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Abstract

The ageing population is now a serious problem around the world resulting in healthy ageing
is the global goal to address this issue. To effectively control the incidence of ageing diseases
caused by the high-level concentration of reactive oxygen species in the human body, the
electrochemical biosensor is one of the most common ways for detection. However, the lack of
easy operation, high selectivity, and quick response is still the challenge of the quantitative

measurement for superoxide anion (O2™) in the blood environment.

This study is aimed to develop an O biosensor that could fit in a hand-held device to provide
quick and accurate results. The generation methods of O, were first discussed due to their
characteristics of poor stability. Compared with the chemical generation, the biological method
showed a 10 % higher activity of enzymes and good stability of generated O™ for at least 5.5

hours.

This study was focused on two biosensors, the superoxide dismutase (SOD)-based biosensor
due to the high selectivity for O., and a coupled SOD- horseradish peroxidase (HRP) biosensor
for the high accuracy of the O™ quantitative measurements. The immobilization of the enzyme
SOD and HRP were achieved by layer-by-layer adsorption and cross-linking technique
respectively. The calibration curves for these two biosensors were generated and the effect of
interferences was discussed subsequently. Results showed both biosensors had good linearity
between the detection range of 0 to 0.5 mM O™, with the sensitivity and limit of detection for
the SOD-based biosensor as 67.13 pA/(mM €m?) and 5.6 uM and for coupled SOD-HRP
biosensor as 23.8 pA/(mMM €m?) and 6 uM respectively. Only glucose showed a positive bias

on SOD-based biosensor but no effect on coupled SOD-HRP biosensor.

The O™ detection in blood samples was achieved by both two biosensors and the bias from
glucose was considered in the calibration for the SOD-based biosensor. The blood sample was
diluted at different multiples to demonstrate the accuracy of the results. Compared with the
chemiluminescence method, the biosensors showed the advantages of a quick response in 100
seconds, high selectivity for O2- and successful O2 quantitative measurement of around 0.2

mM in volunteer blood samples.
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Chapter 1 Introduction

The incidence of ageing diseases caused by the high-level concentration of reactive oxygen
species, especially superoxide in the human body increased over years and reached its highest
level nowadays, and the electrochemical biosensor, as an analytical device, is one of the most
common ways to detect superoxide. In this chapter, reactive oxygen species, which are closely
related to age-related diseases, were introduced in detail. The various biosensors were described
in terms of composition, categories and advantages. Then aim and objectives were proposed
based on the lack of research on the quantitative measurement of superoxide by electrochemical

biosensors.

1.1 Background

The global population is entering an ageing stage. The number and the proportion of the elderly
population in almost every country in the world are increasing. The ageing population may
become one of the most important social trends in the 21st century (UnitedNations 2018).
Almost all social areas are affected by it, including labour and financial markets, demand for
goods and services such as housing, transportation and social security, family structure, and

generation relationship.

According to the United Nations (2018), in 2017, the global population aged over 60 years is
about 962 million, accounting for 13% of the global population and growing at a rate of around
3% every year. The share of the global population that is 65 years or older has increased
significantly over the years from 6% in 1990 to 9% in 2019. It is expected to reach 16% by
2050, which means one in six of the population will be older than 65 years globally
(CentreforAgeingBetter 2022). At present, Europe has the largest proportion of people aged 60
and above (25%). The number of elderly people in the world will reach 1.4 billion in 2030, 2.1
billion in 2050, and 3.1 billion in 2100.

Because it would make population balance difficult to recover and a population decline hard to
avoid, the ageing population becomes a serious problem nowadays. As shown in Figure 1.1,
life expectancy for both men and women at age 65 stopped improving and the disability-free
life expectancy dropped by years from 2012, which is linked to various factors such as the
mortality rates for stroke and cardiovascular disease (Health | The State of Ageing 2020 2021).
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Figure 1.1 Life expectancy and disability-free life expectancy at birth and at 65, England, 2001 to 20189.
(Summary | State of Ageing in 2020, 2022)

The United Nations proposed that healthy ageing be the global goal of ageing for solving this
problem (Organization 2001). Healthy ageing refers to humans can still maintain a good
condition in physical, psychological, intellectual, social, and economic aspects when they are
old (Song et al. 2005). If a large proportion of the elderly in a country or region belongs to
healthy ageing, the due role of the elderly can be fully played, and the negative impact of ageing

is restricted or alleviated.

Therefore, the timely prevention of age-related diseases contributes to the maintenance of
healthy ageing, and how to detect disease factors easily, quickly and efficiently is increasingly
attracting the attention of the researchers. This can be achieved by establishing a handheld

sensor that let seniors regularly finish the self-test at home.



1.2 Overview of the reactive oxygen species (ROS)

It is widely reported that the reactive oxygen species (ROS) is one of the essential balanced
factors in the human body, which is related to more than 100 ageing diseases, such as
cardiovascular diseases, diabetes mellitus, neurodegenerative diseases, stroke, etc
(Organization 2012).

As the electron reduction product of the oxygen species in the human body, ROS has many
species including superoxide anion (O2", one-electron reduction products), hydrogen peroxide
(H202, two-electron reduction products), hydroxyl radicals (‘OH, three electron reduction
product) and nitric oxide (NO), etc. (Shah et al. 2001). The reactions of these ROS in an aqueous
or vascular environment are extremely complicated, resulting in the complex components
including the oxidation states of oxygen (O2)a (dioxygen, O2, n=0; superoxide ion, O, n=-1;
and peroxide dianion, Oz+*", n=-2), other oxygen radicals (hydroxyl, OH+) and nonradical
oxidizing agents (H202)(shown in Figure 1.2), etc. (Bayr 2005, Hayyan et al. 2016, Jie et al.
2022).

QQ° . QI(::)Z ‘.QZC:):
Oxygen Superoxide anion Peroxide
0, 'Oy 057
H:0:O'H ‘O'H :O'H
Hydrogen Peroxide Hydroxyl radical Hydroxyl ion
H,05 -OH OH~

Figure 1.2 Electron structures of common reactive oxygen species. (Yogranjan et al. 2017)

There are many ways of ROS generation in the human body. In the baseline physiological state
of the human organism, the main way is the side reactions of respiration of the mitochondria in
cells, which is inevitable. The low concentration of ROS in the human body, normally below 1
mM, is the main medium for phagocytosis and killing by phagocytic cells, which is good for
health. In this concentration, ROS could reach an equilibrium with the self-control system, as
shown in Figure 1.3, to eliminate some ROS by enzymes, including superoxide dismutase
(SOD), catalase, glutathione peroxidase and peroxidase.
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Formation and Elimination of Reactive Oxygen Species (ROS)

Oz —OF — H:0: ——> OH' — H:0
'0:0° '0:0¢ H:0:0:H 'O'H H:OH

Oxygen Superoxide Hydrogen Hydoxyl Water
anion peroxide radical

Superoxide dismutase Glutathione peroxidase
Catalase

Figure 1.3 The conversion of ROS in the self-control system via enzymes (Racila et al. 2009).

ROS usually has a good effect on cell signalling and homeostasis, and the low concentration of
ROS can promote the activation of transcription factors and cell proliferation and differentiation.
However, it will destroy the cell structure if the concentration increases significantly. It is
reported that medium and high concentrations of ROS induce cellular damage, apoptosis or
even necrosis by cellular oxidative stress depending on severity and duration of exposure (Anne
2017, Held 2012). It is worth noting that the threshold concentration for excessive ROS
accumulation can vary depending on several factors, including the type of ROS, the cell or
tissue type, and the individual's antioxidant defence capacity. Only few reports reported the
basal level of ROS concentration in human blood, e.g. superoxide anion in the order of 100s of
M and H202 <10 M (Gaikwad et al. 2021). Some studies have suggested that an increase in
ROS levels greater than ten-fold above the basal levels can lead to oxidative stress and cellular
damage (Theyagarajan and Kim 2023). Therefore, the daily monitoring of concentration of
ROS in the human body would be one of the most simple and efficient ways to predict the

formation of many ageing diseases.

Among the various species of ROS, hydrogen peroxide and superoxide anion are recognized as
two major factors causing ageing diseases. Although O™ is not very stable, it has a longer react
distance through the blood transmission because of its relatively long life as its half-life in hours,
which results in obvious damage to the body (Yang 2013). H2O: is the most stable species so

that it can cause larger damaged areas.

The detection of H20- has been reported in numerous studies and is now well established, but
the detection of superoxide anion is still not particularly effective due to the extremely low
stability and concentration, especially the detections down to micromolar in the human body
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(Emregul et al. 2013). Although many superoxide biosensors were described and established
by various methods, the existing biosensor still lacks easy operation, high sensitivity,
quantitative measurement, and quick response (Jie et al. 2022). Some of biosensors showed the
sensitivity lower than 1 pA/cm? (Di et al. 2007, Ye et al. 2014), some of them required response
time of 30 minutes or longer (Xu et al. 2007), other sensors were hard to be applied on handheld
devices scale (Qin et al. 2015, Shu et al. 2021).

As one of the major species of ROS, the superoxide anion is produced in various biological
systems as an intermediate in the massive reduction of molecular oxygen. The increase of Oz
activity occurs in response to ischemia-reperfusion and hypoxia in traumatic brain injury, which
could be associated with the etiology of cancer and progressive neurodegenerative diseases
(Tian et al. 2006). The poor stability of O>™ in aqueous solutions, especially acidic solutions,
causes the lack of commercial samples with certain concentrations and difficulties in Oz

electrochemical studies in aqueous environments.

Many methods for O2 generation were reported, including electrochemical reduction of
oxygen, enzymatic methods, chemical generation from superoxide salts, electrochemical
methods in strong alkaline solutions, photochemical photocatalytic methods, Oz generation at
oxide surfaces and singlet oxygen one-electron reduction (Hayyan et al. 2016, Sheng et al.
2014). For the characteristics of easy operation, long-term stability, fast reaction and potential
industrial application, some of the methods were discussed and compared in this project.

1.3 Overview of the biosensors

Researchers found that the use of biomarker models could help predict the ageing process of a
person and the risk of suffering elderly disease when they were getting older (Sebastiani et al.
2017). Recently, biomarkers are involved in the cardiovascular system, metabolic processes,
inflammation, the activity between the hypothalamic-pituitary axis (HPA) and sympathetic
nervous system (SNS), and visceral function (including kidney, lung and heart) (Ziech et al.
2010).

Biosensors are based on the detection of those biomarkers, and they are defined as analytical
tool or system that contains immobilized biological materials, such as enzymes, antibodies,
whole cells, organelles, or combinations, and binds to a suitable transducer, which converts
biochemical signals into quantitative electrical signals (Li and Dai 2004). Due to their high
sensitivity and selectivity, biosensors have great value in biomedicine, environmental
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monitoring, food, medicine and military medicine and are being used for deep research and
development (Ansari et al. 2010). Recently, the pharmaceutical industry has driven the
continuous innovation of protein purification and biosensor technology and the development of
nano-technology makes biosensors become a promising tool for the diagnosis and treatment of

some diseases (Lu 2016).

Biosensors generally consist of two major components (as shown in Figure 1.4), one is the
biomolecule recognition element, also called a bioreceptor, and the other is the signal converter,
also called a transducer (Wu et al. 2004). Bioreceptors are biologically active substances, such
as enzymes, antibodies, tissue sections, cells, organelles, cell membranes, nucleic acids, organic
molecules, etc. (Grieshaber et al. 2008); and transducers include electrochemical electrodes,
optical detection components, thermistors, field-effect transistors, piezoelectric quartz crystal
and surface plasmon resonance devices. When the analyte is specifically combined with the
molecular recognition element, the resulting complex, which is transformed into an electrical
signal and an optical signal, can be output by the signal converter, to achieve the purpose of
analysis and detection (Li and Dai 2004).
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Figure 1.4 Schematic diagram of typical biosensors consisting of bioreceptor, transducer and electronic

system and the types of bioreceptor and transducer (Meskher et al. 2023).

As shown in Figure 1.5, there are many species of biosensors, according to the different
transducers, they can be classified as electrochemical biosensors, bioluminescent biosensors,



optical biosensors, thermistor biosensors and piezoelectric biosensors, etc. (Byrne et al. 2009).
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Figure 1.5 Types of biosensors (Vargas-Bernal et al. 2012)

In 1967, Updick and Hicks immobilized glucose oxidase on a hydrophobic membrane and
combined it with an oxygen electrode to assemble the first enzyme electrode, a glucose
electrode, for the detection of glucose in the serum (Sun et al. 2011). Since then, the enzymatic
electrochemical biosensor has attracted the attention and extensive research of scientists from

all fields in science and has been rapidly developed.

As a widely used tool of detection, enzymatic electrochemical biosensors have many

advantages (AZoSensors.com, 2018):

(1) Immobilized bioactive substances are used as catalysts, and valuable reagents can be used
repeatedly, which overcomes the disadvantages of the high cost of enzymatic analysis and

complicated chemical analysis.

(2) Strong in specificity and high selectivity, responding only to specific substrates.
(3) Fast analysis speed, and results can be obtained in several minutes.

(4) High accuracy, sensitivity and good reproducibility.

(5) Relatively simple operating system and easy to analyse automatically.

(6) Low cost due to the continuous use, and long-term durability.
7



(7) Simple electrode manufacturing

In addition, electrochemical biosensors also have other advantages, such as low energy
consumption, easy to carry, no damage to the test sample, no influence from the colour of the
solution and easy miniaturization (Mao et al. 2009). Therefore, using enzyme-immobilized
electrochemical biosensors to detect ageing factors in the human body is one of the effective

ways to predict and prevent ageing diseases, which would be a hot issue of ageing research.

1.4 Aims and objectives
1.4.1 Aim

As mentioned in section 1.1, there is a desire to predict the impact of ROS on ageing related
diseases through regular self-test at home without any pre-treatment of samples. Given the
daily need of testing, this will not only save healthcare resources especially staff resources but

also avoid delaying in testing and receiving the results.

The aim of the project is to establish a high-efficiency electrochemical biosensor that can
achieve the quantitative measurement of superoxide concentration, that can be implemented in
home operated handheld devices that helps patients to detect finger-prick blood samples at their
homes. The investigation will focus on the development of enzyme immobilization on the

electrode to improve the sensitivity, selectivity and accuracy of the biosensor.

1.4.2 Objectives

(1) Different generation methods will be compared and discussed, to ensure that the superoxide
anion is prepared in an environment suitable for high-efficiency electrochemical analysis, given

the poor stability of superoxide in an agueous solution.

