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ABSTRACT 

Zinc oxide (ZnO) is a well-known II-VI semiconductor material that has gained renewed 

interest in the past decade due to the developments of growth technologies and the 

availability of high-quality ZnO bulk single crystals. Owing to a wide direct band gap (3.37 

eV), large exciton binding energy (60 meV), and high electron mobility (440 cm
2
 V

-1
 s

-1
), 

ZnO has been used for applications including actuators, optoelectronics, and sensors. ZnO 

nanoparticles can be synthesized in a broad variety of morphologies, such as nanotetrapods, 

nanotubes, and nanowires. Among these nanostructures, the tetrapods have attracted 

significant attention due to their unique morphology consisting of four legs connected 

together in a tetrahedral symmetry. Recently, it has been reported that nano-microstructured 

ZnO tetrapods (ZnO-Ts) can be synthesized by flame transport synthesis (FTS) in a rapid 

and up-scalable approach. Compared to conventional ZnO nanoparticles, the nano-

microstructured ZnO-Ts can reduce cellular uptake, while still exhibiting specific 

nanomaterial properties due to the nanoscale tips. Moreover, the anisotropic ZnO-Ts have 

the advantages of multiple electron transfer paths, chemical stability, and biocompatibility, 

which make the ZnO-Ts promising candidates for biomolecule sensing applications. 

This work herein reports a systematical study on the structural, optical and 

electrochemical properties of the ZnO-Ts, which were synthesized by FTS using precursor 

Zn microparticles. The morphology of the ZnO-Ts was confirmed by scanning electron 

microscopy (SEM) as joint structures of four single crystalline legs, of which the diameter 

of each leg is 0.7-2.2 μm in average from the tip to the stem. The ZnO-Ts were dispersed in 

glucose solutions to study the photoluminescence as well as photocatalytic activity in a 

mimicked biological environment. The photoluminescence (PL) intensity in the ultraviolet 

(UV) region decreased with linear dependence on the glucose concentration up to 4 mM. 

The ZnO-Ts were also attached with glucose oxidase (GOx) and over coated with Nafion
®

 

to form the active media for electrochemical glucose sensing. The active layers were 

confirmed by Fourier transform infrared spectroscopy (FT-IR). Furthermore, the current 

response of the active layers to glucose was studied by cyclic voltammetry (CV) in various 

glucose concentration conditions. Stable current response to glucose was detected with 

linear dependence on the glucose concentration up to 12 mM, which confirms the potential 

of ZnO-Ts for biomolecule sensing applications. 

Keywords: zinc oxide tetrapods, nano-microstructure, glucose oxidase, glucose sensor 
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CHAPTER 1 

 

1. Introduction 

This chapter presents an introduction to nanoscience, nanotechnology, and nanomaterial. 

It also presents ZnO and its potential for biomolecule sensing applications. Finally, the 

objectives of this thesis work will be listed in the end of this chapter. 

1.1. Nanoscience and nanotechnology 

In 1959, Nobel laureate Richard P. Feynman gave a science lecture known as “There’s 

Plenty of Room at the Bottom” [1]. It was a technological vision of a new field of physics 

that would come to be credited the beginning of nanotechnology. In the lecture, Feynman 

addressed the challenges of manipulating and controlling matter at the scale of a nanometer 

(one billionth of a meter or 10
-9

 m) with atomic precision, and asked “Why cannot we write 

the entire 24 volumes of the Encyclopedia Britannica on the head of a pin?” [1]. Since then, 

many discoveries and inventions have led to the possibility to engrave nanoscale patterns 

on a solid surface. One of the first examples was the opening page of Charles Dicken’s 

novel A Tale of Two Cities written on the head of a pin with each letter only 50 atoms wide 

[2]. The most difficult part was to find the engraved text afterwards, but once found, there 

was indeed plenty of room at the bottom. In 1986, the word “nanotechnology” was used for 

the first time in the book Engines of Creation (1986) by K. Eric Drexler [3]. 

Today, nanotechnology is essentially any technology with the ability to manipulate and 

control individual atoms and molecules at the nanoscale. It is the application of nanoscience, 

which is the study of nanoscale materials. By conventional definition, a nanomaterial is 

defined as a material in the length scale less than 100 nm in one or more dimensions, and 

exhibits unique properties, functionality and phenomena compared to the bulk form of that 

material [4-6]. 

One of the consequences of reducing the size of a nanomaterial from 3D (bulk) and 

towards 2D (thin film), 1D (nanowire), and 0D (quantum dot) is the quantum confinement 

effect. This effect relates to the spatial confinement of electrons in a nanomaterial, mainly 

in semiconductors, when the size is close to or even smaller than the Bohr exciton radius. In 

such condition, electrons are confined in all directions and exist in quantized energy levels 

rather than continuous, which leads to a size-dependent band gap that expands with reduced 
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particle size [5-6]. Other important characteristics in nanoscale are the collective surface 

area and surface-to-volume ratio that increase with reduced particle size [5], which is 

attracted in biosensor applications for immobilization of bioreceptors. 

With the recent advances in miniaturization, numerous nanostructured metal-oxides have 

been investigated for the possibility to engineer biosensor devices that can be used in vivo 

or non-invasively for continuous monitoring of blood glucose. Nanostructured metal-oxides 

can be synthesized in a wide range of morphologies in the length scale that is comparable to 

biochemical species, and therefore offer enhanced sensing characteristics. 

1.2. Zinc oxide 

1.2.1. Development 

Zinc oxide (ZnO) is one of the metal-oxides, which has been extensively studied. It is a 

mineral that occurs naturally in nature as zincite [7], and has traditionally been used as 

color pigment since it was introduced under the name “Chinese white” in 1834 by Winsor 

and Newton [8]. Today, ZnO is more well-known as a semiconductor material that has been 

studied by the scientific community since the early days of electronics. The earliest 

research on ZnO focused mainly on bulk samples and can be dated back to the 1930s. The 

research at that time covered studies of the thermodynamics [9], lattice parameters [10], and 

point defects [11]. 

The interest in ZnO started to increase at the end of the 1960s and the first noticeable 

research peak occurred in the 1980s Figure 1. The research topic at this time was mainly 

focused on bulk samples covering growth [12]. In addition, there are also a few studies on 

doping and electrical transport, band structure and excitons, and optical properties [13]. 

