucose 

sensors. Two-point calibration is required by the device to provide users with absolute 

offset data and ratios between impedance variations and glucose changes.
10

 

The optical methods used for non-invasive glucose detection are numerous, 

including polarimetry,
71

 Raman spectroscopy,
72

 near infrared (NIR) absorption 

spectroscopy,
73

 photoacoustics,
74

 optical coherence tomography (OCT),
75

 etc. In spite 

of the difficulties involving continuous glucose monitoring with NIR, the approach 

has been pursued and intensively researched by several companies. Although they 

have claimed that the problems have been overcome already, up to now there have 

been no commercially available non-invasive glucose sensors based on optical 

detection; the clinical utility and reliability of these devices have yet to be accepted by 

the market.  

2.2. Electrochemical Glucose Biosensors 

2.2.1. Electrochemical Biosensing Techniques 

As is introduced above, most commercial glucose biosensors are based on 

electrochemical transducers because of their low cost, portability, reliability and 

simplicity of construction.
76, 77

 The electrochemical reaction typically generates a 

measurable current, charge accumulation or change in conductivity, which could be 

detected by amperometry, potentiometry and conductometry, respectively.
7
 

Furthermore, impedance spectroscopy is commonly used for monitoring resistance 

and reactance at the electrode/electrolyte interface.
7
  

Electrochemistry is a surface technique which requires very small sample volumes 

for measurement.
78

 In addition, electrochemical sensing is not interfered by 

compounds such as flurophores, chromophores and particles that affect optical 

detection. Thus the electrochemical technique is quite suitable for sensing coloured or 

turbid samples such as whole blood, which is rich in blood cells, fat globules, 

bilirubin and haemoglobin that have strong optical absorbance.
79, 80
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Electrochemical biosensors mainly measure three types of signals: current, 

potential and impedance. Current measurement can be achieved by voltammetry or 

amperometry, which are the most commonly used electrochemical techniques in 

glucose biosensors. Voltammetric and amperometric techniques function by applying 

a potential to the working electrode versus a reference electrode and measuring the 

current, which is a result of electrochemical oxidation or reduction at the working 

electrode surface. The electrolysis current is limited by the mass transport rate of 

molecules to the electrode.
81

  

Voltammetry is characterized as a potential scanned over a potential range. The 

current response is a peak or plateau that is proportional to the analyte concentration. 

Voltammetric technique includes a variety of methods, including cyclic voltammetry 

(CV), differential pulse voltammetry (DPV), square-wave voltammetry, 

hydrodynamic voltammetry, ac voltammetry, polarography, and stripping 

voltammetry.  

Amperometry is a technique where the change of current versus time is monitored 

during an electrochemical reaction while the potential applied at the working 

electrode remains constant against the reference electrode.
82

 Amperometric biosensors 

have the advantage of good selectivity since the detection is performed at the potential 

where the analyte species are oxidized or reduced. In addition, due to its high 

sensitivity and low limit of detection (LOD), the technique is widely used in 

biocatalytic biosensors such as glucose sensors.
6
 The high sensitivity could contribute 

to the applied fixed potential, which generates negligible charging current and 

minimizes the background signal that adversely affects the LOD. Hydrodynamic 

amperometry provides additional advantages such as enhanced mass transport to the 

electrode surface
83

 in the condition that the working electrode rotates or vibrates with 

respect to the electrolyte,
84, 85

 or in a flowing system where a sample solution passes 

through a working electrode.
86, 87

  

Electrochemical biosensors are typically in a configuration of three-electrode or 
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two-electrode system. A three-electrode system (Figure 2-5A) consists of a working 

electrode made of chemically inert materials such as gold, platinum or carbon (i,e. 

graphite, glassy carbon, carbon paste), a counter or auxiliary electrode made of 

platinum wire, and a reference electrode including silver chloride (Ag/AgCl) and 

saturated calomel electrode (SCE). In order to maintain a known and stable reference 

potential, the reference electrode is usually removed from electrochemical cell where 

the redox reaction occurs
7
 (Figure 2-5B). This setup could prevent the reference 

electrode from changing its half-cell potential since the charge only passes through 

the counter electrode during the electrochemical reaction. A two-electrode system 

contains only a working electrode and a reference electrode. It is usually employed 

when the current density is below 1 μA cm
-2

, which could be carried by the reference 

electrode without adverse effects.
82

 In addition, the two-electrode system is preferred 

for disposable sensors which do not require long-term stability of the reference 

electrode and target low fabrication cost. 

 

Figure 2-5. There electrode system with (A) and without (B) reference electrode in the redox 

reaction cell.  

Electrochemical impedance spectroscopy (EIS), first described by Lorenz and 

Schulze in 1975,
88

 is a powerful technique to probe the interface properties of surface 

modified electrodes.
89, 90

 EIS measures the resistive and capacitive properties of 

materials upon perturbation of a system by a small amplitude sinusoidal ac excitation 

signal typically of 2–10 mV.
91

 The frequency is varied over a wide range to obtain the 
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impedance spectrum. The technique enables sampling of mass transfer at low 

frequency and electron transfer at high frequency range. Impedimetric detection is 

especially useful for investigating biomolecule immobilization, immunological 

reaction between antibody (Ab)-antigen (Ag) and hybridization between DNA 

molecules in biocatalytic and affinity sensors.
92

 

2.2.2. Three Generations of Enzymatic Glucose Biosensors 

The glucose biosensors based on glucose oxidase (GOx) have dominated the 

glucose sensor industry for more than 30 years primarily due to their advantages of 

excellent selectivity, high clinical accuracy and stability. The key component of GOx 

is flavin adenine dinucleotide (FAD), which is the redox centre of the enzyme that 

catalyses the glucose oxidation reaction. However, the centre is deeply buried in the 

insulating protein shell, which limits the electron transfer to the electrode surface and 

causes complex electron transfer mechanisms. To date, three approaches have been 

developed to mediate the electron transfer between the redox centre of enzyme and 

the electrode surface. According to the various electron transfer mechanisms behind 

different approaches, the enzymatic glucose sensors are generally divided into three 

generations which appear sequentially in the history.
93

 The working mechanisms of 

three generations of enzymatic glucose biosensors are schematically illustrated in 

Figure 2-6.  
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Figure 2-6. Summary of the glucose oxidation mechanisms in first, second and third generation 

glucose biosensors. (Reprinted with permission from Ref. 102, Copyright 2013 The Royal 

Society of Chemistry.) 

The first-generation glucose sensors were pioneered by Clark and Lyons in 1950s 

and 1960s.
94

 Their device relied on a thin layer of glucose oxidase (GOx) enzyme, 

immobilized over an oxygen electrode (via a semipermeable dialysis membrane), and 

monitored the amount of oxygen consumed by the enzyme-catalyzed reaction by 

electrochemical method.
95

 The reaction could be explained by the following 

equation
95

:  

 22

GOx

2 OHacid gluconic O  glucose   (2-1) 

A negative potential was applied to the platinum cathode for a reductive detection 

of the oxygen consumption: 

 O2H4e4HO 22     (2-2) 

The technique was further developed by Updike and Hicks
96

 who employed an 

additional oxygen working electrode (without enzyme) and measured the differential 

current between two working electrodes to correct for the oxygen background 
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variation in samples. Subsequently, Guilbault and Lubrano
97

 introduced another 

enzyme electrode for blood glucose measurement based on amperometric monitoring 

of the hydrogen peroxide as a product: 

   2e2HOOH 222   (2-3) 

The drawbacks of first-generation glucose sensor are the strong dependence of 

ambient oxygen and too high applied potentials for reduction of oxygen or oxidation 

of H2O2. Both the high negative and positive potentials may cause serious interfering 

reactions of electroactive compounds (e.g., ascorbate, urate and paracetamol) in the 

blood if a size-selective membrane is not present. 

The second-generation glucose sensors based on mediators were introduced in the 

1980s.
98, 99

 Mediators are small, soluble redox active molecules (e.g., ferrocene 

derivates, ferrocyanide, conducting organic salts and quinones) capable of undergoing 

rapid and reversible redox reactions, shuttling the electrons between the redox center 

at the active site of enzyme and the electrode surface. The mechanism of the 

second-generation biosensors could be understood by the following equations: 

 )GOx(FADH+acid gluconicGOx(FAD)glucose 2  (2-4) 

 +

2 2H+2M(red)+GOx(FAD)2M(ox)+)GOx(FADH   (2-5) 

 -2e+2M(ox)2M(red)  (2-6) 

where M(ox) and M(red) are the oxidized and reduced forms of the mediator. 

Mediators have replaced O2 molecules as the electron shuttle to react with the redox 

active center of enzyme (Eqn 5) and M(red) are re-oxidized at relatively low 

potentials which generates a current when they come in contact with the working 

electrode (Eqn 6). Incorporation of mediators in the glucose sensor alleviates the 

influence of interferential molecules and eliminates oxygen dependence for glucose 

sensing. By taking advantage of the high specificity and reliability of 

second-generation glucose sensor, the first personal glucose meter was 

commercialized by Medisense Inc. in 1987.
11

 Various other companies including 
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Roche Diagnostics, LifeScan, Abbott and Bayer thereafter launched different types of 

glucose sensors with lower sample loading volumes and more advanced functions, but 

the basic concept of glucose sensor design has remained largely unchanged. Although 

the practicability of second-generation glucose biosensors has been successfully 

achieved by the commercialization of a series of home-use, disposable devices based 

on screen printed strips, the soluble nature of most mediators leads to short operation 

time and irreproducible results, and the potential biotoxicity of mediators prevent the 

second-generation biosensor from being applied for in vivo glucose testing. 

The ultimate goal of glucose sensing is to eliminate the usage of a mediator, or 

even an enzyme to lower the fabrication cost and complexity while increasing glucose 

sensor durability. The third-generation glucose sensor enables direct electron transfer 

between the redox center of enzyme and the electrode, leading to a very high 

sensitivity and reproducibility without using mediators. The system could be operated 

at a low potential close to the physiological enzyme redox potential of ~0.44V
100

. The 

mechanism of the third-generation of glucose biosensor can be explained by 

following reactions 
101, 102

:  

 ) GOx(FADH+acid gluconicGOx(FAD)+glucose 2  (2-7) 

 +-

2 2H+GOx(FAD) 2e)GOx(FADH   (2-8) 

Due to a significantly lowered operating potential, the interferential responses of 

electroactive species are also greatly diminished. The third-generation glucose sensor 

is well suited for the in vivo monitoring of blood sugar due to its stability and 

biocompatibility. However, it suffers from relatively smaller linear range compared to 

the first- and second-generation glucose sensors. Therefore, the implantable glucose 

monitors on the market currently are still based on the concept of first-generation ones. 

Further effort is needed to improve the performance of the third-generation of glucose 

sensor in order to meet the commercialization criteria.  

Some historical hallmarks in the development of electrochemical enzyme glucose 

biosensors are listed in table 2-2.  
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Table 2-2. Some defining events in the evolution history of electrochemical enzymatic 

glucose biosensors. 

Year Event 

1916 First report on the protein immobilization:  

1956 Invention of the oxygen electrode (Clark) 

1962 First description of enzyme electrode for amperometric glucose sensing 

(Clark and Lyons) 

1967 First practical enzyme electrode based on oxygen detection (Updik and 

Hicks) 

1973 Enzyme electrode for blood glucose sensing based on hydrogen peroxide 

detection (Guilbault and Lubrano) 

1975 Launch of the first commercial glucose biosensor YSI analyser (Yellow 

Springs Instruments)  

1976 First bedside artificial pancreas (Miles Biostator) 

1982 First needle-type enzyme electrode for subcutaneous implantation 

(Shichiri) 

1984 First ferrocene mediated amperometric glucose biosensor (Cass et al.) 

1987 Launch of the ExacTech blood glucose biosensor (MediSense Inc.) 

1992 Launch of hand-held blood analyser (i-STAT) 

1996 Glucocard launched 

1996 Abbott acquires MediSense for $867 million 

1998 FastTake blood glucose biosensor launched (LifeScan Inc.) 

1999 Launch of a commercial in vivo glucose sensor (MiniMed Inc.) 

2000 Introduction of wearable non-invasive glucose monitor GlucoWatch
TM 

(Cygnus Inc.) 

2001 LifeScan purchases Inverness Medical’s glucose testing busi-ness for $1.3 

billion 

2003 Abbott acquires i-STAT for $392 million 

2004 Abbott acquires TheraSense for $1.2 billion 

 

2.2.3. The Enzyme Immobilization Methods 

Enzyme immobilization is one of the most important features in designing and 

fabricating glucose biosensors. The way in which proteins are immobilized on the 

electrode is critical for the performance of glucose monitoring devices. Improper 

immobilization of proteins can lead to partial or complete loss their bioactivities
103, 104

. 

In order to retain the biological activities, proteins should be immobilized without 

affecting their conformations. Thousands of protocols have been reported for effective 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



 

28 

 

immobilization of enzymes.
105-110

 A suitable immobilization approach should be 

determined by the physicochemical and chemical properties of both protein and 

electrode materials. As is shown in Figure 2-7, enzyme immobilization methods can 

be mainly classified into four categories: adsorption, covalent conjugation, 

entrapment and cross-linking.
111-114

 

 

Figure 2-7. Schematic illustration of four major enzyme immobilization methods. ‘E’ indicates 

enzyme, ‘P’ indicates inactive protein. (Reprinted with permission from Ref. 114. Copyright 

2012 Elsevier.) 

2.2.3.1 Adsorption 

Enzymes can absorb onto nanomaterials by physical adsorption via intermolecular 

forces such as hydrophobic interaction, polar effect and ionic bonds. This method is 

very simple and theoretically, it can be used for any protein immobilization on 

nanomaterials
115

. For this process, generally, there are two steps, contact step and 

washing step. In the contact step, proteins in the buffer solution will adsorb onto 

nanomaterials via intermolecular forces. The molecules loosely bonded will be 

removed by washing with the buffer.      

Using this approach, many kinds of proteins have been successfully immobilized 

on nanomaterials with various compositions and structures with typical examples 

being carbon nanotubes, Au nanoparticles, mesoporous TiO2 and macroporous Au 

film
116-121

. For example, mesoporous TiO2 with a specific surface area as high as 343 

m
2
 g

-1
 and a uniform porous distribution of 7.8 nm was used for protein GOx 

adsorption. The pore size matched the dimension of the protein molecules used (7.0 

nm × 5.5 nm × 8.0 nm).
121

 As expected, after adsorption, GOx loading amount could 

reach as high as 39.3 wt % (10 mg/ml in solution). The adsorbed GOx showed fast 

direct electron transfer with its host matrix. 
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This method, however is not perfect
115

; one drawback is that adsorbed proteins may 

be removed by buffer solution during the measurement process. Another drawback is 

that it might suffer from susceptibility to changes in pH, ionic strength and 

temperature. In spite of these drawbacks, the physical adsorption approach for many 

successful protein immobilizations have been demonstrated, thus still opening 

promising avenues for further development.   

Layer-by-layer (LBL) assembly is a relatively new method by which enzyme can 

be immobilized on the electrode via electrostatic adsorption. LBL is achieved by 

sequential adsorption of positive or negative charged species by alternatively dipping 

into the solutions and rinsing the excess after each adsorption step
122, 123

. There are 

numerous advantages of LBL including simplicity and thickness control in nanoscale. 

Further LBL can use the variety of species and components available and this has led 

to an exceptional growth in the research field and applications of LBL 

nanocomposites
124, 125

. 

Many proteins show a polyelectrolyte nature in buffer solution and this nature 

opens the door for their immobilization on electrode surface by LBL assembly. 

Sometimes, the process of LBL assembly for protein immobilization can be tuned by 

pH values. As we know, in a neutral pH both GOx (isoelectric point of 4.2 for GOx 

from Aspergillus niger) and acid-treated SWCNT have negative charge; they will 

repel each other when they co-exist in a neutral pH buffer. Conducting in 0.1 M 

acetate buffer solution with pH 3.8, Zhang et al. successfully immobilized GOx on the 

electrode surface via LBL by using acid-treated SWCNT as counterion because GOx 

has positive charge and carboxylic groups of SWCNT have a negative charge in the 

above pH buffer solution
126

. The LBL assembled electrode showed two pairs of 

well-defined redox peaks with midpoint potentials of -0.09 V and -0.46 V 

corresponding to the redox reaction of carboxylic groups on SWCNT and active 

centers of GOx, respectively. GOx in this LBL assembly electrode involved a two 

electrons and two protons redox process, confirmed by its voltammetric behavior 
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influenced by pH.  

Compared with the method of direct utilization of protein as one electrolyte 

mentioned above, the polyelectrolyte LBL film itself can also be used to immobilize 

proteins. This method may be better in retaining the conformation and bioactivity of 

proteins since it can avoid the direct contact of the proteins with acid or base aqueous 

solution (for tuning pH), organic solvent, and the loading process is spontaneous. 

Wang et al. applied this method to entrap Mb by developing four different kinds of 

LBL films using polyelectrodes and inorganic nanoparticles as a hosting matrix
127

. 

Mb in all four types of LBL films gave well-defined quasi-reversible reaction peak 

pairs at around -0.34 V (vs SCE reference electrode). They also found that Mb 

immobilized onto PDDA/(ZrO2)n gave the best electrochemical and electrocatalytic 

activity because of its better porosity.  

 2.2.3.2. Covalent conjugation 

With its assembled functional unit of amino acids, proteins can be covalently bound 

to surface of nanomaterials through accessible functional groups. Compared with 

other immobilization methods, two of the major advantages of covalent bonding are 

that it is widely applicable and it can also provide a much more stable immobilization. 

This method involves three basic steps: (1) activation of nanomaterials via 

functionalization, (2) coupling protein, and (3) removal of loosely bound proteins
128, 

129
. There is no optimal experimental condition for each step, which has to be 

determined by the properties of the nanomaterials and proteins. The functional groups 

available in proteins for immobilization and the functionalities of the required 

surfaces of nanomaterials are summarized in Table 2-3.  

Table 2- 3. Functional groups in proteins and the required functionalities of nanomaterial 

surface. The table is from reference.
115

 

Amino acids  Functional side group  Required surfaces  

Asp, Glu -COOH amine  

Ser, Thr  -OH epoxy  
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Lys, 

hydroxyl-Lys 

-NH2 carboxylic acid, active ester 

(NHS), epoxy, aldehyde    

Cys  -SH maleimide, pyridyil 

disulfidevinyl sulfone  

Two famous examples of these interactions are amine and thiol chemistry. It is well 

known that lysine residues with amine groups are the most commonly used amino 

acids in protein because they are always present on the exterior of the protein 

surface.
130-132

 Aldehyde and N-Hydroxysuccinimide (NHS) are two most commonly 

used agents for coupling with amine groups, forming stable labile Schiff’s bases and 

amide bonds, respectively. Another amino acid, cysteine, contains the unique 

functional group thiol, which is originally designed for the stability of the protein 

(secondary structure of protein) by creating internal disulfide bonds
133, 134

. Maleimide 

can react rapidly with thiol group to form stable thioether bonds in a specific pH 

range (usually 6.5-7.5). One example is the work reported by Kong et al about protein 

horseradish peroxidase (HRP) immobilized on one kind of conducting polymer, 

5,2′:5′,2″-terthiophene-3′-carboxylic acid (TCAP)
135

. Using 

1-Ethyl-3-(3-dimethylamino-propyl)carbodiimide (EDC) as an activating agent, HRP 

was successfully immobilized by forming peptide bonds between the amine groups of 

the HRP (from lysine residues in the peptide chain of protein) and the carboxylic acid 

groups of the conducting polymer TCAP. Direct electron transfer of HRP covalently 

immobilized on TCAP with a pair of redox peaks was observed and the electrode 

displayed an excellent electrocatalytical response to the reduction of hydrogen 

peroxide with high sensitivity.        

Though this approach is widely used in protein immobilization, there are solely 

reports on their applications in direct electron transfer based study and applications. 

One reason might be that covalent bonding will decrease or even cause total loss of 

the bonded protein’s bioactivity.  

2.2.3.3. Polymer (gel) entrapment 
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The entrapment method for protein immobilization is a simple approach with the 

ability to imprison proteins on electrode surfaces while at the same time promoting 

the substrates to diffuse through membrane-like structure freely. It offers other 

advantages such as requiring only a small amount of enzyme, preserving the integrity 

of the enzyme and being easy to prepare
136

.  

Membrane-like structures constructed by the sol-gel method for immobilizing 

proteins has drawn great interest in recent years due to its simple preparation, 

chemical inertness, tunable porosity, low-temperature encapsulation and swelling 

behavior
137-140

. Among various sol-gel based methods, silicate sol-gel matrix might be 

the most famous because of its two significant advantages: (1) it can maintain a large 

content of water in the membrane which makes the entrapped proteins stable over a 

long term and (2) the preparation process can be performed at room temperature. For 

example, Wang et al. first prepared a silica sol-gel solution by hydrolyzing an 

alkoxide precursor, tetraethylorthosilicate (TEOS) at room temperature at suitable pH 

value
141

. After Hb was spread onto the electrode surface and dried, a small amount of 

as-prepared silica sol-gel solution was pipetted to cover the Hb electrode. A porous 

matrix of silica was formed on electrode surface by the partial hydrolysis of the TEOS, 

at the same time supporting an aqueous microenvironment for entrapping Hb. The 

silica sol-gel entrapped Hb showed nearly reversible cyclic voltammetric peaks 

corresponding to the Hb Fe(III)/Fe(II) redox couple. After calibration they found that 

the formal potential varied linearly with the increase of pH in the range of 5.0-10.0 

with a slope of 49.44 mV/pH, suggesting that a proton transfer was accompanied with 

each electron transfer in the electrochemical reaction of the encapsulated Hb in silica 

sol-gel.  

Specific surfactants with a polar (or charged head group) and at least a non-polar 

tail (usually long hydrocarbon chains) can form stable biomembrane-like films when 

they are casted on an electrode that can provide proteins with a natural-like 

environment
142, 143

. Surfactants fulfilling the above requirements should have ionic 
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headgroups and at least two hydrocarbon tails with more than twelve carbons. For 

example, Munge et al. prepared a lipid bilayer structure on an electrode with protein 

entrapped inside by casting the mixture of dimyristoylphosphatidylcholine (DMPC) 

vesicle and protein spinach photosystem I onto the electrode
142

. The entrapped 

proteins retained their native conformation in the lipid film, and for the first time, the 

direct and reversible electron transfer of the entrapped proteins was obtained in the 

lipid bilayer film.                    

Some CPs such as polypyrrole and its derivatives can be electro-synthesized in 

biocompatible conditions and have interesting chemical and physical properties 

derived from their unique conjugated π-electron systems
144-146

. More importantly, 

some properties, like the conductivity of the CPs, can be adjusted by their doping 

process. Nanoscaled protein molecules can be used as doping agents of CPs. The 

protein could be simultaneously entrapped by the CP during the electropolymerization 

process and  immobilized on electrode surface together with the CP
147

.  

Ramanavicius et al. used in-situ polymerization of the conducting polymer Ppy by 

using protein quino-hemoprotein alcohol dehydrogenase (QH-ADH) as the dopant. 

Briefly, they prepared the polymerization solution first by adding 270 μL of pyrrole 

solution (100 mM pyrrole in 100 mM KCl) and 30 μL of enzyme solution (7.6 mg 

L
-1

). The in-situ polymerization was carried out by applying 30 potential pulses 

between 950 (1 s) and 350 mV (for 10 s), which allowed the enzyme and the 

monomer to equilibrate in the neighborhood of the electrode. They also observed that 

the Ppy entrapped enzyme QH-ADH could go through the fast direct electron transfer 

pathway via the conducting polymer chains
148

.  

2.2.3.4. Cross-linking 

Another well-known approach for enzyme immobilization is cross-linking proteins 

with glutaraldehyde or other bifunctional agents such as glyoxal or 

hexamethylenediamine. The enzyme can be either cross-linked together with each 

other or in the presence of an inactive protein, bovine serum albumin (BSA). The 
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advantages of this method are the strong chemical binding between the molecules and 

the simplicity, but one major concern is the possible loss of enzyme activity due to the 

change of enzyme conformation and alternation of the enzyme active center in the 

process of chemical treatment. 

Pei and colleagues
149

 immobilized GOx onto a cantilever surface by cross-linking 

the enzyme with glutaraldehyde and BSA. The gravimetric biosensor was able detect 

glucose selectively in blood. Kong and coworkers
150

 developed an amperometric 

glucose biosensor by immobilizing GOx onto ZnO nanotubes via cross-linking. The 

biosensor achieved a low detection limit of 1 μM, long-term stability of 2 months and 

excellent anti-interference performance. By cross-linking GOx and BSA with 

glutaraldehyde, Yonemori et al
151

 developed an implantable needle-type biosensor 

which is employed for continuous glucose monitoring in the eyeball scleral interstitial 

fluid of fish. The biosensor showed a satisfied linear range of 3.9 mM ~ 23 mM. 

2.2.4. Non-enzymatic Glucose Biosensors 

Nonenzymatic glucose biosensors are based on the glucose oxidation reaction 

catalysed by a variety of electrocatalyts, including metals (Au, Pt, Pd), metal oxides 

(Co3O4, CuO, RuO2), alloys (PtPb, PtRu), complexes (cobalt phthalocyanine 

tetrasulfonate, nickel hexacyanoferrate) and carbon (carbon nanotubes, boron doped 

diamond). Except for the last category, all other catalysts listed above contain a 

transition metal center. There are generally two widely accepted theories that explain 

the electrooxidation of glucose by transition-metal containing electrocatalysts. 

Pletcher proposed the activated chemisorption model
152

 which suggests that the 

electrocatalyic oxidation of glucose occurs via a concentrated step, i.e. the adsorption 

of glucose molecule on the surface of metal-containing electrocatalyst followed by the 

abstraction of hemiactalic hydrogen atom. The adsorption process presumably 

involves the formation of suitable bonds between the adsorbate and the 

transition-metal substrate with d-electrons and d-orbitals. The hydrogen removal 

process is deemed as the rate-determining step in most glucose electrooxidation 
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experiments and is generally considered to occur simultaneously with the 

chemisorption of anaytes.  Hence, the adjacent metal active center is occupied by a 

single absorbate each time, implying well-spaced adsorption sites on the surface of 

electrocatalysts with suitable geometry could contribute to the kinetic enhancement of 

the glucose oxidation process. Another model, namely ‘Incipient Hydrous Oxide 

Adatom Mediator’ (IHOAM), was proposed by Burke,
153

 who discussed the role of 

hydroxyl radicals in the electrocatalytic process. IHOAM was based on the 

observation that ‘active’ metal surface atoms undergo a premonolyaer oxidation step 

that forms an incipient hydrous oxide layer of OHads, which mediates the 

electrooxiation of glucose and many other organic molecules and inhibits many 

kinetically slow reduction process. The ‘active’ atoms on the electrode surface are 

considered to have a low lattice co-ordination value and lack normal lattice 

stabilization energy. Polycrystalline surfaces at discontinuous areas such as grain 

boundaries and edges, are usually exposed to the solution more directly than the bulk 

crystal surface, thus they are more probable to undergo premonolayer oxidation at 

lower potentials. According to the IHOAM model, the electrocatalytic oxidation of 

glucose is initiated by the formation of hydrous species on the electrode surface 

followed by the chemisorption of glucose molecules. After that, the hydrous 

premonolayer could mediate the electrooxidation of absorbed glucose at significantly 

low potentials, with the regeneration of metal surface. The surface of the ‘active’ 

metal is then oxidized again by the oxygen species at a certain potential and glucose is 

continuously oxidized during the repetitive cycling process. Both the activated 

chemisorption model and IHOAM model will be discussed in the following sections 

with respect to different electrode materials. IHOAM model explains the enhancement 

of electrocatalytic performance of most noble metal-based materials. The hydroxyl 

group also plays important role in the electroctatlytic process of nickel- and 

copper-based electrodes. However, in these cases, the incipient hydrous premonolayer 

is formed not to induce catalysis, but rather to change the oxidation state of the metal 
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hydroxide.  

