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Abstract

In the food industry, hydrogen peroxide was often used for food bleaching ~
microbiological control and aseptic packaging. Long-term consumption may cause
health damage. To verify the effect of gold nanoparticle modification on
screen-printed carbon paste electrode (SPCE) in the detection of hydrogen peroxide
(H,0,) SPCE was first functionalized by electrochemical diazotization to deposit a
layer of 4-aminophenylacetic acid (CMA) on the surface of SPCE. Subsequently, the
gold nanoparticles (AuNPs) or the surface modified AuNPs were coated on top of the
CMA layer by either physical absorption or covalent bonding. The capability of the
gold nanoparticles-modified SPCE to detect hydrogen peroxide in solution was
investigated by cyclic voltammetry and current-time responses. The sensitivity of
SPCE, SPCE modified with AuNPs and cysteamine-coated AuNPs to H,O, was 7.94
X 10'6, 141x 107 , 1.44 x 10 A/em*/mM. The results showed that the modification of
SPCE with gold nanoparticles markedly increased the electrochemical response to

H,0,.
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1. Introduction

1.1 The characteristics and application of biosensors

The biosensors are analytical devices that use immobilized biomolecules to recognize the

chemical and biological substances and convert non-electrical enzymatic responses to the

electric signals, which can be detected by the underneath transducers. They consist of two key

parts, the recognition element and the transducer. The recognition element is basically a

biological substance that could be a protein, enzyme, receptor, antibody, nucleic acid, cell or

even a tissue. The transducer is a hardware instrument component that converts biological,

chemical and physical signals into electri¢ signals [1]. Biosensors exhibit the great usage in

determining serum components, metabolites, pollutants, hormones, drugs, food additives,

pathogens, microbes, toxins, and many more. Biosensors exhibit many advantages over the

conventional analytical methods such as quick-response, high sensitivity, instant output, small

sample volume, reliability, ease of use and low cost [2, 3-4].

The applications of biosensors are mainly focused on four categories: (i) Medical

monitoring and clinical diagnosis: this type of biosensors are highly demanded by the clinics

and health care system for the diagnosis and monitoring of the progression diseases and the

therapeutic effect of medicines [5]; (i1) Bioreactor process monitoring: bioreactors are

essential in fermentation industries for mass production of chemicals, biochemicals and

biological substances. To better control the process it is necessary to real-time monitor some

key substances generating or consuming in the this process, such as glucose, ammonia, carbon



dioxide, alcohol, antibiotics and other ingredients [6]; (ii1) Environmental monitoring and

protection: biosensors are suitable for monitoring the discharging of pollutants , such as toxic

substances in air or water, from manufacturing factories [7, 8]; (iv) Food and Agricultural

monitoring: for soil and crop pesticide residue detection and drug residues detection in meat

[9, 10].

Biosensors can be divided into two main types based on the recognition element used in

the development. First is the bioaffinity sensors, in which the biological components

recognize target substance by interaction or shape change, which generates signals of mass

change and heats (such as hormones, proteins, antigens or antibodies) [11]. The other is the

biocatalysis sensors, in which the target molecules are recognized by enzymes that catalyze

certain reactions, which can be converted to electric signals [12]. There are three classes of

biocatalysis biosensors based on the signal generated by the catalysis, including

electrochemical biosensors, optical-based biosensors and thermal biosensors. The

electrochemical biosensors detect the electroactive components, the reactants or products, or

ions of the enzymatic reactions in the enzymatic reactions by electrochemical responses or

conductivity [13, 14]. Optical-based biosensors are fabricated to detect the emission of

fluorescence or phosphorescence, ultraviolet or visible light, and the chemiluminescence or

bioluminescence generated during enzymatic reactions [15-17]. Surface plasmon resonance

(SPR) biosensor is another example of optical-based biosensor design, by which the



interaction between molecules can be detected. SPR is the collective oscillation of electrons

on the metal thin film by the incident light photons, which exhibit frequency matching the

oscillation frequency of electrons on the metal surface [18, 19]. In addition to traditional

precious metals, gold nanoparticles can effectively increase the sensitivity of SPR biosensor

and can also enhance SPR for biological measurement of small molecules or ions [20]. The

SPR biosensor has advantages of high sensitivity, low detection limit and label-free [21].

Thermal-detecting biosensors are useful in detecting temperature changes of almost all

chemical reactions, interaction between molecules and acid neutralization [22, 23].

1.2 Hydrogen peroxide and its determination

Hydrogen peroxide (H,O;) is'one of the side products of the energy metabolism in the

mitochondria [24] and is also produced by neutrophils and leukocytes to fight microorganisms,

remove damaged tissues and to start the inflammation during the wound-healing process [25].