ZnO displays unique properties that attract interests as transparent conductive films [14], 

and hetero p-n junctions for optoelectronic applications [15]. It is known that undoped ZnO 

is naturally an n-type semiconductor, possibly due to intrinsic defects (zinc 

interstitials/oxygen vacancies). On the other hand, p-type conductivity is an important 

prerequisite for most semiconductor device applications. However, obtaining p-type 

conductivity in ZnO is a major challenge and has not yet been achieved. Hence, the interest 

in ZnO reached a plateau, partly due to the challenges of achieving stable and reproducible 

p-type ZnO, and partly due to the coming era of nanotechnology. The interest was shifted to 

structures of reduced dimensionality and growth of nanostructures, such as quantum wells, 

wires and dots, which were mainly based on semiconductor compounds from other groups, 

such as III-V [12]. 
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In 1986, pioneering work of the low-temperature buffer layer technology enabled 

breakthroughs in the growth of high-quality semiconductor crystals, which led to the 

realization of p-type conductivity in for example, GaN, and consequently the invention of 

the world’s first GaN p-n junction blue/ultraviolet LED [16]. As a result of the 

improvements of growth technologies for the fabrication of high-quality single crystals, 

ZnO gained renewed interest and the number of published paper increased more 

significantly than in the past, as shown in Figure 1. 

 

Figure 1. Number of publications based on ZnO from 1950 to present. SOURCE: Web of Science. 

1.2.2. Fundamental properties 

ZnO is considered one of the most versatile n-type semiconductor materials in terms of 

morphology and properties. It has a direct and wide band gap of 3.37 eV  in the near-UV 

spectral region at room temperature [12], which is comparable to that of GaN (3.39 eV) and 

makes ZnO a potential candidate for optoelectronic applications in the blue/UV region [17]. 

ZnO also exhibits an exciton binding energy of 60 meV, which is the highest among II-VI 

compunds [12], and allows stable excitonic emission at room temperature. Another 

important property is the electron mobility, which is dependent on band gap, growth 

technique and temperature. To date, Look et al. have reported a room-temperature electron 

mobility of 205 cm
2
 V

-1
 s

-1
 for bulk forms [18], while Ohtomo and Tsukazaki reported 440 

cm
2
 V

-1
 s

-1
 for thin films [19].  

ZnO are presented in three different crystal structures, wurtzite, zinc blende and rocksalt, 

of which the thermodynamically stable structure under ambient conditions is the wurtzite 

[20]. ZnO wurtzite has a hexagonal unit cell with lattice parameters a=b=3.249 Å and 
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c=5.206 Å, which yields a ratio of c/a=1.602 [6]. The hexagonal ZnO wurtzite structure is 

composed of alternating stacking planes of Zn and O atoms in a tetrahedral coordination 

along the hexagonal c-axis, as shown in Figure 2. The tetrahedral coordination creates a 

polar symmetry along the c-axis, which is the origin to its piezoelectricity [21], and plays 

an important role in crystal growth and micromechanical systems including sensors, 

actuators, and transducers [22]. 

 

Figure 2. Hexagonal ZnO wurtzite structure from side view and top view, with the elements Zn (purple) and 

O (red). The 3D structures were drawn in 3D Crystal Viewer. 

Previously reported glucose biosensors have claimed biocompatibility and non-toxicity 

in ZnO nanoparticles without providing detailed evaluation or evidence for such statements. 

The mechanism of cytotoxicity of ZnO nanoparticles in vivo or in vitro is not clear, and 

detailed studies are needed. For instance, ZnO nanoparticles are used in cancer and anti-

bacteria treatment studies. It is demonstrated that ZnO nanoparticles have selective toxicity 

to Jurkat cancer cells [23], Escherichia coli and Staphylococcus aureus bacteria cells [24], 

while minimal or no effect on normal human T-cells. However, this is only true for ZnO 

nanoparticles at 0.5 mM concentration and lower. At higher concentrations, even the 

normal human T-cells start to lose cell viability. The findings indicated that the cytotoxicity 

of ZnO nanoparticles is cell-specific, as well as concentration-dependent, and thus only 

relatively biocompatible. Studies also demonstrate that the cytotoxicity is more pronounced 

at higher concentrations with smaller particle size, especially in the size range of 4-20 nm 

[25]. Therefore, the synthesis technique to obtain ZnO nanoparticles plays an important role 

in the development of glucose biosensors that can be used in vivo. 

  



 

5 

1.2.3. Synthesis 

ZnO is possibly the semiconductor material with the richest variety of low-dimensional 

(2D, 1D, and 0D) nanostructures including nanocombs [26], nanorods [27], nanowires [28], 

nanotubes [29], and quantum dots [30]. The various nanostructures have different 

functional properties than bulk form, which depend on size, structure and morphological 

characteristics. The synthesis methods of ZnO nanostructures can be classified in vapor-

phase and solution-phase synthesis. 

Vapor-phase synthesis takes place in closed systems with controlled environment and is 

typically carried out under high temperatures, usually 500-1500 °C [31]. Typical vapor-

phase syntheses include chemical vapor deposition (CVD), metal organic chemical vapor 

deposition (MOCVD), and vapor liquid solid growth (VLS). The advantage of vapor-phase 

synthesis is precise control of thickness, composition, and morphology. However, the 

vapor-phase synthesis often requires high temperature and vacuum environment with low 

yield, leading to a high fabrication cost. 

On the other hand, solution-phase synthesis offers a wider range of cost-effective 

approaches, flexibility in terms of environment, and scalability. The solution-phase 

reactions typically occur at temperatures below 500 °C [32], which allow greater choice of 

substrates from organic to inorganic or even substrate-free. However, the solution-phase 

syntheses often involve complex chemicals and are time-consuming, typically spanning 2-

12 hours.  

By controlling the parameters during the synthesis process, ZnO can be synthesized in a 

broad variety of morphologies, such as nanotetrapods [33], nanotubes [34], or nanowires 

[35]. Among these nanostructures, the nanotetrapods have attracted significant attention 

due to their unique morphology consisting of four legs connected together in a tetrahedral 

symmetry. Compared to conventional nanostructures, the nanotetrapods have the advantage 

of multiple electron transfer paths and high aspect ratio, leading to biocompatibility and 

enhanced photocatalytic activity [36]. Moreover, the unique morphology allows the 

assembly of 3D interconnected networks, which can bridge gaps or even build up into 

larger architectures. However, few have reported the synthesis of nanotetrapods via 

solution-phase, or vapor-phase without the requirement of closed systems. 