2.3. Nanomaterials for Electrochemical Enzymatic Glucose 

Biosensors 

2.3.1 Metallic Nanomaterials  

 Metal nanocrystals are ideal electrode materials for electrochemical biosensing 

applications since noble metals exhibit unique physical, chemical and catalytic 

properties at nanoscale dimensions. 
154-159

  

Among all metal nanomaterials, gold (Au) nanostructures are the most intensively 

studied for protein immobilization and direct electron transfer.
160

 Gold nanoparticles 

(AuNPs) can provide a suitable microenvironment, which is similar to the redox 

centre of a native protein, to immobilize enzyme and retain their bioactivities.
161

 

Besides, AuNPs allow a variety of functional groups, such as –SH, -NH2 and –CN to 

bind covalently on their surfaces, which is favorable for the stable immobilization of 

biomolecules.
162, 163

 In addition, AuNPs can greatly reduce the charge transfer 

resistance at electrode interfaces and provide a highly conducting pathway to facilitate 

the electron transport.
164

 Other characteristics of AuNPs such as its high 

surface-to-volume ratio, small size, tailored structure and high biocompatibility have 

also been claimed as important factors to promote DET between the redox proteins 

and the electrode.
165

 AuNPs are also able to catalyse small molecules involved in 

many significant biochemical reactions, such as H2O2, O2 and NADH.
166

 Taking  

these advantages into account, AuNPs were extensively explored to construct glucose 

biosensors either alone or combined with other materials.
167-169

 The direct electrical 

communication between GOx and electrode via the link of AuNP was achieved by 

Willner’s group,
102, 170

 who developed the wiring strategy to covalently attach the 

co-factor FAD on an AuNP-modified Au electrode, followed by reassembling the 

apo-enzyme on FAD (Figure 2-8). Recently, Holland et al
171

 reported a genetic 

modification approach to expose free thiol groups near the active site of GOx, which 

enables the site specific attachment of AuNPs to the enzyme and facilitates the direct 
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electrical communication between the conjugated enzyme and electrode (Figure 2-9).  

The DET of GOx was also achieved by immobilizing GOx and colloidal AuNPs in 

Nafion film on GCE.
172

 The formal redox potential of the modified electrode was 

observed at -0.434 V in pH 7.0 PBS buffer solution. Other Au nanostructures have 

also been explored for DET; one example is the glucose sensor based on DET of GOx 

immobilized onto nanostructured Au thin films, which was fabricated by 

electrodeposition and galvanic replacement technology.
173

 CV of the modified 

electrode indicated that the immobilized GOx displayed a direct, reversible and 

surfaxe-confined redox reaction in the PBS buffer. The sensor based on GOx/nanoAu 

thin film exhibited two linear ranges, which are 2.5~32.5 μM and 60~130 μM, 

respectively with a detection limit of 0.32 μM (S/N=3). 

 

Figure 2-8. Scheme showing that the direct electrical communication between GOx and 

electrode could be achieved by ‘wiring’ the cofactor with AuNPs followed by re-assembly of 

the apo-enzyme. Reprinted with permission from Ref. 170. Copyright 2010 American 

Chemical Society. 

 

Figure 2-9. Left: The genetic modification strategy enables GOx to display a free thiol group 
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near its redox centre and site-specifically attach maleimide-modifed AuNP to the enzyme. 

Right: Schematic drawing of the covalent binding chemistry of cysteine to a 

maleimide-modified AuNP. Reprinted with permission from Ref. 171. Copyright 2011 

American Chemical Society. 

2.3.2 Nanostructured Metal Oxides 

Nanostructured metal oxides have been intensively studied as electrode materials 

for biosensor fabrication due to their interesting properties such as tailored structure, 

high electrocatalytic activity, large surface area, high mechanical strength, and good 

biocompatibility. Therefore, they promise to immobilize a high quantity of enzymes, 

facilitate the direct electron transfer, lower the electrochemical overpotential and 

improve the sensitivity and selectivity of fabricated biosensor. 
174, 175

  

Titanium dioxide (TiO2) is one of the most widely used oxide materials in 

dye-sensitized solar cells,
176, 177

 hydrolysis catalysts,
178, 179

 electrochromic devices
180, 

181
 and lithium-ion batteries,

182, 183
 exhibiting excellent electron transfer behavior and 

superior photocatalytic capability.
184

 It also shows excellent electrocatalytic activity 

towards a variety of molecules such as H2O2, ascorbic acid, guanine, L-tyrosine, 

acetaminophen, and β-NADH.
185

 Nanocrystalline TiO2 films have recently been 

introduced to improve the catalytic activity of enzymes in the applications of gas 

sensors
186-188

 and biosensors.
189-191

 Due to its tailored structure, high surface area, 

biocompatibility and hydrophilic nature
121, 176, 177, 192-194

, nanostructured TiO2 could 

also facilitate direct electron transfer of immobilized enzymes such as glucose oxidase 

(GOx),
121

 HRP,
189

 or hemoglobin,
195

 which makes it a suitable material for the 

fabrication of third-generation biosensors.
196

 The electrochemical properties of 

TiO2-based devices are not only influenced by the crystalline form of the TiO2, but 

also by the textural properties of the TiO2 such as dimension, geometry, porosity and 

surface area.
121, 197

 A high specific surface area and a uniform distribution of pore size 

of the electrode material are especially favorable for enzyme immobilization, fast and 

direct electron exchange between enzyme and electrode, and accessibility of 

electrolyte and target molecules at the medium/electrode interface.
197

 A variety of 
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TiO2 nanostructures have been developed to immobilize GOx and facilitate its direct 

electron transfer on the electrode surface.
121, 191, 195, 198-200

 Cao et al.
191

 developed 3D 

macroporous TiO2 inverse opals which were successfully employed for the 

immobilization of GOx. The TiO2 inverse opals were synthesized by the sol-gel 

method using polystyrene colloidal crystals as sacrificing templates. GOx 

immobilized on the 3D TiO2 modified indium tin oxide (ITO) electrode showed direct 

electron transfer in the absence of glucose indicated by a pair of stable and well 

defined redox peaks on the cyclic voltammetry. At the detection potential of 0.3 V vs. 

SCE, the amperometric glucose sensor showed a high sensitivity of 151 μA mM cm
-2

 

with a low detection limit of 0.02 μM (S/N=3).  Viticoli and co-workers
200

 showed 

that GOx immobilized on nanostructured TiO2 thin film on a Si substrate could also 

achieve the direct voltammetric responses with electron transfer rate (ks) as fast as 50

±5 s. The biosensor based on GOx/TiO2 thin film modified Si electrode was 

successfully employed for glucose detection without the use of any mediators, 

showing a fast response time of 7 s, low LOD of ~ 1 μM and linear range of 5~550 

μM. Bao and colleagues
121

 reported a mediator-free glucose biosensor by 

immobilizing GOx on anatase TiO2 with uniformly mesoporous structure. The novel 

mesoporous TiO2 synthesized by CNT template-assisted hydrothermal method 

exhibited a large specific surface area of 343 m
2
 g

-1 
with a uniform pore-size 

distribution of 6-9 nm. GOx immobilized on the material achieved facile direct 

electrochemistry, as shown by a pair of well-defined redox peaks at the formal 

potential of FAD/FADH2 and excellent electrocatalytic performance toward glucose 

without any mediators. 

In addition to nanostructured TiO2, the direct electron transfer of GOx on electrode 

surface could also be achieved by a few other oxide nanomaterials with unique 

structures. For example, Salimi et al reported that the DET of GOx could be achieved 

by co-deposition of the enzyme on NiO nanoparticles at the surface of glassy carbon 

electrode (GCE).
201

 GOx immobilized on NiO nanoparticles displayed a pair of 
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well-defined and nearly reversible peaks at the formal potential of -0.42 V (vs. 

Ag/AgCl), with a heterogeneous electron transfer rate constant (ks) of 25.2±0.5 s. The 

biosensor displayed a fast response time within 3 s upon the addition of glucose, with 

a sensitivity of 446.2 nA mM
-1

, a LOD of 24 μM and a wide linear range from 30 μM 

to 5 mM. NiO hollow nanospheres were developed by Li et al. and adopted to 

construct a novel glucose biosensor by immobilizing GOx on their surfaces by a 

chitosan-assisted cross-linking technique.
202

  Due to the high electrocatalytic activity 

and large amount of active sites on the NiO hollow nanospheres, the sensor exhibited 

a high sensitivity of 3.43 μA mM
-1

 and an estimated detection limit of  47 μM 

(S/N=3). The direct electron transfer feature of GOx was also observed by entrapping 

the enzyme and SWCNTs together in biologically derived silica, which provided a  

high electroactive surface area.
203

 The voltammetry of the composite electrode 

displayed oxidation and reduction peaks at an optimal potential close to that of the 

FAD/FADH2 co-factor. The immobilized enzyme could stably maintain its catalytic 

activity for glucose oxidation for a storage period of up to one month. A 

nanocomposite material of MWCNTs@SnO2-Au was developed and demonstrated to 

immobilize GOx by Niu and co-workers.
204

 The DET process was successfully 

achieved on the GOx/ MWCNTs@SnO2-Au modified glassy carbon electrode. The 

constructed glucose sensor exhibited a wide linear range of 4.0~12.0 mM, which is 

quite suitable for clinical analysis of glucose concentration in human blood samples. 

ZnO nanoparticles electrodeposited on MWCNT have also been reported to facilitate 

the DET of immobilized GOx.
205

          

2.3.3 Nanostructured Conducting Polymers 

In the last few decades, conducting polymers, a kind of organic polymer possessing 

π-conjugated extended systems with low energy band gaps (the energy gap between 

LOMO and HOMO state) have attracted great attention due to their intrinsically 

conducting nature in a doped form and a potential substitution of traditional metallic 

and semiconducting materials
206-208

. These π-conjugated organic polymers, grown 
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electrochemically or chemically from their suitable monomers, have been intensively 

synthesized and successfully applied in various fields such as sensors, batteries, 

actuators and processing of electronic circuit boards.
209-214

 

Among many conducting polymers studied, much attention has been paid to 

conducting polymers with low band gap and high conductivity. One typical example 

of such conducting polymers is polypyrrole (PPy), which is intensively applied for the 

design of bioelectronic devices due to its biocompatibility, chemical stability and ease 

of preparation.
215, 216

 Such properties make PPy a suitable matrix to immobilize and 

facilitate direct electron transfer of redox proteins.
217-222

 Aizawa
223

 and Koopal
224

 

suggested the direct electron communication between GOx and PPy and developed 

mediatorless glucose sensors based on the GOx/PPy systems (Figure 2-10). However, 

the relatively high overpotential of the FAD/FADH2 redox process indicates that the 

electron transfer was probably mediated by the oligometric pyrroles present on the 

polymer surface.
11

 Guo et al reported the direct electron transfer of GOx and 

biosensing of glucose by using another conducting polymer, poly 

(3,4-ethylenedioxythiophene) (PEDOT) coated NiO hollow spheres.
225

 The ks of GOx 

immobilized on nanostructured PEDOT/NiO composite was calculated to be 6.5 s
-1

, 

much larger than the 3.12 s
-1

 achieved by GOx on pure NiO hollow spheres. The 

sensor demonstrated the capability of mediatorless detection of glucose in 

nitrogen-saturated PBS, showing a linear range of up to 5 mM. In addition, when the 

modified electrode was employed for glucose measurement in air-saturated PBS, it 

exhibited a high sensitivity of 16.9 μA mM
-1

 cm
-2

. Moreover, Cai and co-workers 

developed an amperometric glucose biosensor based on the DET of GOx by 

electrochemically entrapping GOx onto the inner wall of highly ordered polyaniline 

nanotubes (nanoPANi),
226

 which were synthesized by using anodic aluminium oxide 

(AAO) as  a template (Figure 2-11). CV study revealed that GOx immobilized on 

nanoPANi presented a pair of well-defined and nearly symmetric redox peaks at the 

formal potential of -0.405 V with an apparent electron transfer constant of 5.8 ± 1.6 
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s
-1

, clearly indicating that GOx immobilized on nanoPANi underwent direct electron 

transfer reaction. Such mediatorless glucose sensors based on nanoPANi provided an 

ultrafast response time of ~3 s, a low LOD of 0.3±0.1 μM, a linear range of up to 5.5 

mM and an extremely high sensitivity of 97.18±4.62 μA mM
-1

 cm
-2

. In addition, due 

to the very low detection potential of -0.3 V, the biosensor exhibited excellent 

anti-interference performance for glucose detection in the presence of a variety of 

interfering molecules such as ascorbic acid (AA), uric acid (UA) and 

4-acetamidophenol. 

Figure 2-10. (A) Scheme showing the mechanism of DET between FAD and electrode via a 

conducting polymer. (B) Schematic representation of a microporous membrane/conducting 

(A)

(B)
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polymer based glucose biosensor. Ref. 224. Reprinted by permission of The Royal Society of 

Chemistry. 

 

Figure 2-11. (A) Schematic diagram showing the process of synthesizing ordered PANi 

nanotubes with AAO as a template and electrochemically entrapping GOx in nanoPANi. (B) 

SEM images of AAO and obtained PANi nanotubes. (C) CVs of GOx/PANi-Pt electrode before 

and after addition of 5 mM glucose. (D) Amperometric performance and calibration curve 

(inset) of the glucose biosensor based on nanoPANi. Reprinted with permission from Ref. 226. 

Copyright 2009 American Chemical Society. 

2.3.4 Carbon Nanomaterials 

Carbon nanomaterials play significant roles in development of novel biosensing 

devices. This significance arises as they can help address some of the key issues: 

designing the biosensing interface so that the analyte selectively interacts with the 

biosensing surface; achieving efficient transduction of the biorecognition event; 

A B

C D

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



 

44 

 

increasing in the sensitivity and selectivity of the biosensor; and improving the 

response times in very sensitive systems. More specific challenges include: making 

biosensors compatible with biological matrices, so that they can be used in complex 

biological samples or even in vivo; fabricating viable biosensors that can operate 

within confined environments such as inside cells; and multiplexing biosensors so 

multiple analytes can be detected on one device. 

Carbon nanotubes (CNTs), the all carbon hollow graphitic tubes, represent one of 

the best studied carbon nanomaterials
227, 228

. Generally, according to their structure, 

CNTs can be classified into two types: single-wall carbon nanotubes (SWCNT) and 

multi-wall carbon nanotubes (MWCNT). With a unique and fascinating one 

dimensional nanostructure, CNTs have high aspect ratios, high mechanical strength, 

high surface areas, ultra-light weight, excellent chemical and thermal stability, and 

rich electronic and optical properties 
229

. The above amazing properties make CNTs 

important transducer materials in bioelectronic devices 
230-234

. A large number of 

reports have shown that they could greatly promote the electron transfer of a number 

of proteins and enhance the electrochemical sensing performance of various of 

biomolecules.
235, 236

 For example, Guiseppi-Elie et al. 
237

 reported on the direct 

electron transfer between SWCNT and the redox center of adsorbed GOx. Both FAD 

and GOx were found to spontaneously adsorb to annealed CNT that were cast onto 

the glassy-carbon surface to display quasi-reversible one-electron transfer. It was 

assumed that the tubular fibrils became positioned within a tunneling distance of the 

cofactors with little consequence to denaturation. Willner’s group 
238

 demonstrated 

that aligned reconstituted GOx on the edge of SWCNT can be linked to an electrode 

surface. Such enzyme reconstitution on the end of CNT represents an extremely 

efficient approach for ‘plugging’ an electrode into GOx. Luong et al. 
239

 reported on 

the promoted electron transfer of GOx at a MWCNT-modified glassy-carbon 

electrode. Gooding 
235

 and Rusling 
236

 reported that aligned CNT ‘forests’ can act as 

molecular wires to allow electrical communication between the underlying electrode 
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and redox proteins (covalently attached to the ends of the SWCNT). Very recently, 

Stevenson and co-workers
240

 studied the interfacial electron transfer of GOx at CNT 

and nitrogen-doped CNT (N-CNT). DET was observed for GOx absorbed on both 

CNT and N-CNT (Figure 2-12). Glucose biosensing was successfully conducted when 

an appropriate artificial redox mediator was placed in a buffer solution, or the natural 

redox mediator, oxygen, was used. Unfortunately, mediatorless glucose detection 

could not be achieved on GOx absorbed CNT/N-CNT electrodes. 

 

Figure 2-12. The direct electrochemistry of GOx observed on CNTs (A), 4.0 at.% 

nitrogen-doped CNTs (B) and 7.4 at.% nitrogen-doped CNTs (C). Reprinted with permission 

from Ref 240. Copyright 2013 The American Chemical Society. 

Recently, graphene has attracted strong scientific and technological interest.
241-243

 It 

has shown great promise in biosensor applications due to its unique physicochemical 

properties: high surface area (theoretically 2630 m
2
 /g for single-layer graphene) 

242, 

243
, excellent thermal conductivity 

244
 and electric conductivity 

245
, and strong 

mechanical strength 
246

. Graphene-based electrodes have shown superior performance 

in terms of electrocatalytic activity 
247

 and macroscopic scale conductivity 
248

 

compared to carbon nanotube-based ones. Graphene exhibits excellent electron 

transfer promoting ability for some enzymes and excellent catalytic behavior toward 

small biomolecules such as H2O2, NADH, which makes graphene extremely attractive 

for enzyme-based biosensors, e.g. glucose biosensors and ethanol biosensors. Shan et 

al. 
249

 and Kang et al. 
250

 reported the direct electrochemistry of glucose oxidase (GOx) 

on graphene. Shan et al. 
249

 reported the first graphene-based glucose biosensor with a 

graphene/polyethylenimine-functionalized ionic liquid nanocomposites modified 

electrode which exhibits wide linear glucose response (2 to 14 mM, R=0.994), good 

reproducibility (relative standard deviation of the current response to 6 mM glucose at 

A B C
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0.5 V was 3.2% for 10 successive measurements), and high stability (response current 

+4.9% after 1 week). Zhou et al. 
251

 reported a glucose biosensor based on chemically 

reduced graphene oxide (CR-GO). Graphene (CR-GO)-based biosensors exhibit 

substantially enhanced amperometric signals for sensing glucose: wide linear range 

(0.01 – 10 mM), high sensitivity (20.21 µA mM
-1 

cm
-2

) and low detection limit of 

2.00 mM (S/N=3). The response at the GOx/CR-GO/GC electrode to glucose is very 

fast (9 s to steady-state response) and highly stable (91% signal retention for 5 h), 

which makes the GOx/CR-GO/GC electrode a potentially fast and highly stable 

biosensor to continuously measure the plasma glucose level for the diagnosis of 

diabetes. Kang et al 
250

 employed biocompatible chitosan to disperse graphene and 

construct glucose biosensors. It was found that chitosan helped to form a 

well-dispersed graphene suspension and immobilize the enzyme molecules, and the 

graphene-based enzyme sensor exhibited excellent sensitivity (37.93 µA  mM
-1 

cm
-2

) 

and long-term stability for measuring glucose.   

Outside of CNT and graphene, other kinds of carbon materials such as mesoporous 

carbon,
252-254

 carbon black
255-258

, carbon fiber
259, 260

, and fullerenes
261

 with good 

conductivities and large surface areas have also been used as functional electrode 

materials to immobilize enzymes. For example, Ma et al. used 

cetyltrimethylammonium bromide (CTAB) dispersed-carbon black powders as 

electrode materials to immobilize Hb and obtained a direct quasi-reversible 

electrochemical reaction with one-electron-reaction process coupled 

one-proton-transfer.
258

   

2.4. Nanomaterials for Electrochemical Non-enzymatic Glucose 

Biosensors 

2.4.1. Transition metals  

Transition metals are known to be good electrocatalysts due to their ability to adopt 

multiple oxidation states and absorb other species on their surfaces to form 

intermediate and activate them in the reaction process. The advantages of 
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nanostructured metallic materials are their unique physical, chemical, optical and 

electrical properties
262-268

 such as high surface-to-volume ratio, high index facets, 

large specific surface area, good electrical conductivity, tunable optical property and 

high electrocatalytic activity. Therefore, transition metal nanomaterials could serve as 

effective catalysts due to their high ratio of surface atoms with free valences to the 

cluster of total atoms and the resulting enhanced mass transport property. A wide 

range of transition metal nanomaterials have been studied in recent years for the 

electrocatalytic biosensing. According to the literatures, gold (Au), platinum (Pt), 

palladium (Pd), Copper (Cu) and Nickel (Ni) are the most intensively studied 

nanomaterials for non-enzymatic catalysis of glucose oxidation.  

2.4.2. Metal oxides 

2.4.2.1. Cobalt oxide 

Cobaltous oxide (CoO), cobaltic oxide (Co2O3) and cobaltosic oxide (Co3O4) are 

three well known polymorphs of cobalt oxide. Cobalt oxide had not been explored for 

non-enzymatic electrochemical biosensing until the first study by Ding et al,
269

 who 

investigated the mechanism of electrospun Co3O4 nanofibers (Co3O4 NF) toward 

electrocatalytic oxidation of glucose and employed Co3O4 NF/Nafion modified GCE 

for sensitive and selective glucose detection. Ding proposed that the catalytic property 

of as-synthesized Co3O4 NF towards glucose oxidation in alkaline solution was due to 

the redox reaction of CoOOH/CoO2 at 0.59 V vs Ag/AgCl, and the mechanism of 

glucose electrochemical oxidation could be explained by the following equation:  

 2CoO2 + C6H12O6 (glucose) 2CoOOH + C6H10O6 (gluconolactone)  (9) 

The Co3O4 NF-based glucose sensor showed a fast response within 7 s, a high 

sensitivity of 36.25 µA mM
-1

 cm
-2

, a detection limit of 0.97 µM with a linear range of 

up to 2.04 mM. Followed by this Co3O4 study, Kung et al
270

 reported an acicular 

cobalt oxide nanorod (CoONRs) synthesized by chemical bath deposition for the 

non-enzymatic detection of glucose. The study claimed that CoONRs-modified 

electrode could selectively detect glucose without the casting of Nafion, a negatively 
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charged membrane capable of excluding negatively charged interferential molecules. 

The sensitivity and LOD of CoONRs-based glucose sensor are 571 .8 µA mM
-1

 cm
-2 

and 0.058 µM, which is 15 times higher and 10 times lower, respectively, than Ding’s 

electrode. In addition, the biosensor also exhibited a wider linear range up to 3.5 mM 

and lower detection potential of 0.5 V than Ding’s sensor. Simultaneously, Dong et 

al
271

 reported a composite material of 3D graphene-cobalt oxide (Co3O4) nanowire as 

a freestanding electrode for non-enzymatic glucose sensing. The biosensor achieved a 

sensitivity of 3.39 mA mM cm
-2

 and a LOD of 25 nM, which are respectively nearly 6 

times higher and 2 times lower than those of CoONRs-modified electrode in Kung’s 

study. However, the up to 80 µM linear range of 3D graphene/Co3O4 nanowire 

electrode is much smaller than those of both Ding’s and Kung’s biosensors. Very 

recently, a graphene/cobalt oxide-based needle electrode has been reported by the 

same group of Dong.
272

 The biosensor showed a capability for glucose detection in 

micro-droplets within the linear concentration range of 50 ~ 300 µM.  

2.4.2.2 Copper oxide  

Copper oxide seems to have been the most extensively studied metal oxide for 

non-enzymatic glucose biosensing in recent years.
273-286

 The mechanism of glucose 

electrochemical oxidation on copper oxide electrodes is similar to that on Cu 

electrodes. Zhuang et al
287

 fabricated a non-enzymatic glucose sensor based on CuO 

nanowires modified Cu electrode, which exhibited a substantially lower overpotential 

than bare Cu electrode toward glucose oxidation. At an applied potential of 0.33 V vs. 

Ag/AgCl, the biosensor showed a sensitivity of 490 µA mM, with a linear response 

over the concentration range from 0.4 µM to 2 mM, and LOD of 49 nM (σ=3). 

Similarly, Zhang et al
285

 reported CuO nanowires and Wang et al
282

 reported the 

CuO/Cu nanowire composite modified GCE for enzymeless glucose sensing. The 

former electrode achieved a fast response (<2s) with a low detection limit of 45 nM, 

while the latter biosensor exhibited a wide linear range from 0.1 to 12 mM for glucose 

detection. An enzymeless biosensor based on a flower-like CuxO modified Cu 
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electrode was investigated by Li.
277

 The sensor achieved a high sensitivity of 1.62 mA 

mM cm
-2

 over the linear concentration range of up to 4 mM. Except for the nanowire 

structure, CuO nanofibers (CuO NF)
288

 and CuO nanospherers
289

 have also been 

investigated for the glucose electrocatalysis. However, it seems that the biosensing 

performance of CuO nanowire-modified electrodes outperform others. Additionally, 

Cu2O nanoparticles (Cu2O NPs) were decorated on MWCNTs to improve the 

sensitivity of copper oxide based biosensors.
286

 In a study by Jiang,
290

 CuO NPs 

modified-MWCNTs array electrode exhibited an extremely high sensitivity of 2.596 

µA mM cm
-2

 over the concentration range up of up to 1.2 mM with a LOD of 0.2 µM. 

The CuO NP/MWCNT electrode also achieved a very fast response within 1 s upon 

the addition of 0.1 mM glucose.  

2.4.2.3. Nickel oxide 

The electrochemical glucose oxidation on NiO-modified electrode is based on the 

redox couple of Ni(OH)2/NiOOH derived from NiO,
291

 similar to that of Ni-based 

electrode. The reaction mechanism is indicated by the following equations:  

 NiO + OH
-
 Ni(OH)2             (10)                                                                  

 Ni(OH)2 + OH
-    NiOOH + H2O + e

-   
(11) 

 NiOOH + glucose   Ni(OH)2 + glucolactone      (12) 

A variety of NiO nanomaterials have been reported in recent years by a number of 

groups for the study of nonenzymetic glucose sensing performance.
292-298

 Mu and 

colleagues
291

 have investigated the electrochemical properties and electroanalytical 

performance of nano-NiO modified CPE toward the oxidation of glucose. The 

biosensor showed a quick response to the glucose within 5 s and a calibration plot in 

the concentration range of 1 ~ 110 µM, with a sensitivity of 43.9 nA µM 
-1 

and a LOD 

of 0.16 µM. NiO/MWCNT nanocomposite-based enzymeless glucose biosensors have 

been reported by Shamsipur
297

 and Zhang
298

. MWCNT was found to remarkably 

improve the reactivity of NiO for glucose oxidation. Shamsipur’s electrode showed a 

wide linear range of 0.2 mM ~ 20 mM with a LOD of 0.16 mM, while Zhang’s 
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biosensor exhibited a high sensitivity of 1.77 mA mM cm
-2

 with linear range up to 7 

mM and a LOD of 2 µM.  