Killing the invaded microorganisms at the wound sites should buy time for the immune

system to heal [26].

H,0; may be used as a food additive because of its bactericidal and fungicidal activity.

Interestingly, it also exhibits a bleaching effect. Therefore, H,O, was popular to be used by

the manufacturers to prevent the darkening of products under the normal storage conditions.

Apparently, the consumers are more willing to buy foods or products with present appearance

or color texture. This consuming behavior prompts manufacturers to use H,O; to improve the



appearance of food or products. H,O, is also one of the products of oxidases and is broadly

utilized as a detection target in different areas, such as clinical diagnosis, food analysis,

pharmaceutical and environmental analyses [27]. However, long-term exposure to H;O, may

cause a variety of lesions, such as gastrointestinal ulceration, mucosal inflammation, due to

the DNA damage and gene mutations in human genome [28]. In addition H,O, may accelerate

the aging process of the human body and play a role in the development of senile dementia,

especially Alzheimer’s dementia [29].

Determination of H,O, is important, because it is not only broadly used in many foods

and cosmetic products, but also an essential component in pharmaceutical, clinical, industrial

and environmental analyses [30]. Furthermore, it is one of electroactive substance produced in

the enzymatic reactions of redox enzymes [31]. Conventionally, H,O, was detected by

peroxidase in the presence of various chromogens, by which the color products or

chemiluminescence could be generated and detected. However, these methods are often

time-consuming, highly prone to interference, and costly.

Electrochemical methods, especially the amperometric biosensor, exhibit advantages,

such as simple, high efficiency and high sensitivity [32] that may overcome the above

drawbacks for determination of H,O,.Under the reductive potential the H,O, can be reduced

into H,O and generates response currents that allow us to quantitate the amount of H,O,

generated in reactions. The rate of H,O, generation during the enzymatic reactions may



correlate to the reaction rate of corresponding oxidases [33].

1.3 Surface treatment of screen-printed carbon electrode (SPCE)

Screen-printing carbon electrode (SPCE) was broadly adopted by manufacturers for the

production of the test strips of glucose meter due to its simplicity, inexpensive and easy mass

production [34]. With these characteristics a variety of the amperometric biosensors were

developed for a wide variety of applications by using SPCE in the enzyme electrode

preparation [35, 36].

The SPCE is generated by screen-printing the carbon ink that contains ultrafine graphite

powder, organic oil, pasting binder and other minor reagents, onto a solid support. However,

the surface of the SPCE is often covered by the organic oil, paste binder and some pollutants,

which may block the access of reactants to the graphite particles or attenuate the electron

transfer on the surface. Some simple electrochemical surface treatments have been proposed

to remove the blocking substances on SPCE, such as pre-anodization [37, 38],

electrochemical cycling [39] and oxygen plasma treatment [40]. Surface treatment of the

electrode with electrochemical methods can not only remove surface organic contaminants

and impurities [37-40], but can possibly adding some oxygenated functionalities, such as CO,

O-C-0 and O-C O [40]. Electrochemical surface treatment has been demonstrated to be

successfully enhanced electrocatalytic activity of electrochemical biosensors [37-41]. The

presence of surface oxygenated functionalities may provide adequate micro-space for the



electrode surface at the nano level and may contribute to the increase in electrochemical

activity of the electrode [40].

1.4 Diazotization and electro-addressing

Diazotization and coupling reactions are widely applied in chemical industry for organic

synthesis, such as in the synthesis of dyes and pigment [42]. It is because diazonium salt

exhibits a very lively chemical property and can occur in a variety of reactions and react with

a variety of materials. Diazotization reaction is exothermic with a fast reaction rate and, hence,

can be carried out under ambient condition. Once the diazonium salt solution is prepared the

next experimental procedure should be conducted as soon as possible [43].

Diazonium organic salt has been extensively used for the surface modification. It is not

only because of its broad selectivity to. wide range of metal and semiconductor materials but

also because of its simplicity, efficiency, and speed [44]. Depends on the functional groups it

carried, the diazonium organic salt-modified electrode can be functionalized with phenolic,

imidazole, or amino group, achieving different types of surface derivatization [45]. The

chemistry involved in the diazonium-based surface modification including (i) the diazotation

reaction of an aniline derivative to form an aryl diazonium,; (ii) generating an aryl radical of

this latter species to form a covalent bond to the surface of electrode by the electrochemical

reaction. [46]; (ii1) the surface of the electrode can be functionalized by functional groups

(such as -SH) associated with the diazonium salt [47].