Recently, it is reported that nano-microstructured ZnO tetrapods (ZnO-Ts) can be 

synthesized by flame transport synthesis (FTS), which is a vapor-phase synthesis that was 

first introduced by Adelung et al. [37]. The FTS is a simple and rapid up-scalable synthesis 
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technique in an open environment, and believed to be the fastest reported yet [38]. It has the 

advantages of fast and versatile synthesis process (3-5 s), scalability (up to kilograms), and 

direct assembly of 3D interconnected nanostructures (on chip or device). In contrast to 

conventional flame synthesis methods that require precursor materials in gas-phase, FTS 

uses precursor metal microparticles. Compared to the conventional nanotetrapods 

mentioned above, the produced nano-microstructured ZnO-Ts used in this work can reduce 

cellular uptake while still exhibiting specific nanomaterial properties due to the nanoscale 

tips. The ZnO-Ts can be a potential candidate for biomolecule sensing applications. 

1.2.4. Applications 

The direct wide band gap, the large exciton binding energy, as well as the availability of 

high-quality ZnO bulk single crystal open up possibilities for a wide range of applications 

and devices. ZnO is considered as an alternative or a complement to GaN for optoelectronic 

applications. On the other hand, ZnO is also widely investigated for dye-sensitized solar 

cells [39], photodetectors [40], and UV lasers [41]. 

Moreover, owing to its photosensitivity, chemical stability, and the large band gap, ZnO 

is also investigated as photocatalyst for degradation of organic compounds and 

environmental pollutants. ZnO is comparable to TiO2, which together are the two most 

extensively investigated photocatalysts. However, a recent comparative study confirmed 

ZnO as the more active photocatalyst due to its ability to absorb a larger fraction of the 

solar spectrum [42]. Due to its photocatalytic activity, ZnO can also be used as a catalyst 

similarly to various enzymes in enzymatic glucose biosensors [43]. 

Furthermore, the non-centrosymmetric hexagonal wurtzite crystal structure makes ZnO 

piezoelectric, which is the property to generate electrical charge in response to mechanical 

stress. The piezoelectric effect makes ZnO attracted in the field of microelectromechanical 

systems (MEMS), such as electric nanogenerators [44]. At the nanoscale, nanogenerators 

could potentially harvest the mechanical energy from the human body (blood flow, 

heartbeat, and muscle stretching), which could lead to the realization of implantable 

biosensor devices for sustainable and continuous monitoring of blood glucose. 

In the past decades, ZnO has been extensively investigated for the development of 

electrochemical biosensors for glucose sensing. The high isoelectric point (IEP) of ZnO 

(IEP=9.5), makes the semiconductor material an suitable supporting matrix for attachments 

of low IEP enzymes, such as GOx (IEP=4.2) by electrostatic interaction [29]. 
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1.3. Glucose biosensors 

1.3.1. State of the art 

Diabetes mellitus is a growing public health problem worldwide and the number of 

people with diabetes is estimated at 171 million in 2000 and is projected to rise up to 366 

million in 2030 [45]. Diabetes is characterized by insufficient insulin production (type I) in 

the pancreas or insulin resistance (type II) when the human body cannot utilize the 

produced insulin. Due to the complications of diabetes, the body is unable to properly 

regulate the glucose levels in the bloodstream within a normal range of 4-7 mM (80-120 

mg/dL) [46]. People with untreated diabetes conditions have increased risk of developing 

fatal diseases that affect the heart, kidney, or nerves. Glucose is the primary source of 

energy for cells in the body and is directly dependent on the insulin for transportation into 

the cells. Therefore, glucose is utilized for diagnosis and monitoring of diabetes. Various 

glucose biosensors have been investigated and developed in the past five decades for this 

purpose. Based on the transduction process, glucose biosensors are classified as 

amperometric, calorimetric or optical. Currently, the electrochemical glucose biosensor 

based on the amperometric transduction process is the most promising biosensor due to the 

use of glucose oxidase (GOx), which has selectivity to β-D-glucose. GOx is a homodimeric 

enzyme consisting of two equal subunits with a total molecular weight of 160 kDa, as 

shown in Figure 3. Each subunit has a redox center, which contains one mole of flavin 

adenine dinucleotide (FAD) non-covalently embedded within the subunit. The FAD is the 

cofactor responsible for oxidizing glucose to gluconolactone and produce hydrogen 

peroxide. The blue-marked (1) and (2) shown on the flavin are the active sites where the 

redox reactions take place. 

 

Figure 3. GOx with two FAD (yellow) and next to it is a single FAD in fully oxidized form, with elements C 

(grey), O (red), N (blue), and P (pink). The 3D structures were drawn in ChemBio3D Ultra. 
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Three generations of the electrochemical glucose biosensor are reported, of which the 

third generation is currently investigated towards implantable biosensor devices for in vivo 

use. All three generations utilize GOx to catalyze the oxidation of glucose and the process 

involves two half-reactions, the reductive and the oxidative. In reductive half-reaction, 

FAD acts as an oxidizing agent and gains two electrons and two protons from one glucose 

molecule. The FAD then forms two hydrogen bonds at its active sites on the flavin and 

becomes reduced to FADH2, while the glucose molecule is oxidized to gluconolactone. In 

the oxidative half-reaction, the reduced form FADH2 is now a reducing agent and becomes 

reversibly oxidized to FAD in the presence of molecular oxygen, while the molecular 

oxygen is reduced to hydrogen peroxide. The redox process between FAD/FADH2 in GOx 

is reversible and capable of oxidizing glucose in the process. Therefore, GOx is widely 

used for the determination of glucose, since one mole of glucose is proportional to the 

oxygen consumed in the enzymatic oxidation. The two half-reactions are summarized in 

Equation 1-2, and then combined in Equation 3 

 

β-D-Glucose + FAD → D-Glucono-δ-lactone + FADH2 
(1) 

FADH2 + O2 → FAD + H2O2                       
(2) 

β-D-Glucose + O2 → D-Glucono-δ-lactone + H2O2 
(3) 

 

The first generation glucose biosensor was pioneered in 1962 by L. Clark and C. Lyons 

[47], and the underlying mechanism is simplified in Figure 4a. It is composed of an 

electrode with a thin layer of GOx entrapped between two membranes. The external 

semipermeable membrane allows diffusion of glucose towards the GOx layer, while the 

internal allowed diffusion of oxygen and hydrogen peroxide to the electrode contact. In the 

presence of glucose, oxygen is consumed by the enzymatic oxidation of glucose and the 

concentration oxygen that diffuses to the electrode contact is reduced. In effect, the current 

response to oxygen is reduced, and the reduction rate is inversely proportional to the 

glucose concentration. However, there are two major drawbacks, which are the electro-

active interference of other species in the blood and the dependence on oxygen and the 

dependence on oxygen as natural electron acceptor, leading to the invention of the second 

generation biosensors. 
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The second generation biosensors eliminated the drawbacks of the first generation design 

by using synthetic electron mediators for shuttling electrons, as shown in Figure 4b. The 

commonly used mediators are ferrocene derivatives, ferricyanides, and conducting organic 

salts. However, mediated systems over time demonstrated toxicity and difficulties to 

maintain the mediators near the electrode contact. All these drawbacks led to the demand 

for an accurate and mediator-free biosensor. 