(2) To assess the high-sensitivity towards superoxide of dismutase-based biosensor for the
quantitative measurement of superoxide and generate a calibration curve that is bias-corrected

to remove the effect of interference on the electrochemical signal.

(3) To reduce the interference of other species in blood on the electrochemical signal and
minimization of the calibration bias of the sensor, the coupled-enzyme biosensor using both
superoxide dismutase (SOD) and horseradish peroxidase (HRP) should be designed.

(4) Different immobilization methods will be investigated to assess the sensitivity of the
8



biosensor utilizing different enzymes and the structure of the enzyme-immobilized electrode

will be optimized for the improvement of accuracy.

(5) To validate the developed biosensors for superoxide detection in human blood samples and

calculate superoxide concentration based on the calibration curve.

1.5 Structure of thesis

The serious situation of ageing population, reactive oxygen species which is the cause of the
most ageing diseases and the various biosensors for the detections are introduced in Chapter 1.
Chapter 2 includes the literature review of detection techniques, the use of enzymes, the enzyme
immobilizing methods and the analysis methods for superoxide anions. The main methodology
including experimental preparation, enzyme-based biosensor fabrication, bionsensor set-up,
electrochemical analysis and calculations are described in Chapter 3. The superoxide
generations based on different methods are compared and discussed depending on the activity
of the enzyme and stability of superoxide in Chapter 4. The SOD-based superoxide biosensor
is established and the enzyme immobilization by using the lay-by-layer self-assembly method
is introduced and improved with carbon nanotubes (CNTs) in Chapter 5, followed by the
interference tests and bias correction of the calibration curve. Chapter 6 covers the
electrochemical performance of biosensors with coupled SOD-HRP system, different enzyme
immobilization methods are provided and the separation of two enzyme-catalyzed reactions is
performed. The calibration curve for coupled SOD-HRP biosensor is generated subsequently.
Chapter 7 shows the electrochemical behaviour of two biosensors in the detection of human
blood samples, and detection based on chemiluminescence is described for comparison. The
concentration of superoxide in blood samples is calculated based on the corrected calibration
curve from Chapter 5 and Chapter 6. Chapter 8 summarises the main data and conclusion of
this project, and suggests some further research directions based on the available data and

findings in this project.



Chapter 2 Literature review

In this chapter, different detection techniques used for superoxide detection were summarised.
The challenges for the requirements of the commercial applications for these techniques were
mentioned. The enzyme used for the superoxide biosensor was summarised systematically,
including the structure, mechanism and applications. The benefit of immobilized enzymes and
immobilizing methods were discussed and the challenges in the research area were addressed.
The methods for analysis, including Ultraviolet-visible spectroscopy, electrochemical analysis
and chemiluminescence were overviewed. Both the principle of these detecting methods and

the data interpretation obtained from the recorder were mentioned.

2.1 Detection techniques used for superoxide detection

The incidence of aging diseases caused by the high-level concentration of reactive oxygen
species (ROS) in the human body increased by years and reached its highest level nowadays,
and the biosensor, as an analytical device, is one of the most common ways to detect ROS due
to the advantages of fast detection, low cost and easy operation (Balamurugan et al. 2018,
Nauseef 2014). Among all kinds of reactive oxygen species, the detection of H>O> and
superoxide anion attract at present major attention of the researchers. Much research
systematically demonstrated the detection of H20> which is now well established, but the
research of superoxide anion detection still requires to be explored and developed (Bayr 2005,
Sahin 2020).

Many analytical detection techniques are available for superoxide detection, such as fluorescent
probes, spectrophotometry, electron spin resonance (ESR), fluorescent proteins,
chemiluminescent probes and electrochemical biosensors (Gtod et al. 2000, Greenwald 2018,
Miinzel et al. 2002, Zhao et al. 2005). Yang et al. (2020) presented a developed
spectrophotometric method for superoxide detection by using the ferric iron solution as the
colour agent and hydroxylamine hydrochloride as a probe in a visible-light system and showed
the detection range of 0 ~ 15 M and the limit of detection of 0.8 M. He et al. (2014) described
a direct and chemically specific method to detect superoxide by using electron spin resonance
via identifying the free radicals in biological environment and discussed the development of the
technique by spin trapping and spin labelling to enhance the stability of free radicals. Warwar
et al. (2011) provided an ESR imaging resonator by combining fluorescent probes and ESR to

specifically detect superoxide in a plant root with a high reaction rate constant. Wang et al.
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(2006) compared three techniques including cytochrome ¢ spectrophotometric, hydroethidine
fluorescence and lucigenin-enhanced chemiluminescence for superoxide detection in human
embryonic kidney cells, and highlighted the higher sensitivity of chemiluminescence than the

other two techniques.

However, for the requirements of the commercial applications, these methods have some
obvious drawbacks: (a) requiring expensive equipment, complex pre-treatment and analysis
procedure; (b) low selectivity, sensitivity and specificity; (c) the unstable intermediates
resulting in the slow in reactions and complex products (Zhang et al. 2018). Thus, due to the
advantage of simple pre-treatment processing, inexpensive instruments, fast analysis, high
sensitivity, easy operation and quantitative detection, the electrochemical biosensor has been
widely used as a quantitative monitoring method for superoxide detection (Balamurugan et al.
2018).

2.2 Enzymes used for superoxide detection

It is reported that the direct detection of the Oz / Oz couple (Figure 2.1 (a)) was available due
to the reversible electrochemical behaviour in various media at the potential of -1 V vs SCE
(Hayyan et al. 2016). However, the results could easily be affected by many parameters,
including humidity, electrolyte changing and the state of the electrodes. In addition, the
application of direct detection in blood tests was also limited because of the poor selectivity
(Tian etal. 2006). The problem could be solved by using the enzyme that specifically recognises
superoxide anion. Figure 2.1 (b) showed the principle of enzyme on the selectivity of
superoxide anion, which could specifically oxidase the superoxide to oxygen by self-reduction

at the activate site of enzymes.

electrode electrode Enzyme

_ 0, (Oxidation 0,
e i state)

Enzyme
0, (Reduced 0,

(a) (b) state)

Figure 2.1 The principle of (a) direct detection and (b) enzyme-catalysed detection of superoxide.
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Due to the property of specific recognition, enzymes play more and more important roles in
biosensors. Enzymatic electrochemical biosensors are generally based on the catalytic action of
enzymes on the generation of ions (Enomoto et al. 2013).

Several enzymes could be involved in the superoxide detection by electrochemical biosensors,
such as hemin, galactose oxidase, tyrosinase, cytochrome c (Cyt. ¢) and superoxide dismutase
(SOD) (Campanella et al. 1997, Chen et al. 2000, Xiaojun J Chen et al. 2008, Endo et al. 2002).
Among all these enzymes, the study of cyt. c and SOD attracted attention because of the high

selectivity and efficiency for the determination of superoxide (Tian et al. 2006).

2.2.1 Cytochromec

The earlier studies often used Cyt. ¢ to detect O, Cyt. c is a highly water-soluble protein and
contains a protein-linked heme, as shown in Figure 2.2 (a), which could transmit electrons by
the oxidation and reduction between the ferrous and ferric forms (Abel et al. 2010, Sanders et
al. 2010). The principle of the Cyc. c-based superoxide biosensor is using the enzyme as the
electron transfer mediator to oxidise superoxide anion to oxygen (shown in Figure 2.2 (b)). In
this method, The O2™ reduce Cyt. ¢ while itself was oxidized to O; at the same time, the reduced
Cyt. ¢ (Fe?") is rapidly oxidized to an oxidized state (Fe**) at a positive potential on the surface
of the electrode. (Ho et al., 1995). As expected, the Cyt. ¢ -based O> sensor avoids the
interference of ascorbic acid and uric acid and can detect O, at low potential (Fleury et al.,
2002).
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cytochrome ¢ (9)
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Figure 2.2 (a) The structure of Cyt. c enzyme and heme (Manickam et al. 2017). (b) The principle of Cyt.
c-based detection of superoxide.

The superoxide determination by Cyt. ¢ was mostly demonstrated on gold or platinised
activated carbon electrodes. Cooper et al. (1995) self-assembled L-cystine onto the surface of
a bare gold electrode and immobilized Cyt. ¢ through a carbodiimide condensation reaction to
test the electron transfer between Cyt. ¢ and the electrode. The O2- was produced by the
enzymatic reaction of the xanthine/xanthine oxidase system. The results showed that Cyt. ¢
achieves direct electron transfer on the surface of the electrode and the apparent potential was
2mV (vs. SCE), indicating that this O™ sensor has practical application feasibility.

To enhance the sensitivity of superoxide detection, alkanethiol was applied as the promoter for
the electron transfer of Cytochrome c. Ge and Lisdat (2002) described a superoxide sensor by
immobilizing Cyt. ¢ on a mixed thiol (mercaptoundecanoic acid / mercaptoundecanol) modified
gold electrode. The sensor showed an obvious electrochemical redox behaviour, and the
interaction of superoxide and enzyme was characterized. The long alkanethiol monolayers
could be contributed to the orientation of the enzyme without denaturation, resulting in the
improvement of the electrons transfer. The mixed thiol-modified sensor was also provided to

protect the electrode from the fouling of the other interferences in solution, such as H>O> and
13



uric acid.

However, as a peroxidase, Cyt. ¢ can also oxidise H,O, and ONOO" in the human body or from
the enzymatic reaction, which can interfere with the results of superoxide detection (Tian et al.
2006). To increase the accuracy, the enzyme with specific characteristics would be one of the

alternatives.

2.2.2 Superoxide dismutase

To solve the problem of low selectivity of Cyt. c-based biosensor, as one of the ROS eliminating
enzymes, SOD is widely used for detecting Oz (Endo et al., 2002; Prieto-Sim et al., 2008;
Salem et al., 2014, Braik et al., 2016).

As the first line of defence against ROS damage in the life motions of cells, superoxide
dismutase could catalyse disproportionation reactions of toxic superoxide anion radical into
both non-toxic oxygen and hydrogen peroxide so that decrease the excessive concentration level
of superoxide which causes oxidative stress in the human body (Kangralkar et al. 2010, Yasui
and Baba 2006). As shown in Figure 2.3, with the characteristics of metalloenzymes, SOD
achieves its catalysis on disproportionation reaction by alternate oxidation-reduction of metal
ions on its active site (McCord and Fridovich 1969, Tainer et al. 1983). SODs have many
species based on the metal cofactors on their active sites, such as copper-SOD (Cu-SOD), zinc-
SOD (Zn-SOD), iron SOD (Fe-SOD), manganese SOD (Mn-SOD), and nickel-SOD (Ni-SOD)
which are unequally distributed within the whole organism (Younus 2018). Different forms of
SOD are located in different subcellular compartments, Mn-SOD usually located in the
mitochondrial matrix and Cu/Zn-SOD located in the inner membrane space of mitochondria
(Kitada et al. 2020).
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Figure 2.3 (a) The principle of SOD-based catalytic dismutation of superoxide (Younus 2018). (b) The
structure of SOD enzyme (Tainer et al. 1983).

Ohsaka's research group (2002) first discovered that O2™ can be simultaneously oxidized and
reduced on SOD-modified electrodes, and the comparative experiments confirmed that O, can
be detected bi-directionally at both oxidation and reduction voltages. This result achieved the
analysis of Oz and the long-term and reliable detection of O, free radicals in biological

systems.

The principle of SOD-catalyzed disproportionation reaction is based on a secondary reaction,
in which the rate of the reaction is proportional to the product of the double substrates. The total

reaction is shown in equation 2.1 (Emregul et al. 2013):

SOD
2H* + 205 - —5H,0, + 0, (Eq.2.1)

This conversion is accomplished by two steps as shown in equation 2.2 & 2.3 (Figure 2.3 (2)):
SOD (M™V*) + HY + 07 - - SOD (M™)(H") + 0, (Eq.2.2)
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SOD (M™)(H*) + H* + 057 - - SOD (M®*V+) + H,0, (Eq.2.3)

where M represents the metal cofactors present in the active site, including Cu/Zn (n=1), Mn;
Fe; and Ni (n=2). In these two steps, the electrostatic attraction of metal cofactors is preserved
by the proton, and the energy released from the first step could be used to support the second
step (Melo et al. 2011).

Cu, Zn-S0D

Prsso ;

+300 mV

> SOD (M) 0y
s
SOD (M) 02
Xanthine
100 mY .
SOD (M*™) H207
sop (M) . 0r-

(N

Catalase Cu, Zn-S0OD

Figure 2.4 The mechanism of O,-- catalysed by SOD (a) the reduction reaction (b) the oxidation reaction
(Tian et al. 2004).

Many SOD-based superoxide biosensors separated two steps respectively on anode and cathode
and detected superoxide by determining the electron transfer directly from SOD on electrode
surface area. Tian et al. (2004) established a superoxide biosensor to determine the electron
transfer of different kinds of SODs on a self-assembled monolayer (SAM) of 3-
mercaptopropionic acid-modified gold electrode. As shown in Figure 2.4, the biosensor was
proved a successful recognition of the SOD redox cycle of the active sites. Both the reduction
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reaction of O>™ to H20O, and oxidation reaction of O™ to O2 showed a significant increase in
the current response at the anode and cathode, which represented that SOD has a bi-functional
electro-catalytic activity for Oz™.

The detection based on the direct electron transfer of SOD on the surface of the electrode
required the promotor to achieve the rapid electron transfer, resulting in the electron transfer
promotor becoming an important part of this kind of biosensor. Cysteine and nanomaterials
showed good performance to promote electron transfer. Peng et al. (2005) used SOD, L-
cysteine (Cys), sol-gel and gold nanoparticles (AuNp) to prepare three self-assembled SOD
electrodes, SOD/Cys/sol-gel, SOD/Cys/AuNp and SOD/Cys/AuNP/sol-gel, by combining self-
assembly method, nanotechnology and sol-gel method. Experiments showed that the SOD
electron transferred faster in the electrode surface membrane by adding L-cysteine, which
resulted in greatly increasing the sensitivity of the enzyme electrode. The AuNp further
improved the sensitivity of the enzyme electrode because it made the catalytic effect obvious.

Sol-gel could not only immobilize the enzyme efficiently but also retain its activity well.