2.4.3 Alloys 

A wide variety of alloy nanomaterials, including Pt-Pb,
299-302

 Pt-Ru,
303, 304

 Pt-Ir,
305

 

Pt-Ni,
306-308

 Pt-Pd,
309

 Au-Pt,
310-315

 Au-Ag,
316

 Au-Ru,
317

 Au-Cu
318, 319

 and Ni-Cu
320, 321

 

have been reported in recent years for non-enzymatic biosensing. Among them, Pt 

based alloy nanomaterials are most popular since they exhibit the highest catalytic 

activity toward the electrooxidation of small organic compounds.
322

 Sun et al
300

 

compared alloys with different combinations of Pt, Pb, Au, Pd and Rh, and concluded 

that Pt and Pb comprise the best composition (i.e., Pt2Pb) and achieved the highest 

catalytic activity for glucose oxidation. In addition to its higher sensitivity, Pt2Pb also 

exhibited excellent selectivity because it could catalyse the oxidation of glucose at 

negative potentials, where most of the interferences including AA, UA and AP are not 

responsive. However, the Pt2Pb electrode did not alleviate the problem of surface 

poisoning by chloride ions, which remains a critical challenge for non-enzymatic 

glucose sensors. The performance of Pt-Pb alloy based non-enzymatic glucose sensor 

was improved by Wang et al
301

, who reported that the PtPb nanoporous network 

modified Ti electrode was highly resistant to the poisoning of chloride ions. In 

addition, the biosensor also exhibited excellent anti-interference properties since the 

nanoporous PtPb electrode was capable of amperometric sensing glucose at a 

remarkably low potential, ca. -80 mM (vs. Ag/AgCl) in PBS solution (pH 7.4). 

Similarly, Bai et al
299

 synthesized PtPb nanowire for the non-enzymatic detection of 

glucose. The biosensor achieved a high sensitivity of 11.25 µA mM
-1

 cm
-2

 with a 

linear range of up to 11 mM and detection limit down to 8 µM (σ=3). The 

nonenzyamtic glucose sensor based on hybrid material of PtPb alloy nanoparticles 

and MWCNTs has also been reported.
302

 Although the nanocomposite modified 

electrode achieved a slightly improved sensitivity of 18 µA mM
-1

 cm
-2

, it was 

compromised with a shorter linear range of up to 5 mM. Interestingly, Xiao et al
304
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compared the non-enzymatic glucose sensing performance of PtM (M= Ru, Pd and 

Au) nanoparticles on the composite film of MWCNT/ionic liquid (IL) and found that 

PtRu (1:1)/MWCNT/IL modified GCE exhibited the strongest electrocatalytic activity 

toward glucose oxidation in neutral media. The biosensor achieved a linear range of 

up to 15 mM, with a sensitivity of 10.7 µA mM
-1

 cm
-2 

and LOD of 50 µM. The 

non-enzymatic glucose biosensor based on CNTs-supported PtRu alloy nanoparticles 

has also been investigated by Li and colleagues,
303

 who reported a similar linear range 

to Xiao’s work, but with a higher sensitivity of 28.26 µA mM
-1

 cm
-2 

and a lower LOD 

of 0.25 µM. On the other hand, the catalytic performances of Cu-based alloys of Ni, 

Fe and Mn have been investigated by Yeo.
320

 It was observed that the anodic response 

of Mn5Cu95 to glucose in 0.1 M NaOH solution is larger than other electrodes 

possibly due to the preadsorption of glucose molecules on Mn sites. A NiCu alloy 

based non-enzymatic glucose biosensor was also reported by Jafarian et al.
321

 

Unfortunately, the above mentioned Cu alloyed nanomaterials are not able to 

determine the glucose concentration in blood since they could not catalyse the glucose 

oxidation under physiological conditions. The recently reported 3D Au@nanoporous 

Cu (Au@NPC) core-shell composite material
319

 promises to solve the biosensing 

problem associated with Cu-alloyed nanomaterials. As was observed, the Au@NPC 

alloy showed a strong oxidation peak of glucose in 0.1 M PBS (pH 7.4) and the 

nanocomposite modified GCE achieved a linear response for glucose oxidation in the 

range of 3 ~ 8 mM in PBS. Nevertheless, the previously reported Au-Cu nanoparticle 

alloy modified carbon electrode
318

 did not show the feature of glucose sensing in 

neutral pH solution. 
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Chapter 3-Experimental Section 

 

3.1 Materials Synthesis 

3.1.1. Preparation of Au Nanoparticles 

The 13 nm gold nanospheres were prepared according to the previously reported 

sodium citrate reduction methods
1, 2

 with slight modifications. Briefly, all glassware 

was washed thoroughly with aqua regia (3:1 HCl/HNO3), rinsed repeatedly with 

double distilled water and then dried in an oven. 40 μL of 2.5 M HAuCl4 and 100 mL 

of water were added to a two-neck flask, with one neck connected to a condenser and 

the other capped with a stopper. The flask was placed on a hot plate to reflux with 

stirring. When the reflux began, the stopper was removed and 10 mL of 38.8 mM 

sodium citrate was quickly injected. The stopper was then put back and the flask 

continued to flux for 20 min before the system was cooled down to room temperature 

under stirring. The gold nanoparticles (AuNPs) were then filtered with 0.45 μm 

acetate filters and stored at room temperature before use.  

3.1.2. Functionalization of MWCNTs 

MWCNT-COOH (OD ~50 nm, length ~20 μm, -COOH 1.23 wt %, purity 95 wt %) 

were purchased from Chengdu Organic Chemicals Co. Ltd, China. MWCNT-COOH 

was purified by sonication in the presence of 5 M HCl for 4 h at room temperature to 

remove metal catalysts. The purified MWCNT-COOH was filtered, washed with 

double distilled water and dried in vacuum. Then, 15 mg of MWCNT-COOH was 

refluxed with 30 ml of 10% (3-Mercaptopropyl)triethoxysilane (MPTS) in ethanol at 

70 °C for 3 h under constant stirring. The entire reaction proceeded in a nitrogen 

atmosphere to prevent the oxidation of thiol groups present in the MPTS. The product 

MWCNT-Si-SH was collected and separated by centrifugation at 4,500 rpm for 15 

min, and then washed with ethanol three times to remove excess MPTS and dried in 

vacuum at 60 °C for 3 h. 
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3.1.3. Synthesis of One Dimensional Hierarchical Structured TiO2 

The CNT-TiO2 composite was synthesized by a simple hydrothermal method.
3
 

Briefly, 50 mg of acid-treated MWCNTs was dispersed in 40 mL of isopropyl alcohol 

(IPA) by sonication for 10 minutes, and then 0.03 mL of DETA was added. After 

gently stirring for 2 minutes, 1.8 mL of TIP was added. The solution was then 

transferred into a 60 mL Teflon-lined stainless steel autoclave and kept in an electric 

oven at 200 
o
C for 24 h. The autoclave was then taken out of the oven and left to cool 

down to room temperature. The black precipitate was collected by centrifugation, 

washed thoroughly with ethanol and dried at 60 
o
C overnight. To obtain the one 

dimensional hierarchical structured TiO2 (1DHS TiO2), the as-prepared composite was 

subjected to calcination at 550 
o
C for 2 h to remove the MWCNT template and obtain 

the hierarchically structured 1D TiO2. 

3.1.4. Synthesis of Hierarchically Structured MnO2 Spheres 

The hierarchically structured MnO2 spheres were synthesized on an indium tin 

oxide (ITO) substrate by electrodeposition, which was conducted in a three-electrode 

electrochemical cell. ITO glass with the dimension of 1.5 cm × 1 cm was used as the 

working electrode; platinum foil and Ag/AgCl were used as the counter electrode and 

reference electrode, respectively. 10 mM manganese acetate aqueous solution was 

used as the electrolyte throughout the experiment. Thin film of hierarchically 

structured MnO2 spheres could be obtained by electrodepositing manganese acetate at 

1.5 V for 300 s under room temperature. The obtained materials were then scraped 

from the ITO surface by scalpel and dispersed in double distilled water by 

ultrasonication. The powder of hierarchically structured MnO2 spheres was collected 

by centrifugation followed by drying in vacuum at 80 ºC for 6 h. 

3.1.5. Synthesis of Carbon Nanocages 

Carbon nanocages (CNCs) were synthesized by the chemical vapour deposition 

(CVD) method
4
 with MgO as template and ethanol as the carbon source. Specifically, 

2 g magnesium carbonate (4MgCO3 Mg(OH)2 5H2O) was spread uniformly in centre 
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of a quartz tube which was placed in a horizontal furnace. After the tube was purged 

by argon (Ar) flow for 30 min, the temperature was ramped to 800°C by furnace with 

the protection of Ar gas. Then, ethanol was injected at a constant rate of 0.06 mL 

min
-1

 by a syringe pump. After 30 min of reaction, the syringe pump was switched off 

and the quartz tube was allowed to cool down to room temperature in the flow of Ar 

gas. The CNCs were obtained by treating the as-synthesized product in 6 M HCl with 

stirring to remove the MgO template followed by repeated washing with double 

distilled water until the pH became neutral. Finally, the CNCs powder was collected 

by centrifugation and drying at 60°C in vacuum for 12 h. 

3.1.6. Growth of Three-Dimensional Graphene 

The three-dimensional graphene foam (3DGF) was synthesized using a 

template-based ethanol-CVD method previously reported by us.
5, 6

 Briefly, the nickel 

foam (thickness of ~0.5mm, purchased from Alantum Advanced Technology 

Materials, China) was placed in the center of a quartz tube furnace and heated up to 

1000 °C at a rate of 50 °C/min. The temperature was maintained at 1000 °C for 10 

min under ambient pressure with a gas flow of Ar (50 sccm) and H2 (25 sccm) in 

order to remove the oxide layer on the surface of nickel foam. Ethanol was then 

bubbled into the furnace as carbon source by Ar flow. The concentration of ethanol 

was controlled by the flow rate of Ar. After 20 minutes of growth, the sample was 

taken out from the furnace and rapidly cooled down to room temperature at cooling 

rate of 100 °C/min under the protection of Ar/H2 flow (Ar: H2= 50: 25). In order to 

remove the nickel foam template, the as-prepared 3DGF was first dipped into the 

solution of 4.5 % poly(methyl methacrylate) (PMMA with molecular weight of 996, 

000) for several seconds, followed by drying at 90 °C for 1h. After that, the PMMA 

coated 3DGF networks were immersed into 3 M HCl at 80 °C to etch away the nickel 

substrate. Finally, the PMMA layer was removed by hot acetone vapor followed by 

annealing at 450 °C under Ar/H2 flow. 

3.1.7. Fabrication of Hierarchically Structured Mn3O4/3DGF Nanocomposite 
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The hierarchically structured Mn3O4 network was grown on the surface of 3DGF 

by an electrochemical deposition method. The electrodepositon was performed using 

electrochemical workstation (CHI 760D, CH instrument Inc, USA) in a conventional 

three-electrode system, with 3DGF as working electrode, Pt foil as counter electrode 

and Ag/AgCl as reference electrode. Under room temperature, a constant potential of 

0.5 V was applied in an aqueous solution of 0.01 mol/L manganese acetate for 600 s 

to achieve the uniform coating of MnOx on the skeleton of 3DGF. The product was 

then washed with double-distilled water for several times and dried by ultrapure 

nitrogen flow. Finally, the sample was calcinated at 400 °C in vacuum for 3h to obtain 

the highly crystalline Mn3O4 on 3DGF. The composite was then affixed to a flexible 

PET substrate by silicon rubber to use as a freestanding electrode and flexible 

biosensor. 

3.2 Materials Characterizations 

The surface morphology and microstructure of synthesized products were 

characterized by field-emission scanning electron microscopy (FESEM; JEOL, 

JSM-6700F, 5 kV) and transmission electron microscopy (TEM; JEOL, JEM-2100F, 

200 kV). The TEM sample was prepared by sonicating the composite material in 

ethanol for 3 min followed by casting one drop of the obtained dispersion on TEM 

copper grid. The elemental compositions of the samples were analyzed with 

energy-dispersive X-ray spectroscopy (EDX) attached to the FESEM instrument. The 

crystallographic information of the samples was obtained by X-ray powder diffraction 

(XRD; The Bruker, D8 Advance X-ray diffractometer, Cu Κα, λ = 1.5406 Å). The 

specific surface area and pore size distribution of the products were measured by a 

BET analyzer (Quantachrome Instruments, Autosorb AS-6B) at 77 K. Protein 

immobilization was investigated by Fourier transform infrared spectroscopy (FTIR, 

Bruker EQUINOX 55 DuroscopeTM). The samples were dried in vacuum and 

pressed into pellets together with potassium bromide (KBr) for FTIR measurements. 

The UV spectra were recorded with Shimadzu UV-3600 UV-vis spectrophotometer 
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(Japan). The Raman spectra were obtained with a WITeck CRM200 confocal 

microscopy Raman system (488 nm laser wavelength, 2.54 eV, WITeck, Germany). 

Thermogravimetric analysis (TGA) was conducted on a TA Instrument 2960 from 

100 °C to 1000 °C under air flow at a heating rate of 10 °C min
-1

. 

3.3 Electrochemical Measurements 

The electrochemical experiments were conducted using a CHI 660C or CHI760D 

electrochemical workstations (CH Instrument, USA) with a conventional 

three-electrode system, including a working electrode, a platinum wire counter 

electrode and a saturated calomel electrode (SCE) or Ag/AgCl electrode as the 

reference electrode. Cyclic voltammetry (CV) studies were performed either in 

deoxygenated or air-satureated 0.1 M PBS buffer (pH 7.4). Deoxygenated buffer was 

prepared by bubbling the PBS solution with ultrapure nitrogen gas for 20 min before 

the experiment. Amperometric sensing experiments were performed in ambient 

condition with a three-electrode electrochemical cell under continuous stirring, which 

is provided by a magnetic stirrer. Electrochemical impedance spectroscopy (EIS) 

measurement was performed in the mixture of 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) 

solution in the frequency range between 0.1 to 100,000 Hz at E =0.21 V, which is the 

formal potential of the system. The amplitude of the alternative voltage of the system 

was 10 mV. 
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Chapter 4-Self-Assembly of Multilayered Carbon 

Nanotubes Decorated with High Density of Gold 

Nanoparticles on Electrode for Highly Sensitive Glucose 

Detection† 

 

†Reproduced from [P. Si, P. Kannan, L. Guo, H. Son and D. H. Kim, Biosensors and 

Bioelectronics, 2011, 26 (9), 3845-3851] by permission from Elsevier. Copyright 2011. 

 

4.1. Introduction 

Diabetes mellitus is a worldwide public disease resulting from insulin deficiency 

and hyperglycemia, reflected by blood glucose levels higher or lower than the normal 

range of 80-120 mg/dL (4.4-6.6 mM).
1
 The complications caused by diabetes include 

higher risks of heart disease, kidney failure, blindness, etc.
2
 Such complications can 

be greatly reduced through stringent personal control of blood glucose. The 

development of a highly stable and sensitive glucose biosensor is therefore of critical 

importance for the diagnosis and keen observation of blood glucose levels. In addition, 

the accurate detection of glucose is also of great interest in industrial applications 

such as food industry and bio-fermentation process.
3
 Much effort has been devoted so 

far on developing suitable techniques for precisely monitoring the glucose level with 

high sensitivity, good selectivity, high reliability and faster response.   

Since the concept of enzyme electrode was first introduced by Clark and Lyons 

about 50 years ago,
4
 glucose oxidase (GOx) based enzyme sensors have been widely 

employed to fabricate glucose biosensors. However, simple and efficient 

immobilization of high content of GOx on the electrode still remains a challenge for 

improving the performance of glucose biosensors. In the past years, a variety of 

nanomaterials have been used to structurally-modify the electrodes and immobilize 

GOx.
5-11

 Among them, gold nanoparticles (AuNPs) have drawn considerable attention 

because of their unique size, shape dependent physical, chemical and electronic 
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properties when compared to the bulk gold.
12, 13

 It has been reported that, AuNPs can 

provide a suitable microenvironment, which is similar to the redox center of a native 

protein, to immobilize enzyme and retain their bioactivities. Besides, owing to their 

special chemical properties, AuNPs allow a variety of functional groups, including –

SH, -NH2 and –CN, to bind to their surface covalently, which is favorable for the 

stable immobilization of biomolecules.
14, 15

 In addition, due to their high conductivity, 

AuNPs can easily minimize the impedance on electrode interface and provide a 

necessary conduction pathway to facilitate the electron transfer between the 

immobilized enzyme and electrode surface.
16

 Taking account of these advantages, 

AuNPs were extensively used to construct glucose biosensors either alone or 

combined with other materials.
17-19

 However, it is difficult to attach a high density of 

AuNPs on the electrode surface due to the limited binding sites and low adsorption 

rate of AuNPs, which is not favorable for the immobilization of a large quantity of 

enzyme on the electrode. Consequently, the biosensor may result in low sensitivity 

and narrow linear range.  

Layer-by-layer (LBL) is a simple and efficient method to immobilize high volume 

of enzyme on the electrode. Because of the simplicity of fabrication procedure, wide 

choice of materials and tailorable control of thickness, LBL based on electrostatic 

interaction has attracted tremendous interest in recent years.
20, 21

 Wu and coworkers 

reported the amperometric glucose biosensor based on multilayered AuNPs, chitosan 

and GOx.
22

 Yan et al., fabricated a glucose biosensor via LBL self-assembly of 

MWCNT, PDDA and GOx.
23

 Deng and colleagues constructed a glucose biosensor by 

assembling multilayered GOx and polyelectrolyte on MWCNTs.
24

 Komathi et al., 

proposed a glucose biosensor based on LBL assembly of MWCNT, conducting 

polymer, AuNPs and GOx.
25

 However, the biosensors constructed via electrostatic 

adsorption have some major drawbacks such as instability in high ionic solution, film 

leaching over long time storage and long response time, which limited their 

application.
23

 While covalent binding of GOx to CNTs or AuNPs usually requires 
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pretreatment for quite a long time with strong acid (e.g. H2SO4 and HNO3) or HIO4,
26

 

which are harmful to the environment and human health. In addition, long time 

treatment is not favorable for industrial production. Thus, the optimal approach for 

construction of glucose biosenosrs should be a mild condition which can offer both 

high stability and high efficiency to immobilize large quantities of enzyme. 

In the present study, we report a three dimensional (3-D) assembly of high density 

AuNPs architecture, which is constructed by LBL covalent attachment of 

(3-mercaptopropyl) triethoxysilane (MPTS) functionalized MWCNTs and AuNPs. 

This nanohybrid material can act as a suitable matrix to immobilize GOx for the 

fabrication of glucose biosensor. The proposed biosensor successfully overcame the 

problems mentioned above, which provides a stable biosensing interface, mild 

enzyme immobilizing environment and efficient fabrication process. MWCNTs were 

used in the present work to construct the 3-D structure due to their high mechanical 

strength, chemical stability, large surface area, and biocompatibility.
27

 In addition, 

MWCNTs can also facilitate the shuttling of electrons between the enzyme and the 

electrode surface.
28

 However, the poor solubility of MWCNT in most solvents is a 

major barrier for constructing MWCNT-based structure on electrode. In this study, 

MPTS was employed to covalently functionalize MWNCTs, the high density of –SH 

groups presented on the side walls of MWCNT not only can stabilize the MWCNT 

dispersion, but also provide a large amount of AuNP binding sites. The surface 

coverage of AuNP on electrode was found to be 90 %. To the best of our knowledge, 

such high density of AuNPs covalently assembled on electrode surface was achieved 

for the first time. The resulting biosensor has achieved a remarkably enhanced 

sensitivity, which is much superior to multi-layered GOx/MWCNT or 

GOx/AuNPs-based electrodes. 

4.2 Electrode Modification and Biosensor Fabrication 

The Au electrode was thoroughly polished with alumina powder, followed by 

etching with 1:3 (v/v) H2O2/H2SO4 for 3 min and then sonication in double distilled 
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water for 4 min.. The pre-treated Au electrode was then alternately dipped in 

0.5 mg/mL MWCNT-Si-SH and AuNPs solutions each for 2.5 h to form 

self-assembled multilayers of AuNPs/MWCNT on the Au electrode surface. After the 

each dipping step, the modified electrode was carefully rinsed with double distilled 

water and dried with high purity nitrogen stream to remove the non-specifically 

assembled species. As control experiment, monolayer of AuNPs modified electrode 

was fabricated according to the previous literature.
29

 Afterwards, 5 µL of GOx 

solution (10 mg/mL) was dropped onto the center of the as-prepared electrode, which 

was then covered by a small Eppendorf tube and dried at 4ºC overnight to immobilize 

the enzyme on the surface of the hierarchically assembled AuNP structures. Finally, 

the electrode was thoroughly rinsed with water and stored in PBS (pH 7.4) at 4ºC 

before use. Figure 4-1 shows the stepwise fabrication process of the glucose 

biosensor.  

 

Figure 4-1. (A) Illustration of MWCNTs functionalized by MPTS followed by self-assembly 

of AuNPs. (B)  The schematic diagram of self-assembling multilayered AuNPs/MWCNT on 

Au electrode surface followed by immobilization of GOx on the AuNPs/MWCNT matrix. 
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4.3. Results and Discussion 

4.3.1. Characterizations of the Self-Assembly 

In this study, MWCNTs were first functionalized by MPTS through 

hydroxyl-carboxyl dehydrate reaction.
30

 The attached MPTS can expose large arrays 

of -SH groups on the end and side walls of MWCNTs through hydrolysis followed by 

self-polymerization (Figure 4-1A). Then, MWCNT-Si-SH can easily absorb on the 

surface of Au electrode and AuNPs through the S-H bond cleavage.
31

 Figure 4-2A 

shows one layer of MWCNTs self-assembled on the Au electrode surface through 

gold-thiol interaction. As can be observed, the MWCNTs were uniformly distributed 

on the electrode surface. Afterwards, significant amount of AuNPs could easily 

absorbed both on the end and side walls of MWCNTs via the same mechanism. As a 

result, one layer of the AuNPs/MWNCNT nanocomposite film was formed on the 

electrode surface (Figure 4-2B). The AuNPs tethered on MWCNTs further provided 

the binding sites of MWCNT-Si-SH, which allowed for the self-assembly of 

subsequent layers. The high density of multilayered AuNPs/MWNCNT hybrid 

structure was obtained on the Au electrode surface by repeating the modification 

process for several times. Figure 4-2C shows the electrode modified with five layers 

of AuNPs/MWNCNT nanocomposite architectures. As is observed, the coverage of 

AuNPs/MWNCNT on the electrode surface increased significantly compared with 

Figure 4-2B. In addition, the multilayered hybrid film shows a large surface area and 

nanoporous structure, which allows for further immobilization of GOx and provides 

high accessibility to the target molecules.   

 

(A) (B) (C)
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Figure 4-2. FESEM images of (A) one layer of MWCNTs self-assembled on Au substrate, (B) 

one layer of AuNPs/MWNCNT hybrid film on Au substrate, (C) five layers of 

AuNPs/MWNCNT modified Au substrates. The scale bar is 100 nm. 

4.3.2. Surface Coverage of AuNPs 

The AuNPs coverage on the electrode surface was studied by scanning cyclic 

voltammograms (CV) between -0.6 and 0.7 V in 0.1 M NaOH.
32

 Figure.4-3A shows 

the CVs of 1~5 layers of AuNPs/MWCNTs nanocomposite modified electrodes. The 

particle coverage (p) is defined as the ratio between the electrochemically accessible 

AuNPs area and the geometric area of the Au electrode in contact with the electrolyte 

solution. The particle area was calculated by using the charge involved in the 

reduction of the electrochemically formed Au oxide. Assuming the charge density for 

the reduction of the Au oxide is 723 µC/cm
2
, the particle coverage could be calculated 

by the following equation:
33

 

 %100
 )(cm area geometric Electrode

)C/cm( 723 / C)( chargereduction  oxideAu 
2

2




 p    4-1 

The particle coverage of 1~5 layers of AuNPs/MWNCNT modified Au electrodes 

were calculated to be 39, 65, 78, 87 and 90 % respectively. The five layered 

AuNPs/MWNCNT habrid architecture shows much superior surface particle coverage 

compared to the previous reports, which are 10 %,
34

 25~30 %
35

 and 50 %
32

 

respectively. In the present case of modification, such high surface coverage of 

AuNPs is achieved for the first time. Figure 4-3B compares the surface particle 

coverage of the electrodes modified with 1~10 layers of the AuNPs/MWCNT hybride 

structure. As can be seen, after 5 layers of modification of AuNPs/MWCNT 

nanocomposites, the surface coverage of AuNPs reached saturation. This could be a 

result that when more MWCNTs assembled on the electrode, the surface area of 

AuNPs was increasingly covered. Thus, five layers of AuNPs/MWNCNT were used 

throughout the experiment to modify the electrode and immobilize the enzyme. 
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Figure 4-3. (A) CVs obtained for 1~5 layers of AuNPs/MWNCNT film modified Au 

electrode in 0.1 M NaOH. Scan rate: 50mV/s. (B) the AuNPs coverage on Au electrode 

modified with 1~10 layers of MWNCT/AuNPs. 

4.3.3. Immobilization of GOx  

The immobilization of GOx on multilayered AuNPs/MWNCNT was examined by 

electrochemical impedance spectroscopy (EIS), which is a sensitive technique to 

study the surface modification of electrodes.
36-38

 It is reported that the GOx could be 

chemisorbed onto the surface of AuNPs though their amino groups.
39, 40

 Figure 4-4 

shows the typical Nyquist plot obtained for bare Au electrode, 

(AuNPs/MWNCNT)5/Au electrode and GOx/(AuNPs/MWNCNT)5/Au electrode.  

The bare Au electrode (Figure 4-4a) presents a small semicircle followed by a linear 

tail. The semicircle portion illustrates an electron transfer limited process while the 

linear tail suggests a diffusion controlled electrochemical behavior. The diameter of 

the semicircle is proportional to the electron transfer resistance (Ret) on the electrode 

surface. When five layers of AuNPs/MWNCNT were modified on the electrode, an 

increase of the impedance was observed as shown in Figure 4-4b, which was possibly 

caused by the electron transfer barrier formed by the bi-functional MPTS sol-gel 

conjugated on MWCNTs, However, the impedance was lowered by about 50 % 

compared with monolayer of AuNPs/MWNCNT modified electrode, which could 

contribute the good conductivity of highly assembled AuNPs. When GOx were 

immobilized on the multilayered matrix of AuNPs/MWNCNT, the Ret was increased 
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by nearly 4 times (Figure 4-4c). It is reported that GOx can generate an insulating 

layer on the electrode surface which blocked the electron transfer of [Fe(CN)6]
3-/4-

 

therefore increasing the impedance of the electrode.
41

 The surface coverage of GOx 

(E) on the electrode was calculated to be 72.4 % according to the equation 

%100)/1(  GOD

ctctE RR ,
42

 indicating the multilayered AuNPs structure has the 

capability to immobilize large quantities of  enzyme on the electrode surface 

efficiently. 

 

Figure 4-4. Nyquist plots of bare Au electrode (a), (AuNPs/MWNCNT)5/Au electrode (b) and 

GOx/(AuNPs/MWNCNT)5/Au electrode (c) obtained in 0.1M KCl solution containing 5 mM 

[Fe(CN)6]
4-/3-

. 

4.4.4. Performance of the Biosensor 

The electrochemical behaviors of the modified electrodes were investigated by CV.  