The third generation biosensors based on nanomaterials have with the recent advances in 

nanotechnology further improved the development of glucose biosensor. The goal of the 

current generation is to achieve an efficient direct electron transfer (DET) path between the 

redox center in GOx and the electrode contact, as shown in Figure 4c, thus eliminating 

synthetic mediators and errors from interfering species. Owing to the similar dimensions of 

nanoparticles and proteins, various nanostructures can be engineered as supporting matrix 

to promote the electrical contact between the redox center in GOx and the electrode contact. 

The reduced dimensionality and the absence of mediators are the main advantages of the 

third generation, which simplifies the biosensor, leading to a higher sensitivity and lower 

operating potential. To date, it has been reported in literature of successful DET between 

the GOx and the electrode. However, only few have provided evidence of such DET 

detections. The challenge of achieving DET at conventional electrodes has led to the 

investigation for various functional nanostructured materials. 

a) 

 

b) 

 

c) 

 

Figure 4. The evolution of the first to the third generation of electrochemical glucose biosensors. 
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1.3.2. Current challenges 

There are still challenges in the development of electrochemical glucose biosensors, 

mainly the immobilization of GOx on a supporting matrix while retaining the enzyme 

activity, and the realization of direct electron transfers between the interfaces. To optimize 

the glucose biosensor, various functional nanostructured materials have been investigated 

for a suitable matrix material during the past decade. ZnO is considered as one promising 

nanomaterial due to its rich variety of nanostructures, high electron mobility, chemical and 

thermal stability, and biocompatibility [48]. Recently, ZnO nanostructures have been 

reported as promising candidates, such as nanocombs [26], nanotubes [29], and 

nanotetrapods [33]. However, only few have reported glucose biosensors based on ZnO 

nano-microstructures. 

1.4. Objectives 

A systematic study on the structural, optical and electrochemical properties of nano-

microstructured ZnO-Ts is reported. The large surface of ZnO-Ts was utilized to form 3D 

interconnected networks as supporting matrix on a gold electrode for the attachment of 

GOx. For immobilization of the GOx and the ZnO-Ts architecture on the electrode, a thin 

film of Nafion
® 

was over coated on the electrode surface to form a membrane. Thus, the 3D 

layer-by-layer Au/ZnO-Ts/GOx/Nafion electrode forms the active media for 

electrochemical glucose sensing. The glucose sensing was studied by cyclic voltammetry 

(CV) to confirm the potential of the ZnO-Ts for biomolecule sensing applications and the 

enhancement of the sensitivity.  
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CHAPTER 2 

 

2. Experimental details 

This chapter presents the experimental details involved in this thesis work including 

materials and reagents, assembly of 3D layer-by-layer ZnO-Ts architecture with GOx and 

Nafion
®

 for electrochemical glucose sensing, and characterization techniques. 

2.1. Reagents and materials 

Zinc oxide tetrapods (ZnO-Ts) samples were received from Prof. Rainer Adelung’s 

group, Kiel University in Germany. Glucose oxidase (GOx, E.C.1.1.3.4. from Aspergillus 

niger, 100U/mg), D-(+)-glucose (99.5%), phosphate buffered saline tablets (PBS, 0.01 M 

with pH 7.4), and Nafion
®
 (5 wt.%) were purchased from Sigma-Aldrich. Hydrogen 

peroxide (H2O2, 31%) was purchased from BASF. 

2.2. ZnO tetrapods for electrochemical glucose sensing 

The assembly of Au/ZnO-Ts/GOx/Nafion electrode involved fabrication of gold-coated 

substrates, attachment of GOx on ZnO-Ts, and over coating of Nafion
® 

for immobilization. 

The final 3D layer-by-layer Au/ZnO-Ts/GOx/Nafion electrode forms the active media for 

electrochemical glucose sensing. 

2.2.1. Fabrication of gold-coated substrates 

A thin film deposition tool (PAK 600 Coating System, Provac) was used to deposit 

layers of metals on an as-prepared 4-inch Si/SiO2 wafer, where the SiO2 layer on the Si 

substrate was produced by thermal oxidation at 1200 °C. Various intermediate metal layers 

were first deposited and lastly 100 nm of gold. The final composition and thickness are 

shown in Figure 5a. After deposition, the wafer was cut into lesser 0.5 cm x 1.0 cm 

substrates for the assembly of the 3D layer-by-layer Au/ZnO-Ts/GOx/Nafion electrode, as 

shown in Figure 5b. 

 

Figure 5. 3D model of a) gold-coated wafer and b) six lesser 0.5 cm x 1.0 cm gold-coated substrates. 

a) b) 
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2.2.2. Adhesion test of gold-coated substrates 

Plasma etching and thermal annealing were used to enhance the adhesion of the gold 

layer to the substrate. Plasma etching was performed in a chamber (Microwave Plasma 

System 300 series, TePla) for 5 min to increase the hydrophilicity. Thermal treatment was 

applied to improve mechanical strength and adhesion of the metal layers to the substrate. 

The gold-coated substrates were placed on a hotplate with the gold layer faced up, and then 

thermally treated at 250 °C for 1 hour under ambient air pressure. 

For the adhesion test, a scotch tape was fixed on a sample holder with the adhesive side 

faced up. Then, the gold-coated substrate was placed on the sample holder with the gold 

layer faced down. Afterwards, a weight of 100 g was placed on top of the configuration for 

30 s and then the gold-coated substrate was pulled off manually from the tape. This process 

was repeated twice and is illustrated in Figure 6. 

 

Figure 6. Schematic illustration of the pull-off test configuration and the procedure. 

2.2.3. Preparation of ZnO-Ts suspension 

The weight-to-volume ratio of ZnO-Ts in ethanol solution was 3:1 for all experiments. 

An ethanol solution was adjusted to 5 mL, and then 15 mg of ZnO-Ts were immersed in the 

solution. The suspension of ZnO-Ts was placed in a sonication bath for 5 min to disperse 

the agglomerates. Ethanol was used as solvent rather than DI water due to lower boiling 

point and increased wetting properties on gold surfaces. 

2.2.4. Preparation of glucose oxidase solution 

The weight-to-volume ratio of GOx in PBS solution was 10.0 mg/mL for all experiments. 