Besides using the electron transfer promotor, another efficient way to determine the electron
transfer of SOD is using a surface-confined mediator that contains metal factors. Figure 2.5 (a)
shows the principle of this kind of superoxide biosensor. Instead of directly detecting the
electron transfer of SOD, the mediator could efficiently mediate the oxidation reaction of
superoxide and transferred the electron from SOD to the electrode. Endo et al. (2002)
established a SOD-based superoxide biosensor using ferrocene-carboxaldehyde as the mediator
and successfully applied in organism tests. They built two cells (shown in Figure 2.5 (b) and
(c)) to respectively detect the amount of superoxide produced from the oxidation reaction with
xanthine oxidase (in the batch cell) and superoxide released from the heart of an endotoxin-
administered rat (in the flow cell for continuous monitoring). Results showed high sensitivity
and reproducibility for superoxide detection and obtained a linear relationship between the
electronic response and hypoxanthine concentration at 0 to 100 piM, which represented that the
SOD-based biosensor was available for superoxide detection in a complex organism-

environment.

17



Cu(1I)-SOD

OZ'X Fe(lll)}-SOD X 2H202
Cu( 1 )-SOD )
- clectrode
_ Cu(1I)-SOD mediator
02 Fe(Ill)-SOD X(rcduccd form))
Cu(I)-SOD mediator S
a
(a) 02 Fe(11-SOD (oxidized form) | ©
xanthine | I
oxidase i
SRS SOD-immobilized e
sensor
6 chart recorder |_
Hg‘ heater =
hypoxanthine
solution
&T D computer
(b) \ _—
magnetic stirrer
tissues packed chamber  flow cell
drain

sensor
Krebs-Henseleit potentiostat
buffer > aq [ 5=
@ computer Hchart recorder
(c) magnetic stirrer

A

pump

SOD-immobilized

Figure 2.5 (a) The principle of the SOD-based biosensor using a surface-confined mediator for

superoxide determination. The experiment setup for (b) the batch cell and (c) the flow cell. (Endo et al.
2002)

Although the biosensor based on direct electron transfer of SOD showed the advantage of
convenient detection, high sensitivity and reproductivity for superoxide determination, the

quantitative measurement towards the concentration of superoxide still is a challenge nowadays.
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To solve this problem, the quantitative measurement of the produced hydrogen peroxide from

superoxide was described in this project.

2.2.3 Horseradish peroxidase combined with superoxide dismutase

The direct quantitative measurement of H2O: is based on the electron transfer of oxidation
reaction from H>O> to oxygen, which required high potential. This measurement was widely
described because of the short response time, easy operation, good temperature stability and
low detection limits (Tian et al. 2006). However, the electrical signal response at such a high
potential could be easily affected by the simultaneous oxidation reactions of other electroactive
species in vitro. To enhance the sensitivity of the superoxide biosensor, detecting the reduction
reaction of produced H2O2 with the specific enzyme would be an alternative way.

Horseradish peroxidase (HRP) is an important heme-containing enzyme which widely used to
oxidase the various substrates in the presence of H>O> as the oxidizing agent (Veitch 2004). It
is structured by a large alpha-helical glycoprotein binding heme as the redox factor present in
the active site (Akkara et al. 1991, Veitch 2004) (shown in Figure 2.6). Due to the characteristic
of the ability to reduce H2O> in an aqueous environment, HRP has commonly reported the
utilization of the electrochemical detection of H202 (Xu Chen et al. 2008, Ferapontova et al.
2001, Razola et al. 2002, Shin et al. 2020, Wu et al. 2011).

SH

Figure 2.6 The structure of HRP which contains heme as its active site (Veitch 2004).
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The principle of the HRP-catalytic reduction reaction of H>O. could be described as the
following equation (Lvovich and Scheeline 1997) :

HRP
H,0, + 2e~ + 2H*—2H,0 (Eq.2.4)

the reduction process of the HRP-catalysed reaction is (Malomo et al. 2011, Razola et al. 2002):

Ferric HRP + H,0, —» HRP compound I + H,0, (Eq.2.5)
HRP compound I + e~ + H* - HRP compound II (Eq.2.6)
HRP compound I + e~ + H* - Ferric HRP + H,0 (Eq.2.7)

With the presence of H20», the Ferric HRP that is immobilized on the surface of the electrodes
can be fully converted to its oxidized compound I. Then, the HRP compound | can be reduced
to the Ferric HRP through the HRP compound 11 (the intermediate compound) in the presence
of the exogenous electron donor.

The HRP-catalyzed H>O> reduction was proved to be successfully applied on H2O> biosensors.
Feng et al. (2011) established an H20- based biosensor by immobilizing HRP on a new type of
chitosan/polyvinylpyrrolidone (PVP) composite membrane, with glyoxal as crosslinking agent
and ferrocene as mediator. The cyclic voltammetry results showed that the sensor had good
linearity in the range of H2O> concentration of 3.00 %< 10-8 ~ 3.00 < 10-4 mol/L. Zhan et al.
(2011) prepared a biosensor with polyaniline as electronic media and HRP immobilized on
nano-TiO2. The results showed that the sensor had good electro catalytic reducibility for both
H202 and NaNO:..

Therefore, the quantitative measurement of superoxide anion is possibly be achieved by
determining the concentration of H>O> reduced from superoxide anion in the presence of
coupled SOD-HRP system. This coupled-enzyme system for superoxide determination was
utilized successfully on a fluorescent biosensor. Based on the coupled reaction with superoxide
dismutase—peroxidase enzymes, Mateo etc. (2004) developed a highly sensitive fluorescent
biosensor in a single sol-gel matrix, which is shown in Figure 2.7. The results showed that this

kind of biosensor had full activity and could be used repeatedly for at least one month. The
20



good performance of this fluorescent biosensor proved that the enzyme-catalyzed reactions of
XOD, SOD and HRP could be performed simultaneously in the same system. However, the
limitation of the fluorescent biosensor is not ignorable, such as time-consuming for the sample

detection, and could be easily interfered with by the environment and compounds themselves.
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Figure 2.7 Scheme of the coupled reaction system (Pastor et al. 2004)

In an electrochemical system, the concentration of H>O> is distributed unequally due to the
solution diffusion and electrode adsorption. Therefore, the coupled-enzyme system might be
complex when the local concentration of H2O: reached a high level. Vlasits et al. (2010)
discussed the mechanisms of catalase activity of HRP and described a series of complex enzyme
reactions and various reaction intermediates formed in the presence of excessive H202 (shown
in Figure 2.8). In this case, the oxygen produced from superoxide could be involved in the HRP
(compound I11) enzymatic reactions, the efficiency of HRP might decrease and the reaction rate
of the H20 reduction reaction could drop resulting in the decrease of the current signal

followed by the effect on the accuracy of the electrochemical biosensor.
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Figure 2.8 The reaction intermediates formed from HRP in the presence of excessive H,0;. (Vlasits et
al. 2010)

In addition, H>O> could inhibit the activity of the SOD enzyme because of the product inhibition
and the changes of the conformation of the enzyme that could affect the enzyme activity
(Ambarsari and Lindawati 2017). Besides, excess H202 can be converted to OH 5 resulting in
the denaturation of the enzyme proteins, the mutations of the nucleic acids, and the reduced
activity of the enzyme. To avoid the effect of the excess H.O> on the electrical signal response,
the separation of H2O reduction reaction and the disproportionation reaction of superoxide

anion on the different electrode was discussed in this project.

2.3 Enzyme immobilizing methods
2.3.1 Overview of immobilized enzymes

As catalysts with high specificity and catalytic efficiency, enzymes play an important role in
many research areas, especially in the detections of various substrates. The immobilized
enzyme was first described in 1916, but enzyme loadings were challenged by the limitation of

available surface areas (Cao 2005). As research into the structure and function of enzyme
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molecules in the 1960s, this situation has been improved by the covalent method (Homaei et al.
2013).

Compared with free enzymes, immobilized enzymes have a series of advantages such as high
storage stability, easy separation and recovery, multiple reusability, continuous and controlled
operation and simplicity of the process, while maintaining their efficient and specific properties
(Zhang and Xing 2011).

Besides, immobilized enzymes are more suitable for use in multi-enzyme systems than free
enzymes (Jia et al. 2014). Immobilized enzymes can not only increase the rate of enzyme-
catalysed reactions by the multi-enzyme synergism, but control reactions proceed in a certain

sequence.

It is reported that many methods have been used for enzyme immobilization. Enzyme
immobilization can be divided into two main types, physical methods (non-covalent adsorption
and deposition, entrapment) and chemical methods (covalent bonding, cross-linking) (Basso
and Serban 2019).

The principle of four immobilization methods is shown in Figure 2.9 (Homaei et al. 2013). The
carrier-bound enzyme is the immobilization of the enzyme on the carrier by physical adsorption,
in which the bound is based on intermolecular interaction forces. Entrapment methods usually
immobilize the enzyme in a fine gel grid of polymers or a polymeric semi-permeable membrane.
Enzyme inclusion and microcapsule are both entrapment-based methods, which use gel or other
organic-inorganic hybrid materials to form internal polymeric networks as the substrates
(Rother and Nidetzky 2009). Cross-linking method is based on the formation of covalent bonds
or relatively short sequences of chemical bonds by combining two polymer chains. Covalent
bonding is a method combining enzyme and support matrix by the strong binding between the

functional groups that can be covalently coupled (Vijayalakshmi et al. 2020).
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Figure 2.9 Some of the commonly used enzyme immobilization methods (Homaei et al. 2013).

Because of the different structure, physical and chemical properties, location of the active sites
of the enzymes, the suitable immobilization methods show the huge difference in applications.
These enzyme immobilization methods have different advantages and disadvantages (Datta et
al. 2013, Nisha et al. 2012), which is shown in the following table.

Table 2.1 The categories of enzyme immobilization methods and their advantages and disadvantages

Immobilization Classification | Advantages Disadvantages
methods
Non-covalent adsorption | Physical Easy  operation, | frequently
and deposition immobilization | low cost, and high | reversible
efficiency
Entrapment Avoid  negative | diffusional IS
influence on | limited
enzyme surface,
high thermal and
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mechanical

stability

Covalent attachment Chemical Relatively stable | High cost,
immobilization | to hydrolysis at | enzyme

neutral pH performance s
easily be affected

Cross-linking High efficiency
and durability

2.3.2 Enzyme immobilization for SOD

As one of the important enzymes in the research of oxidative stress, several different
immobilization methods for SOD have been studied. The most widely used methods are based

on electrostatic interactions and covalent attachment.

As a high charge density cationic polymer, poly(diallyldimethylammonium chloride) was
proved to adsorb SOD strongly through electrostatic and hydrophobic interactions. Figure 2.10
shows the successful self-assembly by immobilization of SOD on the titania nanosheets treated
poly(diallyldimethylammonium chloride) polyelectrolyte (Rouster et al. 2018). The enzyme

showed functional integrity and excellent activity.

PDADMAC

TNS-PDADMAC
R T

SOD

TNS-PDADMAC-SOD

Figure 2.10 Schematic representation of SOD immobilization on PDADMAC-functionalized TNS. TNS:
titania nanosheets, PDADMAC: poly(diallyldimethylammonium chloride) polyelectrolyte (Rouster et al.
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2018).

It is also reported that the immobilization of SOD by cross-linking was successfully applied.
Braik et al. (2016) immobilized SOD-glutaraldehyde mixed solution onto the top of the chitosan
layer, which is shown in Figure 2.11. The covalent bond is achieved through the combination

of the amino group from chitosan and the carboxyl group of both enzyme and glutaraldehyde.

— SO0

— CNTin chitosan

— Polymer: PEDOT

Figure 2.11 Schematic representation of SOD biosensor based on PEDOT and CNT. CNT: carbon
nanotubes, PEDOT: poly(3,4-ethylenedioxythiophene). (Braik et al. 2016)

Mahlicli et al. (2015) compared the efficiency of coupled SOD/catalase which was covalently
and ionically immobilized respectively (shown in Figure 2.12). Compared with electrostatic
immobilization, covalent immobilization required more time for the treatment. Results showed
similar rates for the enzyme catalysed reactions, but the ionically immobilized enzyme was

found lost from the surface after 4 hours.
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Figure 2.12 Schematic representation of SOD/CAT couple immobilization based on covalent bond and
electrostatic force respectively. CAT: catalase. (Mabhlicli et al. 2015)

Thus, for the long-term catalytic reactions of SOD, the covalent immobilization provides
stronger bindings. Electrostatic immobilization is more advantageous for short-time detections

due to the simple operation.

2.3.3 Enzyme immobilization for HRP

Most studies on HRP immobilization are based on chemical immobilization. Since the first
discussion on the structure of HRP enzyme with carboxyl group in 1997 (Gajhede et al. 1997),

the covalent attachment was widely used and developed.

Rong et al. (2019) introduced a graphene oxide composite as the support for HRP
immobilization (shown in Figure 2.13). HRP was immobilized on 6arm-PEG-NH2, a
polyethylene glycol derivative that is rich in amino groups, via the cross-linking agent
glutaraldehyde. The loading amount and thermal stability of HRP were improved by this

immobilization.
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Figure 2.13 Schematic diagram of immobilization of HRP on GO@Fe304@6arm-PEG-NH,. (Rong et al.
2019)

Sahin (2020) described a two-step HRP enzyme immobilization on single-walled nanotube
coated screen-printed electrodes by using a heterobifunctional crosslinker, 1-Pyrenebutyric
acid N-hydroxysuccinimide ester (shown in Figure 2.14). The HRP enzyme was proved
strongly combined on the electrode based on the covalent bond and the strong n— interactions.
By immobilizing HRP, the modified electrode achieved the effective and sensitive detection of
H20> and showed high selectivity and reproducibility.
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Figure 2.14 Schematic diagram of cut single-walled carbon nanotube electrode preparation. PBSE: 1-
Pyrenebutyric acid N-hydroxysuccinimide ester, SPE: screen-printed electrodes. (Sahin 2020)

Except for the immobilization methods based on chemical bonds through the functional group,
entrapment of HRP based on protein bind was mostly described by molecular imprinting
technology. Sardaremelli et al. (2021) provided an electropolymerized ($Cyclodextrin (3CD)
matrix on a glassy carbon electrode which could bind the protein of HRP by hydrogen bonding
interaction of OH (shown in Figure 2.15). The excellent electro-conductivity of (scyclodextrin
enhanced electron transfer and the large coverage of the matrix contributed to simple and
efficient re-binding towards HRP targets. This biosensor showed excellent behaviour in real

samples, which provided the possibility of H.O> analysis in clinic studies.
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Figure 2.15 Schematic diagram of MIP/P(6-CD)/GCE (biosensor) preparation. GCE: glassy carbon
electrode, MIP: molecularly imprinted polymers, P(3-CD): poly beta-cyclodextrin. (Sardaremelli et al.
2021)

2.4 Review of methods for analysis
2.4.1  Ultraviolet-visible spectroscopy

Spectroscopy is a method of analysis based on the measurement of the wavelength and intensity
of emitted, absorbed or scattered radiation resulting from transitions between energy levels that
occur within a substance when it interacts with electromagnetic radiation (Penner 2017). When
light from a light source comes into contact with a molecule, the light energy of a certain
wavelength is converted into Kinetic energy causing the electrons to move to a higher excited
state, thus causing excitation of the electron energy level (Gandhimathi et al. 2012).