Figure 4-5A shows the cyclic voltammetric responses for 20 mM glucose recorded at 

GOx/MWCNT/Au electrode, GOx/AuNPs/Au electrode, GOx/AuNPs/MWNCT/Au 

electrode and GOx/(AuNPs/MWNCNT)5/Au electrode in  pH 7.4 PBS containing 

0.1 mM ferrocenemethanol as redox mediator. The anodic currents could be observed 

when the scanning potential exceeds 100 mV, which is a result of the electrocatalytic 
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oxidation of glucose by the immobilized GOx on the multilayered film modified 

electrode. The oxidation of glucose can be described as the following mechanism:
43

  

 

where GOx (FADH2) and GOx(FAD) represent reduced and oxidized form of GOx, 

Fc and Fc
+
 are the reduced and oxidized form of ferrocenemethanol mediator, and G 

and GL are β-D-glucose and glucose-D-lactone, respectively. 

The direct immobilization of GOx on monolayer of MWCNT or AuNPs showed 

poor oxidation current for glucose as can be observed in Figure 4-5A (a and b). While 

the biosensor with GOx immobilized on one layer of AuNPs/MWCNT showed 

notably increased current response (Figure 4-5A(c)), which is even higher than the 

summation of a and b, indicating the GOx immobilized on AuNPs/MWCNT hybrid 

has much superior electrocatalytic activity for glucose oxidation. The result is 

consistent with the previous report in which the electrode was modified with Pt 

nanoparticles and MWCNT.
44

 Surprisingly, the Au electrode modified with 5 layers of 

AuNPs/MWCNT and GOx showed a response current of 21.5 mA, which is more 

than 5 times higher than the single layer hybrid modified electrode. The observed 

result indicates that the multilayered construction of AuNPs/MWCNT significantly 

improved the sensitivity of the glucose biosensor, which might contribute to both the 

increased surface area and the enzyme loading on the electrode. As is observed in 

Figure 4-5A inset, the bare Au electrode (dashed curve) displayed a couple of poor 

redox peaks at the scan rate of 50 mV s
-1

 in 0.1 M PBS. After modification with 5 

layers of AuNPs/MWNCNT and GOx, redox peak currents notably enhanced and 

shifted to the less positive potential side (solid curve), indicating the favorable 

electron transfer behavior of the multilayered AuNPs/MWNCNT hybrids. The current 

Fc Fc+ + e-

GOx(FAD) + G
k1

k -1
GOx(FAD-G)

k2

GOx(FADH 2) + GL  

GOx(FADH 2) + 2Fc + GOx(FAD) + 2Fc
k3
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response of the resulting glucose biosensor modified with 1~10 layers of 

AuNPs/MWCNT and GOx for 20 mM glucose are compared in Figure 4-5B. We 

found that the current response rises with the increase of modified AuNPs/MWCNT 

layers for the first five layers, while a plateau current was observed from the sixth 

layer. This result conforms well to the surface coverage of AuNPs, implying AuNPs 

play an essential role for the immobilization of GOx. Interestingly, a decreasing 

current was observed after the eighth layer. This could result from the diffusion 

blockage of target molecules and mediators on the electrode surface for high density 

of MWCNT structure would make the electrode less porous and inaccessible to small 

molecules.  

 

Figure 4-5. (A) CVs of GOx/AuNPs/Au electrode (a), GOx/MWCNT/Au electrode (b),  

GOx/AuNPs/MWCNT/Au electrode (c) and GOx/(AuNPs/MWCNT)5/Au electrode (d) for 20 

mM glucose in 0.1 M PBS containing 0.1 mM ferrocenemethanol. Inset: CVs of bare Au 

electrode (dashed) and GOx/(AuNPs/MWCNT)5/Au electrode (solid) in 0.1 M PBS 

containing 0.1 mM ferrocenemethanol. (B) The current response for 20 mM glucose on Au 

electrode modified with 1~10 layers of AuNPs/MWCNT and GOx. 

Figure 4-6A shows the CVs of the GOx/(AuNPs/MWNCNT)5/Au electrode in PBS 

containing 0.1 mM ferrocenemethanol at different scan rates.  The anodic and 

cathodic peak currents were linear against the square root of the scan rates ranging 

from 20 to 300 mV s
-1

, as the calibration plot shown in Figure 4-6B. This result 

illustrates that the electrochemical process on the electrode surface was diffusion 

controlled, and the self-assembled multilayer structure on the electrode was highly 
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accessible to the redox mediator.  

 

Figure 4-6. (A) CVs obtained for the GOx/(AuNPs/MWNCNT)5/Au electrode in 0.1 M PBS 

(pH 7.4) containing 0.1 mM ferrocenemethanol at different scan rates. From inside to outside: 

20, 40, 60, 80, 100, 150, 200, 250, 300 mV/s. (B) The relationship of the anodic and cationic 

peak current vs. the square root of the scan rate. 

4.4.5. Amperometric sensing of glucose 

Amperometric method was used to examine the sensitivity of the resulting 

GOx/(AuNPs/MWNCNT)5/Au electrode towards the detection of glucose. Figure 

4-7A shows the amperometric response of the present glucose biosensor upon 

successive addition of different concentrations of glucose in a homogeneously stirred 

PBS at an applied potential of 0.3 V (vs. SCE) until the glucose level in the solution 

reached 1 mM. The resulting biosensor exhibited rapid and sensitive responses to the 

addition of glucose, which reached 95 % of the steady state current within 3s. Two 

aspects might contribute to the fast response. On one hand, the highly porous structure 

of multilayered AuNPs/MWCNT allows for rapid diffusion of glucose and mediator 

from bulk solution to the enzyme. On the other hand, the highly assembled AuNPs 

yields a good conduction pathway which facilitates the electron transfer between the 

mediator and the electrode surface. Figure 4-7B shows the amperogram of the 

GOx/(AuNPs/MWNCNT)5/Au electrode upon successive addition of 1mM glucose 

operating at the same conditions as Figure 4-7A.  When the glucose reached a high 

concentration, a plateau current can be observed, showing the typical characteristic 
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features of Michaelis-Menten kinetics.
45

 The plotted calibration curve (Figure 4-7C) 

obtained from amperometry results (Figure 4-7A and Figure 4-7B) shows that the 

present glucose biosensor has a linear range of 20 μM to 10 mM,  with a sensitivity 

of 19.27±0.5 µA mM
-1

 cm
-2

  and  the detection limit of 2.3 µM (S/N=3). The 

sensitivity of the present electrode is approximate three times higher than 

multilayered GOx/AuNPs modified electrode 
46

 and two times higher than multilayed 

GOx/MWCNTs-based electrode.
23

  

The apparent Michaelis-Menten constant was calculated from the electrochemical 

version of the Lineweaver-Burk plot:
47

 

 max max

1 1 1app

m

ss

K

i i C i
 

     4-2 

where ssi is the steady-state current after addition of glucose, maxi is the maximum 

current measured under saturated substrate condition, and C is the bulk concentration 

of the substrate. The app

mK was determined by analysis of the slope and intercept of 

the double-reciprocal plot of the steady-state current vs. glucose concentration as 

shown in Figure 4-7D. The app

mK  was calculated to be 6.7 mM. which is much 

smaller than previously reported values in the literatures (10.5mM,
39

 14.9 mM 
48

 and 

20 mM
10

 respectively). The smaller app

mK  value means that the immobilized GOx 

well retained their catalytic activity and the biosensor has high strong affinity for the 

analyte glucose.  
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Figure 4-7. (A) Amperometric response of the GOx/(AuNPs/MWNCNT)5/Au electrode to 

successive addition of  different concentrations of glucose at applied potential of 0.3 V (vs. 

SCE) in PBS containing 0.1 mM ferrocenemethanol. (B) Amperometric response of the above 

electrode to successive addition of 1 mM glucose at applied potential of 0.3 V (vs. SCE) in 

PBS containing 0.1 mM ferrocenemethanol.. (C) The calibration curve of present glucose 

biosensor obtained from (A) and (B). (D) Lineweaver-Burk plot of the above glucose 

biosensor for the determination of
app

m
K . 

4.4.6. Studies of interferences and stability 

We have also studied the determination of glucose in the presence of common 

physiological interferents such as ascorbic acid (AA), uric acid (UA) and 

acetaminophen (AP) by amperometric method. Figure 4-8 shows the amperometric i-t 

curve responses of the GOx/(AuNPs/MWCNT)5/Au electrode for 0.5 mM of AA, 0.5 

mM AP, 1 mM UA and 0.5 mM glucose in a homogeneously stirred 0.1 M PBS 

(pH=7.4) at a constant applied potential of 0.30 V. The initial addition of 0.5 mM each 

AA, AP and 1 mM UA with a sample interval of 100 s into the homogeneously stirred 

PBS yields an insignificant change of amperometric current, while the addition of 0.5 

mM glucose evoked the rapid response of higher amprometric current. The current 
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responses of the interferents are negligible compared to that induced by the glucose, 

indicating the present glucose biosensor is feasible for the determination of glucose in 

the presence of common interfering compounds. 

 

Figure 4-8. Amperometric response of 0.5 mM AA, 0.5 mM AP, 1 mM UA and 0.5 mM 

glucose on the GOx/(AuNPs/MWCNT)5/Au electrode recorded at 0.3V vs. SCE in 0.1 M PBS 

containing 0.1 mM ferrocenemethanol. 

The operating stability of our five layers of AuNPs/MWCNT nanocomposite 

electrode toward the voltammetric detection has been evaluated. The voltammetric 

oxidation current was tested by potential cycling from -0.2 to 0.8 V in the presence of 

10 mM glucose at a scan rate of 50 mV/s. No obvious anodic current decrease was 

observed during 30 cycles of measurement. The storage stability was examined by 

measuring the amperometric response of the resulting biosensor to 10 mM glucose 

every day and keeping the modified electrode at 4°C in 0.1 M PBS after use. The 

biosensor remained 95.4 % of its initial current intensity after one week (Fig. S5). The 

long-term storage stability reflects the excellent durability of the self-assembled 

multilayer films and good biocompatibility of the multilayered AuNPs/MWCNT 

matrix toward immobilizing GOx. 
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4.4.7. Determination of glucose in human blood serum 

The GOx/(AuNPs/MWCNT)5/Au electrode was further employed to detect glucose 

levels in healthy human blood serum sample by using the calibration curve obtained 

above. The original glucose concentration in the serum was determined to be 3.52 

mM, the corresponding results after addition of standard glucose solution were listed 

in Table 4-1. A small relative standard deviation (R.S.D) value (less than 4.2 %) was 

obtained from 6 parallel modified electrodes, indicating that the good reproducibility 

of the present fabrication method, while high recovery values (96~102 %) showed the 

capability of the biosensor for real sample detection. These results demonstrate that 

the proposed biosensor is reliable and effective. 

Table 4-1. Determination of glucose in human blood serum sample using 

GOx/(AuNPs/MWCNT)5/Au electrode. 

Sample Found 

(mM) 

Added 

(mM) 

Found 

(mM) 

R.S.D. 

(%) 

Recovery 

(%) 

1 3.52 2.00 5. 63 4.2 102 

2 3.52 4.00 7.89 2.9 105 

3 3.52 6.00 9.14 3.7 96 

4.4. Conclusion 

In summary, we successfully fabricated a glucose biosensor by immobilizing large 

quantities of GOx on a high density AuNPs matrix, which composed of multilayered 

AuNPs/MWCNT nanohybrid structure. A high surface coverage of AuNPs was 

achieved by the multilayered AuNPs/MWCNT nanohybrid architecture, which 

effectively facilitated the electron transfer, lowered the charge transfer resistance and 

enhanced the enzyme loading capability of the electrode. The covalent assembly of 

multilayered AuNPs and MWCNT provides a highly stable biosensing interface 

which effectively improves the durability of the electrode for long time storage. The 

five layers of AuNPs/MWCNT composites and GOx exhibited an excellent 

electrocatalytic activity towards oxidation of glucose, which presents a wide liner 
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range from 20 μM to 10 mM, with a sensitivity of 19.27 µA mM
-1

 cm
-2

 and a 

detection limit of 2.3 μM (S/N=3). The resulting glucose biosensor 

(GOx/(AuNPs/MWCNT)5/Au electrode) showed much superior sensitivity than the 

multilayered GOx/MWCNT- or multilayered GOx/AuNPs- based electrodes. In 

addition, the proposed biosensor electrode exhibited satisfied recovery results when 

employed to determine glucose levels in human blood serum sample. The many 

advantages of multilayered AuNPs/MWCNT nanostructure reported in our present 

study can provide great potentials for development of other enzyme-based biosensors. 
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Chapter 5-Hierarchically Structured One-Dimensional 

TiO2 for Effective Enzyme Immobilization, Direct 

Electrochemistry and Mediatorless Glucose Sensing† 

 

†Reproduced from [P. Si, S. Ding, J. Yuan, X. W. Lou and D. H. Kim, ACS Nano, 2011, 5 (9), 

7617-7626] by permission from American Chemical Society. Copyright 2011 

 

5.1. Introduction 

Promoting direct electron transfer (DET) between an electrode and immobilized 

molecules is of scientific importance in the investigation of the fundamental 

mechanism of biological redox reactions
1-3

 and of practical significance for the 

development of advanced bioelectronic devices such as highly sensitive enzymatic 

biosensors
4-6

 and highly efficient biofuel cells.
7-9

 However, the DET of proteins is 

rarely observed on bare electrodes because the redox center of the enzyme is deeply 

embedded in a thick insulating protein shell, and the spacing between the prosthetic 

group and the electrode surface generally exceeds the critical electron-tunneling 

distance.
10, 11

 To facilitate the electron transfer, redox mediators (small diffusive 

molecules shuttling between the active center of the protein and the electrode surface) 

have been traditionally employed in the solution phase or immobilized on 

electrodes.
12-14

 

Over the past decades, the exploration of nanomaterials designed to have high 

conductivity, good biocompatibility, suitable hydrophilicity, a large surface area and a 

uniform porosity has fueled research on the impregnation of biomolecules and the 

construction of biosensors.
15-18

  Nanomaterials with tailored textures appear to 

facilitate electron transfer between the electrode and immobilized proteins because the 

unique chemical, physical and electrical properties of nanostructured materials may 

effectively shorten the electron-tunneling distance and provide an electron-mediating 

function.
19-22

 Varied nanomaterials composed of carbon,
5, 23, 24

 metal oxides
25-27

 and 
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conducting polymers
28, 29

 have demonstrated the capabilities of DET. However, 

significant challenges remain in the development of a nanomaterial that shows fast 

electron transfer, precise specificity, high sensitivity, and superior bioelectrocatalysis. 

Due to its superior photocatalytic capability and excellent electron transfer behavior, 

TiO2 has been extensively investigated for use in a broad range of applications, 

including dye-sensitized solar cells,
30, 31

 hydrolysis catalysts,
32, 33

 electrochromic 

devices
34, 35

 and lithium-ion batteries.
36, 37

 Nanocrystalline TiO2 films have recently 

been introduced to improve the catalytic activity of enzymes in the applications of gas 

sensors
38-40

 and biosensors.
41-43

 The electrochemical properties of TiO2-based devices 

are not only influenced by the crystalline form of the TiO2 but also likely affected by 

the textural properties of the TiO2 such as dimension, geometry, porosity and surface 

area.
25, 44

 In addition, the quantum confinement effect and electron transport 

properties are largely governed by the size and geometry of nanostructured TiO2.
45, 46

 

A high surface area and a uniform pore distribution are especially beneficial for 

TiO2-based bioelectronic devices because these properties promote the interaction 

between biomolecules and materials and allow for high accessibility of target 

molecules to the device surface. This high accessibility facilitates the reaction 

occurring at the medium/electrode interface.
44

  

Template-assisted preparation methods have been used widely in nanoengineering 

due to their simplicity, cost-effectiveness and shape-control capabilities during 

synthesis. A variety of templates, including porous anodic alumina,
47, 48

 polystyrene 

spheres,
49, 50

 surfactants
51

 and activated carbon,
52

 have been employed to synthesize 

nanostructured materials with different morphologies, such as highly ordered 

nanowires,
53, 54

 nanotube arrays,
55, 56

 micro/nano hollow structures
57, 58

 and 

mesoporous structures.
59-62

 In the present work, a hierarchically structured 

one-dimensional TiO2 was, for the first time, synthesized by a solvothermal method 

using multi-walled carbon nanotubes (MWCNTs) as a template. The synthesized 

material was characterized by a large surface area and a uniform distribution of pore 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



 

91 

 

sizes. The synthesized TiO2 showed great biocompatibility for biomolecule 

immobilization and allowed direct electrochemical reactions for the anchored redox 

protein. In addition, the glucose-sensing abilities of the electrodes modified with the 

synthesized TiO2 were determined in the absence of mediators. 

5.2 Enzyme Immobilization and Biosensor Fabrication 

Enzyme immobilization was achieved by immersing 10 mg of the synthesized TiO2 

material in 1 mL of GOx solution (10 mg mL
-1

) prepared in 0.1 M PBS (pH 7.4) 

under ambient conditions, followed by vigorously shaking of the solution for 0.5 h. 

The solution was then stored at 4 ºC overnight to allow protein adsorption. The 

concentrations of GOx in the solution before and after protein adsorption were 

determined by UV-vis spectroscopy at 280 nm. The GOx loading on 1DHS TiO2 was 

calculated by subtracting the amount of the remaining GOx in supernatant solution 

after adsorption from the initial amount of GOx. The bioconjugate obtained was later 

subjected to centrifugation, and the pellet was dispersed in 1 mL of protein-free PBS 

solution by continuously shaking the mixture for 0.5 h. A glassy carbon electrode 

(GCE, 3 mm in diameter) was polished to a mirror-like surface with 1.0, 0.3 and 0.05 

µm alumina powder followed by sonication in acetone, ethanol and water for 3 min, 

respectively. Then the electrode was thoroughly rinsed with double-distilled water and 

dried using ultrapure nitrogen. Electrode modification was achieved by depositing 5 

µL of the re-shaken bioconjugate dispersion on the center of the pre-cleaned GCE, 

which was left to dry at 4 ºC overnight. Finally, 10 µL of 0.5 % Nafion was dropped 

on the whole electrode surface to fix the modifier on the electrode. 

5.3. Results and Discussion 

5.3.1. Material Characterizations 

The surface morphology and microstructure of the synthesized TiO2 were 

characterized by FESEM and TEM (Figure 5-1). Figure 5-1a shows the SEM image 

of the as-prepared CNT-TiO2 nanocomposite synthesized via the solvothermal method. 

The composite displays one dimensional, rough and porous structure with diameter of 
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around 100 nm. The magnified SEM image (Inset of Figure 5-1a) reveals a 

hierarchically structured surface morphology of the composite material. The TEM 

image in Figure 5-1b shows that CNTs in the composite are homogeneously 

encapsulated by TiO2 nanoclusters that consist of ultrathin nanosheet-like structures 

(inset of Figure 5-1b). The formation of TiO2 nanosheets on the CNT surface could be 

mainly attributed to the dual function of diethylenetriamine (DETA): catalyzing the 

hydrolysis of titanium (IV) isopropoxide (TIP) to form TiO2 nanosheets,
36

 and 

assisting the formed TiO2 nanostructures self-assemble on the surface of acid-treated 

CNT, possibly through electrostatic interactions.
37

 Figure 5-1c shows the SEM image 

of TiO2 obtained after calcining the CNT-TiO2 composite at 550 ºC for 2 h. The 

calcined TiO2 maintains its one-dimensional (1D) structure after removing the CNT 

templates and displays more delicate surface textures (inset of Figure 5-1c). The TEM 

image of calcined TiO2 (Figure 5-1d) reveals that the 1D TiO2 has a hierarchical 

structure from which the CNT template has been completely removed. The diameter 

of the 1D hierarchically structured TiO2 (1DHS TiO2) is approximately 60~80 nm, 

much smaller than the CNT-TiO2 composite, possibly because of the partial collapse 

of the hollowed TiO2 structure during the annealing process. 
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Figure 5-1. SEM (a, c) and TEM (b, d) images of the CNT-TiO2 composite (a, b) and the 1DHS 

TiO2 (c, d) obtained after calcining the composite at 550 ℃  for 2 h. Insets are the 

high-magnification SEM and TEM images. 

The phase features of the synthesized TiO2 were investigated by X-ray powder 

diffraction (XRD, Figure 5-2a). The pristine, uncalcined CNT-TiO2 composite shows 

weak peak intensities (Figure 5-2a, pattern I), suggesting poor crystallinity of the 

uncalcined CNT-TiO2. The two main peaks at 25 and 48 ºC correspond to the anatase 

(101) and (200) diffractions (JCPDS card no: 21-1272), indicating that anatase TiO2 

formed on the surface of CNT during the solvothermal treatment. The intensities of 

the XRD peaks are significantly enhanced after sintering the composite at 550 ºC for 

2 h (Figure 5-2a, pattern II), reflecting the high crystallinity and high purity of the 

resultant TiO2 material. The identified peaks matches perfectly with those of the 

standard XRD pattern of anatase TiO2, with lattice constants of a0=3.785 and 

c0=9.513, respectively.  

The nitrogen adsorption-desorption isotherms (Figure 5-2b) of the 1DHS TiO2 
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shows a type-H3 hysteresis loop with an abrupt increase in the adsorption branch at a 

high relative pressure (P/P0), implying the presence of mesoporous structures and a 

narrow distribution of pore sizes.
63

 The inset of Figure 5-2b depicts the pore size 

distribution of 1DHS TiO2, calculated by the Barrett-Joyner-Halenda method from the 

two branches of the isotherm. The 1DHS TiO2 has a uniform distribution of pore 

diameters centered at 7 and 9 nm, roughly matching the dimension of GOx molecules 

(7.0 nm × 5.5 nm × 8.0 nm).
64

 The 1DHS TiO2 was also estimated to have a specific 

surface area as high as 218.4 m
2
 g

-1
, as analyzed by the Brunauer-Emmett-Teller (BET) 

method. 

 

Figure 5-2. (a) XRD patterns for (I) the CNT-TiO2 composite and (II) the 1DHS TiO2 formed 

after calcination. (b) Nitrogen adsorption-desorption isotherms of the 1DHS TiO2. Inset: Pore 

size distribution calculated from the adsorption branch and desorption branch of the isotherm 

by the Barrett-Joyner-Halenda method. 

5.3.2. Immobilization of GOx on 1DHS TiO2 

To find the optimal immobilization concentration of GOx on 1DHS TiO2, we 

investigated the nitrogen adsorption-desorption isotherms of 1DHS TiO2 before GOx 

loading and after GOx loading with different initial concentrations of GOx. Since 

increases in the GOx concentration resulted in decreases in both the pore diameter and 

the pore volume (Table 5-1), we can infer that the GOx, when introduced, fills in the 

pores of the 1DHS TiO2. As a result, the hysteresis loop shows that the amount of 

adsorbed nitrogen decreases as the GOx loading increases (Figure 5-3). The inset of 

Figure 5-3 depicts the relationship between the initial GOx concentration and the final 
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weight of GOx loaded on the TiO2 material. Increases in the GOx concentration leads 

to increases in the amount of protein immobilized on the TiO2, reaching a maximum 

loading of 42.7% at the GOx concentration of 10 mg mL
-1

. Further increases in the 

GOx concentration does not result in increase in the protein loading, most likely due 

to the saturation of pore spaces in 1DHS TiO2. A quantity of 10 mg mL
-1

 of GOx was 

therefore used for protein immobilization in the later experiment.  

Table 5-1. Textural properties of 1DHS TiO2 before and after GOx loading  

GOx concentration 

(mg mL-1) 

GOx loading 

(wt % TiO2) 

BET surface 

area (m2 g-1) 

Total pore volume 

(cm3 kg-1) 

Pore diameter 

(nm) 

0 0 218.4 135.54 7.43 

5 30.2 ± 1.2 139.5 82.61 3.61 

10 42.7 ± 2.4 72.1 47.85 2.16 

15 41.4 ± 2.6 69.2 42.56 1.98 

20 43.3 ± 2.1 63.7 45.12 2.21 

 
Figure 5-3. The nitrogen adsorption-desorption isotherms of 1DHS TiO2 before and after 

loading with different GOx concentrations ranging from 0 to 20 mg mL
-1

. Inset: The plot of the 

GOx loading ratio on 1DHS TiO2 versus the GOx concentration.   
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The effectiveness of protein immobilization on 1DHS TiO2 was investigated by IR 

spectroscopy (Figure 5-4) to detect the conformational changes of the secondary 

structure of the proteins. The spectrum of pure GOx molecules exhibits two 

characteristic peaks at 1658 and 1545 cm
-1

, corresponding to the typical amide I and 

amide II adsorption bands of proteins.
23

 The signal peaking at 1103 cm
-1

 is attributed 

to the C-O bond stretching vibration of GOx.
29

 The 1DHS TiO2 has bands at 1635 and 

1040 cm
-1

, which are ascribed to the deformational vibration of the H-O-H bond from 

absorbed water and the stretching vibration of the Ti-O-C bond from the hydrolysis of 

TIP, respectively.
25

 The amide adsorption peaks are generally used as an indication of 

protein denaturation and conformational change upon immobilization. The presence 

of both amide I and amide II adsorption peaks in the spectrum of GOx-loaded 1DHS 

TiO2 indicates that the enzyme retained its secondary structure after being adsorbed 

on the surface of TiO2. The biocompatible nature of 1DHS TiO2 may allow GOx to 

maintain its native structure, thus preventing denaturation of GOx. The amide 

adsorption peaks are downshifted slightly to 1647 and 1533 cm
-1

, possibly due to the 

strong electrostatic interaction between the anchored enzyme and the TiO2 (GOx is 

negatively charged at neutral pH (isoelectric point (pI)=4.2),
65

 while TiO2 is positively 

charged at neutral pH due to its relatively high pI.
66

 In addition, a downshift of the 

Ti-O-C adsorption peak is observed in the spectrum of GOx-loaded 1DHS TiO2, 

further corroborating the electrostatic interaction between the negatively charged GOx 

and the positively charged TiO2. The surface density of GOx on the electrode is 

calculated to be 83.4 % by electrochemical impedance spectroscopy (EIS), which is 

an efficient method to investigate the surface properties of biomolecule-modified 

electrodes (Figure 5-5). 
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Figure 5-4. IR spectra of 1DHS TiO2 (red), pure GOx (green) and GOx-loaded TiO2 (blue). 

 

Figure 5-5. Nyquist plots of a bare GCE, a 1DHS TiO2-modified GCE and a GOx/1DHS 

TiO2-modified GCE measured in 1.0 M KCl solution containing 10 mM Fe(CN)6
3-/4
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5.3.3. Direct Electrochemistry of GOx Immobilized on 1DHS TiO2 

To study the direct electron transfer of GOx immobilized on 1DHS TiO2, cyclic 

voltammetry (CV) measurements were performed using 1DHS TiO2/Nafion-, 

GOx/Nafion- and GOx/1DHS TiO2/Nafion-modified GCEs in 0.1 M 

nitrogen-saturated PBS solution (pH 7.4) at a scan rate of 100 mV s
-1

. A high scanning 

rate in CV measurement is used to achieve reversibility of an electrochemical 

reaction.
25

 As shown in Figure 5-6, TiO2/Nafion- and GOx/Nafion-modified 

electrodes exhibited only typical square-shaped CV curves as a result of double-layer 

capacitance in the applied potential window, indicating that both the 1DHS TiO2 and 

GOx are electrochemically inactive over this potential range. In contrast, two 

well-defined redox peaks are observed in the CV of the GOx/1DHS 

TiO2/Nafion-modified GCE, with a cathodic peak potential (Epc) of -0.481 V and an 

anodic peak potential (Epa) of -0.443 V. The formal potential (E0) of 0.462 V in our 

study conforms well to the standard electrode potential of FAD/FADH2 in solution at 

a neutral pH,
25, 29

 indicating that the redox center of GOx immobilized on the 1DHS 

TiO2 undergoes a quasi-reversible reaction on the electrode during the CV cycle: 

GOx (FAD) + 2H+ + 2e− → GOx (FADH2)                            (5 − 1) 

GOx(FADH2) − 2e− → GOx (FAD) + 2H+                          (5 − 2) 

where FAD and FADH2 are the oxidized and reduced forms of the GOx redox 

center, respectively. This result illustrates that the 1DHS TiO2 is apparently capable of 

mediating protein DET on the electrode. The heterogeneous electron transfer rate 

constant ks of GOx immobilized on 1DHS TiO2 is calculated to be 7.8 s
-1 

according 

to Laviron’s model,
67

 a value that is substantially greater than that of GOx 

immobilized on other materials, e.g., porous TiO2 (3.96 s
-1

),
25

 NiO (3.12 s
-1

),
29

 

MWCNTs (1.53 s
-1

)
68

 and SWCNTs (0.3 s
-1

).
69

 This remarkably improved 

electrochemical response of GOx on 1DHS TiO2 could be attributed to several factors. 