A PBS solution was prepared to 300 μL, and then 3.0 mg of GOx was immersed into the 

solution. The GOx solution was then placed on a vortex shaker for 1 min to gently disperse 

the enzymes in the solution. The final solution was stored in a refrigerator at 4 °C when not 

used. 
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2.2.5. Assembly of the Au/ZnO-Ts/GOx/Nafion electrode 

The gold-coated substrates were immersed in a dilute solution of NaOH for 2 min and 

then rinsed with DI water to clean the surface. After drying the substrates with a nitrogen 

spray gun, 20 μL of the ZnO-Ts solution was drop-casted on the substrates and dried in 

room temperature. The drop-casting procedure was repeated 5 times until a uniform layer 

of ZnO-Ts was formed on the surface. The substrates were placed on a hotplate and 

thermally treated at 250 °C for 10 min to evaporate the ethanol and strengthen the interface 

of the ZnO-Ts and the gold surface. The obtained ZnO-Ts architecture on the gold-coated 

substrate forms a functional Au/ZnO-Ts electrode. After cooling down to room temperature, 

20 μL of GOx solution was coated on the electrode and stored overnight to dry and 

establish the electrostatic interaction between the GOx and the ZnO-Ts. 

After drying the GOx overnight, the electrode was rinsed with PBS to remove loosely 

bound GOx. Then 4 μL of Nafion
®

 solution was drop-casted on the electrode surface and 

stored in a refrigerator at 4 °C to dry overnight and establish the immobilization of GOx 

and ZnO-Ts. The final Au/ZnO-Ts/GOx/Nafion electrode forms the active media for 

electrochemical glucose sensing, as shown in Figure 7. 

 

Figure 7. Preparation steps for 3D layer-by-layer Au/ZnO-Ts/GOx/Nafion electrode for electrochemical 

glucose sensing. 

2.3. Characterization techniques 

2.3.1. Scanning Electron Microscopy 

A scanning electron microscope (FE-SEM: Ultra 55, ZEISS) was used for 

characterization of composition, size distribution, and surface morphology. SEM provides 

direct 3D visualization of individual objects in the nanoscale. In this work, the micrographs 

were produced by the in-lens detector, using an acceleration voltage of 1-3 kV, and a 

working distance of 5 mm. 

2.3.2. Transmission Electron Microscopy 

A high-resolution transmission electron microscope (TEM: JEM-200F, JEOL) was used 

for crystallinity characterization of the ZnO-Ts. TEM provides 2D information of the 
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internal structures of solid samples from diffracted electrons or transmitted electrons 

through the sample. The micrographs were produced at an accelerating voltage of 200 kV. 

2.3.3. Fluorescence Spectroscopy 

A fluorescence spectrometer (FS: LS55, PerkinElmer) was used for optical emission 

analysis. The photoluminescence of ZnO-Ts in various glucose concentration conditions 

was studied. In most enzymatic glucose biosensors, GOx is used as a catalyst in the 

enzymatic oxidation of glucose. Here, ZnO-Ts act as the catalyst similar to the GOx. The 

excitation wavelength used was 325 nm, scan range from 325 to 600 nm at a scan rate of 

100 nm/min, and slit size 15. 

2.3.4. Stereo Microscopy 

An optical stereo microscope (SM: SMZ800, Nikon) was used in the chemistry lab to 

study the surfaces of gold-coated substrates. The SM provides a direct visualization and 

quick evaluation of samples with the naked eye. The photographs were taken by the 

objective lens ED Plan 0.75x. 

2.3.5. Fourier Transform Infrared Spectroscopy 

A fourier transform infrared spectrometer (FT-IR: VERTEX 70V, Bruker) with an A 

510/Q 11 Specular Reflection Unit was used to analyze the attachment of GOx on ZnO-Ts. 

The FTIR spectra were obtained in reflectance mode. 

2.3.6. Cyclic Voltammetry 

A potentiostat/galvanostat (CV: EG&G 263A, Princeton Applied Research) was used for 

electrochemical analysis. For the electrochemical characterizations, a conventional three-

electrode configuration was used comprising a platinum foil counter electrode (CE), a 

saturated Ag/AgCl reference electrode (RE), and a gold working electrode (WE). The 

electrolyte used was a 0.01 M PBS of pH 7.4 at room temperature. In potentiostatic mode, 

an external voltage is applied and the current response is measured. 
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CHAPTER 3 

 

3. Results and discussion 

This chapter presents the characterization results of the ZnO-Ts including the optical 

and physical properties, the attachment of GOx, and finally the performance of 3D layer-

by-layer Au/ZnO-Ts/GOx/Nafion electrode for electrochemical glucose sensing. 

3.1. Size and morphology 

The ZnO-Ts were grown by the recently introduced synthesis technique FTS. This 

technique allows rapid and up-scalable synthesis of various nano-microstructures that can 

be deposited directly on patterned substrates. One of the interesting features of the nano-

microstructured ZnO-Ts is the four legs connected in a tetrahedral symmetry, which allows 

multiple electron transfer paths and causes the ZnO-Ts to form networks, as shown in 

Figure 8a. Moreover, it is observed that the legs are interconnected, shown in Figure 8b. 

The interconnection allows the ZnO-Ts to bridge gaps of 2-10 μm, which also contributes 

to the formation of larger networks and eventually 3D layer-by-layer ZnO architectures. 

Furthermore, the nano-microstructure makes the ZnO-Ts relatively biocompatible by 

reducing cellular uptake while retaining nano-specific properties at the tips. 

 

Figure 8. SEM micrographs of a) ZnO-Ts networks and b) ZnO-Ts interconnections. 

The size and morphology of the ZnO-Ts were confirmed by SEM and the size 

distribution was obtained from at least 100 measurements in the image processing software 

ImageJ. SEM micrographs of 3D interconnected networks of ZnO-Ts are shown in Figure 

9a. It is observed that the ZnO-Ts exhibit a 3D structure of four legs connected to a 

common joint, where each leg branches out from the joint pointing in a tetrahedral 

a) b) 
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symmetry. By measuring the diameter of the legs at both the tips and the stems close to the 

joint of the ZnO-Ts, the average diameter of the tips and stems are confirmed to be 0.7 μm 

and 2.2 μm respectively. The size distribution of the tips and the stems is summarized in 

Figure 9b. It is known that the dimension of ZnO particles play an important role in 

cytotoxicity, as the toxicity is more pronounced at smaller particle size, mainly 4-20 nm 

[25]. In this work, the size of the ZnO-Ts is mainly in the microscale, which is 

advantageous over nanoparticles in biological environment. 

 

Figure 9. SEM micrograph of a) 3D interconnected networks of ZnO-Ts and b) corresponding size 

distribution summarized from the diameter of the tips and stems. (Inset: Single ZnO-T). 