Spectrophotometry is an important part of spectroscopy and is a method for the qualitative and
guantitative analysis of a substance by measuring the absorbance or luminous intensity of the
substance at a specific wavelength or within a certain wavelength range. As a commonly used

method, UV-Vis spectrophotometry is a method for determining the absorbance of a substance
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in the wavelength range of 190 to 800 nm for identification, impurity checking and quantitative
determination (Perkampus 2013, Shinde et al. 2020, Verma and Mishra 2018).

As shown in Figure 2.16 (Mohanta 2017), the UV-Vis spectrophotometer consists of five
components: 1) a light source providing a stable, continuous spectrum with sufficient output
power; 2) a diffraction grating for generating high-purity monochromatic beams by breaking
up the light source to produce a composite light into monochromatic light; 3) cells which
holding the substances for absorbance measurement; 4) the detector and 5) the chart recorder.
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Figure 2.16 Schematic diagram of UV-vis spectrophotometer (Mohanta 2017)

Absorbance measures the light which does not pass through the samples and is decided by the
extinction coefficient, the path length of the light and the concentration of samples. As known
as Lambert-Beers law, absorbance is given by equation 2.8 (Méantele and Deniz 2017,
Mayerhder et al. 2020):

I 1
A= l0g10 l0g10 = ecd (Eq.2.8)

Where, I, and I are the intensity of incident light and transmitted light, T is the transmittance,
€ is the molar absorption coefficient, ¢ is the concentration of the species in the samples and d
is the path length of the measuring beam in the samples. The absorbance is proportional to the

concentration of the substance to be measured in the sample under the same conditions and can
31



therefore be used for the indirect quantification of the concentration of the substance.

2.4.2  Electrochemical characterization
The electrochemical cell set-up

To ensure that the working electrode of the electrochemical biosensor maintains a constant
potential during operation, the reference electrode and the counter electrode are generally used
to compose a three-electrode two-loop system (Yang 2013). The working principle of the
current-type electrochemical sensor is shown in Figure 2.17, which is re-created from
(Braustein 2017).
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Figure 2.17 Schematic diagram of the principle of electrochemical biosensor

The current flows between the working electrode and the counter electrode, and the reference
electrode is placed not far from the working electrode to keep the voltage of the working
electrode constant. When the analyte is diffused to the surface of the working electrode, the
redox reaction occurs at the counter electrode and the working electrode respectively to
generate a current, and the concentration of the analyte is obtained by detecting the redox
current (Bard and Faulkner 1983).

After being modified onto the electrode, the bio-sensitive molecule reacts with the specifically
recognized molecule to selectively recognize the target analyte (Viswanathan et al. 2009).
Because using bio-specific materials as bio-sensitive elements for electrochemical sensors, it
has the ability to rapidly and directly capture analyte information from complex biological
systems with high selectivity.
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Voltammetry

Voltammetry is a widely employed technique in the electrochemical analysis due to its ability
to maintain dynamic current-voltage conditions, which correspond to the typical

electrochemical reaction process (Patel 2021).

Cyclic voltammetry (CV) is one of the most important methods of electroanalytical chemistry
that allows for the investigation of the redox behaviour of electroactive species. It is widely
used in many research areas such as electrochemistry, inorganic chemistry, organic chemistry
and biochemistry due to its simple instrumentation, ease of operation and intuitive analysis of
the spectra (Brett et al. 1993).

The current-potential curve is recorded by controlling the electrode potential with one or more
repeated scans of the triangular waveform over time at a certain rate, which is shown in Figure
2.18 (Bard and Faulkner 1983). Reduction and oxidation reactions can occur alternately at the
electrode in the potential range. By cycling the potential, the technique provides information
on the oxidation and reduction potentials, kinetics, and mechanism of redox processes, as well

as the concentration and diffusion coefficients of the species (Elgrishi et al. 2018).

CV is commonly used for studying reversible and quasi-reversible redox processes
characterized by proximate oxidation and reduction potentials (Pajkossy 2018). The positions
and shapes of the current peak provide information about the thermodynamics and kinetics of
the redox process. For irreversible redox processes, where the oxidation and reduction
potentials are widely separated, the voltammogram exhibits a broad, featureless peak or plateau.
In this case, the kinetics and mechanism of the process, as well as the diffusion coefficients of

the species can still be analysed from the voltammogram.

Except the recognition of the reversible and irreversible redox reactions, CV can also be used
to study the behaviour of electrode surfaces, including the adsorption and desorption of species
on the surface (YYamada et al. 2022). By modifying the electrode surface with functional groups
or nanoparticles, it is possible to selectively detect specific redox species or catalytic sites. Thus,
CV was widely found in the applications on the characterization of electroactive materials, the
development of electrochemical sensors, and the optimization of electrocatalytic processes, as
well as biological systems, including the redox behaviour of enzymes and the electrochemistry

of DNA and other biomolecules.
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The limitation of CV is its sensitivity to experimental parameters, such as the electrolyte, scan
rate and the solution temperature (Xu et al. 1999). The choice of electrolyte can affect the
kinetics and mechanism of the redox process. The scan rate affects the current obtained from
the redox process and can lead to distortion of the voltammogram (Zhu et al. 2020). The
electrode surface could be considered to be in a steady state at slow scan rate of 5 mV/s. At
slow rates the current observed can be primarily attributable to Faradaic current (no capacitive
double layer current). Electrode around peak current will be under diffusion control and hence
current will be proportional to redox concentration. For the more accurate results and to avoid
the peak offset at a high scan rate in CV, referring to the previous group research on different
scan rates towards H>O> detections (Sahin 2020), 5 mV/s was used in all procedures in this
study. The slow scan is used to identify region of interest (potential where peak occurs) so
device can operate at fixed potential. The solution temperature can affect the diffusion
coefficients of the species, the kinetics of the redox process and the stability of the electrode

material and the redox species.

From a cyclic voltammogram, some parameters are important for data analysis, including the
peak cathodic and anodic current (ipc and ipa respectively), the cathodic peak potential (Epc) and
the peak anodic potential (Epa). In an ideal system, the difference between two peak potentials

is only related to the number of transferred electrons (Nicholson 1965):
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Figure 2.18 (a) CV potential sweep waveform (Bard and Faulkner 1983) and (b) typical resulting cyclic
voltammogram (Zhang et al. 2013).
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Linear sweep voltammetry (LSV) at a faster scan rate could be regards as half-cycle of CV
processes, which is also a detection of the current changing with the linearly changed potential.
At an extremely slow scan rate, the current response of LSV could be regarded as Faradaic
current, and the response curve called the steady-state polarization curve. LSV has extensive
applications in various fields, primarily including the evaluation of photoelectric performance
in solar cells, determination of oxygen reduction curves in fuel cells, and detection of catalytic
curves in electrocatalysis (Aoki et al. 1985, Raeisi-Kheirabadi et al. 2022, Rossi et al. 2020).
Different from LSV, CV is primarily employed to investigate the energy storage and
capacitance properties of supercapacitors, as well as to study the redox characteristics of

materials on the working electrodes.

Except LSV and CV, the pulse voltammetry is also one of the commonly used electrochemical
analysis technique. Pulse voltammetry involves applying regularly increasing amplitude
potential pulses to the electrode, and it can be described as normal pulse voltammetry (NPV),
differential pulse voltammetry (DPV) and square wave voltammetry (SWV) regarding to the
applied potential, which is shown in Figure 2.19.
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Figure 2.19 Schematic of pulse voltammetry. Applied waveform for (a) NPV, (b) DPV and (c) SWV;
typical voltammogram for (d) NPV, (e) DPV and (f) SWV. Recreated from literature (Deffo et al. 2023,
Simées and Xavier 2017, Venton and DiScenza 2020).

As shown in Figure 2.19 (a), the rectangular potential pulse of NPV increases by a constant
amplitude with constant time intervals (Bontempelli and Toniolo 2005). In NPV, there is no
Faradaic reactions until a short-time pulse applied to stimulate Faradaic reactions. Due to the

absence of the previous diffusion layer, a higher diffusion flux and faradaic current would be
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generated. NPV is often used to analyze low concentrations of heavy metals, organics, with the
detection limit that can reach 1 to 0.1 pM (Worsfold et al. 2019).

Different from NPV, the short amplitude potential pulses of DPV (shown in Figure 2.19(b)) are
superimposed on a linear ramp. From Figure 2.19 (d) and (e), the baseline of NPV showed
linear relationship with the voltage and DPV is a fixed value. This is caused by the behaviour
of charging current of the electric double layer with the increasing potential pulses. Unlike NPV,
the returns to its initial condition of the diffusion layer in each current sampling interval is not
required in DPV (Batchelor-McAuley et al. 2015). DPV has higher detection sensitivity and

lower detection limit due to the reduced background current, which enables it to be applied to
occasions where the concentration is as low as about 1 UM (1 /L) with the detection limit
about 1072 pM (Venton and DiScenza 2020).

SWV is the technique that combined both NPV and DPV. In SWV, as shown in Figure 2.19 (e),
a waveform consisting of a balanced square wave is superimposed onto a base staircase
potential and applied to the working electrode (Nambiar et al. 2023). It has both the advantages
of higher current value in NPV and the benefits of higher sensitivity and no requirements of
diffusion layer returns in DPV. Thus, SWV is most commonly used to amplify the

electrochemical signal of the redox analyte.
Chronoamperometry

Chronoamperometry (CA) is a simple and widely used electrochemical detection technique. It
works by applying a potential step between the working electrode and the reference electrode
as an excitation, resulting in a time-varying response current generated by a redox reaction that
flows through the working electrode and the counter electrode, with the initial value of the
current being large and decreasing with time. Figure 2.20 shows the waveform for a step

experiment and the typical resulting current-time curve (Bard and Faulkner 1983).
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Figure 2.20 (a) Waveform for single-step experiment; (b) typical resulting current flow vs. time. (Bard
and Faulkner 1983)

Comparing with the other electrochemical analysis techniques, CA has the advantage of fast
detection, and the response time could down to minutes, which is suitable for the family
handheld device. Besides, CA yields a superior signal-to-noise ratio when compared to other
techniques due to its integration of current over relatively longer time intervals (Daws and
Toney 2007). While other electrochemical methods can also provide value information and
separation between kinetics and mass transport of redox processes, we focused on used on
chronoamperometry as it is the simplest and cheapest to implement in handheld device as well
as provide direct correlation of limiting current with target redox species concentration. To
analyse the reaction activity, the CA was scanned with a fixed potential from the CV curve (the

potential of the peak signal).

As a standard in Oy detection, the calibration curve would be the most important part of the
biosensor. Since the current would change with the changing of O™ concentration, the
calibration curve was generated by current and different O>™- concentrations in the electrolyte

at a fixed potential for 100 seconds.

According to the Cottrell equation, which is shown in the following equation, using the
relationship between i(t) and co as a proportional relationship, CA can be used for quantitative
analysis (Cottrell 1902, Gueshi et al. 1978, Mazloum-Ardakani et al. 2022).

L Eq.2.10
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Where, i(t) is the current detected at a certain time t, n is the number of electrons in the oxidation
or reduction process, A is the surface area of the working electrode, Do is the diffusion
coefficient of the process, co is the bulk concentration of the substrates for the oxidation or

reduction process.

To change the Oy concentration, the stock of the O2™ solution was prepared first. This project
chose the wide range of O, concentration from 0.02 mM to 10 mM, so several stocks with
different concentrations were prepared to reach the wide range.

For the method using Na>S,04 and NaOH solution, both NaS,04 concentration and generated
H20> concentration are half of the concentration of O2™. The solution is 2 ml 0.1M NaOH
solution. To reach the certain concentration, pipetting a certain small volume of Na>S>04

solution can increase the accuracy.

For the method using xanthine and xanthine oxidase solution, xanthine concentration was
changed as the control factor of the O2™ and generated H>O, concentration. The detected Oz
concentration is theoretically lower than two times xanthine concentration and higher than two
times generated H.O> concentration due to the complex procedure of several enzymatic

reactions.

2.4.3 Chemiluminescence methods

As shown in Figure 2.21, luminescence is the process by which electrons in a molecule or atom
absorb energy and then transits from a ground state (lower energy level) to an excited state
(higher energy level), before returning to the ground state and emitting a photon (Omary and
Patterson 2017). Depending on the source of energy used to form the excited state molecule
luminescence can be classified as photoluminescence, thermoluminescence and

chemiluminescence, etc (Guilbault 2020).

Chemiluminescence typically has a surprisingly wide wavelength range of light emitted and
high sensitivity because of low ambient interferences (autofluorescence of compounds, media

and cells) (Capitan-Vallvey et al. 2015, Gundermann and McCapra 2012).
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Figure 2.21 Schematic diagram of the principle and category of luminescence (Shimadzu, 2022).

Chemiluminescence analysis is based on the principle that the concentration of the substance
to be measured in the detection system and the chemiluminescence intensity of the system under
certain conditions in a linear quantitative relationship and determine the content of the

substance by detecting the system chemiluminescence intensity.

As a typical chemiluminescence agent with high luminous efficiency (which can reach 0.01),
luminol has been widely used to identify blood. Figure 2.22 shows the chemiluminescence
reaction induced by luminol. Luminol can be oxidised by a number of oxidants like hydrogen
peroxide under certain conditions and emits blue light with a maximum emission wavelength
of 425 nm (Luminol , Bustos et al. 2001, Erdey et al. 1962).
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Figure 2.22 The chemiluminescence reaction of luminol (Hayashi et al. 2019).