In this thesis, the surface SPCE was first functionalized with carboxylic groups by a

layer of 4-aminophenylacetic acid (CMA) through electrochemical deposition. The carboxylic

groups on the surface of SPCE were then activated by EDC/NHS. Immediately, gold

nanoparticles (AuNPs) or the cysteamine-modified AuNPs were coated on top of the CMA

layer by either physical absorption or covalent bonding. The electrochemical properties of

CMA-modified, AuNPs-coated SPCE were characterized and analyzed [48].

1.5 Gold nanoparticles (AuNPs) and its applications

Nanotechnology has been widely adopted and integrated with the biosensing technology

recently for the detection biomolecules [49]. Nanomaterials, materials with size below 100

nm, have recently attracted eyes of scientists due to their unique optical, electrical and

magnetic properties. Silver (Ag) and gold (Au) nanoparticles are two types of metal

nanomaterials that have been used in the construction of biosensors due to their unique

chemical and physical properties and the surface plasmon resonance (SPR) activity. Gold

nanoparticle (AuNP) exhibits its own unique surface plasmon resonance absorption peak [50].

The size of synthesized AuNPs can be controlled in a range of 1-100 nm by the salt

concentration and temperature [51, 52]. AuNP has been widely used in numerous areas, such

as acting as electron microscopy contrast reagents, mediator of chemical and biochemical

sensors, electrical conduction medium, dyes and as catalysts. AuNPs are good bridging

substance to link biomolecules, such as enzymes, proteins, and nucleic acids via their surface



charges or via surface functionalization. For example, the negatively charged substances can

associated with AuNPs directly via their surface positive charged. The AuNPs can be easily

functionalized through the sulfur-containing linkers. The sulfur can be readily bound to the

AuNP surface by a sulfur-Au bond. AuNPs have been used for construction of biosensors

because of their excellent ability to immobilize biomolecules to retain the biocatalytic

activities of those biomolecules and to enhance the electrochemical redox responses of the

biosensors [53]. AuNPs have some fascinating properties, such as favorable micro

environment, good biocompatibility and high electron transfer ability (Figure 1), that make

them suitable for protein immobilization in biosensors fabrication [54]. In this study the

electrocatalytic activity of SPCE after modified by AuNPs with difference configurations was

investigated. In the first arrangement the SPCE was first modified with a thin layer of

cysteamine-coated AuNPs (CNH,AuNPs), followed by immobilizing the glucose oxidase

(GOx) on top of AuNPs, forming a sandwich-like structure. In the second arrangement the

SPCE was modified with the mixture of CNH,AuNPs and GOx. The electrochemical

responses of H>O; and glucose on the above enzyme electrodes were then studied [55]. The

effect of gold nanoparticles size or surface modification on the electrochemical responses to

H,0, was also investigated [56].



2. Materials and Methods

2.1 Materials

Tetrachloroauric (III) acid trihydrate (HAuCly»3H,0), cysteamine hydrochloride,

4-aminophenylacetic acid (CMA), hydrogen peroxide solution (30%), potassium

hexacyanoferrate (II1) (approx. 99%), potassium dihydrogenphosphate, bovine serum albumin

(BSA) and N-(3-dimethylaminopropyl)-N’-ethylcarbodimide hydrochloride were purchased

from sigma. Glucose oxidase from Aspergillus niger was obtained from Sigma. Sodium

citrate, sodium nitrate, hydrogen chloride, glucose, sodium chloride (99.5%), potassium

chloride (99.5%), disodium hydrogenphosphate (99.0%), sodium dihydrogenphosphate

anhydrous, N-hydroxysuccinimide and 2-[N-morpholino] ethanesulfonic acid (99%) were

bought from Sigma and Showa.

2.2 Apparatus

A potentiostat CHI 440 (CH Instruments, West Lafayette, IN, USA) connected to a

personal computer was used for the measurement of electrochemical responses of biosensors

to hydrogen peroxide (H,O,). The three-electrode electrochemical system contained a

working electrode screen-printed carbon paste electrode (SPCE), a counter electrode (a

platinized electrode) and a reference electrode (Ag/AgCl). The oxygen plasma pre-treatment

of the surface of SPCE was performed on Diener electronic (type: Zepto/Atto).

2.3 Preparation of gold nanoparticles (AuNPs)



The preparation of gold nanoparticles was carried out by the conventional

Turkevich-Frens citrate reduction method [57]. The double-deionized H,O (200 mL) in a 500

mL Erlenmeyer flask was first heated to boiling. After boiling, 0.2 mg HAuCls and 0.1 g

sodium citrate were added into the flask with gently shacking to allow the chemicals to

dissolve. Seal the bottle by a piece of aluminum foil to prevent water evaporation and allow

the reaction to proceed until the appearance of the wine-red color (about 10 min). Stop the

reaction by putting Erlenmeyer flask on ice for about 10 min. The synthesized gold

nanoparticles were characteristics by determining absorption peak and the absorbance on the

U-3010 spectrophotometer (Hitachi, Japan). The approximate size and the concentration of

the synthesized gold nanoparticles can be estimated by the Beer’s Law. The AuNPs solution

was then stored in an aluminum foil-shield flask in dark at 4°C.