3.2. Crystal structure 

The crystallinity of the ZnO-Ts is confirmed by TEM in Figure 10a. The observation in 

TEM is consistent with that in the SEM, showing characteristics of four single crystalline 

legs joined together with the tips diameter in the range of 0.7 µm. The HR-TEM 

micrograph of a single ZnO-T tip reveals no visible lattice fringes due to the large size 

above 100 nm. However, the periodic oriented diffraction pattern in the selected area 

electron diffraction (SAED) reveal the ZnO-Ts as single crystal, shown in Figure 10b. 

 

Figure 10. TEM micrograph of a) single ZnO-T tip and b) SAED pattern of that tip. 

a) 
b) 

a) b) 

2.2±0.8 μm 

0.7±0.3 μm 
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3.3. Optical properties 

3.3.1. Photoluminescence 

The PL emission spectrum of ZnO is known to have two regions, the near-band edge 

emission (NBE) in the UV region and the deep-level emission (DLE) in the visible region. 

The origin of the NBE is from direct recombination of excitons while the DLE is suggested 

from radiative recombination at native intrinsic defects, such as oxygen vacancies [52]. The 

PL properties of ZnO-Ts were studied by fluorescence spectrometer. Two PL peaks of ZnO 

are observed in Figure 11a, the strong NBE peak and the broader DLE peak at 387 nm and 

492 nm respectively. Morover, the PL properties of the ZnO-Ts in various glucose 

concentration conditions were studied. The change in the NBE peak intensity after addition 

of 5 mM glucose is normalized to the reference peak intensity of the ZnO-Ts without 

glucose. It is observed that the NBE peak intensity is decreased in the presence of glucose. 

The proposed PL mechanism of NBE and DLE in ZnO is illustrated in Figure 11b.  

As mentioned above, during UV irradiation the direct recombination of excitons yields 

the NBE in the form of UV-blue emission. However, when electrons in excited states get 

trapped at the oxygen vacancy sites on the return to ground state, the energy is released in 

the form of green emission, also known as DLE. Hence, the decrease of NBE peak intensity 

in the presence of glucose is attributed to collisional quenching by hydrogen peroxide 

produced from the enzymatic oxidation of glucose. The hydrogen peroxide may act as an 

electron acceptor similar to the oxygen vacancy, thus allowing favorable relaxation 

pathways, which increases the DLE peak intensity. 

 

Figure 11. PL emission spectra of a) ZnO-Ts in DI water without and with 5 mM glucose, and b) schematic 

diagram of the proposed PL emission and intensity quenching mechanism. 

DLE NBE 

a) b) 
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3.3.2. Optical glucose sensing 

Among all samples, it is found that the peak intensity and position vary in the visible 

region, whereas only the peak intensity varies in the UV region. Therefore in this work, the 

PL intensity quenching was mainly studied in the UV region. The PL spectrum of ZnO-Ts 

in DI water was obtained as a reference. It is observed that the NBE peak intensity is 

decreased in the presence of glucose and further decreased with the successive addition of 

glucose, as shown in Figure 12a. The change in the NBE peak intensity after the addition of 

glucose is normalized to the reference peak intensity of the ZnO-Ts without glucose. It is 

found that the peak intensity change has a linear dependence on the glucose concentration 

up to 4 mM and then approaches towards, shown in Figure 12b. The linear region barely 

covers the glucose level in the normal range between 4.4-6.6 mM. The narrow linear range 

is suggested to be due to the surface passivation by hydrogen peroxide that is constantly 

accumulated from the enzymatic oxidation of glucose. 

 

Figure 12. PL emission spectra of a) ZnO-Ts in DI water with various glucose concentrations and b) PL 

intensity change of the NBE versus glucose concentration relative to that of the ZnO-Ts without glucose. 

To confirm whether the PL intensity quenching is caused by hydrogen peroxide, the PL 

properties of ZnO-Ts were studied in various hydrogen peroxide concentration conditions. 

The hydrogen peroxide (31%) concentration was increased successively from 5 to 30 mM 

(1.7 μL/5 mM) in a quartz cuvette (3.5 mL) with the ZnO-Ts suspension. The PL spectrum 

of ZnO-Ts in DI water was obtained as a reference. Similar as glucose, it is observed that 

the NBE peak intensity is decreased in the presence of hydrogen peroxide and further 

decreased with the successive addition, as shown in Figure 13a. The change in the NBE 

peak intensity after the addition of hydrogen peroxide is normalized to the reference peak 

intensity of the ZnO-Ts without hydrogen peroxide. Compared to glucose, it is found that 

the peak intensity change has a linear dependence on the hydrogen peroxide concentration 

a) b) 
R

2
=0.968 
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up to 15 mM and then approaches towards a saturation plateau, shown Figure 13b. The 

results demonstrate that the PL intensity quenching is caused by hydrogen peroxide, which 

is in agreement with Kim et al. [49], and Sarangi et al. [43]. The PL intensity quenching 

can therefore be used to measure glucose concentration, since the quenching is proportional 

to the hydrogen peroxide concentration, which also is proportional to the glucose 

concentration. From the results, both glucose and hydrogen peroxide show PL intensity 

quenching. However, the change in PL intensity quenching by glucose and hydrogen 

peroxide are not proportional. Glucose shows a linear region up to 4 mM and hydrogen 

peroxide showed up to 15 mM.  

For accurate optical glucose sensing, it is desired to have ZnO nanoparticles of uniform 

size distribution rather than the nano-microstructured ZnO-Ts used in this work, since the 

quenching also depends on the size of the particles. Compared to the stems of the ZnO-Ts, 

the energy of the valence and conduction band edges at the tips is larger by quantum 

confinement, and thus facilitates electron transfers more efficiently from the ZnO-Ts to the 

hydrogen peroxide. The size difference affects the reliability and reproducibility of the 

measurements. 

 

Figure 13. PL emission spectra of a) ZnO-Ts in DI water with various hydrogen peroxide concentrations and 

b) PL intensity change of the NBE versus hydrogen peroxide concentration relative to that of the ZnO-Ts 

without hydrogen peroxide. 

3.4. Electrochemical properties 

3.4.1. Adhesion test of gold-coated substrates 

The gold-coated substrates were washed and thermally treated on a hotplate. The gold 

layer adherence to the substrate without and with annealing is summarized in Table 1. It is 

observed that the gold-coated substrate without annealing did not sustain the pull-off test. 