First, the GOx could enter the pores in the 1DHS TiO2 due to the similarity in their 

sizes, providing omnidirectional contacts to the TiO2 surface and significantly 
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shortening the electron tunneling distance between the enzyme’s active center and the 

material’s conductive site. Secondly, the strong electrostatic interaction between GOx 

and TiO2 could further narrow the spacing between the material and the adsorbed 

protein, thereby facilitating electron transfer between the electrode and immobilized 

GOx molecules. Finally, the high conductivity and low charge transfer resistance of 

1DHS TiO2 could provide an electron transfer conduction pathway, which is also 

favorable for the direct electrochemical reaction of immobilized proteins.  

 

Figure 5-6. CVs of 1DHS TiO2/Nafion-, GOx/Nafion- and GOx/1DHS TiO2/Nafion-modified 

GCEs measured in 0.1 M pH 7.4 nitrogen-saturated PBS solution at scan rate of 100 mV s
-1

. 

The electroactive protein density ( Γ , mol cm
-2

) of the GOx/1DHS 

TiO2/Nafion-modified electrode could be estimated from the integration of the 

reduction peak at 100 mV s
-1

 by the following equation: 

𝑄 = 𝑛𝐹𝐴𝛤                                                         (5 − 3) 

Where Q is the total charge passing through the electrode, 𝑛 is the number of 

electrons being transferred, F is Faraday’s constant, and A is the geometric area of the 

electrode’s surface. The surface coverage of electroactive GOx is calculated to be 6.86 

×  10
-10

 mol cm
-2

, a value that is much greater than that observed for GOx 
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immobilized on porous TiO2 (2.57 × 10
-10

 mol cm
-2

),
25

 PEDOT-NiO NS (1.56 × 10
-10

 

mol cm
-2

),
29

 AuNPs (9.8 × 10
-12

 mol cm
-2

)
70

 and CdS (1.54 × 10
-11

 mol cm
-2

).
71

 The 

measured GOx loading of 42.7% and the surface GOx coverage of 83.4% can be 

converted to a unit surface adsorption density of 1.82 × 10
-9

 mol cm
-2

 by taking 

account of the dimension of GOx (7.0 nm × 5.5 nm × 8.0 nm) and specific surface 

area of 1DHS TiO2 (218.4 m
2
 g

-1
). We can infer that approximately 37.7 % of the 

enzyme immobilized on the 1DHS TiO2 retains its electroactivity and achieves direct 

electrochemistry on the modified electrode surface. The results further corroborates 

that the 1DHS TiO2 material has great biocompatibility that could well maintain the 

native structure of absorbed GOx, as confirmed by the FTIR results. 

The electrochemical response of GOx immobilized on the 1DHS TiO2 also displays 

strong dependence on the scanning rate (Figure 5-7) and solution pH (Figure 5-8), 

showing that the redox reaction of FAD/FADH2 in the active center of GOx is 

surface-confined reaction and two-electron coupled electrochemical process. The 

proposed mechanisms are specifically described as follows.  

Figure 5-7 displays the effect of the scan rate on the electrochemical response of 

GOx tethered to 1DHS TiO2. The anodic and cathodic peak currents increase linearly 

with increases in the scan rate from 25 to 600 mV s
-1

, indicating that the redox 

reaction of FAD/FADH2 occurring in the active center of GOx is a surface-confined 

electrochemical process. The peak-to-peak separation (
p

E ) is also observed to 

increase slightly with increases in the scan rate, possibly resulting from the internal 

resistance of the modified electrode.  

The electrochemical response of GOx on 1DHS TiO2 also demonstrates strong 

dependence on the pH of the testing environment, as shown in Figure 5-8. Both 

anodic and cathodic peak potentials shift negatively with increases in the solution pH 

(Figure 5-8a), indicating that protons are involved in the quasi-reversible reaction of 

FAD/FADH2. The formal potential (
0E ) exhibits a linear relationship with the pH 

over the range of 5.1~8.0, and the slope is calculated to be 57.6 mV pH
-1

 (inset of 
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Figure 5-8b), which is close to the theoretical value of 59.0 mV pH
-1

 obtained from 

the following equation: 
25

 

 









 




GOx(FAD)

2

HGOx(FAD)0
)(

log
3.2

C

CC

nF

RT
EE

 (5-4) 

The concentrations (C) of GOx(FAD) and GOx(FADH2) are constants in the 

electrochemical process, so the above equation could be simplified as: 

 
pH

23.20

nF

RT
EE




 (5-5) 

 pH059.000'

 EE     (5-6) 

where n, R, T and F are the number of transferred electrons, the gas constant, the 

temperature and the Faraday constant, respectively. Because a value of 0.059 is 

obtained when 𝑛=2, the DET of GOx on 1DHS TiO2 is a two-proton coupled redox 

reaction involving a two-electron transfer process (shown by eqns. 5-1 and 5-2). The 

pH also affects the peak current, which increases with increases in the pH until a 

maximum value is reached at pH of 7.4 (Figure 5-8b). Further increases in the pH, 

however, leads to a reduction in the peak current intensity, possibly because the GOx 

immobilized on 1DHS TiO2 has the highest bioactivity at a neutral pH. Further 

experiments were conducted in PBS solutions at pH 7.4. 

 

Figure 5-7. a) CVs of a GOx/1DHS TiO2/Nafion-modified GCE in 0.1 M pH 7.4 

nitrogen-saturated PBS solution at different scan rates (from 25 to 600 mV s
-1

, inside to 

outside). b) Plots of peak current versus scan rate. 
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Figure 5-8. a) CVs of a GOx/1DHS TiO2/Nafion-modified GCE in 0.1 M nitrogen-saturated 

PBS solution at different pHs at 100 mVs
-1

. b) Plot of peak currents versus pH. Inset of (b): 

Plot of formal potential versus pH. 

5.3.4. Glucose Oxidation and Oxygen Reduction on GOx/1DHS TiO2 

To study glucose oxidation through the direct electrochemical reaction of GOx on 

1DHS TiO2, CV measurements of the GOx/1DHS TiO2/Nafion-modified electrode 

were carried out in nitrogen-saturated PBS solution containing different 

concentrations of glucose (0, 1, 2, 5, 10, 20 and 50 mM glucose) (Figure 5-9a). A pair 

of well-defined redox peaks is observed in the absence of glucose due to the 

reversible reaction of FAD/FADH2. With increases in the glucose concentration, both 

the anodic and cathodic peak currents decrease, which could be explained by the 

following reaction:    

glucose + GOx(FAD) → gluconic acid + GOx(FADH2)              (5 − 7) 

The equation indicates that FAD at the redox center of GOx is directly involved in the 

glucose oxidation reaction. As glucose concentration increases, GOx(FAD) is 

increasingly converted into GOx(FADH2), leading to a continuous decrease in the 

cathodic and corresponding anodic peak currents. Figure 5-9b depicts the cathodic 

branches of the background-subtracted CV curves in Figure 5-9a (Figure 5-9a was 

converted to the current increase by subtracting the background CV curve (0 mM 

glucose) from other CV curves (1~50 mM glucose)). The cathodic current increases 

linearly with increases in the glucose concentration until the saturation current reaches 
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10 mM glucose (inset of Figure 5-9b). This result indicates that the direct 

electrochemical reaction of protein achieved on the electrode could be effectively 

employed for glucose sensing without any mediator. The sensing mechanism in our 

system is different from those of both first-generation glucose sensors, in which 

glucose oxidation is based on oxygen reduction, and second-generation glucose 

sensors, which require a mediator to transfer the electrons between GOx and 

electrode.
11

 

 

Figure 5-9. a) CVs of a GOx/1DHS TiO2/Nafion-modified GCE in 0.1 M pH 7.4 

nitrogen-saturated PBS solution with different glucose concentrations (some data not shown for 

clarity). b) Cathodic branches of the background-subtracted CV curves in (a). Inset of (b) is the 

calibration curve. Scan rate: 100 mV s
-1

. 

Similar CV measurements were conducted in air-saturated PBS solution containing 

different glucose concentrations on the GOx/1DHS TiO2/Nafion-modified electrode. 

In contrast to the curves obtained in nitrogen-saturated PBS, a huge cathodic current 

is observed in the CV cycle at a potential of less than -0.4 V in the absence of glucose 

(Figure 5-10a), arising from the electrocatalytic reduction of the dissolved oxygen by 

the GOx/1DHS TiO2/Nafion-modified electrode.
29, 70

 However, the reductive current 

at the FAD redox potential gradually decreases with increases in the glucose 

concentration, exhibiting a linear relationship with the glucose concentration in the 

range of 0.2 to 1.0 mM. The current starts to saturate at 1.0 mM glucose and quickly 

reaches a maximum at 2.0 mM (Figure 5-10b). The relatively smaller linear range, 

however, is compensated by the remarkably enhanced sensitivity, which is nearly 40 
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times higher than the corresponding value measured in nitrogen-saturated PBS, 

possibly due to the integral effect of FAD reduction by glucose (eqn. 5-7) and 

competitive oxygen consumption by both glucose and FADH2 (eqns. 5-8 and 5-9).
29

 

glucose+ O2→ gluconic acid+ H2O2                                      (5 − 8) 

GOx(FADH2)+O2→ GOx(FAD)+H2O2                                  (5 − 9) 

 

Figure 5-10. a) CVs of a GOx/1DHS TiO2/Nafion-modified GCE in 0.1 M pH 7.4 air-saturated 

PBS solution with different glucose concentrations (some data not shown for clarity). b) 

Enlarged graph showing the rectangular region marked in (a). Inset of (b): The calibration plot 

of the cathodic current versus the glucose concentration at -0.462 V. Scan rate: 100 mV s
-1

. 

5.3.5. Glucose Sensing Performance of the GOx/1DHS TiO2/Nafion-Modified 

Electrode 

The glucose sensing performance of the GOx/1DHS TiO2/Nafion-modified 

electrode was evaluated by amperometric measurements in air-saturated PBS at a 

fixed potential of -0.45 V, where a decrease in the voltammetric currents is observed 

with the repeated addition of glucose. Figure 5-11a shows the typical amperogram 

obtained by successive additions of 0.15 mM (2.25 µmol) glucose into 

homogeneously stirred 0.1 M PBS (pH 7.4) with a time interval of 50 s. Each 

injection of 0.15 mM glucose results in a decrease of 120 nA in the cathodic current 

for the first ten steps, which gives rise to a sensitivity of 9.90 µA mM
-1

 cm
-2

.
 
In 

addition, 95 % of the steady-state current could be reached within 5 s upon the 

addition of glucose, reflecting the fast response of our glucose sensor. Both the 

sensitivity and the response time of our sensor are greatly superior to those of other 
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metal-oxide-based glucose biosensors, which are listed in Table 5-2. Figure 5-11b 

depicts the calibration curve of the modified electrode obtained from the current-time 

plot, showing a well-defined typical behavior of an enzymatic reaction with a linear 

range up to 1.5 mM. A current plateau is observed when the glucose concentration is 

higher than 1.5 mM. A linear regression equation of I (μA) =  0.80 (μA mM−1) ×

C (mM), (n = 3, R = 0.994) is thus derived from the calibration curve, revealing that 

the glucose sensor has a detection limit as low as 1.29 µM (S/N = 3). The apparent 

Michaelis-Menten constant KM
app

 is calculated using the electrochemical version of 

the Lineweaver-Burk equation: 
72

 

1

𝑖𝑠𝑠
=

𝐾𝑚
𝑎𝑝𝑝

𝑖𝑚𝑎𝑥
 
1

𝐶
+

1

𝑖𝑚𝑎𝑥
                                         (5 − 10) 

where 𝑖𝑠𝑠 is the steady-state current, 𝑖𝑚𝑎𝑥 is the saturation current, and C is the 

glucose concentration. 𝐾𝑚
𝑎𝑝𝑝

 is determined to be 1.54 mM from the intercept and 

slope of the Lineweaver-Burk plot (Figure 5-11b), a value that is much lower than the 

value of 8.5 mM for GOx immobilized on carbon nanohorns
73

 and 6.08 mM for GOx 

immobilized on redox polymers.
74

 The smaller KM
app

 indicates that the GOx/1DHS 

TiO2-modified electrode has superior enzymatic activity and higher affinity for the 

glucose substrate.
29

  

 

Figure 5-11. a) Current-time curve of a GOx/1DHS TiO2/Nafion-modified GCE for successive 

addition of 0.15 mM glucose aliquots to stirred 0.1 M pH 7.4 air-saturated PBS at -0.45 V. b) 

The calibration curve (current versus glucose concentration) and the Lineweaver-Burk plot 

(current
-1

 versus concentration
-1

) obtained from the amperometric response in (a). 
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Table 5-2. Comparison of the analytical performance of metal-oxide-based glucose sensors 

Electrode material Sensitivity (µA mM
-1

 cm
-2

) Response time (s) Reference 

GOx/1DHS TiO2 9.9 < 5 This work 

GOx/Mesoporous TiO2 3.9 < 10 
25

 

GOx/Nanocrystalline TiO2 4.6 < 30 
75

 

GOx/TiO2-copolymer  2.3 < 20 
76

 

GOx/Porous carbon-silica 1.8 ~ 4 
23

 

GOx/NiO hollow spheres 3.4 ~ 8 
77

 

The GOx/1DHS TiO2-modified electrode also exhibits excellent selectivity for 

glucose detection. As shown in Figure 5-12a, the addition of interferents, e.g., 0.3 mM 

ascorbic acid (AA), 0.2 mM dopamine (DA) and 0.5 mM uric acid (UA), in 0.1 M 

PBS containing 0.6 mM glucose gives rise to negligible current changes, while a 

significant current response is observed for the subsequent addition of 0.45 mM 

glucose. To assess its stability, the GOx/1DHS TiO2-modified electrode was stored at 

4 °C after use and used to measure the current response for 0.3 mM glucose every 

three days. The GOx/1DHS TiO2/Nafion-modified electrode retains 91.2 % of its 

original current response over a storage period of 2 weeks (Figure 5-12b), indicating a 

good shelf lifetime for the modified electrode. In addition, upon repeated scanning of 

the GOx/1DHS TiO2-modified electrode in 0.1 M PBS containing 0.3 mM glucose at 

100 mV s
-1

, the voltammetric current response was observed to decrease very slowly, 

i.e., a peak current drop of 4.5 %, even after continuous sweeping for 5 h. Moreover, 

UV-Vis spectroscopy reveals no desorbed GOx detectable in the CV measurement 

solution, possibly due to the protein-leaching barrier formed by the Nafion membrane 

on the electrode. The superior sensing performance and long-term storage stability of 

the GOx/1DHS TiO2-modified electrode may be attributable to the unique structure 

and great biocompatibility of 1DHS TiO2 and to the strong electrostatic interaction 

between GOx and the synthesized TiO2 material. 
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Figure 5-12. a) Amperogram showing the effect of interfering compounds (0.3 mM AA, 0.2 

mM DA and 0.5 mM UA) on the detection of glucose. b) The stability of the GOx/1DHS 

TiO2/Nafion-modified electrode over a two-week storage period. 

5.4. Conclusion 

In the present work, a novel material, 1DHS TiO2, was synthesized, characterized 

and used for the immobilization of GOx for direct electrochemical reactions and 

mediator-free glucose sensing. The 1DHS TiO2 was easily synthesized by a 

solvothermal method using MWCNT as a template with a large surface area and a 

uniform pore distribution. The protein immobilization was characterized by BET, 

FTIR and EIS, revealing that GOx immobilized on 1DHS TiO2 maintained its original 

conformation well and that the maximum protein loading on 1DHS TiO2 was 

achieved at a GOx concentration of 10 mg mL
-1

. The great biocompatibility of 1DHS 

TiO2 and the electrostatic interaction between GOx and 1DHS TiO2 may contribute to 

the high bioactivity of the immobilized proteins. The electrochemical properties of 

GOx immobilized on 1DHS TiO2 were studied systematically. These electrochemical 

properties included fast direct electrochemical reactions, surface-confined electron 

transfer behavior and strong pH dependence. The sensing mechanism of protein DET 

on 1DHS TiO2 was demonstrated by cyclic voltammetry in both nitrogen-saturated 

PBS and air-saturated PBS, revealing that the integral effect of glucose oxidation by 

FAD and oxygen reduction by both glucose and FADH2 resulted in a significant 

decrease in the cathodic current and allowed for a high sensitivity for glucose 
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detection. The analytical performance of the GOx/1DHS TiO2/Nafion-modified 

electrode was investigated by the amperometric response, showing a fast response 

time, good specificity and long-lifetime stability. Our study not only demonstrates a 

unique structured and biocompatible TiO2 nanomaterial suitable for protein 

immobilization, direct electrochemical reactions and the construction of 

third-generation biosensors but also provides fundamental insight leading to the 

understanding of the mechanism of protein DET on nanomaterials, especially the 

direct electrochemical reaction of GOx for glucose sensing. 
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Chapter 6-Electrodeposition of Hierarchical MnO2 

Spheres for Interfacing with Redox Enzyme and Glucose 

Biosensing† 

 

†Reproduced from [P. Si, P. Chen and D. H. Kim, Journal of Materials Chemistry-B, 2013, 1, 

2696-2700] by permission from The Royal Society of Chemistry. Copyright 2013. 

 

6.1. Introduction 

Manganese dioxide (MnO2) is one of the most attractive transition metal oxides that 

have been extensively studied in the applications of mild oxidizing catalysis,
1
 water 

treatment,
2
 supercapacitors,

3
 lithium-ion batteries,

4
 and biosensors.

5, 6
 Since the 

catalytic, magnetic and electronic properties of MnO2 are known to be strongly 

influenced by their architecture and crystallinity, the design and synthesis of MnO2 

with ordered structures have drawn considerable research attention from chemists and 

material scientists. For example, one dimensional (1D) MnO2 nanostructures 

including nanowires,
7
 nanorods,

8
 and nanotubes

9
 have been synthesized by 

hydrothermal- and so-gel methods. Three dimensional (3D) MnO2 such as MnO2 

helices,
10

 urchin-like α-MnO2 core-shells,
11

 mesoporous γ-MnO2 hollow spheres
12

 and 

ε-MnO2 dendritic structures
13

 have been reported by Suib’s and Xie’s groups. MnO2 

with 3D hierarchical architectures are preferable for various applications because they 

produce more reaction-active sites than 1D- and 2D structured materials and exhibit 

attractive optical, electrical and magnetic properties. 
14, 15

 

The formation of hierarchically structures is generally a self-assembly process, in 

which the ordered superstructures are packaged by small building blocks, i.e., 0D 

nanoparticles, 1D nanorod or nanowires, and 2D nanoflakes. In literatures, 

hierarchically structured materials have been usually fabricated by physically 

constrained crystal growth with the assistance of templates
16, 17

 which need to be 

completely removed after synthesis. Template-free methods, including chemical 
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vapour deposition,
18

 thermal vapour transport and condensation,
19

 laser-assisted 

catalytic growth,
20

 and electrochemical deposition,
21

 have also been explored to 

synthesize hierarchically structured materials. Among them, the electrochemical 

method received much attention because it is a low-cost and room-temperature 

technique, which offers abundant control parameters and can be used for 

microelectrode modification. Although a variety of 1D and 2D MnO2 architectures 

have been successfully prepared by electrodeposition,
22-25

 it is still a great challenge 

to directly grow 3D hierarchical MnO2 through electrochemical process. In this work, 

we report that hierarchically structured MnO2 spheres composed of nanorods can 

grow on indium tin oxide (ITO) substrate by electrodeoposition without any templates, 

to the best of our knowledge, which has never been reported.  

Direct electron transfer (DET) of redox proteins is of great significance in 

improving the energy conversion efficiency of biofuel cells and fabricating 

third-generation biosensors.
26

 Inorganic nanomaterials are of great interest because 

they not only provide a suitable microenvironment for protein immobilization, but 

their chemical inertness, mechanical strength, and good biocompatibility also improve 

the stability and bioactivity of immobilized enzymes.
27

 Recently, we reported one 

dimensional hierarchically structured TiO2 (1DHS TiO2), which allowed fast DET of 

immobilized GOx and mediatorless glucose sensing.
28

 In this work, hierarchical 

MnO2 spheres were synthesized as a new electrode material to demonstrate effective 

immobilization of GOx and mediatorless detection of glucose. 

6.2. Protein Immobilization and Electrode Preparation 

The enzyme immobilization was performed by mixing 10 mg MnO2 with 1 mL 

PBS solution (pH 7.4) containing 10 mg GOx. The mixture was vigorously shaken at 

room temperature for 30 min, following by storage at 4 ºC overnight to allow the 

adsorption of GOx on MnO2. The bioconjugate was then collected by centrifugation, 

and washed by enzyme-free PBS for three times. Finally, the composite material was 

resuspended in PBS solution by continuously staking for 20 min.  
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The GOx activity was measured at 420 nm by a standard enzymatic assay with 

2,2′-azino-di-[3-ethylbenzthiazoline-6-sulfonate] diammonium salt (ABTS) as 

chromogenic substrate. Assays were performed under oxygen saturation in 0.1 M 

sodium acetate buffer, pH 6, at 25°C with 0.1 M glucose as substrate.
29

 One unit of 

GOx is defined as the amount of enzyme that catalyzes the oxidation of 1 μmol of 

glucose to gluconolactone and H2O2 in 1 min at 25°C. 

Glassy carbon electrodes (GCE, 3 mm in diameter) were polished to mirror-like 

surfaces with alumina powder followed by sonication with acetone, ethanol and water 

respectively. The electrode surface was then washed with double distilled water and 

dried with ultrapure nitrogen. After that, 5 µL GOx/MnO2 was dropped on center of 

GCE, which was allowed to dry at 4 ͦC for 24 h. Finally, 10 µL Nafion was casted on 

the entire electrode surface to fix the modified layer. 

6.3. Results and Discussion 

6.3.1. Characterization of Synthesized Material 

Figure 6-1a shows the surface morphology of as-synthesized MnO2 hierarchical 

spheres, which are uniformly distributed spherical architectures on the surface of ITO 

substrate. A close observation reveals that surface of MnO2 is composed of randomly 

oriented nanorod-like structure (Figure 6-1b). The TEM image in Figure 6-1c shows 

that MnO2 has a mesoporous inner structure. The particle size of the mesoporous 

MnO2 spheres is in the range of 100 nm ~ 500 nm. Figure 6-1d shows the nitrogen 

adsorption/desorption isotherm of MnO2 powder scraped from ITO substrates. The 

presence of hysteresis loop at high relative pressure (P/P0) region further corroborates 

the presence of mesopore inside MnO2. The pore size is estimated by 

Barrett-Joyner-Halenda (BJH) method to be 5~12 nm (inset of Figure 6-1d), which 

gives rise a high specific surface are of 128.5 m
2
 g

-1
. 
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Figure 6-1. (a) Low and (b) high magnification SEM images of MnO2. (c) TEM image of 

MnO2. (d) Nitrogen adsorption-desorption isotherm and pore size distribution (inset) of MnO2. 

6.3.2. Studies of Structural Evolution and Growth Mechanism 

The structural evolution of MnO2 on ITO was observed by adjusting the 

electrodeposition potential, as shown in Figure 6-2. Three distinct nanostructures of 

MnO2 were obtained under different deposition conditions. The surface morphology 

of MnO2 are nanosheets (Figure 6-2a), nanorods (Figure 6-2b) and hierarchical 

spheres (Figure 6-2c and 6-2d) at the deposition potentials of 0.5, 0.8 V and 1.2 ~ 1.5 

V, respectively. The diversity of MnO2 architectures formed at different deposition 

potentials can be explained by the reaction kinetics. Kinetic manipulation is a 

versatile approach to control the morphology and shape of nanostructures. It can 

potentially generate novel nanostructures with unusual shapes or morphologies.
30

 We 

believe that the nucleation and growth of MnO2 nanostructures are highly sensitive to 

the rate at which the precursor is oxidized and the MnO2 nanoparticles are deposited 

to the surface of growing seeds. The rate can be manipulated by tuning the deposition 
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potential. Larger deposition potential leads to faster oxidation rate of the manganese 

acetate precursors, which would generate a large amount of MnO2 nanoparticles at 

any moment. At nucleation stage, a large number of MnO2 nanoparticles are deposited 

on the ITO surface as reactive growth sites. The subsequently deposited precursors is 

preferably oxidized on these sites, rather than forming new sites on ITO surfaces due 

to the relatively large lattice mismatch between MnO2 and ITO. Larger deposition 

potential also results in faster deposition rate of the precursors, which facilitates the 

formation of hollow and hierarchical structures.  

 
Figure 6-2. SEM images showing the architecture evolution of MnO2 synthesized in the 

solution of 10 mM manganese acetate with different applied deposition potentials: (a) 0.5 V, (b) 

0.8 V, (c) 1.2 V and (d) 1.5 V. The growth time is 300 s. The scale bar represents 100 nm. 

 To study the growth mechanism of hierarchical MnO2 spheres on ITO, we 

observed the surface morphology of MnO2 at different deposition time at 1.5 V.  As 

shown in Figure 6-3, after 50 s of deposition, the surface of ITO was covered with 

small MnO2 nanoparticles (Figure 6-3a). When the deposition time was elongated to 

150 s, MnO2 hierarchical structures composed of nanorods were observed (Figure 

a b

c d
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6-3b). Hierarchical MnO2 spheres with uniform distribution on the ITO surface were 

obtained at the deposition time of longer than 300 s (Figure 6-3c). The cross-section 

SEM image again reveals that MnO2 possessed a porous and interconnected inner 

structure (Figure 6-3d). We believe that the formation of MnO2 on ITO is an epitaxial 

growth process. The growth mechanism is proposed as shown in Figure 6-3e. (1) At 

the initial stage of deposition, MnO2 nanoparticles (0D) are nucleated on the ITO 

surface to serve as the reactive sites for the subsequent growth of complex MnO2 

nanostructure. (2) In the second stage the deposited precursors absorb on the reactive 

growth sites rather than bare ITO surface and the nanoparticles continue to grow into 

nanorods (1D). (3) Due to fast deposition rate arising from the large potential, the 

formed MnO2 nanorods rapidly accumulate onto the ITO substrate and pack into 

porous and hierarchical structures (3D). (4) The deposited MnO2 undergoes surface 

growth to form sphere-like structures. The phase purity and element composition of 

the as-deposited MnO2 was characterized by energy-dispersive X-ray spectroscopy 

(EDX), which showed strong Mn and O signals (Figure 6-4). The formation of MnO2 

on the anodic electrode surface from the solution of manganese acetate can be 

explained by the following reaction:
3
 

 Mn
2+

 + 2H2O   MnO2 + 4H
+
 +2e

-
            (6-1) 

in which Mn (II) species in the electrolyte is electro-oxidized to Mn (IV) on the anode 

when a positive potential is applied. However, no obvious diffraction peaks could be 

observed on the XRD spectrum, possibly due to the low crystallinity of the as 

synthesized MnO2 material. 
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Figure 6-3. (a)~(c): SEM images showing the structural evolution of MnO2 deposited at 1.5 V 

for 50 s, 150 s and 300 s respectively in 10 mM manganese acetate solution. (d): Cross-section 

SEM image of the MnO2 film. The scale bars in (a) ~ (d) are 200 nm. (e): Schematic illustration 

of the growth process of MnO2 hierarchical spheres on ITO substrate. 

a b

c d
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Figure 6-4. EDX spectrum of the as synthesized MnO2 hierarchical spheres. 