2.4 Preparation of cysteamine-modified AuNPs

The cysteamine (CNH;)-modified AuNPs (CNH,AuNPs) was prepared by incubating

AuNPs solution and CNHj at the final concentration of 10 nM and 0.03 mM, respectively, at

room temperature for two hours [58]. The stock CNH; solution was prepared by dissolving

CNH; in d.d. H20 to a concentration of 20 mM. After incubation the CNH,AuNPs solution

was collected by centrifugation at 13,200 rpm and 4°C for 20 min. After removing supernatant

the CNH,AuNPs pellet was suspended in pH 6.0 phosphate buffer saline (PBS) (137 mM

NaCl, 2.7 mM KClI, 10 mM Na,HPOy,, 1.76 mM KH,PO,) containing 0.1% BSA, to prevent
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the aggregation. The prepared CNH,AuNPs solution was then characterized by determining

the absorption peak and the absorbance at the peak [59]. The prepared CNH,AuNPs could be

stored at 4°C or used directly.

2.5 Pretreatment and modification of screen-printed carbon paste electrode

Prior to the assembly of three-electrode electrochemical system, the screen-printed

carbon paste electrode (SPCE) was pretreated with oxygen plasma under the room

temperature at 25 W for 30 sec to increase the hydrophilicity and the electrochemical

properties of the SPCE by removing the surface organic pollutants [60]. Subsequently, the

electrode was then washed by cyclic voltammetry within the potential range from -1.0 to 1.0

V at a scan rate 100 mV/s [61], followed by immersing in pH 7.0, 1X PBS before the

modification. After washing a thin layer of 4-carboxymethyl aryl diazonium (CMA) was

electrodeposited on the SPCE. Briefly, 8 mL 4-aminophenylacetic acid in ethanol (30 mM)

was mixed with 1 mL HCI (20 mM) and 1 mL NaNO, (20 mM) to give the final concentration

of 24 mM, 2 mM and 2 mM, respectively. Then the diazonium cation solution was obtained

by incubating above mixture in ice-cold water with stirring for 10 min to allow the amino

group of the 4-aminophenylacetic acid to be diazoted. In a diazoted 4-aminophenylacetic acid

solution (24 mM) the diazonium salt was deposited on the SPCE surface by cyclic

voltammetry with the scanning range of -0.7 to 0.8 V and a scan rate of 200 mV/s for 10

cycles. The CMA-modified SPCE was then washed with pH 7.0, 1X PBS, twice and stored at

11



4°C [62].

2.6 Modification of CMA-coated SPCE with CNH,AuNPs

The surface of CMA-deposited SPCE (CMA/SPCE) was first activated by cross-linking

reagent EDC and NHS before the immobilization of CNH,AuNPs and GOx [63]. Briefly, the

CMA-deposited SPCE was immersed into 0.1 M MES, pH 6.0 buffer solution containing 0.04

mg/mL EDC and 0.06 mg/mL NHS at room temperature for 30 min [64]. After incubation, the

surface activated, CMA-deposited SPCE was rinsed once with d.d. H,O to remove excess

unreacted EDC/NHS. Subsequently, 5 pL. CNH,AuNPs solution (0.58 nM) was dropped

directly onto the surface of CMA/SPCE. The cross-linking reaction was allowed to be

proceeded by placing at room temperature for 30 min first and then staying at 4°C for

overnight to form CNH,AuNP-coated CMA/SPCE electrode (CNH,AuNP/CMA/SPCE).

2.7 Generation of glucose oxidase electrode

Two types of glucose biosensor was generated and characterized. The first glucose

sensor is to immobilize glucose oxidase (GOx) on the CNH,AuNP/CMA/SPCE

(GOx/CNH,AuNP/CMA/SPCE), forming a sandwich-like structure by cross-linking [65]. The

CNH; moiety on CNH,AuNPs allows the immobilization of other biomolecules such as

enzymes, antibodies and other protein on the surface of AuNPs [66]. The second glucose

biosensor was to immobilize GOx and CNH,AuNPs mixture on the surface of activated

CMA/SPCE (GOx- CNH,;AuNPs/CMA/SPCE). GOx can also interact with the activated

12



CMA/SPCE to generate GOx/CMA/SPCE, which was used as a control.