After the pull-offs, the gold layer was peeled off completely from the substrate and revealed 

a) b) 
R

2
=0.993 
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the silica surface underneath, as shown in Table 1a. On the other hand, the gold-coated 

substrate with annealing sustained the pull-off test to a greater extent, and the gold layer 

was only partly peeled off at the borders, shown in Table 1b. It is found that annealing at 

elevated temperatures enhances the adherence of gold layer to the substrate. 

Table 1. Pull-off test of gold-coated substrate without and with annealing treatment. 

  Before pull-off test After pull-off test 

a) Without annealing 

  

b) Annealing 

  

3.4.2. Self-assembly of ZnO-Ts 

The suspension of 5 mg ZnO-Ts in 5 mL ethanol solution has an opaque appearance and 

individual ZnO-Ts that are visible to the naked eye, as shown in Figure 14a. ZnO-Ts were 

drop-casted on a gold-coated substrate and then thermally treated on a hotplate to form the 

functional Au/ZnO-Ts electrode. The obtained ZnO-Ts architecture on the electrode surface 

forms the supporting matrix for attachment of GOx. The electrode surface was studied by 

SM, and the obtained photograph is shown in Figure 14b. It is observed that the ZnO-Ts are 

uniformly distributed in the center and partly clustered at the borders. This is due to the 

droplets from the drop-cast that pushed the ZnO-Ts outwards upon landing on the surface. 

The distribution of ZnO-Ts can be more uniform in future works by introducing cross-

linking agents, such as (3-aminopropyl)trimethoxysilane and using spin coating method to 

deposit the ZnO-Ts. 
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Figure 14. Photographs of a) ZnO-Ts suspension and b) 3D layer-by-layer Au/ZnO-Ts electrode. 

3.4.3. Attachment of GOx 

The GOx solution was prepared in 0.01 M PBS solution, which has a clear yellow 

appearance after mixing, as shown in Figure 15a. The GOx was drop-casted on the 

Au/ZnO-Ts electrode and dried overnight, then rinsed with PBS solution to remove loosely 

bound GOx. After drying, a uniform layer of Nafion
® 

was over coated on the electrode 

surface by drop-casting to form the Au/ZnO-Ts/GOx/Nafion electrode, and the final 

product is shown in Figure 15b. It is observed that the attached GOx (yellow) is more 

pronounced where the ZnO-Ts (white) are assembled. 

 

Figure 15. Photographs of a) GOx solution and b) 3D layer-by-layer Au/ZnO-Ts/GOx/Nafion electrode. 

The existence of the GOx layer was confirmed by FT-IR from IR absorption without and 

with GOx, and the obtained reflectance spectra are shown in Figure 16b. Two bands are 

observed, which are associated with GOx. The amide I band at 1655 cm
-1

 and the amide II 

band at 1543 cm
-1

 are mainly due to C=O stretching vibrations of peptide bonds in the 

protein and the latter to a combination of C-N stretching and N-H in-plane bending. These 

two bands confirm the attachment. The surface morphology of the Au/ZnO-Ts/GOx 

electrode was confirmed by SEM. It is observed that a uniform layer of GOx was attached 

on the ZnO-Ts, as shown in Figure 16a, which is consistent with the results from the FT-IR. 

a) b) 

a) b) 
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Figure 16. SEM micrograph of a) Au/ZnO-Ts/GOx electrode and b) FT-IR spectra of Au/ZnO-Ts electrode 

without and with GOx. (Inset: Single ZnO-T coated with GOx). 

After over coated a thin layer of Nafion
®

 on the electrode, the existence of the active 

layers was confirmed by FT-IR, and the obtained spectra are shown in Figure 17b. The two 

bands of GOx are still observed, the amide I band at 1637 cm
-1

 and the amide II band at 

1543 cm
-1

. These two bands confirm that the attachment of GOx on the ZnO-Ts 

architecture is preserved. Additional three infrared bands are observed at 1213 cm
-1

, 1151 

cm
-1

 and 1060 cm
-1

, which are associated with Nafion
®
 in response to the asymmetric and 

symmetric CF2 stretch modes, and the latter to symmetric SO3 stretch. The surface 

morphology of the active layers was confirmed by SEM. It is observed that a layer of 

Nafion
®

 was over coated on the ZnO-Ts, as shown in Figure 17a. The layer acts as a 

membrane, which prevents leakage of GOx as well as improves the stability. Nafion
®

 was 

also over coated on a single ZnO-T with GOx, which anchored the structure to the electrode 

surface, shown in the inset of Figure 17a. The obtained 3D layer-by-layer Au/ZnO-

Ts/GOx/Nafion electrode forms the active media for electrochemical glucose sensing. 

 

Figure 17. SEM micrograph of a) 3D layer-by-layer Au/ZnO-Ts/GOx/Nafion electrode and b) FT-IR 

reflectance spectra of Au/ZnO-Ts/Nafion electrode without and with GOx. (Inset: Single ZnO-T coated with 

GOx and Nafion
®
). 
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3.4.4. Electrochemical glucose sensing 

Three-electrode configuration is a widely used technique in electrochemistry for 

characterization of electrochemical processes and comprises of a WE coated with sample, a 

saturated Ag/AgCl RE, and a platinum CE. The working principle of cyclic voltammetry is 

illustrated in Figure 18. In potentiostatic scan mode, the potential at the WE versus the RE 

is ramped linearly with time, and the current is measured between the CE and WE. The CE, 

also often called the auxiliary electrode ensures that the current does not pass through the 

RE, since such current would cause a potential drop between the WE and the RE. The 

advantage of the three-electrode configuration is that the current-voltage characteristics are 

measured on the WE, whereas a two-electrode configuration would measure the whole 

electrochemical cell including the electrolyte. 

 

Figure 18. Schematic diagram of the electrochemical cell, potentiostat, and PC for inputs and monitoring. 

Prior to current response measurements, a bare gold electrode was investigated to find 

the optimal working parameters, such as working region and placement of electrodes, as 

shown in Figure 19a. The current response of the bare gold electrode was measured in PBS 

from -1.0 V to 1.0 V at the scan rate of 50 mV/s. It is found that the optimal working region 

is between -0.2 V and 0.8 V, shown in Figure 19b. Moreover, the RE is placed close to the 

WE due to the uncompensated cell resistance effects in the electrolyte solution, which 

contributes to a potential shift according to Equation 4. 

 

η
ohmic

 = I∙Rs (4) 

 

This expression shows that the magnitude of the potential shift, also called overpotential 

η
ohmic

 depends on the current I and the cell resistance Rs. 

WE 
RE 

CE 
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Figure 19. Photograph of a) three-electrode configuration comprising bare gold WE, Ag/AgCl RE and 

platinum CE, and b) cyclic voltammogram of the bare gold electrode in PBS from -1.0 V to 1.0 V at the scan 

rate of 50 mV/s. 