Although chemiluminescence has the advantage of high selectivity and lower background

signal leading to the high sensitivity, many chemiluminescent reactions exhibit a low quantum

efficiency, resulting in the generation of faint luminescence. Some chemiluminescence systems

may encounter complications due to interferences and nonlinear behaviour (Heard and Pilling

2003). Comparing with chemiluminescence, electrochemical analysis shows lower selectivity

and sensitivity. However, it offers a faster signal response, typically within a minute, and does
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not rely on bulky specialized instrumentation, or need for sample treatment, making it more
suitable to portable detection and easier to implement. Additionally, the linear behaviour of
limiting current with concentration in range of interest makes the generation of calibration

curves relatively easy.
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Chapter 3 Methodology

In this chapter, the major methods and techniques used in this project were summarized. For
the highest activity and accurate results, all the solutions used in this project were prepared
fresh as described in this Chapter. The method for cut single-wall carbon nanotubes (cut-
SWCNT) was included. The enzyme immobilization methods were introduced in detail,
including the immobilization of superoxide dismutase (SOD), xanthine oxidase (XOD) using a
layer-by-layer structure with poly(dimethyldiallyammonium chloride)  (PDDA) and
horseradish peroxidase (HRP) using a cross-linking technique with 1-pyrenebutyric acid N-
hydroxysuccinimide ester (PBSE). Because the electrochemical analysis was used for the
quantitative measurement of the superoxide and hydrogen peroxide,_the electrodes, screen-
printed electrodes, cells, and equipment (potentiostats) were introduced in detail. The main
electrochemical parameters used in this project for two electrochemical characterisations, cyclic
voltammetry (CV) and chronoamperometry (CA), were summarised, including scan rate, time
and potential conversions. The data processing and calibrations obtained from the recorder were

also mentioned.

3.1 Experimental preparation

All the chemicals used in this project, including KaHPO4, KH2PO4, HCI, PDDA, PBSE, DMF,
H20., xanthine, NaOH, H.SO4, HNO3, carbon nanotubes, and the enzymes including SOD,
HRP and XOD were purchased from Sigma-Aldrich (Dorset, UK). The blood sample was
collected fresh from the fingertip of two healthy volunteers under the help of research fellows
in School of Medicine, stored in 4 °C icebox and was used within four hours. The project was
collaborated with others in obtaining the necessary ethical approvals and data access. The blood
collections and detections were finished with the help of Prof. Birch-Machin’s group in Medical
School, and followed the protocols, which were reviewed by the Newcastle university ethical
committee (protocol number ET13-002).

3.1.1 Solution preparation

0.1 M phosphate-buffered solution (PBS) was prepared by mixing 80.2 ml 1M K;HPO4 and
19.8 ml 1 M KH2POg and diluted to 1 liter with deionized water followed by adjusting pH to
7.4 by HCI. PDDA (20% w/w in H20O) was diluted to 1% with deionized water. PBSE solution
was prepared by dissolving in dry DMF to 5 mM.
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The enzyme (SOD and XOD) stock solutions were respectively dissolved into PBS to 0.5 g/ml,
and the 3 mg/ml enzyme solutions were prepared fresh every few days from stock solutions.

HRP was dissolved into PBS to prepare 10 mg/ml HRP solution and stored in a 4 °C fridge.

For a series of the detection with different concentrations of H.O2 and xanthine, stock solutions
(1 M H202 in deionized water and 50 mg/ml xanthine sodium salt in 1 M NaOH) were prepared

priorly and stored in a 4 °C fridge. 1 ml 10 mM and 1 mM H2O> stock solution were respectively

prepared fresh before use by diluting 1 M H202 solution with PBS. Similarly, xanthine sodium
salt was respectively diluted to 10 times and 100 times solution before each series of detections.

For the blood sample tests, the freshly collected blood was diluted 20, 40, 60, 80 and 100 times
with PBS and stored in an icebox filled with the crushed ice. The diluted blood sample was

pipetted several times for a good mixture and detected immediately.

All the prepared solutions were stored in a 4 °C fridge when not in use, and PBS for the
electrolyte was placed in the oven at 30 °C for 10 minutes to make sure the temperature reached

room temperature before the detections.

3.1.2 Modification of carbon nanotube by acid cutting

Single-wall carbon nanotube (SWCNT) is one of the important supporting materials and the
commonly used electrical conductor in electrochemical biosensors. However, the length of the
original SWCNT up to several hundred micrometers exhibits high hydrophobicity and limits its
processability (Kierkowicz et al. 2018). Short and functionalized SWCNT presents a higher
dispersibility, good biocompatibility and excellent transport properties for ions and electrons
(Ali-Boucetta et al. 2013, Neves et al. 2012).

As one of the efficient methods to shorten the length of SWCNT, the strong oxidizing acids
(sulfuric / nitric acid) mixtures with the ultrasound are usually used for cutting SWCNT on a
large scale (Dai and Wang 2021). This method cuts SWCNTSs by destroying the carbon bonds
with oxidizing acids and breaking long SWCNTs with ultrasonication, and the formation of the
carboxyl functional group at the open end of SWCNTSs increases with the increasing cutting
time (Ziegler et al. 2005). Under low-temperature conditions, this method reduces sidewall
damage and carbon loss of SWCNTs caused by oxidation, and the high power density of
ultrasound increases the cutting rate, resulting in length distribution of around 50 — 200 nm in

42



the cut SWCNTs (He et al. 2013, Shuba et al. 2012). The effect on the electron transport
characteristics of SWCNT by acid treatment was reported to be reduced at low temperatures
(below 8 °C) (Dai and Wang 2021).

To obtain aqueous nanomaterial dispersions, this project used the mixture of sulfuric acid
(H2S04, 95%) and nitric acid (HNOs, 65%) at the ratio of 3:1 as the oxidizing acid to cut the
longer nanotubes into short (Liu et al. 1998, Zhang et al. 2003). 50 mg SWCNT was dissolved
in 50 ml mixed acid and sonicated for 4 hours. The solution then was diluted with 100 ml
deionized water followed by standing for two days. The upper solution was removed, and the
lower solution was centrifuged at room temperature for 60 seconds to separate the SWCNT
from the acid. The SWCNT was washed with deionized water until acid was removed

completely, followed by drying in the oven at 60 °C overnight. The dried SWCNT was

dissolved in deionized water to prepare 1 mg/ml SWCNT solution followed by sonicating for
3 hours. The prepared SWCNT solution was sonicated for 15 minutes each time before use to

get the evenly distributed suspension.

3.2 Enzyme-based biosensor fabrication

All the chemicals used in this project, including PDDA, PBSE, and the enzymes including SOD,
HRP and XOD were purchased from Sigma-Aldrich (Dorset, UK). The electrodes used in this
project were screen-printed electrodes (SPE). All the electrodes including screen-printed carbon
electrode (C-SPE, model DRP-C110), screen-printed cobalt-phthalocyanine/carbon electrode
(CPC-SPE, model DRP-410), dual screen-printed carbon electrode (duo-SPE, model DRP-
C1110) and the other electrochemical analysis accessorries were obtained from DropSens
(Oviedo, Spain).

3.2.1 Layer-by-layer immobilization for SOD and XOD

For the immobilization of SOD and XOD, the layer-by-layer self-assembly method was used
in this project due to the high simplicity, good versatility and wide compatibility with various
enzymes. This method is based on an electrostatic combination with two oppositely charged
solutions, i.e., the positively charged PDDA is used to immobilize the negatively charged SOD
and XOD enzymes. The surface of SPEs used in this project was examined using scanning
electron microscopy (SEM) by previous group research (Sahin 2020), as shown in Figure 3.1,

the regular grid structure was showed on the surface of SPEs, which leads to the good
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conductivity for electrochemical analysis.

Some research have been suggested the structure of layer-by-layer based on electrostatic
combination on screen printed carbon electrodes by characterising the multilayers with cyclic
voltammetry, which is considered as a common method to follow the deposition process of
multilayer composites films (Barsan and Brett 2015, Sahin et al. 2018, Sassolas et al. 2012).
The multilayers usually consist of several repeated bilayers, including an enzyme layer and a
polymer layer with the opposite charge to the enzyme. The voltammogram showed increasing
current with the increasing number of bilayers on SPEs (Gao et al. 2011). The multilayer
deposition process of bilayer containing PDDA and negative charged enzyme, e.g. SOD, was

characterised by CV in previous group research.

To immobilize the SOD enzyme (shown as the first two steps in Figure 3.1), 15 ul (for C-SPEs
and CPC-SPEs, or 7 ul for duo-SPEs) 1% PDDA was dropped onto the working electrode of
SPE for 30 minutes, followed by rinsing with 15 ul (for C-SPEs and CPC-SPEs, or 7 pl for duo-
SPEs) deionized water twice to remove the excessive PDDA. Then 15 ul (for C-SPEs and CPC-
SPEs, or 7 ul for duo-SPEs) SOD solution (3 mg/ml in 1 M PBS, pH=7.4) was dropped onto
the working electrode for 30 minutes, followed by washing with PBS twice. The immobilization
of each layer was characterised by electrochemical analysis, cyclic voltammetry, which will be

detailed mentioned in Chapter 5.
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Figure 3.1 (a) Schematic reactions and the layer-by-layer structure on the working electrode of SPEs
(left) and the steps of the layer-by-layer self-assembly for the biosensor (right); (b) The SEM of surface
of SPE (Sahin 2020).
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Superoxide preparation used in this project was the enzymatic reaction of xanthine, which
required an additional enzyme layer, XOD immobilized on the top of the enzyme-modified
working electrode by 1% PDDA (shown as the third and forth steps in Figure 3.1). The XOD
enzyme layer was used for the generation of the calibration curve for all the above four systems,

but not in the biosensor applicated for the interferences and blood tests.

3.2.2  Cross-linking immobilization for HRP

For the HRP enzyme, different from the self-assembly method which is based on an
electrostatic combination with two oppositely charged solutions, a cross-linking technique

based on the amide bonds was used in this project.

Since the large surface area of carbon nanomaterials leads to a fast response and high
conductivity, a successful HRP immobilization by crosslinking could be the binding SWCNT
with pyrene derivatives (Sahin 2020). To achieve easy operation and save time, PBSE was used
in this project as the binding mediator of the HRP enzyme by cross-linking technology. PBSE
contains a pyrene and an amine-reactive hydrophobic region, which could be regarded as the
intermediate of pyrene and its derivatives after the treatment by EDC-NHS activation (Reuillard
etal. 2014). The SWCNT coated carbon electrode connects to the pyrene side of PBSE through
strong n— interactions between the sidewall of the nanotube and aromatic organic molecules
(Xu et al. 2008). HRP enzyme immobilization is achieved by the reaction between its amine
groups and the anchored amine-reactive hydrophobic region of PBSE to form amide bonds
(Chen et al. 2001).

Referring to the work published by Samet (Sahin 2020), to immobilize HRP enzyme on the
carbon working electrode by cross-linking technique, 0.15 mg/cm? SWCNT was first drip-
coated on the electrode surface for better performance and easy operation, followed by drying
the SWCNT coating with a hairdryer. Then 15 ul (for C-SPEs and CPC-SPEs, or 7 ul for duo-
SPEs) 5 mM PBSE solution was dropped on the SWCNT coating as the crosslinker of HRP
enzymes. The PBSE-treated electrode was stored overnight under flowing nitrogen to dry and
in a box to avoid light. The HRP enzyme layer was formed by dropping 15 ul (for C-SPEs and
CPC-SPEs, or 7 ul for duo-SPEs) HRP solution (10 mg/ml in 1 M PBS, pH=7.4) onto the PBSE-

treated electrode and stored in a box at 4 °C for two days until dry. The process is outlined in

Figure 3.2.
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Figure 3.2 Schematic representation of crosslinking of HRP enzymes on SWCNT coated SPEs.
3.3 Biosensor set-up and electrochemical measurement
3.3.1 Biosensor set-up

All the electrochemical reactions and measurements were carried out at ambient temperature
and pressure. All the electrochemical analysis were carried out by CV and CA using a three-
electrode system and a potentiostat. The electrodes for a glass cell vial, including glassy carbon
electrode (GCE), counter electrode, alkaline reference electrode, Ag/AgCl reference electrode,
were purchased from Alvatek Ltd. (Romsey, UK). As metioned in Section 3.2, all the SPEs and
the other electrochemical analysis accessorries were obtained from DropSens (Oviedo, Spain).

For superoxide generation, the effect of dissolved oxygen on the yield of superoxide was carried
out by CA using a GCE as the working electrode. The electrodes used in this project, including
GCE (3 mm diameter), counter electrode (platinum wire auxiliary electrode, 7.5 cm), alkaline
reference electrode (ARE, filled with 1M NaOH) for high pH solutions and an Ag/AgCl
reference electrode (filled with 3 M NaCl) were shown in Figure 3.3 (a). The glass cell vial
with a total size of 50 mm =59 mm which contains 5 to 15 ml electrolyte and the Teflon cell
top with three holes for fixing electrodes were shown in Figure 3.3 (b). Figure 3.3 (c) shows

the electrochemical set-up carried out by Autolab potentiostat-galvanostat.
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Figure 3.3 Experiment set-up for electrochemical analysis. (a) The electrodes (from left to right: Ag/AgCl
reference electrode, ACE, counter electrode, GCE), (DropSens 2020) (b) the glass cell and (c) the Autolab
potentiostat-galvanostat used in research (DropSens 2020).

For the electrochemical measurements and analysis of the biosensors, screen-printed electrodes
(SPEs) were used in biosensor fabrication (Chapter 5 to Chapter 7) to achieve the small-volume,

low-cost and highly reproducible electrochemical detection.

There were three different types of SPEs used in this project, including screen-printed carbon
electrode (C-SPE, model DRP-C110), screen-printed cobalt-phthalocyanine/ carbon electrode
(CPC-SPE, model DRP-410) and dual screen-printed carbon electrode (duo-SPE, model DRP-
C1110), which were shown in Figure 3.4. The only difference between the SPEs is the working
electrode. The size of the working electrode of both C-SPE and CPC-SPE are 4 mm diameter
and 12.6 mm? of the area, while duo-SPE contains two elliptic carbon working electrodes with
the size of 5.9 mm? of the area. CPC-SPE contains cobalt-phthalocyanine coatings on the carbon
working electrode, while both C-SPE and duo-SPE have bare carbon working electrodes. SPEs
contain a carbon counter electrode and a short silver reference electrode (~ 0.074 V vs SHE).
The electric contacts are silver and the SPEs have a ceramic substrate with a size of 33 mm
length <10 mm width ><0.5 mm thick. The SPEs were stored at room temperature in a dry box

away from light.