6.3.3. Immobilization of Protein on Hierarchically Structured MnO2 

To take advantage of its unique pore size and large surface area, the hierarchical 

MnO2 spheres were used for enzyme immobilization. The pore size of MnO2 is a 

good match to the dimension of GOx (7.0 nm × 5.5 nm × 8.0 nm). The 

immobilization of GOx on MnO2 was examined by FTIR (Figure 6-5). The presence 

of amid I and amide II characteristic bands of GOx on the FTIR spectrum of 

GOx/MnO2 composite indicates the enzyme well maintains its activity post 

immobilization.
31

 The activity of GOx was also measured by the enzymatic assay. The 

enzyme activity before and after immobilization was determined to be 215 U mg
-1 

and 

173 U mg
-1

 respectively, indicating GOx could still remain over 80 % of its original 

catalytic activity upon immobilization. We infer that the size of mesopores in MnO2 

(5 ~12 nm) is favourable for the accommodation of GOx molecules and preventing 

the enzyme from denaturation during and after immobilization. The surface protein 

density of GOx/MnO2-modified GCE was studied by electrochemical impedance 
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spectroscopy (EIS) (Figure 6-6). The charge transfer resistance of MnO2 -GCE (Rct) 

and GOx/MnO2-GCE (Rct
GOx

) are 48.6 Ω and 2917.5 Ω, respectively. The surface 

coverage of GOx (θ) on the electrode surface is calculated to be 98.3 % from the 

equation θ = (1- Rct/Rct
GOx

) × 100 %.
32

 Such high surface protein coverage could be 

contributed to the large surface area and mesoporous structure of MnO2. 

 

Figure 6-5. FTIR spectra of (a) pure GOx, (b) GOx/MnO2 composite and (c) hierarchical 

MnO2 spheres. 

 

Figure 6-6. Nyquist plots of a bare GCE (black), MnO2 NRHS-modified GCE (blue) and 

GOx/MnO2 NRHS-modified GCE (red) measured in 0.1 M KCl solution containing 10 mM 

Fe(CN)6
3-/4
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6.3.4. Electron Transfer Behavior of Immobilized Protein 

The electron transfer behaviour of immobilized GOx was studied by cyclic 

voltammetry (CV), which was conducted on GOx/Nafion-, MnO2/Nafion- and 

GOx/MnO2/Nafion-modified GCE in N2 saturated 0.1 M PBS. As shown in Figure 

6-7a, both GOx/Nafion- and MnO2/Nafion-modified electrodes exhibit square-shaped 

CV, resulting from the capacitive response of an electrical double layer. This result 

implies that both GOx and MnO2 are electro-inactive on bare electrode surfaces. On 

the CV of GOx/MnO2-GCE, a pair of well-defined redox peaks are observed at the 

potentials of -0.441 V (
pa

E ) and -0.465 V (
pc

E ), respectively. The peak potentials are 

close to the standard potential of flavin adenine dinucleotide (FAD, 0E = -0.45 V),
33

 

could be attributed to a number of factors as follows. First, the MnO2 possesses a high 

specific surface area (128 m
2
 g

-1
), which is favourable for the adsorption of a large 

amount of GOx. Second, the similarity in size of GOx and mesopores of MnO2 

greatly shortens the electron tunnelling distance between the prosthetic group and 

electrode, facilitating the direct electron transfer. Finally, the MnO2 could provide a 

conduction pathway that further expedites the electron transfer kinetics between the 

immobilized protein and the electrode surface.  

 The effect of scan rate on the electrochemical response of 

GOx/MnO2/Nafion-modified electrode is shown in Figure 6-7b. The anodic and 

cathodic peak currents increased proportionally with the scan rate from 25 to 500 mV 

s
-1

, indicating the redox reaction on GOx/MnO2/Nafion-GCE is surface-confined 

electrochemical process. The peak-to-peak separation is less than 34 mV until the 

scan rate reaches 500 mV s
-1

, giving rise to a large electron transfer rate constant (
s

k ) 

of 11.6 ± 1.2 s, determined by Laviron’s equation.
34

 The 
s

k  obtained in this study is 

substantially greater than that of GOx immobilized on other electrode materials, such 

as PEDOT-NiO(6.5 s
-1

),
31

 TiO2 (3.96 s
-1

),
35

 MWCNT (1.12 s
-1

),
36

 SWCNT (0.3 s
-1

)
37

 

and Au nanoparticles (2.2 s
-1

).
38

 The electrochemical response of GOx immobilized 
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on MnO2 also exhibits strong pH dependence (Figure 6-7c). The electrode formal 

potential (
0E ) decreases linearly with the increase in the solution pH (inset of Figure 

6-7d), revealing the protons in the external solution involves the redox reaction of 

FAD/FADH2. The slope of 
0E  versus pH in the range of 5.0 ~ 8.2 is 62 mV pH

-1
 is 

analogous to the theoretical value of 59 mV pH
-1

, suggesting that the electrochemical 

reaction involves two-proton coupled with two-electron transfer process. As shown in 

Figure 6-7d, GOx/MnO2 /Nafion-modified electrode has the largest peak current at 

pH of 7.4, showing the highest bioactivity of GOx on MnO2 could be achieved at the 

physiological pH value. 

 

Figure 6-7. (a) CVs of GOx/Nafion-, MnO2/Nafion- and GOx/MnO2 /Nafion-modified GCE 

measured in N2 saturated 0.1 M PBS. Scan rate: 100 mV s
-1

. (b) Plots of scan rate versus peak 

current. Inset shows the CVs of GOx/MnO2/Nafion-GCE at different scan rates (from inside to 

outside): 25, 50, 75, 100, 200, 300, 400, and 500 mV s
-1

. (c) CVs of GOx/MnO2/Nafion-GCE 

measured in N2 saturated 0.1 M PBS with different pH. (d) Plot of peak current versus pH. Inset: 

plot of formal potential versus pH. 

6.3.5. Biosensing Performance 

The biosensing performance of the GOx/MnO2/Nafion-modified electrode was 
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studied by amperometry in air-saturated 0.1 M PBS (pH 7.4) at a fixed potential of 

-0.45 V, at which decreased voltammetric currents were obtained by successive 

addition of glucose (Figure 6-8). This could be explained by the following reaction: 

 )(FADHGOx  + acid Gluconic (FAD)GOx  + Glucose
2

     (6-2)                                                       

which implies that glucose could be directly oxidized by FAD at its redox potential. 

Figure 6-9a shows the time-current curve of GOx/MnO2 /Nafion-GCE upon repeated 

injection of 0.15 mM (2.25 µM) glucose every 50 s. A current response of 0.3 µA is 

observed for each injection at the initial 1000 s, with 95% of the steady-state current 

achieved within 3 s. The current response starts to decrease after 20 times of injection, 

and eventually becomes saturated at the glucose concentration of 4 mM, reflecting the 

typical feature of Michaelis-Menten kinetics. The proposed biosensor shows 

negligible current response to the injection of common interferential electroactive 

species that co-exist with glucose in the blood, including ascorbic acid (AA), uric acid 

(UA), and acetaminophen (AP) (inset of Figure 6-9a), indicating good specificity of 

the biosensor. The calibration curve is plotted in Figure 6-9b. MnO2 

/GOx/Nafion-GCE shows a high sensitivity of 31.6 µA mM cm
-2

, with a linear range 

up to 3.15 mM and a detection limit of 0.35 µM (3σ). The sensitivity of present 

electrode is 3 times higher than 1DHS TiO2-based third generation glucose sensor
28

 

and 1.5 times higher than MWCNT/AuNPs nanocomposite based second-generation 

glucose sensor.
39

 The performance of present biosensor also outperforms other 

third-generation glucose sensors based on nanomaterials, as shown in Table 6-1. The 

improved sensitivity could contribute to the enhanced electron transfer kinetics, and 

the enlarged linear range may result from increased concentration of dissolved oxygen 

around the immobilized GOx due to the large surface area of MnO2. The apparent 

Michaelis-Menten constant 
app

m
K  of MnO2 based glucose sensor is determined to be 

0.42 mM by the Lineweaver-Burk curve (Figure 6-9b), which is smaller than that of 

GOx on MWCNT (5.15 mM)
40

, Au nanoparticles (4.3 mM),
41

 NiO (2.7 mM)
42

 and 
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TiO2 (1.54 mM)
28

. The smaller app

m
K  reflects the electrode has a better affinity for 

glucose.  

 
Figure 6-8. CVs of GOx/MnO2 NRHS/Nafion-GCE measured in N2-saturated 0.1 M PBS with 

different glucose concentrations: (from outside to inside) 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 mM. 

 

Figure 6-9. (a) Amprometric response of GOx/MnO2/Nafion-GCE to the successive addition 

of 150 µM glucose at a fixed potential of -0.45 V in 0.1 M PBS solution.  Inset shows the 

current response of GOx/MnO2/Nafion-GCE for 0.3 mM glucose, 0.3 mM AA, 0.5 mM UA and 

0.5 mM AP. (b) The calibration curve (current versus glucose concentration) and the 

Lineweaver-Burk plot (current
-1

 versus concentration
-1

) of the biosensor obtained from 

amperometric response. 

Table 6-1. Comparison of the analytical performance of MnO2/GOx/Nafion-GCE with other 

nanomaterials based third-generation glucose biosensors. 
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Electrode materials Sensitivity Linear range  Response time (s) Ref 

GOx/MnO2 31.6 Up to 3.15 mM < 3 This work 

GOx/PEDOT-NiO HS 16.9 Up to 1.5 mM < 10 31 

GOx/NiO hollow spheres 3.4 1.5 ~ 7 mM ~ 8 43 

GOx/N2-doped CNTs 13.0 Up to 1.02 mM - 44 

GOx/1DHS TiO2 9.9 0.05~1.5 mM < 5 28 

GOx/Nanocrystal TiO2 4.6 0 ~ 3 mM < 30 45 

GOx/Mesoporous TiO2 3.9 0.15 ~ 1.2 < 10 35 

 

6.4. Conclusion 

In summary, a facile electrodeposition method is described for the growth of 

hierarchically structured MnO2 spheres on ITO. We systematically studied the 

structural evolution and growth mechanism of hierarchical MnO2 spheres. In addition, 

the MnO2 powder was successfully employed for immobilization of enzyme and 

mediatorless sensing of glucose. The synthesized MnO2 possessed a high specific 

surface area and uniform pore size distribution. GOx immobilized on the hierarchical 

MnO2 showed excellent bioactivity and direct electrochemistry. The GOx/MnO2 

based third generation glucose sensor exhibited a high sensitivity of 31.6 µA mM cm
-2

, 

a large linear range up to 3.15 mM and a low detection limit of 0.35 µM. The 

sensitivity of present glucose biosensor is much superior to other third-generation 

ones based on nanomaterials. Our study demonstrates that electrodeposition could 

serve as a convenient and versatile pathway for the synthesis of novel nanomaterials 

with hierarchical structures for new applications. 
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Chapter 7-Carbon Nanocages as Unique Electrode Materials 

for Enzyme Immobilization, Fast Direct Electrochemistry 

and High-Performance Glucose Biosensing 

 

7.1. Introduction 

To achieve direct electron transfer (DET) between a redox protein and electrode is 

not only of scientific significance in illuminating the rodox mechanisms behind the 

complex biological systems,
1-3

 but is also of great importance in improving the 

performance of bioelectronic devices such as biosensors and biofuel cells.
4-6

 

Unfortunately, the prosthetic groups or electroactive centers of most redox proteins 

are deeply embedded in thick and electrically insulating protein shell, rendering the 

direct electrical communication between protein and electrode extremely difficult due 

to the long electron tunneling distance and prohibitively slow electron transfer rate.
7, 8

 

Traditionally, small artificial redox mediators are employed as electron shuttles to 

overcome the electron transfer barrier between the redox center of protein and 

electrode surface in the application of bioelectronic devices.
9-12

 However, 

mediator-based biosensors suffer from the shortages such as potential toxicity, limited 

stability and relatively poor specificity.
13

 Therefore, the development of DET-based 

mediatorless biosensors which is promising to offer ultrahigh sensitivity and superior 

selectivity has attracted tremendous research interest and intensive research effort in 

the recent years.  

Several strategies have been developed up to date to facilitate the direct electrical 

communication between enzyme and electrode for the application of biosensors. For 

example, the ‘enzyme plugging’ method developed by Willner
5, 14, 15

allows for protein 

DET by covalently attaching the prosthetic group or cofactor on the surface of highly 

conductive nanomaterials, followed by reassembling the apo-protein on cofactor to 

recover the function of a whole enzyme. The conductive nanomaterials can be gold 
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nanoparticles or carbon nanotubes, which are electrically linked to the electrode 

surface. Gooding
16

 and Rusling
17

 reported the direct electrochemistry of redox 

proteins based on ‘molecular wires’ by covalent binding the biomolecules to the end 

of aligned carbon nanotubes ‘forests’ that were modified on electrode surfaces. The 

recently reported genetic modification strategy allows the enzyme to display a free 

thiol group near its active site.
18

 By attaching a maleimide-modified gold nanoparticle 

to the genetically modified protein via the thiol-maleimide reaction, the electron 

tunneling distance was greatly shortened and DET between enzyme and electrode 

could be achieved. Another popular approach is entrapping the redox protein in 

mesoporous nanomateirals. This method has received considerable attention in recent 

years due to its simplicity, stability and low-cost. In addition, the biosensors based on 

mesoporous electrode materials generally exhibit very high sensitivity by taking the 

advantages of their high specific surface area, large pore volumes and high 

mesoporosity.
19-21

 Until now, several different types of molecular sieves, including 

mesoporous silicates,
22-24

 metal oxides
20, 25, 26

 and carbon nanomaterials
27-29

 have been 

developed and explored to for protein immobilization. Their microstructure,
24, 25

 pore 

size distribution,
30

 chemical composition and surface properties
23, 31

 were well tailored 

and designed in order to promote DET and improve the biosensor performance. Our 

previous works have demonstrated that hierarchically structured TiO2
26

 and MnO2
32

 

with suitable mesopore dimensions were effective in facilitating the direct 

electrochemistry of immobilized redox proteins by shortening the direct electron 

tunneling distance. However, it is still great challenge to develop novel mesoporous 

nanomaterials which could offer larger surface area, higher conductivity and better 

biocompatibility for super bioelectroanalysis.  

Among the variety of mesoporous structured nanomateirals, mesoporous carbon is 

an ideal electrode material for biosensor fabrication due to its high conductivity, low 

cost and good biocompatibility.
33, 34

 Immobilization of biomolecules in mesoporous 

carbon materials for the construction of enzymatic biosensors has attracted increasing 
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research interest in recent years. For example, bicontinuous gyroidal carbon
35

 has 

been developed for the immobilization of myoglobin; Feng et al
36

 reported the 

immobilization of hemoglobin with whiskerlike mesoporous carbon material; porous 

carbon aerogel was studied by Tsujimura
37

 to immobilize multicopper oxidases; and 

ordered mesoporous carbon was employed by You and colleagues
38

 for the 

immobilization of glucose oxidase (GOx). In spite of the great research effort, there 

are very few reports focusing on the electrochemical biosensing application with the 

mesoporous carbon as electrode materials, possibly due to their limited pore diameters 

which are usually less than 5 nm
34, 39

 and poor graphitic property which results in low 

conductivity.
40, 41

 Mesoporous carbon with larger pore diameter which is close to the 

dimension of protein (7~9 nm) is very important for the immobilization of 

biomolecules; while good conductivity of an electrode material is essential to achieve 

a high biosensing performance.
42, 43

 Therefore, mesoporous carbon materials with 

suitable pore size distribution and well developed graphitic structure are highly 

desirable for biosensing application.  

In this work, we report the development of carbon nanocages (CNCs) with 

distinguished hollow interiors, large specific surface area, suitable pore diameters and 

well-developed graphitic structure. The CNCs were investigated for the 

immobilization of GOx, which exhibited fast DET on the electrode surface. The 

Nafion/GOx/CNCs-modified electrode was successfully employed as a mediatorless 

glucose sensor, which achieved a high and reproducible sensitivity, fast response and 

wide linear dynamic range for the measurement of glucose concentration in human 

serum. 

7.2. Enzyme Immobilizaition and Electrode Modification 

The immobilization of GOx on CNCs was achieved by mixing 10 mg CNCs with 

the PBS buffer containing different concentrations of GOx. The mixture was 

vigorously shaken for 30 min before it was placed quiesently at 4 ºC for 12 h for 

protein adsorption. The GOx/CNCs bioconjugate was collected by centrifugation, 
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followed by rinsing with PBS buffer for 3 times. The attained product was then dried 

in vaccume and analyzed by FTIR (Bruker EQUINOX 55 DuroscopeTM). For 

biosensor fabrication, a glassy carbon electrode (GCE, 3 mm in diameter) was 

polished sequencingly with 1.0, 0.3 and 0.05 µm alumina powder to a mirror-like 

surface followed by ultrasonication in acetone, ethanol and water each for 3 min, 

respectively. After that, the electrode surface was cleaned and dried with ultrapure 

nitrogen flow. The obtained GOx/CNCs composite was re-dispersed in 1 mL of 

protein-free PBS buffer by continuously shaking for 15 min. Then 5 μL of the 

composite dispersion was drop-casted on the center of electrode surface, which was 

allowed to dry at 4°C overnight. Finally, 10 μL Nafion (0.5 % in water) was coated on 

the sensor surface to prevent the electrode materials from detaching during 

electrochemical test. 

7.3. Results and Discussion 

7.3.1. Material Characterizations 

The surface morphology of as synthesized CNCs was characterized by scanning 

electron microscopy (SEM), which shows that the nanocages have polygonal 

particle-like structure with uniform size of 20~30 nm (Figure 7-1a). The transmission 

electron microscopic (TEM) images in Figure 7-1b clearly reveals that the CNCs 

consist of pronounced hollow interiors. The high resolution TEM images (insets of 

Figure 7-1b) illustrates that the nanocages have a thin shell structure with thickness of 

2~ 3 nm. The shells of CNCs comprise a few layers of graphitic carbon with the 

lattice distance of 0.34 nm. The XRD pattern of CNCs in Figure 7-1c displays three 

distinct reflection peaks at 26°, 44° and 54°, respectively, which could be well 

assigned to the (002), (101) and (004) diffraction planes of the graphite carbon 

(JCPDS card no: 3-401).
44

 The result suggests that the prepared CNCs have 

well-developed graphitic structure with high phase purity. The plotted nitrogen 

adsorption/desorption isotherm of CNCs (Figure 7-1d) exhibits a hysteresis loop at 

the relative pressure (P/P0) of 0.5, indicating a mesoporous feature. The Brunauer–
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Emmett–Teller (BET) specific surface area of CNCs was calculated to be as high as 

1651 m
2
 g

-1
, which is significantly larger than those of CNTs

45
 and CNCs

29, 46
 

reported previously. The major pore size distribution of CNCs is in the range of 5~20 

nm (inset of Figure 7-1d), estimated from the desorption branch by Barrett–Joyner–

Halenda (BJH) method. The presence of mesoporous structure could be mainly 

contribute to the defects induced by acid treatment and the unsealed feature of CNCs, 

which is favorable for the immobilization of redox protein and the rapid access of 

electrolyte ions and target molecules.  

 

Figure 7-1. (a) SEM image, (b) TEM image, (c) XRD pattern and (d) Nitrogen 

adsorption-desorption isotherms of CNCs. Insets of (b) are the HR-TEM images of CNCs, 

showing a lattice distance of 0.34 nm. Inset of (d) shows the pore size distribution. 

7.3.2. Investigation of Enzyme Immobilization on CNCs 

The conformational change of the enzyme upon immobilization on CNCs was 

investigated by Fourier transform infrared spectroscopy (FTIR), showing GOx 

exhibits three characteristic peaks at 1100, 1541 and 1654 cm
-1
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corresponding to the amide I, amide II adsorption bands and C-O stretching vibration, 

respectively (Figure 7-2a). The two peaks at 1631 and 1398 cm
-1

 on the IR spectrum 

of CNCs could be attribute to the C=O stretching vibration of ketones and carboxyl 

functional groups (Figure 7-2b). After the enzyme was immobilized on CNCs, the 

three representative bands of GOx are still clearly observable on the spectrum of 

GOx/CNCs biocomposite (Figure 7-2c), indicating the protein well maintained its 

native secondary structure upon immobilization. The reservation of the enzyme 

secondary structure is an important feature that illustrates GOx is able to keep its high 

catalytic activity on CNCs.  

 

Figure 7-2. FTIR spectra of GOx (a), CNCs (b) and GOx/CNCs biocomposite (c). 

7.3.3. Electrochemical Behavior of GOx Immobilized on CNCs 

The electrochemical property of GOx immobilized on CNCs was studied by cyclic 

voltammetry (CV). As shown in Figure 7-3a, the CVs of pure CNCs- and 

GOx-modifed glassy carbon electrode (GCE) barely show any redox peaks, indicating 

the electrochemical inactivity of these two materials. However, CNCs-modified GCE 
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highly porous structure of CNCs. In contrast, a pair of well-defined and nearly 

reversible redox peaks could be observed on the CV curve of GOx/CNCs-modified 

GCE, clearly indicating the direct electrochemistry of GOx was achieved on 

CNCs-modified electrode. The anodic and cathodic peak potentials are -0.445 V and 

-0.481 V, respectively, which are consitent with the formal redox potential of 

FAD/FADH2 at neural pH.
25, 38

 The small peak-to-peak seperation (∆E) of 36 mV 

suggests a fast electron transfer rate, which was calculated to be 8.2 s
-1

 by Laviron’s 

equation.
47

 The rate constant is apparently larger than those for GOx immobilzed on 

ordered mesoporous carbon (4.2 s
-1

),
38

 mesoporous TiO2 (3.96 s
-1

),
25

 MWCNTs (1.53 

s
-1

)
48

 and SWCNTs (0.3 s
-1

).
49

 The CV peak currents incrased propotionally with the 

increase of scan rate (Figure 7-4), indicating the DET process was surface-confined 

electrochemical reaction. With the increase of solution pH, the redox peak potential 

shifts negatively, showing a linear response in the pH range of 5.1 ~ 8.0 (Figure 7-5).  

The slope value of 57.8 mV pH
-1 

is very close to the theoratical value of 59.0 mV pH
-1 

predicted for the redox reaction of FAD/FADH2,
25

 suggesting the DET between 

electrode and GOx immobilzied on CNCs underwent two-electron involved redox 

reaction coupling with two-proton transfer process. To study the catalytic activity of 

GOx immobilized on CNCs,  the voltammetric response of GOx/CNCs-GCE toward 

the addition of glucose was examined in air-saturated PBS (Figure 7-3b). The CV of 

GOx/CNCs-modified electrode shows a large reduction peak at the potential of -0.6 V 

in the absence of glucose, which is corresponding to reduction of dissolved oxygen 

molecules in PBS. With the increase of added glucose concentraion, the reduction 

peak gradually decreases until completely disappears at a concentraiton of 12 mM, 

apparently indicating that GOx immobilzied on CNCs retained high catalytic activity 

for the oxidation of glucose. The phenomenon of DET was investigated for glucsoe 

detection in nitrogen-saturated PBS. Interestingly, with the increased glucose 

concentration from 1~10 mM, both anodic and cathodic peak currents are reduced 

(Figure 7-3c). Similar phenomenon was also observed in our previous study,
26
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suggesting glucose was oxidized directly by FAD without any mediators and the 

electrode could regenerate FAD by direct electrochemical oxidation of FADH2 in 

GOx.  The calibration curve of DET-based glucose detection could be obtained by 

substacting the background of CV curves (Figure 7-3d), showing a linear range up to 

3 mM (inset of Figure 7-1d). 

 

Figure 7-3. (a) CVs of GOx/CNCs-, CNCs- and GOx-modified GCE measured in 

N2-saturated 0.1 M PBS. (b) CVs of GOx/CNCs-GCE in the presence of 0~12 mM glucose 

measured in air-saturated 0.1 M PBS. (c) CVs obtained for GOx/CNCs-GCE with different 

glucose concentrations from 0~10 mM in N2-saturated 0.1 M PBS. (d) Background-subtracted 

CV curves from the cathodic branches of (c). Inset of (d) shows the calibration curve. Scan 

rate: 100 mV s
-1

. PBS pH: 7.4. 
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Figure 7-4. (a) CVs of GOx/CNCs-GCE measured in 0.1 M nitrogen-saturated PBS (pH 7.4) 

with the increase of scan rate from 25 to 600 mV s
-1

 (inside to outside). (b) Plots of peak current 

versus scan rate. 

 
Figure 7-5. (a) CVs of GOx/CNCs-GCE measured in 0.1 M nitrogen-saturated PBS (pH 7.4) 

with different pH in the range of 5.1~8.0. Scan rate: 100 mV s
-1

. (b) Plot of electrode formal 

potential versus pH. 

7.3.4. Optimization of the Parameters for Amperometric Biosensing 

The amperometric sensing performance of GOx/CNCs-modified electrode could be 

affected by a variety of factors, including the amount of enzyme loaded on the 

electrode material, the operating potential, pH of the buffer solution and the system 

temperature. These parameters were carefully optimized in the present work. The 

GOx concentration in PBS buffer could affect the amount of enzyme loaded on CNCs 

during the incubation procedure. As plotted in Figure 7-6a, the fabricated biosensor 

showed an enhanced current response for 2 mM glucose with the increase of 
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incubated GOx concentration, and achieved the maximum current density when the 

GOx concentration reached 8 mg mL
-1

. Further increase of the GOx concentration 

results in a slight decrease of the amperometric response, possibly because the 

overloaded GOx blocked the channels in CNCs and impeded the free access of 

electrolyte and substrate molecules. In addition, the excess of GOx molecules may 

lead to the formation of an insulting protein layer on the electrode surface, which also 

disturbed the biosensing performance. Therefore, 8 mg mL
-1

 was used as the optimal 

GOx concentration for incubation with CNCs. The proper selection of operating 

potential is essential for an amperometric glucose sensor to achieve a high sensitivity 

and limit the interfering reactions. As is observed in Figure 7-6b, the response current 

did not show notable alternation at the detection potentials from -0.6 V to -0.5 V. 

However, the response of the electrode decreased significantly when the operation 

potential was more positive than -0.5 V, and completely vanished when the potential 

was increased to -0.2 V. Since an operating voltage close to the redox potential of 

FAD/FADH2 could minimize the interferential responses of electroactive species in 

blood,
9
 the detection potential of -0.5 V was selected for mediatorless glucose sensing. 