Prior to immobilizing on the CNH,AuNP/CMA/SPCE or CMA/SPCE, GOx was first

activated by mixing 10 pL GOx (184 Units/uL) with 10 uL. PBS, pH 6.0 containing 0.04

mg/mL EDC and 0.06 mg/mL NHS under room temperature for 30 min [67]. After activation,

GOx (approximate 90 Units) was either mixed with CNH,AuNP (0.58 nM) in a ratio of 1:1

(v/v) and deposited on the CMA/SPCE [68] or directly deposited on the

CNH,AuNP/CMA/SPCE. The cross-linking reaction was allowed to proceed at room

temperature for 30 min, followed by incubating at 4°C overnight to form covalent bonding.

Two types of GOx electrodes were constructed. The first is GOx- CNH,AuNPs/CMA/SPCE,

a glucose sensor with GOx and CNH,AuNPs mixture immobilizing on the CMA/SPCE. The

second on is GOx/CNH,AuNPs/CMA/SPCE, a glucose sensor with GOx immobilizing on the

CNH,AuNPs/CMA/SPCE.

2.8 Cyclic voltammetry and electrochemical measurements

Cyclic voltammetry (CV) was widely used to characterize the electrochemical properties

of electrodes. CV is a powerful method for qualitative or quantitative analysis of the

electrochemical reactions. The experiment was usually performed on the conventional

three-electrode electrochemical system. The working electrode is supplied with a linearly

changed potential to trigger the corresponding electrochemical responses or currents, which

would be subsequently recorded and analyzed [69].

13



Cyclic voltammetry was also adopted to clean the surface of electrode by the redox

reactions. The cyclic voltammetry for either electrode cleaning or electrochemical analysis of

H,0, was performed in PBS, pH 7.0 with a scanning range between -1.0 and +1.0 V and a

scanning rate of 100 mV/s for 5 to 10 cycles. Current-time responses of H,O, on

AuNPs-coated SPCE or glucose on glucose sensors were carried out in PBS, pH 7.0 at the

fixed voltage of +0.7 V, followed by monitoring the electric redox current signals of

electrodes. It is worth to know that the measurement of electrochemical response of reactant

should not be carried out until resting current reached steady state. Current-time responses can

be used to evaluate the changes on electrode surface [70]. In this thesis, we used cyclic

voltammetry and current-time response to evaluate the effect of different AuNPs-based

modifications on the electrochemical properties of SPCE.
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3. Results and Discussion
3.1 Generation and characterization of gold nanoparticles

AuNPs could be synthesized by Turkevich-Frens citrate reduction method [71] and
characterized by determining the visible light absorbance spectra between the wavelengths of
700 nm and 400 nm. The particle size and the concentration of AuNPs could be determined
via their peak wavelength and peak absorbance. The concentration of AuNPs could be
calculated based on the Beer’s law (A = e\bc). Where, €\ equals to 1.25 x 10° cm™ M for 20
nm AuNP solution with O.D. of 1.0. The generated AuNP under 2 mM sodium citrate
exhibited a peak absorption at 518 ~520 nm.

The concentration of AuNPs was approximately 1.4 nM. Interestingly, the particle size of
AuNPs was affected by the concentration of sodium citrate. The negatively charged citrate
ions may coated on the surface of AuNPs forming a negatively charged layer. Hence, AuNPs
are more prone to rejection and difficult to attract each other, resulting in the formation of
gold nanoparticles smaller particle size [72].

When surface modified, the absorbance and the color of colloidal AuNPs changed
markedly. This phenomenon will be used to characterize the surface-functionalized AuNPs.
3.2 Generation and characterization of cysteamine-AulNPs

Cysteamine (CNH>) contains a sulthydryl group (-SH), which is relative active and is

readily oxidized to form disulfide bonds or to form a covalent bond with various metals,

15



especially gold, under room temperature. The modification of AuNP with CNH; may

functionalize its surface with amine groups. However, when generating CNH;-coated AuNPs

(CNH,AuNP) under the high concentration of CNH, the aggregation of AuNPs may be

increased due to the hydrophobic property of the CNH; under the neutral condition. The

amine group of CNH; has a dissociation constant of around 10 making it nearly neutral under

pH 7.0. To prevent the possible occurrence of aggregation and precipitation of CNH,AuNP

different ratios of AuNPs and CNH, was prepared and incubated at room temperature for two

hours. As shown in Figure 3, when the mole ratio of CNH, to AuNPs was 2500:1 the

generated CNH,AuNPs exhibited the pink color with the absorption peak of 522 ~ 524 nm,;

whereas, when the mole ratio increased to 3000:1 the generated CNH,AuNPs exhibited the

purple color with the absorption peak of 526 ~ 535 nm. Further study was performed by

determining the absorption peak and absorbance of the generated CNH,AuNPs. The AuNPs

without modification exhibited an absorption peak at 518 nm. The CNH,AuNPs synthesized

under the condition with CNH, and AuNPs in a mole ratio of 2500:1 exhibited an absorption

peak of 524 nm (Figure 4) with estimated particle size of 20 nm. In comparison, the