47



CE

WE2
RE

WE1
WE1

(C) RE W2

Figure 3.4 The detailed structure of (a) carbon screen-printed electrode, (b) screen-printed cobalt-
phthalocyanine/ carbon electrode and (c) dual screen-printed carbon electrode (DropSens 2020)

Cable connectors for C-SPE, CPC-SPE (model CAC) and duo-SPE (model BICAC), shown
respectively in Figure 3.5 (a) and (b), were purchased from DropSens (Oviedo, Spain). The red
and yellow alligator clip connectors connect to the bottom working electrode (WE1) and the
upper working electrode (WEZ2) respectively. Figure 3.5 (c) and (d) show the types of equipment
used for the electrochemical analysis in this project, the Autolab potentiostat-galvanostat (multi
autolab cabinet, MAC80126) and (PGSTAT?204) respectively.

Figure 3.5 Cable connectors for (a) carbon screen-printed electrode and (b) dual screen-printed carbon
electrode (DropSens 2020); and Autolab potentiostat-galvanostat (c) multi autolab cabinet, MAC80126
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and (d) PGSTAT204.

The red, yellow, blue, black and green alligator clip connectors connect to working electrode 1, working
electrode 2, reference electrode, counter electrode and ground respectively.

The cell used for the electrochemical analysis is a cube with a whole size of length 29 x width
29 x height 15 mm. Figure 3.6 shows the disassembled structures of the cell for SPEs, in which

the cover with a circular opening and the bottom with a groove of SPE dimensions are fastened
by four sets of screws, and could be assembled with the SPE as a cell with a 4 mm diameter
cavity in the centre to carry 100 | electrolyte for the detection. A thin rubber gasket with a bit
smaller hole was compacted between SPE and cell to guarantee the whole-cell tightness.

bolts

lip of the cell

gasket

duo-SPE
(or C-SPE)

bottom of
the cell

Figure 3.6 (a) The detailed disassembly diagram and (b) the assembled cell for SPEs.
3.3.2 Electrochemical measurement

CV is one of the most common electrochemical characterisations for the initial exploration of
the electrochemical behaviour of the biosensors. In this project, all the CV scans were carried
out three cycles between a potential range with the scan rate of 5 mV/s. In Chapter 5 and 6, CV
was applied to determine the potential of the oxidation and reduction of hydrogen peroxide

respectively.

CA is also a common electrochemical characterisation that records the current over time at the
applied potential. The reaction time was set as 100 seconds for the stable results. With the

different reference electrodes in different electrolytes, the applied potential should be converted.

Chapter 4 refers to the different pH of the electrolytes from different O>™ preparing methods,

so the potential used for the analysis in Oz generation was converted to the potential against
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Reversible Hydrogen Electrode (RHE). Ag/AgCl reference electrode and ARE were used in the
neutral electrolyte and strong alkaline electrolyte respectively. The potential used for CA was
calculated as 1.64 V vs RHE according to equation 3.1 & 3.2:

E (vs RHE) = E (vs ARE) + 028V + 0.0591 x pH (Eq. 3.1)
E (vs RHE) = E (vs Ag / AgCl) + 0.197V + 0.0591 X pH (Eq. 3.2)

In Chapter 5 to 7, the potential applied to the biosensor was the potential against a silver
reference electrode, which could be converted to the potential against Standard Hydrogen

Electrode (SHE) according to equation 3.3:
E (vsSHE) = E (vsAg /| Ag*) + 0.074V (Eg. 3.3)

The applied potential for CA to analyse and calibrate the SOD-based biosensor which
determining superoxide by the oxidation of H.O2 was set as 0.6 V vs Ag/Ag*, while an applying
constant voltage of 0.1 V vs Ag/Ag* was used in the coupled SOD-HRP biosensor which

detecting superoxide by the reduction of H20,.

3.4 Calculations for the calibrations of superoxide

The electrochemical quantitative measurements were carried out by CA to record currents at a
particular potential with the various concentrations of substrates (superoxide or H2O2). The
calibration curves for the SOD-based and coupled SOD-HRP biosensors were generated
respectively in Chapter 5 and 6. The superoxide concentration in blood samples was calculated
in Chapter 7.

The calibration curve was firstly generated by measuring currents with the various certain
concentrations of xanthine and H.O,. According to reaction equation 3.4 and 3.5, the
concentration of superoxide in the electrolytes could be regarded as in the range of two times

xanthine (maximum) and two times H20. (minimum) concentrations.

X0D
xanthine + 2 0, + H,0 — uricacid +20; - +2H* (Eq.3.4)
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SO
2H* +205 - “5H,0, + 0, (Eq. 3.5)

The xanthine to H>O» conversion relationship was determined by correlating the required
concentrations of xanthine (Cali. 1) and H20> (Cali. I1) to produce the same current value. The
closer the ratio of xanthine to H2O is to 1, the smaller the calculated range of superoxide

concentrations and the more accurate the measurements will be.

The overall calibration curve for the biosensors (Cali. sensor) was generated by plotting the
range of superoxide concentrations calculated from the calibration curve (Cali. I and Il) with
the current value as the variable. However, for the SOD-based biosensor, the existence of the
XOD layer showed positive effects on detection readings, resulting in a current calibration

before the generation of the overall calibration curve.

The current calibration was carried out by recording current with various H202 concentrations
respectively in the presence and absence of XOD (Cali. I1l). From this result, the relationship
between the currents with and without XOD (Cali. V) was generated in the electrolyte with the
same H20- concentrations. The current without XOD represents the detected reading from the
biosensor, while the current with XOD represents the calibrated current which was used to

Figure out superoxide concentration from the overall calibration curve (Cali. sensor).

The blood sample test was finished by recording currents corresponding to different dilutions
of blood samples. The relationship between currents and dilutions of blood was generated with
dilution multiples of 20, 40, 60, 80 and 100, and was used for the estimation of the current
corresponding to blood sample without dilutions (I(a)). For the SOD-based biosensor, the bias
due to the glucose was considered, and the current (I(a)) was calibrated to 1(b) assuming a blood
glucose level of 5 mM. Then the current (I(b)) was calibrated to I(c) based on the current
calibration curve (Cali. 1V). The concentration of superoxide was calculated based on the
calibrated current I(c) and the overall calibration curve for the SOD-based biosensor (in Chapter
5). For the coupled SOD-HRP biosensor, the current does not need to be corrected, which means
that the concentration of superoxide was calculated based on I(a) and the overall calibration

curve for the coupled SOD-HRP biosensor (in Chapter 6).
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Chapter 4 Superoxide generation

In this chapter, the superoxide preparations by different methods were described. A chemical
preparation using sodium hydroxide and sodium dithionite for the accurate concentration of
superoxide and an enzymatic preparation using xanthine and xanthine oxidase for the neutral
environment were compared by ultraviolet-visible spectroscopy (UV). For the single control
variable, the effect of the amount of dissolved oxygen was carried out by electrochemical
analysis. Since the chemical preparation required a strong alkaline environment, enzyme
activity was determined between alkaline, neutral and acidic environments by using sulfuric
acid to adjust pH values. The stabilities of prepared superoxide by different methods were
compared in 5.5 hours. Results illustrated that enzyme had higher activity in neutral solution,
and the enzymatic preparation provided more stable superoxide. Considering the better
performance of the prepared superoxide, the enzymatic method was used to generate the

calibration curve for superoxide biosensors.

41 Introduction

Superoxide anions distributed throughout the body usually have a longer half-life than other
reactive oxygen species (Sikora et al. 2017). The electrochemical biosensors for superoxide
anions detection were commonly reported due to the advantages of high sensitivity, non-
destructive and easy to implement (Manning and McNeil 2011). However, superoxide is
difficult to maintain in a stable state, which caused widespread concern about the generation of
superoxide (Hayyan et al. 2016). The instability of superoxide anions makes their
commercialisation a challenge, and the quantitative measurements of superoxide anions
requires a sample at a defined concentration as a standard, so it is important to find an efficient
preparation method that can determine the concentration of superoxide anions directly or

indirectly.

Itis reported that many methods were available, including electrochemical reduction of oxygen,
photochemical and photocatalytic generations, chemical reactions and biological methods
(Bielski and Arudi 1983, Hayyan et al. 2016, Sawyer 1991).

In early, electrochemical reduction of oxygen was demonstrated to be the most simple and

direct method due to single putout, and the condition of oxygen reduction reaction was

developed with the proper electrolyte that had low viscosity and species-adsorption (Jin et al.

2010). Sawyer and Roberts (1966) discussed the electrochemical behaviour and the electron
52



transfer between oxygen and superoxide anion by using platinum, gold and mercury electrodes
respectively, provided a successful superoxide generation method in dimethyl sulfoxide
(DMSO). However, the condition of no protonic and H>O was required to avoid the

decomposition of produced superoxide anion (Costentin et al. 2010).

Photochemical and photocatalytic generations is also a common method especially in
phytochemistry and photobiology. This method is based on the photochemically initiated
electron transfer by high-energy ionizing radiations or vacuum-UV photolysis (Bielski and
Arudi 1983). The prepared alkaline aqueous superoxide solutions showed long-term stability,
but the thermal instability and the selection of the photocatalyst still be a challenge to this

method.

The chemical method for superoxide generation could be summarised into two different ways,
the initial one is based on the synthesis of superoxide salts subsequently realising superoxide
anion, and the other one is based on the redox reactions in strong alkaline environments (Chin
et al. 1982).

Carter et al. (1952) first reported that the superoxide compounds could be generated by the
reaction of alkali metals and oxygen at atmospheric pressure. The superoxide salts widely used
in superoxide generation are potassium superoxide (KO2) or sodium superoxide (NaOz) because
of the advantages of easy access to materials. However, the various admixtures in the
commercial superoxide salts make the purity to be a difficult problem for further reactions and
detections (Hayyan et al. 2016). Moreover, the superoxide anion is obtained from the dissolving
superoxide salts which have extremely low solubility in aprotic solvents, resulting in the

addition of the stimulation components like tetraalkylammonium salts (Moorcroft et al. 2003).

Lambeth and Palmer (1973) discussed the kinetics and mechanism of the electron transfer for
the reaction of dithionite, which provided a possible method to generate superoxide anion in
the lab environment. The reaction was based on the reduction of the O, - O2™ pair and the
oxidation of the SO5™ - S,0;~ pair in strong alkaline environment. The total reaction is as
follow (Weng et al. 1989a):

40H™ + 20, + S,07~ - 2503~ + 2H,0 + 205 - (Eq. 4.1)

The standard electrode potential (E) of the SO2~ - 5,02~ and the O, - O2™ pairs are:
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250% 4+ 2H,0 + 2e~ < 40H™ + S,027,E? = —1.12V (Eq. 4.2)
0,+e” o 05 E =—-0.563V (Eq. 4.3)

The standard electrode potential of the total reaction could be calculated as:
E.u = ES— EY = —0.563V — (—1.12V) = 0.557V (Eq. 4.4)

Thus, the reaction can proceed spontaneously, and the reaction equilibrium constant (K) is
calculated as 7.6x10'®. The concentration of OH™ plays an essential role in the reaction that the
high concentration leads to the formation of the stable superoxide anion (Hayyan et al. 2016).
Since the equilibrium constant of the reaction is large, this reaction can be considered to be
completely performed in an alkaline aqueous solution saturated with oxygen, so that the

concentration of O2™ can be represented by the half of original concentration of S,0; ™.

The biological method for superoxide generation is based on the enzyme-catalysed reaction by
xanthine oxidase (XOD), one of the important enzymes in oxidative stress, which can be
considered as the crucial source of the superoxide anion in the human body (Cos et al. 1998,

Fridovich 1972, Kong et al. 2018, Rahmani et al. 2019). The reaction of the generation is as
follows (Kosti¢ et al. 2015):

X0D
xanthine + 2 0, + H,0 — uric acid + 205 - +2 H* (Eq. 4.5)

However, the concentration of generated superoxide is difficult to determine by this method
due to the complex reaction process. According to the above reaction equation, the
concentration of the produced superoxide could be easily controlled by xanthine concentrations
in solution (Kong et al. 2018). Thus, the concentration of the generated superoxide anions
should be determined indirectly as a range, with the maximum concentration as the twice
xanthine concentration which reacted completely. The minimum concentration of superoxide
can be determined by the produced hydrogen peroxide from the disproportionation of

superoxide anions, which was mentioned in Chapter 4.4.

The principle of the superoxide determination with superoxide dismutase (SOD) assay Kit is
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based on the colorimetric method by a UV-vis plate reader. 2-(4-lodophenyl)- 3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2Htetrazolium, monosodium salt (WST-1, structure shown
in Figure 4.1 (b)) was used as the dye by reduced to the yellow water-soluble formazan in the
presence of superoxide anion (Berridge and Tan 1998, Yang et al. 2020). This is the most
convenient way to directly tell the changes in the concentration of superoxide and solve the

selectivity problem so that not affected by the reduced form of XOD.

20, WST-1 formazan
- 803__
20, WST-1 ON,NYQ
I ‘N+=N 803_ Na+
SOD @
* O,N
(a) 0, + H,0, (b) - N

Figure 4.1 (a) The principle of the chromogenic assay for superoxide detection. (b) The structure of the
dye (WST-1).

In this research, the generation of superoxide was discussed, and the chemical method based on
the redox reaction in the strong alkaline environment and the biological method were compared.
The pH effects and the stability of the prepared superoxide were performed by a UV plate reader.

4.2 Experimental
4.2.1 Materials

Hydrochloric acid (HCI, 37%), sodium hydroxide (NaOH, 1 M solution in H20), sulfuric acid
(H2S04, 95.0% - 97%), sodium dithionite (Na2S204, powder), xanthine (=99.5%), potassium

phosphate dibasic (K2HPO4, =98%), potassium phosphate monobasic (KH2POs, =99%), SOD
(from bovine erythrocytes, = 3,000 units/mg protein) and XOD (from bovine milk, =0.4

units/mg protein) and SOD Assay Kit were purchased from Sigma-Aldrich (Dorset, UK).

0.1 M phosphate-buffered solution (PBS, pH = 7.4), xanthine stock solutions and enzyme

solutions were prepared fresh every few days as mentioned in Chapter 3.1.1.
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4.2.2 The method of superoxide preparation

To effectively control the concentration of superoxide in solution, the chemical reaction would
be one of the methods. The simplest method is the reaction between sodium hydroxide (NaOH)
and sodium dithionite (Na2S204) with oxygen (Weng et al. 1989b). Superoxide was prepared
by adding various concentrations of Na2S204 to 2 ml 0.1M NaOH solution with air bubbling
for about 10 minutes followed by standing for 30 minutes to guarantee the reaction completely.