Further optimized experimental conditions include buffer pH and temperature. The 

largest current response of GOx/CNCs-GCE was obtained at the solution pH of 6.5 

(Figure 7-6c), which is close to the most suitable pH reported for native GOx in 

solution.
50

 The result further corroborates that GOx retained its native activity after 

the immobilization procedure. The influence of temperature on the electrochemical 

response of the biosensor toward glucose oxidation was investigated in the range of 

25~50 °C (Figure 7-6d). The increase of temperature from 25°C to 37°C resulted in 

the improvement of responsive current until the maximum obtained at approximately 

37 °C. However, when the temperature was higher than 37 °C, the current started to 

decrease probably due to the denaturation of enzyme.  
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Figure 7-6. The current response of GOx/CNCs-GCE toward the addition of 2 mM glucose 

with the influence of different (a) incubated GOx concentration, (b) detection potential, (c) 

buffer pH and (d) temperature of the reaction system. The points were sketched with the 

average values of three independent measurements.  

7.3.5. Analytical Performance of Fabricated Glucose Sensor  

The amperometric measurement of glucose was conducted under the optimized 

experimental conditions without the presence of any mediator. The biosensor showed 

a swift and sensitive response toward the successive addition of either 1 mM or 0.1 

mM glucose in each step, with 95 % of the steady-state current achieved within 3s 

(Figure 7-7a). The response time is comparable to that of GOx/porous 

MnO2-modified electrode, but much shorter than other mesoporous materials based 

biosensors (Table 7-1). The rapid response could mainly contribute to the high 

catalytic activity of the immobilized GOx and the fast electron transfer rate between 

enzyme and electrode. The calibration curve plotted in Figure 7-7b shows that the 

biosensor has a linear response toward glucose in the low concentration range, while 

saturated currents could be observed at high glucose level, reflecting the typical 
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Michaelis-Menten enzyme kinetics. The apparent Michaelis-Menten constant ( app

mK ) 

was calculated to be as small as 1.87±0.3 mM by the Lineweaver-Burk equation,
51

 

implying the electrode possesses high affinity to glucose. According to the calibration 

plot, the mediatorless biosensor exhibits a large linear range up to 14 mM with a 

correlation coefficient of 0.998. The linear range is significantly wider than other 

DET-based glucose sensors as compared in Table 7-1. The improved upper limit for 

glucose detection enables the electrode for practical measurement in blood samples, 

which normally contain glucose with a concentration range of 4.4~6.6 mM.
9
 In 

addition, the biosensor offered a high sensitivity of 19.18 ± 0.3 μA mM cm
-2

, with a 

detection estimated to be ~0.33 ± 0.1 μM at a signal to noise ratio (S/N) of 3, which is 

much lower than those obtained at other electrodes reported previously (Table 7-1). 

The selectivity of the present glucose sensor was evaluated by examining the response 

of electrode upon the addition of a variety of common interfering species in blood 

such as ascorbic acid (AA), dopamine (DA), acetaminophen (AP) and uric acid (UA). 

As shown in Figure 7-7c, the biosensor exhibits negligible current responses toward 

injection of 0.1 mM AA and UA into the buffer solution. However, significant current 

steps could be observed when 0.5 mM glucose was added. Figure 7-7d further 

demonstrates that even the concentrations of AA, AP, DA and UA are as high as 0.3 

mM (more than 3 times higher than their physiological levels in blood), their 

influences on the electrode for glucose detection are very limited. The accuracy of the 

electrode for practical application was inspected by measuring the glucose 

concentration in human serum sample. The injection of 100 μL human serum to 900 

μL PBS buffer produced a distinguished current response of 0.78±0.08 μA, which 

could be converted to a glucose concentration of 5.83±0.05 mM according to the 

calibration equation. The measured glucose concentration is nearly the same with 

value of 5.85 mM in the product information sheet provided by the manufacturer, 

indicating the biosensor is able provide high clinical accuracy for practical usage. 
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Figure 7-7. (a) Amperometric responses of Nafion/GOx/CNCs-GCE toward the successive 

addition of 1 mM and 0.1 mM (inset) glucose to stirred PBS buffer (0.1 M, pH 6.5) at an 

operating potential of -0.5 V. (b) The calibration curve plotted according to the amperometric 

current response of the mediatorless biosensor. (c) Amperometric responses of the electrode for 

0.5 mM glucose and the addition of some interfering species (0.1 mM AA and 0.1 mM UA) to 

stirred 0.1 M PBS buffer (pH 6.5). (d) The current responses of fabricated biosensor toward the 

addition of 0.3 mM electrocative species in blood (AA, AP, DA and UA) and 100 μL human 

serum to 900 μL air-saturated PBS buffer (0.1 M, pH 6.5).  

Table 7-1. Comparison of the analytical performance of mediator-free glucose biosensors 

based on mesoporous electrode materials enabled DET 

Electrode materials Response time [s] Linear range [mM] Sensitivity [μA mM cm
-2
] Detection limit [μM] Ref 

CNCs <3 Up to 14 19.18 0.33 This 

work 

Mesoporous 

carbon/silica foam 
~4 0.05~5 1.8 34 

24
 

Mesoporous TiO2 <10 0.15~1.2 3.9 - 
25

 

1DHS
[a]

porous TiO2 <5 Up to 1.5 9.9 1.29 
26

 

Mesoporous MnO2 <3 Up to 3.15 31.6 0.35 
32

 

Graphitic nanocage <5 0.02~6.2 13.3 8 
29

 

Ordered 

mesoporous carbon 
- Up to 9.9 1.16 10 

38
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7.4. Conclusion 

In conclusion, a novel mesoporous material of CNCs was synthesized in this work 

and successfully employed for enzyme immobilization, DET facilitation, and 

mediatorless glucose measurement in human serum. The developed CNCs exhibit 

unique physiochemical properties including a large specific surface area, high and 

uniform mesoporosity, and pronounced graphitic crystallinity, which enable the 

immobilized GOx to retain a high catalytic activity and to achieve a fast electron 

transfer rate toward direct oxidation of glucose. The carefully optimized experimental 

conditions allow the fabricated amperometric biosensor based on 

Nafion/GOx/CNCs-GCE to achieve a fast response, wide linear range, high sensitivity 

and excellent selectivity for mediatorless glucose detection in human serum. The 

research in this work demonstrates that CNCs-based biocomposite materials could be 

novel promising platforms for the development of third-generation biosensors and 

other bioelectronic devices. 
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Chapter 8-Hierarchically Structured Nanocomposite of 

Three-Dimensional Graphene-Mn3O4 as Flexible Electrode 

for Nonenzymatic Glucose Biosensing† 

 

†Adapted from [P. Si, X.C. Dong, P. Chen and D.H. Kim, Journal of Materials Chemistry-B, 

2013, 1, 110-115] by permission from The Royal Society of Chemistry. Copyright 2013 

 

8.1. Introduction 

The glucose level in blood is commonly used for medical diagnosis of diabetes 

mellitus, which is a worldwide health problem resulting from insulin dependency and 

hyperglymia.
1
 Consequently, sensitive and reliable monitoring of glucose is of 

paramount importance in clinical, food and environmental analysis. Currently, most 

glucose sensors rely on enzyme-based electrodes which employ glucose oxidase or 

glucose dehydrogenase as a catalyst.
2-5

 Although the enzyme-based approaches 

provide an additional capability of selective measurement to the sensors, several 

drawbacks has hindered its widespread use. Due to intrinsic nature of protein, the 

enzymatic sensor is of poor stability which prevents it from long-term and 

reproducible usage. In addition, the enzyme-based detection is susceptible to the 

environment, such as pH, temperature, and humidity. Furthermore, the incorporation 

of enzyme also increases the manufacturing cost and complexity, and the insulating 

property of enzyme greatly compromises the sensitivity of biosensors. To address 

these issues, great effort has been dedicated in recent years to the development of 

enzymeless electrodes using metals
6
, metallic nanoparticles,

7, 8
 alloys 

9, 10
 and oxides 

11, 12
 as an electrocatalyst. However, some of the electrodes may display poor 

sensitivity and selectivity due to the severe surface fouling by absorbing intermediates 

and chloride.
10, 13

 Hence, there is a great demand for the development of 

nonenzymatic glucose biosensors with high sensitivity and good selectivity at low 

cost for the efficient determination of glucose. 
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Graphene has been integrated with other functional nanomaterials to fabricate 

composite materials. The attained synergistic effects of graphene composite provide 

vast opportunities that lead to advances in energy harvesting/storage devices,
14-18

 

transparent conductors
19-21

 and chemical/bio-sensors.
22-24

 Recently, highly conductive 

and seamless three-dimensional graphene foam (3DGF) with microscopic network 

structure has been synthesized by template-directed chemical vapor deposition 

(CVD),
25

  enabling the production of graphene with both high quality and relatively 

large quantity. The mechanical strength and flexibility of 3DGF allows it to be used as 

a freestanding electrode, where charge carriers could move along the continuous 

graphene skeleton with a small resistance. In addition, the three dimensional 

architecture of 3DGF provides a large surface area which allows for the construction 

of graphene-based nanocomposites without agglomeration. Recently, we reported a 

composite material of Co3O4/3DGF for the nonenzymatic biosensing of glucose.
26

 

Despite of extraordinarly high sensitivity it achieved, the Co3O4/3DGF biosensor 

offers relatively small linear resposne range (up to 80 µM) due to the thick coating 

layer of Co3O4. Moreover, Co3O4/3DGF could not be used for the detection of H2O2. 

In the present work, we synthesized a novel composite material of hierarchically 

structured Mn3O4/3DGF for the development of a highly sensitive and enzymeless 

sensor for detection of both glucose and H2O2. Due to the excellent electrocatalytic 

acitivy of nanostructured Mn3O4, good conductivity of graphene, great abundance of 

catalytic sites and high specific surface area of the composite material, the 

Mn3O4/3DGF-based glucose sensor achieved a large lienar detection range of 0.1~8 

mM, which is 2 orders of magnitude larger than that of 3DGF/Co3O4. In addition, the 

material also showed the capability of highly sensitive and selective detection of H2O2. 

Moreover, thanks to the good stiffness of 3DGF, the composite material can be 

fabricated as a flexible and freestanding biosensor.  

8.2. Fabrication of the Flexible Electrode 

The nanocomposite material of hierarchically structured Mn3O4/3DGF was 
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synthesized by CVD growth of 3DGF followed by electrochemical deposition of 

Mn3O4, which was described previously in Chapter 3, Section 3.16 and Section 3.17. 

The composite was then affixed to a flexible polyethylene terephthalate (PET) 

substrate by silicon rubber to use as a freestanding electrode and flexible biosensor.  

8.3. Results and Discussion 

8.3.1. Material Characterizations 

Figure 8-1a shows the SEM image of 3DGF grown by ethanol-CVD method using 

nickel foam as a sacrificial template. The 3DGF reveals macroporous network 

structure that replicate the nickel foam, hence exhibiting continuous and smooth 

graphene skeleton without observable cracks or breaks, indicating that graphene 

sheets well maintain its original structure after removal of Ni template without 

collapse. The width of graphene skeleton is around 100 µm. In Figure 8-1b, the 

observed wrinkles and ripples on the surface of 3DGF skeleton results from difference 

in the thermal expansion coefficients of nickel and graphene.
27

 Similar to the effect of 

winkles of chemically derived graphene,
28

 these ripples on 3DGF skeleton could 

contribute to the large surface area and the good mechanical strength of 3DGF. The 

surface morphology of Mn3O4/3DGF is shown in Figure 8-1c and Figure 8-1d, 

displaying good uniformity of Mn3O4 nanostructures on the graphene surface. The 

magnified SEM image (Figure 8-1e) shows the highly porous and nanomesh-like 

structure of the Mn3O4, which is uniformly covered on the entire surface of 3DGF. The 

TEM image (Figure 8-1f) shows that the microstructure of Mn3O4 grown on graphene 

is composed of ultrathin nanoflaklets with the dimension of 100~200 nm. With 

uniform distribution, hierarchical structure at nanometer scale, the Mn3O4 nanomesh 

offers abundant catalytic sites, which contributes to the high electrocatalytic activity 

of the composite material. The nanoporous Mn3O4 network, together with the 

macroporous structure of 3DGF provides a large specific surface area which allows 

for the rapid access of electrolyte ions and facilitates fast electron transport between 

the active materials and the electroactive analytes. Taking advantage of the flexibility 
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and robustness of 3DGF, the composite material was fabricated as a flexible biosensor 

and used as a monolithic electrode for the measurement of analytes of interest (Figure 

8-2). 

 

Figure 8-1. (a, b) Low- and high-magnification SEM images of the CVD-grown 3DGF. (c, d) 

Low- and high-magnification SEM images of the Mn3O4/3DGF composite. (e, f) SEM and 

TEM images of the hierarchically structured Mn3O4 nanomesh grown on the surface of 3DGF 

skeleton.  

a b

c d

e f

100 µm 1 µm

10 µm 1 µm

100 nm 100 nm
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Figure 8-2. Photograph of the Flexible biosensor based on Mn3O4/3DGF freestanding 

electrode. 

The phase purity of Mn3O4/3DGF composite was analyzed by XRD. As shown in 

Figure 8-3a, the XRD spectrum of 3DGF shows two notable diffraction peaks at 2θ = 

26.5° and 54.6° corresponding to the (002) and (004) reflection of graphitic carbon, 

respectively (JCPDS 75-1621). On the XRD spectrum of Mn3O4/3DGF composite, 

except for the characteristic peaks of graphene which are labeled by asterisk, all other 

peaks can be well indexed to the tetragonal phase of Mn3O4 (a=5.762 Å, c=9.469 Å, 

JCPDS card no. 24-0734), indicating that no impurity phase exists in the 

Mn3O4/3DGF composite. The phase purity of the Mn3O4/3DGF composite was also 

confirmed by Energy-dispersive X-ray spectroscopy (EDX) (Figure 8-4), showing 

strong peak signals of only C, Mn, and O, components of Mn3O4/3DGF composite. In 

further analysis by Raman spectroscopy (Figure 8-3b), 3DGF shows distinct peaks at 

1581 cm
-1

 and 2725 cm
-1

, which are attributed to the G and 2D bands of single- to a 

few layers of graphene.
29, 30

 It is worth mentioning that D band (~1350 cm
-1

) cannot 

be discerned on the 3DGF spectrum, suggesting the CVD-grown graphene foam 

possesses high quality since the D band is an indication of defects and distorted 

carbon.
31, 32

 On the Raman spectrum of Mn3O4/3DGF, the peaks observed at 314, 360, 

480 and 650 cm
-1

 are ascribed to the characteristic A1g, F2g(1), F2g(2) and Eg modes of 
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crystalline Mn3O4, respectively.
33, 34

 Both XRD and Raman results corroborate 

successful integration of the Mn3O4 with the 3DGF. The content of Mn3O4 in the 

composite was measured by thermogravimetric analysis (TGA) (Figure 8-5). The 

large weight loss appeared at ~600 °C for both 3DGF and Mn3O4/3DGF result from 

the decomposition of 3DGF carbon, which combust completely at 800 °C. The total 

weight loss of Mn3O4/3DGF is 55.84 wt%, we can thus estimate the amount of Mn3O4 

present in the composite is 44.16 wt%. 

 

Figure 8-3. XRD (a) and Raman (b) spectra of 3DGF (black) and Mn3O4/3DGF composite 

(red). 

 

Figure 8-4. Energy-dispersive X-ray (EDX) spectrum of the Mn3O4/3DGF composite material. 
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Figure 8-5. TGA curve of 3DGF and the Mn3O4/3DGF composite. 

8.3.2. Electrocatalytic Behavior of the Electrode  

The electrocatalytic behavior of Mn3O4 toward the oxidation of glucose was 

studied by cyclic voltammetry (CV) in 0.1 M NaOH solution. Figure 8-6a shows the 

CVs of Mn3O4/3DGF measured at different scan rates. At the scan rate of 5 mV s
-1

, 

two pairs of redox peaks are observed at the potentials of 0.16 V/0.03 V (I/II) and 

0.26 V/0.18 V (III/IV), which may attribute to the reversible transition between 

Mn3O4/MnOOH and MnOOH/MnO2, respectively. With an increase of the scan rate, 

both the anodic- and cathodic peak currents increase.  The intensities of redox 

currents exhibit good linearity against the scan rate (inset of Figure 8-6a), indicating a 

surface-confined electrochemical process. Upon the introduction of glucose, notable 

current increase at anodic peak (III) is observed on the CV curve at scan rate of 20 

mV/s, while the cathodic peak currents remain constant (Figure 8-6b). The result 

suggests that the electrooxidation of glucose could be catalyzed by MnO2 presumably 

due to the following reaction:  
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 2MnO2 + C6H12O6 (glucose)   2MnOOH + C6H10O6        (8-1)
  

 

Figure 8-6. (a) CV curves of the Mn3O4/3DGF composite electrode recorded at different scan 

rates (from inside to outside: 10, 20, 30, 50 and 80 mV/s) in 0.1 M NaOH solution. Inset: Plots 

of scan rate versus peak current. (c) CVs of the composite electrode recorded at 20 mV/s with 

the presence of different concentrations of glucose (from inside to outside: 0, 1, 2, 3, 4, and 5 

mM). 

8.3.3. Performance of the Non-enzymatic Glucose Sensor 

Next, real-time and enzymeless detection of glucose was studied by addition of 

various concentrations of glucose to a homogeneously stirred 0.1 M NaOH solution at 

a fixed potential of 0.4 V, where the increase of voltammetric current was observed. 

Figure 8-7a shows the amperometric responses of the Mn3O4/3DGF monolithic 

electrode to successive addition of 1 mM and 100 µM glucose. A remarkable increase 

and fast response of amperometric current is observed by the Mn3O4/3DGF, which 

reaches 95% of the steady state current within 5s upon the addition of glucose. The 

calibration curve of the Mn3O4/3DGF is plotted in Figure 8-7b, showing a high 

sensitivity of 360 µA mM cm
-2

 and a large linear range of 0.1 mM ~ 8 mM. The 

sensitivity of Mn3O4/3DGF is much superior to those enzymatic or enzymeless 

glucose sensors based on chemically derived graphene,
9, 35-43

 most of which are in the 

range of 1~50 µA mM cm
-2

. Furthermore, in contrast to the small linear range of 

Co3O4-based enzymeless glucose sensors,
11, 26

 the Mn3O4/3DGF in the present study 

fully satisfies the demand for in-situ determination of sugar level in human blood, 

which is 4.4~6.6 mM.
1
 As shown by the inset of Figure 8-7b, Mn3O4/3DGF also 
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exhibits a limit of detection as low as 10 µM (S/N=5.5). The performance of our 

glucose sensor is compared with other nonenzymatic glucose sensor in Table 8-1. The 

Mn3O4/3DGF shows both high sensitivity and large linear range toward glucose 

detection. Good selectivity of our glucose biosensor was demonstrated by negligible 

current response to the addition of 0.1 mM uric acid (UA), ascorbic acid (AA) and 

acetaminophen (AP), common electroactive species coexisting in blood (Figure 7). 

Additionally, the practicability of the glucose sensor was examined by adding 

glucose-free and glucose-containing serum to the electrolyte (Figure 8-8). The 

Mn3O4/3DGF showed insensitivity to glucose-free serum sample, which contains a 

large quantity of various proteins and interferential molecules. Upon the addition of 

serum supplemented with 0.1 mM glucose, the Mn3O4/3DGF showed comparable 

response to 0.1 mM glucose in serum-free solution. The above results demonstrate 

that the Mn3O4/3DGF-based glucose sensor has excellent selectivity and great 

potential for in-situ determination of blood glucose level.  

 

Figure 8-7. (a) Amperometric response of the Mn3O4/3DGF composite electrode at 0.4 V upon 

the successive addition of 1 mM and 100 µM glucose (inset). (b) Calibration curve of 

composite material-based glucose sensor. Inset shows the current response of the composite 

electrode toward the addition of 10 µM glucose. 
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Figure 8-8. Amperometric responses of the Mn3O4/3DGF composite electrode toward the 

addition of glucose and different interferential compounds. 

Table 8-1. Comparison of the analytical performance of various nonenzymatic glucose 

biosensors 

Sensing material Sensitivity  

(µA mM cm
-2

) 

Detection limit 

(µM) 

Linear range 

 

Reference 

Co3O4 nanofiber 36.25 0.97 up to 2.04 mM 
44

 

Co3O4/3DGF 3390 0.025 up to 80 µM 
26

 

NiO/MWCNT 436 160 up to 12 mM 
45

 

MWCNT 4.36 1 2 µM ~ 11 mM 
46

 

Porous Au 11.8 5 2 ~ 10 mM 
47

 

Mesoporous Pt 9.6 - 0 ~ 10 mM 
48

 

Pd/SWCNT 160 0.2±0.05 0.5 ~ 17 mM 
49

 

Pt-Pb 

alloy/MWCNT 

17.8 1.8 up to 11 mM 
50

 

Pt-Ni alloy/graphene 20.42 10 up to 35 mM 
51

 

Mn3O4/3DGF 360 10 0.1 ~ 8 mM This work 

MWCNT: multi-walled carbon nanotubes 
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8.4. Conclusion 

To conclude, we synthesized a novel composite material of hierarchical 

Mn3O4/3DGF and evaluated it for enzyme-free detection of glucose. The composite 

showed good flexibility and mechanical strength which enabled it to be used as a 

flexible and freestanding biosensor. In addition, the macro- and nanoporous structure 

of the composite was highly accessible to the medium that greatly facilitated the 

diffusion of electrolyte ions, resulting in extremely high sensitivity, large linear range, 

and low detection limit for the detection of glucose. Such high sensing performance of 

the biosensor could be attributed to the synergistic effect of the two nanomaterials, i.e., 

the electrocatalytic property of nanostructured Mn3O4 and the large surface area of 

3DGF. We believe that the uniquely structured Mn3O4/3DGF composite with 

well-defined crystallinity and high electrochemical activity could be beneficial to 

other applications, such as lithium-ion batteries and supercapacitors. 
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Chapter 9-Conclusions and Outlook 

 

9.1. Conclusions 

The thesis work focused on the development of novel nanostructured electrode 

materials with large surface areas, high conductivity, good biocompatibility, and 

outstanding electrocatalytic activity for the fabrication of high-performance glucose 

biosensors with high sensitivity, excellent selectivity, wide linear dynamic range, low 

interferences and long storage time. Five types of uniquely structured nanomaterials 

have been synthesized and employed to modify the electrode surface, immobilize the 

enzyme or used directly as an electrode material. These materials were well 

characterized and they exhibited unique physical and chemical properties. The 

fabricated biosensors based on these electrode materials generally showed excellent 

performance toward the oxidation of glucose and measurement of glucose 

concentrations in human serum. Specifically: 

1) A second-generation glucose biosensor was developed by modification of the Au 

electrode surface with multi-layered nanohybrid material of MWCNT/AuNPs 

followed by the adsorption of GOx. By functionalization of MWCNTs with MPTS, 

the end and side walls of MWCNTs were decorated with a high density of AuNPs, 

which allowed for the immobilization of a high quantity of GOx on the electrode 

surface. The fabricated biosensor therefore exhibited a high sensitivity of 19.27 µA 

mM
-1

 cm
-2

, a wide linear range of 20 μM to 10 mM with a low detection limit of 2.3 

μM (S/N=3) for the detection of glucose in serum.  

2) A third-generation glucose biosensor based on DET of GOx was fabricated by 

modification of GCE with a mesoporous nanomaterial of 1DHS TiO2, which was 

immobilized with a large amount of GOx in its uniformly distributed mesopores. The 

mesoporous structured 1DHS TiO2 was synthesized by CVD method with MWCNT 

as a sacrificing template. The resulting Nafion/GOx/1DHS TiO2-modified electrode 

was successfully employed as a mediatorless glucose sensor, achieving a high 
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sensitivity of 9.90 µA mM
-1 

cm
-2

, a linear range of up to 1.5 mM and a low detection 

limit of 1.29 µM. In addition, the biosensor exhibited a long storage time of up to 2 

weeks and excellent anti-interference performance.  

3) Next, a third-generation glucose biosensor was constructed by immobilizing 

GOx on hierarchically structured MnO2 spheres, which were thereafter modified on 

GCE. The electrodeposited MnO2 hierarchical spheres exhibited a mesoporous 

structure with a large specific surface of 128.5 m
2
 g

-1
 and a narrow pore size 

distribution of 5~12 nm. GOx immobilized in the mesopores of MnO2 presented fast 

DET and the biosensor based on GOx/MnO2-GCE exhibited an enhanced sensitivity 

of 31.6 µA mM cm
-2

, an improved linear range up to 3.15 mM and a low detection 

limit of 0.35 μM for mediatorless detection of glucose. 

4) Furthermore, a mediatorless third-generation glucose biosensor was designed by 

immobilizing GOx on CNCs followed by modification of GCE with the GOx/CNCs 

biocomposite. The uniquely structured CNCs with a large specific surface area of 

1651 m
2
 g

-1
 narrow distribution of pore size in the range of 5~20 nm, well developed 

graphitic structure was synthesized by MgO template-assisted CVD method. The 

constructed biosensor displayed a significantly enlarged linear range of up to 14 mM, 

with a sensitivity of 19.18 μA mM cm
-2 

and a low detection limit of 0.33 μM 

5) Finally, a flexible non-enzymatic glucose biosensor was fabricated by a 

nanocomposite material of hierarchically structured Mn3O4/3DGF, which was 

synthesized by CVD growth of 3DGF followed by electrodeposition of Mn3O4. The 

nanocomposite-based electrode exhibited a remarkable electrocatalytic activity 

toward the direct oxidation of glucose, and offered an ultrahigh sensitivity of 360 μA 

mM cm
-2

, a satisfied linear range of 0.1 ~ 8 mM and a low detection limit of 10 μM 

for glucose detection.  

Table 9-1 compares the electrode materials and analytical performances of the five 

different types of glucose biosensors developed in this thesis work. The detection 

mechanisms, advantages and limitations of these glucose sensors based on different 
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nanostructured electrode materials are summarized in Table 9-2. The key features of 

the developed glucose sensors are also compared with commercial glucose sensors 

and literature reported studies in Table 9-3.  