CNH,AuNPs synthesized under the condition with CNH; and AuNPs in a mole ratio of

3000:1 exhibited an absorption peak of 535 nm (Figure 5) with estimated particle size of 50

nm. Apparently, the aggregation between the CNH,AuNPs might occur under the higher mole

ratio of CNH, and AuNPs. Accordingly, the mole ratio of CNH; to AuNPs at 3000:1 was
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adopted for the production of CNH,AuNPs, which exhibited the absorbance peak at 526 nm

(CNH; and AuNPs concentration increased tenfold) and the concentration of 0.6 nM. The

particle size of CNH,AuNP also depends on the reaction time between the CNH, and AuNPs.

The size of CNH,AuNPs is larger with longer reaction time. Therefore, the reaction time of 2

hours was set for the generation of CNH,AuNPs.

3.3 Preparation of diazonium salt-coated SPCE

In this study the aryl diazonium was used as the linker for the immobilization of AuNPs

and enzymes. Prior to the aryl diazonium modification the surface of SPCE was treated with

oxygen plasma under the condition of 25 W for 30 sec, followed by cyclic voltammetric

treatment within the scanning range of -1.0 ~ 1.0 'V and scanning rate of 100 mV/s for 10

cycles. The surface cleaning with oxXygen plasma may remove surface impurities and lead to

increasing hydrophilicity of the electrode surface [58]. The electrochemical reaction could be

facilitated after surface cleaning.

The electrodeposition of diazoted CMA on the surface of SPCE was performed by

immersing oxygen plasma-cleaned SPCE in CMA stock solution (Figure 7) and run cyclic

voltammetric scanning within the range of -0.7 and +0.8 V at a scan rate of 200 mV/s. After

electrodeposition the CMA-coated SPCEs were immersed in pH 7, PBS buffer and stored at

4°C before use (Figure 8).

The CMA-electrodeposited SPCE was characterized by the pH-dependency of the
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electrochemical responses. The pKa of the acryl carboxylic acids (-COOH) is probably
around 4-5. Hence the CMA-deposited SPCE exhibited a pH-dependent electrochemical
response to [Fe(CN)s]* due to the differential ionic status of CMA under different pH values.
It is neutral under pH 2.0 and negatively charged at pH 7.0. With bare SPCE the cyclic
voltammograms of 1 mM K;[Fe(CN)] in pH 2.0 and pH 7.0, PBS buffers were similar
(Figure 9A), suggesting no pH-dependent effect. However, with CMA-modified SPCE the
cyclic voltammograms of 1 mM K;[Fe(CN)g] in pH 2.0 exhibited clear redox peaks at 0.15 V
and 0.3 V (Figure 9B, red line); whereas, at pH 7.0 the redox peaks of the cyclic
voltammogram were almost invisible (Figure 9A, blue line). This result suggests that the
redox reactions of [Fe(CN)s]’~ in pH 7.0, PBS buffer were largely abolished presumably due
to the repelling effect of the negatively charged €MA group to the anionic ion [Fe(CN)q]* at
pH 7.0.
3.4 Characterization of AuNP-modified CMA/SPCE

The modification of CMA/SPCE with AuNPs and CNH,;AuNPs was illustrated in Figure
10. The CNH,AuNP contains an amine group (-NH;), which is helpful for the immobilization
of other substances. The electrochemical properties of the AuNP- or CNH,AuNP-modified
SPCE were determined by their electrochemical responses to H,O,. The cyclic voltammetry
of bare SPCE, CMA/SPCE, AuNP/CMA/SPCE and CNH,AuNP/CMA/SPCE without H,O,

was shown in Figure 11. The basal responses of SPCE increased with the modification of
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AuNP and CNH,;AuNP.

The electrochemical responses of bare SPCE, CMA/SPCE, AuNP/CMA/SPCE and
CNH,AuNP/CMA/SPCE to 500 uM H,O, were also determined (Figure 12). The
electrochemical current of SPCE to H,O, was also increase following the modification of
AuNP and CNH,AuNP. The current-time responses of bare SPCE, CMA/SPCE,
AuNP/CMA/SPCE and CNH,AuNP/CMA/SPCE to H,O, were 3.97 x 10®, 4.36x 10®, 7.05 x
10, 7.18 x 10®A/500 uM H,0, (Figure 13). This result suggests that gold nanoparticles or
modified gold nanoparticles could significant increase electrochemical responses. The Figure
14 shows the does-current response of bare SPCE, CMA/SPCE, AuNP/CMA/SPCE and
CNH,AuNP/CMA/SPCE to various concentration of H;O;. The sensitivity of bare SPCE,
CMA/SPCE, AuNP/CMA/SPCE and CNH,AuNP/CMA/SPCE to H,0, was 7.94 x 107, 8.72
x 10, 1.41 x 107, 1.44 x 10° A/cm*/mM (Figure 15), respectively.