Another method for preparing O™ is the enzymatic reaction which was carried out in the neutral
environment. Superoxide was prepared from the oxidation of various concentrations of
xanthine and dissolved oxygen in the solution in the presence of the XOD enzyme. The enzyme
solution was centrifuged for five seconds for the homogeneous solution before the dilution with
2.5 ml 0.1M PBS (for electrochemical analysis) or dilute buffer (from SOD Assay Kit, for UV

spectroscopy).

4.2.3 Ultraviolet-visible spectroscopy

UV-vis experiments were made using a spectrometer-based absorbance microplate reader,
SPECTROstar Nano (shown in Figure 4.2), which is purchased from BMG Labtech (Ortenberg,
Germany). This absorbance microplate reader showed the advantages of fast speed, easy
operation and the ability to store individual assay protocols for absorbance measurements.

)
-

)
i SPECTROstar ¥

Figure 4.2 The spectrometer-based absorbance microplate reader used for the chromogenic assay.

The 96 well-plate was used to compare the variety of the factors in the same conditions, a
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reagent reservoir and multichannel pipette were used to guarantee the same reaction time. Since
the peak of the absorbance of the water-soluble formazan dye from the absorption spectrum
was at 440 nm (shown in Figure 4.3), the UV analysis can be quantified by measuring the

absorbance of samples between the wavelength of 400 to 500 nm.

2.0

1.0

Absorbance

30 400 5400 600 o0

Wavelength/ nm

Figure 4.3 The absorption spectrum of WST-1 formazan (from Product Information of SOD Assay Kit)
4.2.4 Electrochemical measurements

All the electrochemistry accessories including glassy carbon working electrode (GCE, 3 mm
diameter), counter electrode (platinum wire auxiliary electrode, 7.5 cm), alkaline reference
electrode (ARE, filled with 1M NaOH) for high pH solutions, Ag/AgCI reference electrode
(filled with 3 M NacCl), the glass cell vial and an electrode polishing kit for GCE were purchased
from Alvatek (BASi, Romsey, UK).

In electrochemical analysis, the current response and electron transfer of redox-active species
can be obviously affected by the surface of the working electrode, which means the electrode
polishing is essential for the reproducible results (McCreery 2008). The GCE was first polished
by 1 pm fine diamond polish on a grey grit pad and then applied to 0.3 pm fine diamond polish
on a white nylon diamond pad, followed by 0.05 m alumina on a tan velvet microcloth pad to
obtain a mirror-finish polished surface (Activation of Glassy Carbon Electrodes). The GCE was
rinsed thoroughly with deionized water followed by dried with nitrogen between each polishing
step, and ultrasonicated in deionized water for 30 minutes to remove the residual alumina after

all polishing steps finished.
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The electrochemical analysis was set up as mentioned in Chapter 3.3.1, experiments were
carried out by Autolab potentiostat-galvanostat (multi autolab cabinet, MAC80126) using
chronoamperometry (CA) in the cell carried 5 ml electrolyte.

4.3 Results and discussions
4.3.1 The determination of control variable for chemical superoxide preparation

According to the reaction of chemical superoxide preparation, the concentration of reduced
superoxide in the strong alkaline solution is controlled by the concentration of Na>S204 and the
dissolved oxygen in the solution. Since the easy operation of changing and determining
Na>S204 concentration, the effect of dissolved oxygen in solution was carried out by CA at 1.64
V vs reversible hydrogen electrode (RHE) with 3 mg/ml SOD-immobilised GCE.

The dissolved oxygen in the electrolyte containing 0.1M NaOH was determined by a dissolved
oxygen meter between every five minutes of air bubbling. Figure 4.4 (a) indicates the
concentration of dissolved oxygen reaches saturation (7.5 mM approximately) after 10-minutes
of air bubbling and almost doubled the concentration of dissolved oxygen without air bubbling

(4 mM approximately). The data is shown in Appendix Table S1.1.

The electrochemical performance for the reaction was tested in the presence and absence of 5
mM Na>S204 respectively, comparing the current response before air bubbling and after 10-
minutes air bubbling. Figure 4.4 illustrates that the current response stabilizes at about 100
seconds and increases by about 1.15 A because of the produced superoxide from NazS;0a4. In
the absence of Na>S,04, the current response of high concentration dissolved oxygen electrolyte
shows a slight drop compared to lower oxygen concentration electrolyte, the reason would be
the increasing concentration of oxygen inhibits the oxidation of OH™. In the presence of
Na>S204, the current response of both the electrolyte before and after air bubbling show similar
results, which represents air bubbling does not affect the reaction of superoxide preparation and
the oxygen is excessive in the electrolyte. In this case, the concentration of Na>S204 (which
could provide superoxide up to 10 mM) is the only control variable in 0.1 M NaOH solution.

58



Concentration of dissolved
oxygen (mM)
o = N w =Y (9, ] [«)) ~ o] [(e]

—~
Q
~

o
N

5 10 15 20 25 30
Time of the air bubbling (min)

Current (pA)
©e e o o ©
N w H (5, [<)}

o
Y
1

0, no air bubbling

0, with air bubbling
—— 5 mM, noair bubbling
—— 5 mM, with air bubbling

(b) °

10 20 30 40 50 60 70 80 90 100
Time (s)

Figure 4.4 The change of concentration of dissolved oxygen with the time of air bubbling. (b) CA of the
alkaline solution for superoxide preparation (0 or 5 mM Na,S,0,4) at 1.64 V for 100 seconds in the
presence and absence of 10-min air bubbling.

4.3.2 The pH effect on SOD enzyme activity

To make sure the Na>S204 is transformed to O> completely, the amount of NaOH must be
excessive. Therefore, the solution prepared is a strongly alkaline solution which the pH value
would up to 13. However, the activity of the SOD enzyme might be affected by the alkaline
electrolyte. In this project, the activity of the SOD enzyme was performed in the strong alkaline,
neutral solution and strong acid solution respectively. The alkaline solution was a solution of
0.1 M NaOH containing 5 mM NaS»04 after 30 minutes of reaction, the neutral and acid

solutions were prepared by adjusting the pH of the strong alkaline solution by H2SOa.

59



The activity measurement of the SOD enzyme was carried out by UV in a 96-well microplate
at the wavelength of 440 nm. The experiment set-up is shown in Table 4.1. SOD enzyme was
dissolved in dilution buffer (from SOD Assay Kit) to prepare 3 mg/ml enzyme solutions. Except

for the SOD enzyme and sample solutions, all other components came from SOD Assay Kit.

Table 4.1 The components and the adding order (from top to bottom) for pH effect on SOD activity by
UV at 37 C (Unit: uL; where, O and S present the generated superoxide without and with SOD enzyme
respectively)

Blankl | Blank2 | pH130 |pH13s |pH70 |pH7s | pH30 | pH3s
0.1M
20 20 - - -- - - --
NaOH
Sample | -- - 20 20 20 20 20 20
Dilution
20 -- 20 -- 20 -- 20 --
buffer
SOD
_ - 20 -- 20 -- 20 - 20
solution
Working
) 200 200 200 200 200 200 200 200
solution
Mix by shaking 30 seconds

Where O is the measurement of the actual generated superoxide, and S represents the remaining
superoxide after the redox reaction in the presence of the SOD enzyme. To guarantee the high

activity of the enzyme, the microplate was kept in a 37 °C incubator during the whole procedure.

Figure 4.5 (a) shows the absorbance of the different solutions which represents the
concentration changes of superoxide in these solutions with different pH values. The 0.1 M

NaOH solutions with and without SOD enzyme were set as the blank control to show the
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absorbance of the solution with no superoxide, and the results of samples in acid environment
show barely exist of superoxide at pH 3.18. The reason could be the association of superoxide
with the hydrogen ion (H") forms a conjugated acid of the HO." in a low pH environment
(Hayyan et al. 2016).

HO,- & 05 - +H' (pK, = 4.8) (Eq. 4.6)

The solution adjusted to pH 7.49 shows a similar absorbance with the samples in alkaline
solution (pH 12.81), which means the produced superoxide is still stable in neutral solutions.
With the addition of SOD enzymes, both alkaline and neutral solution show a significant drop
of absorbance, which means superoxide is catalysed and SOD enzyme has activity in both
solutions. Compared with the alkaline solution, the absorbance at pH 7.49 shows the larger drop

while adding the SOD enzyme, which illustrates the higher activity of the enzyme.

The superoxide concentration and the activity of the SOD enzyme were calculated from
absorbance and shown in Figure 4.5 (b) (data can be found in Appendix Table S1.2). The
concentration of superoxide was calculated from the calibration curve of the absorbance
changes with various concentrations of superoxide, which is shown in Appendix Figure S1.1.
In the presence of the SOD enzyme, the concentration of superoxide dropped from about 10 to
6 mM in the alkaline environment and decreased from about 10 to 4 mM in neutral solution,
which shows the amount of catalysed superoxide in neutral solution is 1.5 times of that in
alkaline solution. The activity of the SOD enzyme (inhibition rate %) was calculated based on
equation 4.7:

A - A — (A - A Eq. 4.7
( sample O blank 1) ( sample S blank 2) % 100 ( q )

SOD activity =
Asample o~ Asample S

Where A is the absorbance of the solutions. The results show that the activity of the SOD
enzyme in neutral solution is about 10 % higher than in alkaline solution, which indicates high
pH has effects on the activity of enzymes. For the higher enzyme activity and good stability of

superoxide, adjusting the pH of the superoxide solution to neutral is acceptable.
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Figure 4.5 (a) Absorbance for the solutions with different pH in the presence and absence of SOD
enzyme. (b) The calculated superoxide concentration and SOD activity in solutions with different pH.

4.3.3 The stability of different superoxide preparations

To achieve the superoxide determination by an electrochemical biosensor, the stability of the
prepared superoxide is an essential part of the calibration. Two superoxide preparation,
chemical one by NaOH and Na»S;04 and enzymatic one by xanthine and xanthine oxidase,
were compared by measuring absorbance with some of the solutions in the SOD Assay Kit. The
solution of chemical superoxide preparation (pH 12.81) and the solution been adjusted to

neutral from chemical preparation (pH 7.49) were both involved in this project. The
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experimental set-up was shown in Table 4.2.

Table 4.2 The components and the adding order (from top to bottom) for the stability of the prepared
superoxide by UV

Blank | Enzymatic method | Chem-pH13 | Chem-pH7
Deionized Water 20 -- - -
Xanthine solution -- 20 - -
Sample - - 20 20
Dilution buffer 20 -- 20 20
XOD enzyme solution | -- 20 -- -
Working solution 200 200 200 200
Mix by shaking

Xanthine solution was prepared as 5 mM in deionized water, the sample was prepared by 0.1
M NaOH and 5 mM Na>S204, and XOD enzyme solution contains 3 mg/ml XOD in dilution
buffer. Dilution buffer and the working solution used in this assay were from SOD Assay Kit.

All the components were mixed, kept and measured in a 37 °C incubator for the highest enzyme

activity. UV scan was performed respectively after 0.5, 1.5, 3.5 and 5.5 hours at 400 to 500 nm.

Figure 4.6 shows the concentration change of superoxide by different preparation methods in
several hours (data shown in Appendix Table S1.3). The prepared superoxide is about 9 to 10
mM for both two methods after the reactions and kept stable in half an hour. After 0.5 hours,
the concentration of the pH-adjusted chemical-generated superoxide dropped dramatically as
time went by. The chemical prepared superoxide without pH adjustment kept stable until 3.5
hours and then the concentration of that decreased rapidly. Surprisingly, the concentration of
enzymatic prepared superoxide only shows a light change in 5.5 hours, which illustrates the
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superoxide prepared has good stability in this preparation environment and could provide

enough time for the detection procedures.
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Figure 4.6 The concentration changes of superoxide anion prepared from different generations in 5.5
hours. Error bars are the sample standard deviation of measurements from repetitions (n = 3).

4.4 Conclusions

In this chapter, two methods for superoxide generation were described and compared. In order
to achieve a single control variable, dissolved oxygen and NaOH was kept in excess in solution.
Since the strong alkaline environment required for chemical preparation, pH effects on the
activity of the SOD enzyme and the stability of superoxide were carried out by UV with SOD
Assay Kit. Results show that enzyme activity in neutral solution is about 10 % higher than in
alkaline solution, but superoxide becomes unstable in the acid-adjusted solution. Although it is
easy to determine the concentration of prepared superoxide by chemical method, the strong
alkaline shows an obvious effect on SOD enzyme activity and the acid-adjustment solution
could affect the stability of superoxide. Thus, compared with the chemical preparation, the
enzyme-generated method showed 10 % higher enzyme activities and good stability of
generated superoxide for at least 5.5 hours, which is easier to achieve the determination of the

electrochemical biosensor.
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Chapter 5 Development of the electrochemical biosensor based on
oxidation reaction of hydrogen peroxide

In this chapter, the biosensor based on the oxidation reaction of H202 was developed for
superoxide detection and the interference tests were performed. The enzyme superoxide
dismutase (SOD) used for transforming superoxide to the easy-detectable component H20. and
xanthine oxidase (XOD) used for superoxide preparation were immobilized on the working
electrode as a layer-by-layer structure by the electrostatics forces. Electrochemical
characterization of the reactions was performed in potassium phosphate-buffered solution (PBS)
with different concentrations of H>O. or xanthine by using cyclic voltammetry (CV) and
chronoamperometry (CA). Single-wall carbon nanotube (SWCNT) and screen-printed
electrode (SPE) with cobalt-phthalocyanine (CP) coatings were used for enhancing the
performance of the biosensor. Carbon SPE with SWCNT coating showed the increasing
sensitivity and accuracy of the detection, and the calibration curve was generated based on this
system. Interference tests showed the effect of some main components in blood like glucose on

the detection.

5.1 Introduction

With the rapidly increasing serious problem of the ageing population, the prediction of age-
related diseases becomes more important over years, resulting in the detection of the pathogenic
factor (superoxide) of many ageing diseases being a worldwide issue (Heitzer et al. 2001).
Among many analytical detection techniques for superoxide detection, such as fluorescent
probes, spectrophotometry, electron spin resonance (ESR), fluorescent proteins,
chemiluminescent probes and electrochemical biosensors, the electrochemical biosensor has
been widely used as a quantitative monitoring method due to the advantage of simple pre-
treatment processing, inexpensive instruments, fast analysis, high sensitivity, easy operation
and quantitative detection (Balamurugan et al. 2018, Gtod et al. 2000, Greenwald 2018, Miinzel
et al. 2002, Zhang et al. 2018, Zhao et al. 2005).