Table 9-1. Comparison of the electrode materials and analytical performances of glucose 

biosensors developed in this thesis work 

Electrode material 

Analytical performance 

Sensitivity (μA 

mM cm
-2

) 

Detection 

limit (μM) 

Linear range 

(mM) 

GOx/(AuNPs/MWCNT)5/Au 

electrode 

19.27 2.3 0.02~10 

GOx/1DHS TiO2/ GCE 9.9 1.29 Up to 1.5 

GOx/MnO2/ GCE 31.6 0.35 Up to 3.15 

GOx/CNCs/GCE 19.18 0.33 Up to 14 

Mn3O4/3DGF 360 10 0.1 ~ 8  

 

Table 9-2. Summary of the detection mechanisms, advantages and limitations of different 

types of glucose biosensors developed in this thesis work 

Electrode Detection 

mechanism 

Advantages Limitations 

GOx/(AuNPs/

MWCNT)5/Au 

electrode 

GOx-catalysed 

glucose oxidation 

reaction; 

Ferrocene-mediated 

electron transfer 

between enzyme and 

electrode 

The enzyme 

immobilized on the 

electrode surface is 

very stable; The 

sensor has long-term 

stability 

Surface modification 

of the electrode is 

time-consuming; The 

sensor is not suitable 

for glucose detection 

in-vivo due to the 

soluble and toxic 

nature of mediator 

GOx/1DHS GOx-catalysed The electrode material Blood glucose 
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TiO2/ GCE glucose oxidation 

reaction; Direct 

electron transfer 

between enzyme and 

electrode 

is easy and cheap to 

be fabricated; The 

sensor could be used 

for in-vivo detection 

detection requires 

dilution due to the 

small linear range of 

this sensor 

GOx/MnO2/ 

GCE 

GOx-catalysed 

glucose oxidation 

reaction; Direct 

electron transfer 

between enzyme and 

electrode 

Facile electrode 

fabrication process; 

Low detection limit 

and very high 

sensitivity  

The electrode material 

peels off from the 

sensor surface after 

long-term usage; 

Blood glucose 

detection requires 

dilution 

GOx/CNCs/G

CE 

GOx-catalysed 

glucose oxidation 

reaction; Direct 

electron transfer 

between enzyme and 

electrode 

Large linear range and 

low detection limit; 

The sensor is capable 

for blood glucose 

detection without 

dilution 

It is difficult to scale 

up the production of 

electrode material 

CNCs; Enzyme 

immobilization on 

CNCs is not very 

stable 

Mn3O4/3DGF Electrocatalyst 

Mn3O4-catalyzed 

glucose oxidation 

reaction; 

Enzyme-free glucose 

detection 

Extremely high 

sensitivity; Stable for 

glucose detection 

under harsh conditions 

such as high 

temperature, high 

humidity and extreme 

pH; Low cost 

Not available for 

glucose detection in 

neutral pH buffer; 

Susceptible to many 

interferences; Long 

response time 
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Table 9-3. Comparison of the key features of commercial and literature reported 

glucose sensors and with the sensors developed in this thesis work. 

Manufacturer Brand Classification Enzyme Mediator Test 

time 

(s) 

Abbott FreeStyle 

Freedom 

Lite 

Second-generation GDH-PQQ Osmium  −5 

Arkray Glucocard 

X-meter 

Second-generation GDH Ferrocene 5 

Bayer Ascensia 

Contour 

Second generation GDH-FAD Ferrocene 5 

Bionime Rightest 

GM300 

Second-generation GOx Ferrocene 8 

Diabestic Supply 

of Suncoast 

Advocate 

Redi-Code 

Second-generation GOx  Ferricyanide 7 

Diagnostic 

Devices 

Prodigy 

Autocode 

Second-generation GOx Ferricyanide 6 

LifeScan OneTouch 

UltraLink 

Second-generation GOx Ferricyanide 5 

Nova Biomedical Nova Max Second generation GOx Ferrocene 5 

Roche Accu-Chek 

Aviva 

Second generation GDH-PQQ Ferricyanide 5 

Electrode  Literature Classification Enzyme Mediator Test 

time 

(s) 

Mesoporous TiO2 1 Third-generation GOx NA 10 

Nanocrystalline 2 Third-generation GOx NA 30 
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TiO2 

TiO2-copolymer  3 Third-generation GOx NA 20 

NiO hollow 

spheres 

4 Third-generation GOx NA 8 

PEDOT-NiO HS 5 Third-generation GOx NA 10 

Graphitic nanocage 6 Third-generation GOx NA 5 

AuNPs/MWCNT)5 This work Second-generation GOx Ferrocene 3 

GOx/1DHS TiO2/ 

GCE 

This work Third-generation GOx NA <5 

MnO2 spheres This work Third-generation GOx NA <3 

CNCs This work Third-generation GOx NA <3 

Mn3O4/3DGF This work Non-enzymatic NA NA 5 

 

9.2. Outlook 

Although the thesis work has dedicated to improve the performance glucose 

sensors with novel nanostructured electrode materials, there are still many challenges 

ahead toward the commercialization of third-generation glucose biosensors and 

non-enzymatic glucose biosensors for clinical applications. For third-generation 

glucose biosensor, further efforts are expected in the future to solve the following 

problems: 

1) Further improvement of the biosensor linear range is needed. Although the 

present thesis work has enlarged the linear range of the third-generation glucose 

sensor to up to 14 mM with the unique electrode material of CNCs, the commercial 

glucose sensors usually have a linear dynamic range up to 30 mM, since the blood 

glucose levels of diabetic patients are generally much higher than 11 mM. A further 

improved upper limit of the linear range will ensure most diabetic patients will have 

accurate readings of their blood glucose levels, rather than just knowing whether their 

glucose concentrations exceed the normal range qualitatively.  
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2) Further electrode modification is required to prevent the surface fouling effect. 

The third-generation glucose biosensor is ideal for implantation and in-vivo 

measurement of glucose concentrations in a real-time manner, since it eliminates the 

use of artificial redox mediators, which are considered to be toxic to the human body. 

However, the fouling of the sensor surface with various proteins in blood or 

interstitial fluid of the subcutaneous tissue could deteriorate the performance of 

implanted electrode over a long term. Therefore, it is highly desirable to functionalize 

the sensor surface with anti-fouling materials which effectively prevent the electrode 

from fouling of proteins and in the same time do not compromise the sensitivity of the 

biosensor.  

3) Better strategies are needed for the development of non-invasive third generation 

glucose biosensors. Non-invasive glucose detection is the ultimate goal of glucose 

sensor development, since it will alleviate the problems associated with point-of-care 

and implantable glucose sensors such as patient discomfort, risk of infection, 

inflammatory response and surface fouling effects. However, current non-invasive 

glucose sensors are still based on the scheme of first-generation biosensor, which is 

lacking in accuracy and reliability. The integration of non-invasive detection methods 

with third-generation glucose biosensors will provide many exciting opportunities 

since such biosensors could offer unprecedented advantages such as high sensitivity, 

high accuracy, non-invasiveness and real-time glucose monitoring. Nevertheless, 

integration of non-invasive and third-generation glucose biosensors requires delicate 

design of the sensing system, which should minimize the warm-up time, calibration 

frequency, avoid irritation and other side-effect to the human body.  

The challenges and future development of non-enzymatic glucose biosensors 

toward practical usage and commercialization are considered as follows: 

1) The major obstacle that prevents many non-enzymatic glucose biosensors from 

clinical application is that they are not able to catalyse the glucose oxidation under 

physiological conditions. This is especially the case for Ni, Cu, metal oxide and 
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carbon nanomaterials based electrodes, in spite of their extraordinarily high sensitivity. 

This problem is attempting to be solved by development of nanostructured noble 

metal based electrode materials, which are capable of catalysing glucose oxidation in 

neutral pH buffer.  

2) Another concern of non-enzymatic electrodes toward commercialization would 

be the fabrication cost. Since the electrode materials of many non-enzymatic glucose 

sensors are based on nanostructured noble metals such as Au, Pt, Pd or Rb or their 

alloys, it is essential to reduce the geometric surface area of sensing electrode in order 

to lower the fabrication cost. Development of microelectrode-based non-enzymatic 

glucose sensors should be an ideal option since it can offer additional advantages such 

as minimally invasive glucose detection, which greatly reduces the pain of diabetic 

patients.  

3) In addition to blood glucose sensing, nanomaterials based non-enzymatic 

glucose sensors may also find extensive applications in bioindustrial process 

monitoring due to their sterilization compatibility. Besides oxygen and pH, we might 

also be able to monitor the glucose level in a fermentation plant or bioreactor in a real 

time manner. Furthermore, although some non-enzymatic glucose catalysts are not 

applicable for blood glucose monitoring, they are well suited for application in 

glucose fuel cells which do not require physiological condition. In contrast to 

enzymatic systems that merely oxidize glucose to glucolactone, many nanostructured 

non-enzymatic electrocatalysts are capable of oxidizing glucose completely to CO2 

and H2O at low potentials, which could significantly enhance the energy conversion 

efficiency. 
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Appendix B: List of Abbreviations 

 

AA: ascorbic acid 

Ab: antibody 

Ag: antigen 

AuNP: gold nanoparticle 

BET: Brunauer-Emmett-Teller 

BJH: Barrett-Joyner-Halenda 

BSA: bovine serum albumin 

BSA: bovine serum albumin 

CGMS: continuous glucose monitoring system 

CNC: carbon nanocage 

CNT: carbon nanotube 

CTAB: cetyltrimethylammonium bromide 

CV: cyclic voltammetry 

DA: dopamine 

DET: direct electron transfer 

DPV: differential pulse voltammetry 

EDX: energy-dispersive X-ray spectroscopy 

EIS: electrochemical impedance spectroscopy 

FAD: flavin adenine dinucleotide 

FE-SEM: field-emission scanning electron microscopy 

FTIR: Fourier transform infrared spectroscopy 

GCE: glassy carbon electrode 

GDH: glucose dehydrogenase 

GOx: glucose oxidase 

HRP: horseradish peroxidase 

HR-TEM: high-resolution transmission electron microscopy 
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ITO: indium tin oxide 

LBL: Layer-by-layer 

LOD: limit of detection 

MgO: magnesium oxide 

MnO2: manganese dioxide 

MPTS: (3-Mercaptopropyl)triethoxysilane 

MWCNT: multi-walled carbon nanotube 

NAD: nicotinamide adenine dinucleotide 

NIR: near infrared 

OCT: optical coherence tomography 

PBS: phosphate buffered saline 

PEDOT: 3,4-ethylenedioxythiophene 

PPy: polypyrrole 

PQQ: pyrroloquinoline quinone 

SCE: saturated calomel electrode 

SEM: scanning electron microscopy 

SPR: surface plasmon resonance 

SWCNT: single-walled carbon nanotube 

TEM: transmission electron microscopy 

TGA: thermogravimetric analysis 

UA: uric acid 

WHO: World Health Organization 

XRD: X-ray diffraction 

1DHS TiO2: one-dimensional hierarchically structured titanium dioxide 

3DGF: three-dimensional graphene foam 
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Appendix C: List of Figures 

 

Figure 1-1. The diabetic population in the world (data collected from WHO) 

Figure 1-2. The number of articles related to glucose sensors published in the last 

decade (Reprinted with permission from reference 9). 

Figure 2- 2. Schematic illustration of the configuration of a biosensor. 

Figure 2-2. Classification of glucose sensors according to the detection approaches. 

Figure 2-3. (A) Pilot-scale screen-printing machine. (B) Expanded view of a typical 

electrochemical test-strip, with blood droplet partially filled in the capillary chamber. 

More than 1 billion of such strips are produced every year. (C) Accu-Chek 

Advantage
TM

 personal glucose monitor manufactured by Roche Diagnostics. 

Figure 2-4. (A) Schematic illustration of protein fouling and inflammatory response 

at the surface of implantable glucose sensor. (B) The first commercial implantable 

glucose monitor launched by MiniMed
TM

. (C) Commercially available needle-type 

subcutaneous sensors: (a) Abbott’s FreeStyle Navigator, (b) Dexcom STS, and (c) 

Medtronic’s Guardian RT. 

Figure 2-5. There electrode system with (A) and without (B) reference electrode in 

the redox reaction cell. 

Figure 2-6. Summary of the glucose oxidation mechanisms in first, second and third 

generation glucose biosensors. 

Figure 2-7. Schematic illustration of four major enzyme immobilization methods. ‘E’ 

indicates enzyme, ‘P’ indicates inactive protein. 

Figure 2-8. Scheme showing that the direct electrical communication between GOx 

and electrode could be achieved by ‘wiring’ the cofactor with AuNPs followed by 

re-assembly of the apo-enzyme. 

Figure 2-9. Left: The genetic modification strategy enables GOx to display a free 

thiol group near its redox centre and site-specifically attach maleimide-modifed AuNP 

to the enzyme. Right: Schematic drawing of the covalent binding chemistry of 
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cysteine to a maleimide-modified AuNP. 

Figure 2-10. (A) Scheme showing the mechanism of DET between FAD and 

electrode via a conducting polymer. (B) Schematic representation of a microporous 

membrane/conducting polymer based glucose biosensor. 

Figure 2-11. (A) Schematic diagram showing the process of synthesizing ordered 

PANi nanotubes with AAO as a template and electrochemically entrapping GOx in 

nanoPANi. (B) SEM images of AAO and obtained PANi nanotubes. (C) CVs of 

GOx/PANi-Pt electrode before and after addition of 5 mM glucose. (D) Amperometric 

performance and calibration curve (inset) of the glucose biosensor based on 

nanoPANi. 

Figure 2-12. The direct electrochemistry of GOx observed on CNTs (A), 4.0 at.% 

nitrogen-doped CNTs (B) and 7.4 at.% nitrogen-doped CNTs (C). 

Figure 4-1. (A) Illustration of MWCNTs functionalized by MPTS followed by 

self-assembly of AuNPs. (B)  The schematic diagram of self-assembling 

multilayered AuNPs/MWCNT on Au electrode surface followed by immobilization of 

GOx on the AuNPs/MWCNT matrix. 

Figure 4-2. FESEM images of (A) one layer of MWCNTs self-assembled on Au 

substrate, (B) one layer of AuNPs/MWNCNT hybrid film on Au substrate, (C) five 

layers of AuNPs/MWNCNT modified Au substrates. The scale bar is 100 nm. 

Figure 4-3. (A) CVs obtained for 1~5 layers of AuNPs/MWNCNT film modified Au 

electrode in 0.1 M NaOH. Scan rate: 50mV/s. (B) the AuNPs coverage on Au 

electrode modified with 1~10 layers of MWNCT/AuNPs. 

Figure 4-4. Nyquist plots of bare Au electrode (a), (AuNPs/MWNCNT)5/Au 

electrode (b) and GOx/(AuNPs/MWNCNT)5/Au electrode (c) obtained in 0.1M KCl 

solution containing 5 mM [Fe(CN)6]
4-/3-

. 

Figure 4-5. (A) CVs of GOx/AuNPs/Au electrode (a), GOx/MWCNT/Au electrode 

(b),  GOx/AuNPs/MWCNT/Au electrode (c) and GOx/(AuNPs/MWCNT)5/Au 

electrode (d) for 20 mM glucose in 0.1 M PBS containing 0.1 mM ferrocenemethanol. 
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Inset: CVs of bare Au electrode (dashed) and GOx/(AuNPs/MWCNT)5/Au electrode 

(solid) in 0.1 M PBS containing 0.1 mM ferrocenemethanol. (B) The current response 

for 20 mM glucose on Au electrode modified with 1~10 layers of AuNPs/MWCNT 

and GOx. 

Figure 4-6. (A) CVs obtained for the GOx/(AuNPs/MWNCNT)5/Au electrode in 0.1 

M PBS (pH 7.4) containing 0.1 mM ferrocenemethanol at different scan rates. From 

inside to outside: 20, 40, 60, 80, 100, 150, 200, 250, 300 mV/s. (B) The relationship 

of the anodic and cationic peak current vs. the square root of the scan rate. 

Figure 4-7. (A) Amperometric response of the GOx/(AuNPs/MWNCNT)5/Au 

electrode to successive addition of  different concentrations of glucose at applied 

potential of 0.3 V (vs. SCE) in PBS containing 0.1 mM ferrocenemethanol. (B) 

Amperometric response of the above electrode to successive addition of 1 mM 

glucose at applied potential of 0.3 V (vs. SCE) in PBS containing 0.1 mM 

ferrocenemethanol.. (C) The calibration curve of present glucose biosensor obtained 

from (A) and (B). (D) Lineweaver-Burk plot of the above glucose biosensor for the 

determination of 
app

m
K . 

Figure 4-8. Amperometric response of 0.5 mM AA, 0.5 mM AP, 1 mM UA and 0.5 

mM glucose on the GOx/(AuNPs/MWCNT)5/Au electrode recorded at 0.3V vs. SCE 

in 0.1 M PBS containing 0.1 mM ferrocenemethanol. 

Figure 5-1. SEM (a, c) and TEM (b, d) images of the CNT-TiO2 composite (a, b) and 

the 1DHS TiO2 (c, d) obtained after calcining the composite at 550 ℃ for 2 h. Insets 

are the high-magnification SEM and TEM images. 

Figure 5-2. (a) XRD patterns for (I) the CNT-TiO2 composite and (II) the 1DHS TiO2 

formed after calcination. (b) Nitrogen adsorption-desorption isotherms of the 1DHS 

TiO2. Inset: Pore size distribution calculated from the adsorption branch and 

desorption branch of the isotherm by the Barrett-Joyner-Halenda method. 

Figure 5-3. The nitrogen adsorption-desorption isotherms of 1DHS TiO2 before and 

after loading with different GOx concentrations ranging from 0 to 20 mg mL
-1

. Inset: 
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The plot of the GOx loading ratio on 1DHS TiO2 versus the GOx concentration. 

Figure 5-4. IR spectra of 1DHS TiO2 (red), pure GOx (green) and GOx-loaded TiO2 

(blue). 

Figure 5-5. Nyquist plots of a bare GCE, a 1DHS TiO2-modified GCE and a 

GOx/1DHS TiO2-modified GCE measured in 1.0 M KCl solution containing 10 mM 

Fe(CN)6
3-/4

. 

Figure 5-6. CVs of 1DHS TiO2/Nafion-, GOx/Nafion- and GOx/1DHS 

TiO2/Nafion-modified GCEs measured in 0.1 M pH 7.4 nitrogen-saturated PBS 

solution at scan rate of 100 mV s
-1

. 

Figure 5-7. a) CVs of a GOx/1DHS TiO2/Nafion-modified GCE in 0.1 M pH 7.4 

nitrogen-saturated PBS solution at different scan rates (from 25 to 600 mV s
-1

, inside 

to outside). b) Plots of peak current versus scan rate. 

Figure 5-8. a) CVs of a GOx/1DHS TiO2/Nafion-modified GCE in 0.1 M 

nitrogen-saturated PBS solution at different pHs at 100 mVs
-1

. b) Plot of peak currents 

versus pH. Inset of (b): Plot of formal potential versus pH. 

Figure 5-9. a) CVs of a GOx/1DHS TiO2/Nafion-modified GCE in 0.1 M pH 7.4 

nitrogen-saturated PBS solution with different glucose concentrations (some data not 

shown for clarity). b) Cathodic branches of the background-subtracted CV curves in 

(a). Inset of (b) is the calibration curve. Scan rate: 100 mV s
-1

. 

Figure 5-10. a) CVs of a GOx/1DHS TiO2/Nafion-modified GCE in 0.1 M pH 7.4 

air-saturated PBS solution with different glucose concentrations (some data not shown 

for clarity). b) Enlarged graph showing the rectangular region marked in (a). Inset of 

(b): The calibration plot of the cathodic current versus the glucose concentration at 

-0.462 V. Scan rate: 100 mV s
-1

. 

Figure 5-11. a) Current-time curve of a GOx/1DHS TiO2/Nafion-modified GCE for 

successive addition of 0.15 mM glucose aliquots to stirred 0.1 M pH 7.4 air-saturated 

PBS at -0.45 V. b) The calibration curve (current versus glucose concentration) and 

the Lineweaver-Burk plot (current
-1

 versus concentration
-1

) obtained from the 
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amperometric response in (a). 

Figure 5-12. a) Amperogram showing the effect of interfering compounds (0.3 mM 

AA, 0.2 mM DA and 0.5 mM UA) on the detection of glucose. b) The stability of the 

GOx/1DHS TiO2/Nafion-modified electrode over a two-week storage period. 

Figure 6-1. (a) Low and (b) high magnification SEM images of MnO2. (c) TEM 

image of MnO2. (d) Nitrogen adsorption-desorption isotherm and pore size 

distribution (inset) of MnO2. 

Figure 6-2. SEM images showing the architecture evolution of MnO2 synthesized in 

the solution of 10 mM manganese acetate with different applied deposition potentials: 

(a) 0.5 V, (b) 0.8 V, (c) 1.2 V and (d) 1.5 V. The growth time is 300 s. The scale bar 

represents 100 nm. 

Figure 6-3. (a)~(c): SEM images showing the structural evolution of MnO2 deposited 

at 1.5 V for 50 s, 150 s and 300 s respectively in 10 mM manganese acetate solution. 

(d): Cross-section SEM image of the MnO2 film. The scale bars in (a) ~ (d) are 200 

nm. (e): Schematic illustration of the growth process of MnO2 hierarchical spheres on 

ITO substrate. 

Figure 6-4. EDX spectrum of the as synthesized MnO2 hierarchical spheres. 

Figure 6-5. FTIR spectra of (a) pure GOx, (b) GOx/MnO2 composite and (c) 

hierarchical MnO2 spheres. 

Figure 6-6. Nyquist plots of a bare GCE (black), MnO2 NRHS-modified GCE (blue) 

and GOx/MnO2 NRHS-modified GCE (red) measured in 0.1 M KCl solution 

containing 10 mM Fe(CN)6
3-/4

. 

Figure 6-7. (a) CVs of GOx/Nafion-, MnO2/Nafion- and GOx/MnO2 

/Nafion-modified GCE measured in N2 saturated 0.1 M PBS. Scan rate: 100 mV s
-1

. 

(b) Plots of scan rate versus peak current. Inset shows the CVs of 

GOx/MnO2/Nafion-GCE at different scan rates (from inside to outside): 25, 50, 75, 

100, 200, 300, 400, and 500 mV s
-1

. (c) CVs of GOx/MnO2/Nafion-GCE measured in 

N2 saturated 0.1 M PBS with different pH. (d) Plot of peak current versus pH. Inset: 
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plot of formal potential versus pH. 

Figure 6-8. CVs of GOx/MnO2 NRHS/Nafion-GCE measured in N2-saturated 0.1 M 

PBS with different glucose concentrations: (from outside to inside) 0, 1, 2, 3, 4, 5, 6, 7, 

8, 9, 10 mM. 

Figure 6-9. (a) Amprometric response of GOx/MnO2/Nafion-GCE to the successive 

addition of 150 µM glucose at a fixed potential of -0.45 V in 0.1 M PBS solution.  

Inset shows the current response of GOx/MnO2/Nafion-GCE for 0.3 mM glucose, 0.3 

mM AA, 0.5 mM UA and 0.5 mM AP. (b) The calibration curve (current versus 

glucose concentration) and the Lineweaver-Burk plot (current
-1

 versus concentration
-1

) 

of the biosensor obtained from amperometric response. 

Figure 7-1. (a) SEM image, (b) TEM image, (c) XRD pattern and (d) Nitrogen 

adsorption-desorption isotherms of CNCs. Insets of (b) are the HR-TEM images of 

CNCs, showing a lattice distance of 0.34 nm. Inset of (d) shows the pore size 

distribution. 

Figure 7-2. FTIR spectra of GOx (a), CNCs (b) and GOx/CNCs biocomposite (c). 

Figure 7-3. (a) CVs of GOx/CNCs-, CNCs- and GOx-modified GCE measured in 

N2-saturated 0.1 M PBS. (b) CVs of GOx/CNCs-GCE in the presence of 0~12 mM 

glucose measured in air-saturated 0.1 M PBS. (c) CVs obtained for GOx/CNCs-GCE 

with different glucose concentrations from 0~10 mM in N2-saturated 0.1 M PBS. (d) 

Background-subtracted CV curves from the cathodic branches of (c). Inset of (d) 

shows the calibration curve. Scan rate: 100 mV s
-1

. PBS pH: 7.4. 

Figure 7-4. (a) CVs of GOx/CNCs-GCE measured in 0.1 M nitrogen-saturated PBS 

(pH 7.4) with the increase of scan rate from 25 to 600 mV s
-1

 (inside to outside). (b) 

Plots of peak current versus scan rate. 

Figure 7-5. (a) CVs of GOx/CNCs-GCE measured in 0.1 M nitrogen-saturated PBS 

(pH 7.4) with different pH in the range of 5.1~8.0. Scan rate: 100 mV s
-1

. (b) Plot of 

electrode formal potential versus pH. 

Figure 7-6. The current response of GOx/CNCs-GCE toward the addition of 2 mM 
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glucose with the influence of different (a) incubated GOx concentration, (b) detection 

potential, (c) buffer pH and (d) temperature of the reaction system. The points were 

sketched with the average values of three independent measurements.  

Figure 7-7. (a) Amperometric responses of Nafion/GOx/CNCs-GCE toward the 

successive addition of 1 mM and 0.1 mM (inset) glucose to stirred PBS buffer (0.1 M, 

pH 6.5) at an operating potential of -0.5 V. (b) The calibration curve plotted according 

to the amperometric current response of the mediatorless biosensor. (c) Amperometric 

responses of the electrode for 0.5 mM glucose and the addition of some interfering 

species (0.1 mM AA and 0.1 mM UA) to stirred 0.1 M PBS buffer (pH 6.5). (d) The 

current responses of fabricated biosensor toward the addition of 0.3 mM electrocative 

species in blood (AA, AP, DA and UA) and 100 μL human serum to 900 μL 

air-saturated PBS buffer (0.1 M, pH 6.5). 

Figure 8-1. (a, b) Low- and high-magnification SEM images of the CVD-grown 

3DGF. (c, d) Low- and high-magnification SEM images of the Mn3O4/3DGF 

composite. (e, f) SEM and TEM images of the hierarchically structured Mn3O4 

nanomesh grown on the surface of 3DGF skeleton. 

Figure 8-2. Photograph of the Flexible biosensor based on Mn3O4/3DGF freestanding 

electrode. 

Figure 8-3. XRD (a) and Raman (b) spectra of 3DGF (black) and Mn3O4/3DGF 

composite (red). 

Figure 8-4. Energy-dispersive X-ray (EDX) spectrum of the Mn3O4/3DGF composite 

material. 

Figure 8-5. TGA curve of 3DGF and the Mn3O4/3DGF composite. 

Figure 8-6. (a) CV curves of the Mn3O4/3DGF composite electrode recorded at 

different scan rates (from inside to outside: 10, 20, 30, 50 and 80 mV/s) in 0.1 M 

NaOH solution. Inset: Plots of scan rate versus peak current. (c) CVs of the composite 

electrode recorded at 20 mV/s with the presence of different concentrations of glucose 

(from inside to outside: 0, 1, 2, 3, 4, and 5 mM). 
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Figure 8-7. (a) Amperometric response of the Mn3O4/3DGF composite electrode at 

0.4 V upon the successive addition of 1 mM and 100 µM glucose (inset). (b) 

Calibration curve of composite material-based glucose sensor. Inset shows the current 

response of the composite electrode toward the addition of 10 µM glucose. 

Figure 8-8. Amperometric responses of the Mn3O4/3DGF composite electrode toward 

the addition of glucose and different interferential compounds. 
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Appendix D: List of Tables 

 

Table 2-1. The enzyme system used in commercialized glucose biosensors 

Table 2-2. Some defining events in the evolution history of electrochemical 

enzymatic glucose biosensors. 

Table 2-3. Functional groups in proteins and the required functionalities of 

nanomaterial surface. The table is from reference 

Table 4-1. Determination of glucose in human blood serum sample using 

GOx/(AuNPs/MWCNT)5/Au electrode. 

Table 5-1. Textural properties of 1DHS TiO2 before and after GOx loading 

Table 5-2. Comparison of the analytical performance of metal-oxide-based glucose 

sensors 

Table 6-1. Comparison of the analytical performance of MnO2/GOx/Nafion-GCE 

with other nanomaterials based third-generation glucose biosensors. 

Table 7-1. Comparison of the analytical performance of mediator-free glucose 

biosensors based on mesoporous electrode materials enabled DET 

Table 8-1. Comparison of the analytical performance of various nonenzymatic 

glucose biosensors 

Table 9-1. Comparison of the electrode materials and analytical performances of 

glucose biosensors developed in this thesis work 

Table 9-2. Summary of the detection mechanisms, advantages and limitations of 

different types of glucose biosensors developed in this thesis work 

Table 9-3. Comparison of the key features of commercial and literature reported 

glucose sensors and with the sensors developed in this thesis work. 
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