The effect of particle size of AuNPs (40 nm and 50 nm) in the electrochemical responses
to H,O, was further studied (Figure 16). As shown in Figure 16, the larger of the AuNP (50
nm) exhibited higher electrochemical response to H,0, (7.28 x 10°A / cm? / mM H,0,) than
that of smaller AuNPs (40 nm) (6.6 x 10°A /em” / mM H,0,), suggesting that electrochemical
responses of SPCE also affects electrochemical response.

3.5 Development and characterization of GOx electrode

In this thesis, two types of glucose biosensors were developed using AuNP-coated SPCE:
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(1) the CMA/SPCE coated with the mixture of GOx and CNH,;AuNPs, termed GOx-
CNH,AuNP/CMA/SPCE (Figure 17A) and (i1)) CMA/SPCE was sequentially coated with
CNH,AuNPs and GOx to generate the GOx/CNH,AuNPs/CMA/SPCE (Figure 17B). The
CNH,AuNPs-modified and GOx—CMA/SPCE electrodes were used as controls. In
comparison the GOx—CMA/SPCE, GOx- CNH,AuNP/CMA/SPCE and
GOx/CNH;AuNPs/CMA/SPCE exhibited the electrochemical response to 0.5 mM glucose of
8.12x 107,9.88 x 107, 1.44 x 10°° A/em?/mM glucose, respectively (Figure 19). This result
suggests that GOx/CNH,AuNPs/CMA/SPCE exhibited a response higher than that of
GOx-CNH,AuNPs/CMA/SPCE [73]: The sensitivity of GOx—-CMA/SPCE, GOx-
CNH,AuNP/CMA/SPCE and GOx/CNH,AuNPs/CMA/SPCE to glucose was 8.12 x 107,
9.88 x 107, 1.44 x 10" A/cm?/mM, tespectively. The dese-current response of electrodes to
glucose was performed under different concentrations of glucose (0.5, 1, 1.5 and 2 mM)
(Figure 18). The result showed that the GOx/CNH,AuNPs/CMA/SPCE was better than that of
other two GOx electrodes. There was no responses to glucose on the

CNH,;AuNPs/CMA/SPCE (data not shown).
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4. Conclusion

In this thesis, different surface modifications of SPCE with AuNPs were generated and
characterized. First, 4-(aminophenyl)acetic acid was adopted as a linker to modify SPCE.
Subsequently, AuNP and GOx with different configuration were deposited on the surface of
CMA/SPCE. The SPCE modified with AuNPs exhibited higher electrochemical responses to
hydrogen peroxide (500 uM) than that of bare SPCE. The sensitivity of SPCE, AuNP/SPCE
and CNH,AuNP/SPCE was 7.94 x 10, 1.41 x 107, 1.44 x 10™ A/cm*/mM, respectively. This
result shows that AuNPs enhance the responses to hydrogen peroxide significantly.

Glucose biosensor was developed by immobilizing the GOx on the AuNP-modified
SPCE. Two classes of glucose sensors were synthesized in'this study. One is the deposition of
GOx and AuNPs mixture on the CMA/SPCE and the other is putting the GOx on top of AuNP
layer. Interestingly, the sensitivity of GOx-CNH,AuNPs mix/CMA/SPCE to glucose (1.44 x
10° A/cm*/mM) was shown to be relatively higher than that of

GOx/CNH,AuNPs/CMA/SPCE (9.88 x 107 A/cm*/mM).
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Figures

Figure 1. The surface modification and appilcatlons of gold nanoparticles [74].

34



gold nanoparticles cysteamine cysteamine-AuNPs

NH, H,

Au NH, NH: N )J
Au ~sH NEw_~op react 2 HR ] 2
—-

= + NH;—
Au  Au AU e D SH Augi T\

Figure 2. Diagram of the modificatioin of AuNPs with cysteamine. Sulfur can spontaneously

form a covalent bond with Au.
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CNH;-modified AuNPs exhibited purple color.
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Figure 4. Wavelength scanning of AuNP and CNH,-modified AuNPs within wavelengths

between 400 and 700 nm. AuNP, blue line; CNH,AuNP,; red line.
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Figure 5. Wavelength scanning of AuNPs with different level of CNH, modification. The