The chemical stability of ZnO-Ts on the Au/ZnO-Ts electrode was studied by measuring 

current response in PBS, and the obtained cyclic voltammogram is shown in Figure 20a. 

Compared to the electrode without ZnO-Ts, the current response of the electrode with ZnO-

Ts is observed to be suppressed from 0.3 V to 0.8 V. In addition to the current change, an 

anodic peak current is also observed at 0.29 V, which could be due to the oxidation of the 

ZnO-Ts [33]. 

Moreover, the ZnO-Ts were attached with GOx and over coated with Nafion
®
 to form 

the Au/ZnO-Ts/GOx/Nafion electrode for the measurement of the current response to 5 

mM glucose concentration in PBS, shown in Figure 20b. It is observed that the anodic 

current is increased while the cathodic current is suppressed from 0.32 V in the presence of 

5 mM glucose solution compared to that in PBS. The irreversible current response indicates 

the enzymatic oxidation of glucose by GOx catalysis. 

  

Figure 20. Cyclic voltammogram of a) Au/Nafion electrode in PBS without and with ZnO-Ts at the scan rate 

of 50 mV/s, and b) Au/ZnO-Ts/GOx/Nafion electrode in PBS without and with 5 mM glucose. 

a) 
b) 

a) b) 

Working region 

CE 

WE 
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Furthermore, the electron transfer kinetics of the electrochemical processes was studied. 

The current response from Au/ZnO-Ts/GOx/Nafion electrode to 5 mM glucose 

concentration in PBS was obtained at various scan rates from 50-100 mV/s, and is shown in 

Figure 21a. It is found that the anodic and cathodic peak currents are proportional to the 

square root of the scan rate, which indicates a fast electron transfer through the active layers 

with no diffusion limits. The anodic and cathodic peak currents versus the square root of 

the scan rate are compared, shown in Figure 21b. The linear change of peak current 

confirms that the generated hydrogen peroxide from the enzymatic oxidation of glucose 

diffused to the electrode contact and oxidized efficiently. 

 

Figure 21. Cyclic voltammogram of a) Au/ZnO-Ts/GOx/Nafion electrode in PBS with 5 mM glucose 

measured at scan rate from 50-100 mV/s, and b) the anodic and cathodic peak current versus the square root 

of the scan rate. 

The current response of the active layers to various glucose concentrations of 1 mM to 40 

mM was measured, of which the first four measurements are shown in Figure 22a. The 

current response of the active layers without glucose was also studied as a reference. It is 

observed that the current is increased from 0.4 V to 0.8 V in the presence of glucose, 

indicating a response of the Au/ZnO-Ts/GOx/Nafion electrode to glucose. The increase in 

current is due to enzymatic oxidation of glucose, and since the glucose reaction is not 

reversible, the anodic current (oxidation) is increased while the cathodic (reduction) is 

suppressed. The anodic current is further increased and the cathodic is suppressed with the 

successive addition of glucose. There is an also weak shoulder peak at 0.55 V, which is 

attributed to the generated of hydrogen peroxide during the enzymatic oxidation of glucose. 

The anodic peak current at fixed potential 0.6 V is found to have a linear dependence on the 

glucose concentration up to 12 mM, and then approaches towards a saturation plateau, 

shown in Figure 22b. 

a) b) ■ anodic peak current 

□ cathodic peak current 

R
2
=0.993 

R
2
=0.968 
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Figure 22. Cyclic voltammogram of a) Au/ZnO-Ts/GOx/Nafion electrode and the current response to various 

glucose concentrations at the scan rate of 50 mV/s, and d) the deduced calibration curve of current response 

versus glucose concentration from 1 mM to 40 mM at fixed potential 0.6 V. 

It is known that the blood glucose level in the normal range is between 4.4-6.6 mM [46], 

and higher for diabetes patients. It is reported that the current response to glucose 

concentration saturates at 4.2 mM for nanotubes [29], 4.5 mM for nanocombs [26], and 6.5 

mM for nanotetrapods [33], which barely cover the diagnosis range for diabetes. In this 

work, the saturation point is 2-3 times higher than those reported in the literature and 

provides a wider linear monitoring range and a higher limit of detection. The results 

demonstrate that the ZnO-Ts may serve as a suitable supporting matrix for a wide range of 

bioreceptors (antibody, enzymes, or nucleic acids) for various biomolecule sensing 

applications. 

  

a) b) 
R

2
=0.979 
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CHAPTER 4 

 

4. Conclusions 

ZnO nano-microtetrapods were synthesized by flame transport synthesis with Zn 

precursor microparticles. The size and morphology of the ZnO-Ts were confirmed as four 

nano-microstructured legs connected together in a tetrahedral symmetry, with each leg 

exhibiting a tip and stem diameter of 0.7 μm and 2.2 μm respectively. The PL of ZnO-Ts 

dispersed in various glucose concentrations and various hydrogen peroxide concentrations 

was studied. The PL intensity in the UV region decreased with linear dependence on the 

glucose concentration up to 4 mM. PL intensity quenching in the UV region was also 

observed for hydrogen peroxide with a linear dependence up to roughly 15 mM, which 

indicates hydrogen peroxide as a possible quencher. The attachment of GOx on the ZnO-Ts 

was confirmed in FT-IR reflectance spectra showing two infrared bands at 1637 cm-1 and 

1543 cm-1, which are associated with the peptide bonds in the protein backbone. Cyclic 

voltammetry showed linear dependence of the current response to the glucose 

concentrations from 1 mM up to 12 mM. The ZnO-Ts demonstrated a wider linear response 

range and a higher limit of detection than previously reported ZnO nanotetrapods, which 

reveal the potential of ZnO-Ts for electrochemical glucose sensing. The ZnO-Ts facilitate 

the platform as supporting matrix to bind other suitable receptors than GOx for various 

biomolecule sensing applications. 

5. Future works 

In electrochemical glucose biosensors, the attachment of GOx while retaining the 

bioactivity on a suitable supporting matrix is a crucial factor. GOx can bind with the ZnO-

Ts via physical attachment or chemical binding. The physical attachment of GOx is the 

electrostatic interactions utilized in this work, which depends on the net surface charge in 

the reaction medium. The chemical binding of GOx depends on functional groups, such as 

silanol groups (Si-OH). An alternative is to incorporate (3-aminopropyl)trimethoxysilane as 

cross-linking agent between the GOx and the ZnO-Ts, as well as the electrode surface. 

Another alternative is to incorporate graphene to form ZnO-Ts/Graphene hybrid for the 

possibility to enhance the electrical, magnetic, and optical properties. 
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