CNH,AuNPs were synthesized by incubating CNH, and AuNPs in a micro-centrifuge tube

with a mole ratio of 2500:1 (blue line) and 3000:1 (red line) at room temperature for 2 hours.
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Figure 6. Chemical structure of aniline derivatives 4-(aminophenyl)acetic acid.
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Figure 7. Simple diagram of diazotization and coupling reactions. 4-(aminophenyl)acetic acid

(CMA) was first diazotated by reacting with HCI and NaNO,. After reaction, the diazonium

salt was coupled to the surface of SPCE by cyclic voltammetry.
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Figure 8. Electrodeposition of diazonium salt on the surface of SPCE by cyclic voltammetry.
The electrodeposition of diazonium saltwas performed by dipping plasma-treated SPCE in
4-(aminophenyl)acetic acid solution (24 mM), followed by cyclic voltammetry within the

range of -0.7 V and +0.8 V at the scanning rate of 200 mV/s for 5 ~ 10 cycles.

41



Current (1e-5A)

-1.6 ] LI B T T O 0 S T 70 R T VRN . A B B L B S O N 2| R B
10 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1.0
Potential (V)

-1.0 3

Current (1e-5A)

L B e e e e L S S w S s e p e

10 -08 -06 -04 -02 02 04 06 08 1.0

0
Potential (V)

Figure 9. Cyclic voltammetry of 1 mM K; [ Fe(CN)g] in pH 2.0 or pH 7.0 PBS. The cyclic

voltammograms of bare SPCE (A), and the diazonium salt-deposited SPCE (B) at pH 2.0 (red

line) and pH 7.0 (blue line).
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Figure 10. Activation and modification of amine group of CMA on the SPCE for the
immobilization of AuNPs. EDC and NHS were used to activate the carboxylic group of CMA
on the SPCE. Subsequently, CNH,AuNPs solution was dropped onto the surface of activated

CMA/SPCE to form covalent bonds between 'carboxylic and amine groups.

43



Current (1e-5A)

10 -08 -06 -04 -02 0 0.2 04 0.6
Potential (V)

08 1.0

Figure 11. Cyclic voltammograms of [Fe(CN)6]3_ in PBS, pH 7.0 on bare SPCE (a),

CMA/SPCE (b), AuNPs/CMA/SPCE (c), and CNH;AuNPs/ CMA/SPCE (d).
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Figure 12. Cyclic voltammograms of 500 uM H,O, in PBS, pH 7.0 on bare SPCE (a),

CMA/SPCE (b), AuNPs/CMA/SPCE (c), and CNH;AuNPs/ CMA/SPCE (d).
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Figure 13. Current-time response of on SPCE and modified SPCE. Step response curve of

bare SPCE (A), CMA/SPCE (B), AuNPs/CMA/SPCE(C) and CNH,AuNPs/CMA/SPCE (D)

to 500 uM H,0, were performed in PBS, pH 7.0. Working potential was +0.7 V vs. Ag/AgCl.
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Figure 14. Dose response of SPCE and modified SPCE to H,O,. The measurement of the

response to H,O, was carried out in PBS, pH 7.0 by step wisely adding 500 uM H,0O, at each

time. Working potential was +0.7 'V vs. Ag/AgCl.
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Figure 15. Electrochemical response of bare SPCE, CMA/SPCE, AuNP/ CMA/SPCE and
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neasurement was performed in PBS, pH 7.0.
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Figure 16. Current-time response curves of CNH,AuNPs/CMA/SPCE. The step responses of
CNH,AuNPs/CMA/SPCE to 500 uM H,0, in PBS; pH 7.0. Working potential was +0.7 V vs.

Ag/AgCl.
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Figure 17. Simple diagrams of the construction-of glucose biosensors. (A) GOx-CNH;AuNPs

mix/CMA/SPCE was constructed by covalently link the GOx and CNH,AuNPs mixture on

the : EDC/NHS activated CMA/SPCE. (B) The construction of

GOx/CNH;AUNPs/CMA/SPCE was carried out by first coating CNH,AuNPs on the

EDC/NHS activated CMA/SPCE, followed by immobilizing the EDC/NHS-activated GOx on

top of CNH,AUNPs/CMA/SPCE.
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Figure 18. Dose responses of the developed glucoses biosensors to glucose. The responses of

GOx/CMA/SPCE, GOx-CNH,AuNPs mix/CMA/SPCEand GOx/CNH,AUNPs/CMA/SPCE

to 500 uM glucose were determined in PBS, pH 7. Working potential was +0.7 V vs. Ag/AgCL
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Figure 19. Sensitivity of GOx/CMA/SPCE, GOx-CNH;AuNPs mix/CMA/SPCE and

GOx/CNH,AuNPs/CMA/SPCE to 500 he measurement was performed in PBS,

pH 7.0. Working potential was +0.7.V
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