As a commonly used enzyme for the electrochemical biosensor to detect superoxide, unlike the
non-specific catalyst Cyt. ¢ which shows the catalytic activity to reduce oxidants including
H20. and ONOO, SOD has strong activity and great specificity towards the disproportionation
reaction of superoxide as a catalyst. Superoxide could be rapidly disproportionated to produce
H>0O> and oxygen in the presence of SOD (Mao et al. 2008):
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N
2H* +205 - “5H,0, + 0, (Eq.5.1)

Although the redox reaction could be seen as two separated charge transferred reactions as
mentioned in Section 1.2.2, it is accepted that the active sites of the enzymes are covered with
thick insulating protein shells resulting in the difficulty of direct electron transfer between
enzymes and electrodes (Carrico and Deutsch 1970). To quantitatively detect the concentration
of superoxide by the electrochemical biosensor, one of the simplest ways is to detect the
produced H20; from SOD enzymatic reaction with the H2O> detection as the calibration. H,0>
could be both oxidized and reduced at high potentials but the oxidation showed significantly
more sensitivity than reduction without the catalysts (Goran et al. 2015), thus the electron
transfer reaction on the working electrode could be regarded as the reaction shown in equation
5.2 (Pourbaix 1974):

H,0, —» 2H" + 0, + 2e” (Eq. 5.2)

One of the most crucial aspects of the establishment of an electrochemical biosensor is the
fabrication of the enzymatic electrode because the immobilized enzyme improves the
reusability, stability and mechanical strength and is more suitable for the use of multi-enzyme
systems (Chang 2013). To immobilize the enzymes on the working electrode, many enzyme
immobilization techniques are described in enzyme engineering, such as affinity-tag binding,
physical adsorption, physical entrapment, classical covalent and cross-linkage (Homaei et al.
2013). All immobilizing techniques have their specific advantages and limitations in the

application.

As one of the most potential techniques for enzyme immobilization, the layer-by-layer self-
assembly method has the advantages of simplicity, versatility and wide compatibility with
various enzymes (Bertrand et al. 2000). The technique is based on the electrostatic force
between two polyelectrolytes with opposite charges to achieve self-assembly, which could
immobilize enzymes without dehydration or chemical reactions and avoid the loss of the
biological activity of the enzyme (Kang et al. 2014). Since the charge of the enzyme depends
on the isoelectric point and the pH of the solution, SOD has a negative charge at pH 7.4 (the
isoelectric point is 4.95), so the polycation is a good binder for layer-by-layer assembly
technique (Firdoz et al. 2010). As a high charge density cationic polymer,
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poly(dimethyldiallyammonium chloride) (PDDA) has a good affinity to carbon nanotubes and

could be well adsorbed on carbon electrodes (Alexeyeva and Tammeveski 2008).

As mentioned in Chapter 4, the instability of superoxide required another enzymatic reaction

for superoxide preparation (Derkus et al. 2015, Emregi 2005):

XO0D
Xanthine + H,0 + 20, — Uric acid + 2H* + 205 - (Eq.5.3)

Since the isoelectric point of xanthine oxidase is 5.3 which carries a negative charge in a neutral
solution (pH = 7.4), layer-by-layer immobilizing methods are available for the multi-enzyme
system by PDDA.

Many researchers reported the feasibility of the XOD/SOD multi-enzyme system for
superoxide detection. Song et al. (1995) introduced a superoxide biosensor using XOD/Teflon
membrane/SOD/platinum working electrode for the quantitative analysis and showed the
detection limit of 15 M. Emel (2005) described a method to determine superoxide
immobilizing SOD on the platinum electrode with gelatin and using XOD and xanthine added
in solution for superoxide generation with the reported detection limit of 10 M. Although
these biosensors showed high selectivity for superoxide detection, the lack of sensitivity and

accuracy were still the challenges with the untreated working electrode.

To improve the electrochemical performance of the biosensor, the development of H>O»
detection attracts the researcher’s attention. Due to the strong electrochemical catalytic activity
for H2O> oxidation reaction, cobalt-phthalocyanine is widely used for better performance in
H20- detection (Ji et al. 2020, Wang et al. 2015). Kondo et al. (2008) reported a boron-doped
diamond electrode modified by cobalt-phthalocyanine and proved the catalytic activity for the
oxidation reaction of H.O2. An enzymeless and mediatorless H20- sensor was described by
Ceken et al. (2012) with the composite electrode modified by polyaniline and cobalt-

phthalocyanine which increased the conductivity.

The reaction mechanism of the H20O. detection under the catalysis of cobalt-phthalocyanine is

as following reactions shown as equation 5.4 to equation 5.7 (Ji et al. 2020):
Co?*(CoPc) + H,0, —» Co*(CoPc) + 2H* + 0, (Eq. 5.4)
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Co?*(CoPc) —» Co3*(CoPc) + e~ (Eq. 5.5)

Co3*(CoPc) + H,0, - Co**(CoPc) + 2H* + 0, (Eq. 5.6)

Co*(CoPc) » Co?*(CoPc) + e~ (Eq.5.7)

Nanomaterials are also an effective way to improve the bioanalytical performance of the
electrochemical biosensor due to low capacitance, high current density and large surface area.
As an electrocatalytic material, SWCNT has a promising application in biological and medical
research areas because of its excellent thermal, elastic, electrical and mechanical properties
(Goran et al. 2015, Guerrero et al. 2020, Kim et al. 2011). Liu et al. (2014) reported a cheap,
selective and sensitive H2O. biosensor by using palladium-coated carbon nanotube fibre
microelectrode due to the large surface area and good mechanical strength of carbon nanotube
and high electrocatalytic activity of palladium. The biosensor showed the current range of 0.002
to 1.3 mM with a sensitivity of 2 Acm2M™ and detection limit of 2 M. Bhattacharya et al.
(2019) detected H.O> by using specific DNA-wrapped SWCNT to achieve the precisely
monitor for drug therapeutic efficacy of pancreatic ductal adenocarcinoma treatment. Ren et al.
(2017) introduced a directly electron-transfer H>O. biosensor by using SWCNT, horseradish
peroxidase and 1-butyl-3-methylimidazolium tetrafluoroborate, and achieved high sensitivity
of 4 Acm2M* for H,O> detection in the chemical environment.

In this research, the electrochemical biosensor based on the oxidation reaction of H.O> was
established and analysed by electrochemical techniques, and the enzyme-modified electrode

was developed for better performance.

5.2  Experimental
5.2.1 Materials and Equipment Used

SWCNT (powder, diam. 1.1 nm xlength 0.5-100 um), H>O> (solution, 35%wt. in H20), H2SO4
(95%), HNO3 (65%), xanthine (=99.5% (HPLC), purified by recrystallization) were purchased
from Sigma-Aldrich (Dorset, UK). PDDA solution, 0.1 M phosphate-buffered solution (PBS),
the enzyme solutions (both SOD and XOD), xanthine and H20- stock solutions were prepared

fresh as mentioned in Chapter 3.1.1.
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SPEs used in biosensor, screen-printed carbon electrode (C-SPE, model DRP-C110) and
screen-printed cobalt-phthalocyanine/carbon electrode (CPC-SPE, model DRP-410), which
were mentioned in Chapter 3.3.1, were obtained from DropSens (Oviedo, Spain).

The equipment used for all the electrochemical analysis was Autolab potentiostat-galvanostat
(PGSTAT?204) which was mentioned in Chapter 3.3.1.

5.2.2 Layer-by-layer enzyme fabrication on SPE

For easy operation, this project used the combination of the self-assembly method and layer-
by-layer electrostatic interaction (Alexeyeva and Tammeveski 2008). This method is based on
an electrostatic combination with two oppositely charged solutions. As a high charge density
cationic polymer, 1% PDDA was used to immobilize the enzymes (both SOD and XOD) which

carried negative charge at pH 7.4.

Based on Kang’s layer-by-layer immobilizing method (Kang et al. 2014), four systems of
biosensors were modified for comparison (shown in Figure 5.1). For C-SPE/enzymes system
and CPC-SPE/enzymes system, the fabrication simply involved dropping and rinsing PDDA or
the enzyme solutions on the corresponding SPEs in the order mentioned in Chapter 3.2.1. To
fabricate the C-SPE/SWCNT/enzymes system, PDDA and enzymes were immobilized on the
top of the working electrode of C-SPE with 0.15 mg/cm? SWCNT coating which was prepared
by dropping 1 mg/ml SWCNT solution followed by drying under a hot-air heating gun. CPC-
SPE/SWCNT/enzymes system was established by immobilizing SWCNT coating followed by
PDDA and enzymes on CPC-SPE.
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Figure 5.1 The structure of the four systems for the biosensor.
5.2.3 Electrochemical Measurements

The electrochemical measurements were carried out by a potentiostat-galvanostat with a small
cell containing 100 A electrolyte. CV scans between a potential range with the scan rate of 5

mV/s and CA at 0.6 V vs Ag/Ag* for 100 seconds were used for the analysis.

The electrolytes were prepared fresh before each series of electrochemical tests. For a series of
the detection with different concentrations of H.O> and xanthine, the electrolytes were prepared
by adding certain a amount of stock solutions (10 mM and 1 mM H0O2, 10- and 100-times
diluted xanthine sodium salt, mentioned in Chapter 3.1.1) into 100 i PBS. For the interference
tests, a certain amount of glucose, uric acid (UA), ascorbic acid (AA) (Mao et al. 2008) and
bovine serum albumin (BSA) were respectively added to PBS to prepare the electrolytes in the
absence of H.O>. Each series of the interference tests with various H20> concentrations were

finished by changing the amount of H>O: stock solutions being added to the electrolytes.

5.3 Results and discussions
5.3.1 Performance of SOD towards H2.O> and superoxide detection

SOD and XOD immobilized C-SPE by layer-by-layer self-assembly was analysed by cyclic
voltammetry electrochemical techniques in 0.1 M PBS at pH 7.4. For the confirmation of the

layer immobilization, the CV scan was first carried out after each step of the electrode
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modification (bare electrode, first layer of PDDA, SOD enzyme, second layer of PDDA layer,
XOD enzyme in that order) (Zhang et al. 2008). The potential range was chosen a large range
as -0.4 t0 0.8 V vs Ag/Ag™ based on the potential range of oxidation reaction of superoxide and
H20- in literature due to the high driving force of metastable H>O, for the oxidation and
reduction reactions (Feng et al. 2016, Goran et al. 2015, Gulaboski et al. 2019). Figure 5.2
shows the electrochemical response with each layer immobilized on the working electrode.
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Figure 5.2 Voltammogram for the electrochemical performance of each layer immobilized by layer-by-
layer enzyme self-assembly technique.

Tested in PBS (pH = 7.4) with C-SPE (Ag/Ag*, 0.074 V vs SHE, surface area of 0.126 cm?). The Figure on
the right corner is the enlarged vision in the red circle at a high potential. Scan rate: 5 mV/s.

From Figure 5.2, in region I, parallel negative and positive charging current can be seen known
as double layer region. The average current is around zero, where positive current is seen in
positive sweep direction and negative current is seen in negative sweep direction. The double
layer current or also known as capacitive current is resulting from charging the electrode and
ions adsorption at interface by increasing or decreasing electrode potential and therefore doesn’t
involve electron transfer to reactive species or Faradic current. At the higher potential (in region
I1), a sharp increase in current due to the oxidation of carbon working electrode, as well as OH-
adsorption starts to be detected and the rate increase with the increasing potential. At around
0.6 V vs Ag/Ag", there is an oxidation peak which can be assigned to reversible adsorption of
OH (Katsounaros et al. 2012, Markovi¢ et al. 1999, Westbroek and Temmerman 2000). From
0.65 V, the high potential provides the higher driving force for oxidation which rapidly
increases the current signal. It is expected that any superoxide or H>O> present in solution would
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also be oxidised in this region but given the similarity in oxidation current between PDDAL,
SOD, PDDA2 and XOD, this suggests that the oxidation current seen is dominated by OH-
adsorption and working electrode oxidation with current if 0.2 pA at 0.6 V.

The reduction current on the other hand changes after each layer are immobilized on the
working electrode, which means the self-assembly method works for both SOD and XOD
enzymes on SPE and the current would change with the different number of layers. The first
addition of PDDA both increases the oxidation and reduction currents which could be because
PDDA induces the charge transfer between the electrolyte and the working electrode as a high
ion conditioning polymer (Dai et al. 2020). The additional SOD layer also increased the current
signal for reduction reaction or shift the onset of reduction by ca. -80 mV. This suggest that the
reduction current is kinetically controlled and addition of SOD catalyst/mediator enhances the
activity which is in agreement with lack of peak reduction current (Katsounaros et al. 2012).
Additional layers additions of PDDAZ2 results in decline in reduction current activity possibly
due to need of reacting species to diffuse through additional layers (Kang et al. 2014). This
indicates that the additional layers required on electrode surface for superoxide preparation

could have effects on the detection current and should be considered in the calibration curve.

With both SOD and XOD immobilized by self-assembly method, CV was also scanned
respectively in 0.1M PBS solution with and without 0.5 mM H20- for the electrochemical
performance of the biosensor based on enzyme-modified C-SPE. The potential range was
obtained from Figure 5.2 from region | to the oxidation peak, i.e. 0 to 0.6 V vs Ag/Ag*. The
repeatability of enzyme immobilisation was tested by performing CV scans on three identically
modified SPEs. The CV scans were repeated three times in PBS in the presence and absence of
H20,.

The result shows the activity where there was with no added H2O: in the solution (the blue line)
reaches around 0.2 pA at 0.6 V which is similar to Figure 5.2. The electrochemical response of
the biosensor to H.O> (the orange line in Figure 5.3) shifts from 0.25 V which indicates the
detectable oxidation reaction of H,O started at 0.25 V and the current deference increased with
the growth of supplied potential until reaching the largest current difference (the electric signal
of 0.5 mM H20,) around 0.2 pA at 0.6 V. For the sensitive detection, the highest potential 0.6
V was used to get the electric signal response with the different concentration of H2O: in

solution.
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Figure 5.3 CV scans of the fully enzyme-immobilised C-SPE (containing both SOD and XOD) in PBS (pH =
7.4) with 0 mM and 0.5 mM H>0..

The reference electrode is silver (~ 0.074 V vs SHE) and the surface area of the carbon working electrode
is 0.0126 cm?. Repeating three times on different SPEs for the repeatability. Scan rate: 5 mV/s

Given that the 0.4 to 0.6 V region contains significant contributions from non-Faradaic OH-
adsorption, using lower scan rates will results in lower current which should decrease
significantly if fixed potential was applied. In the absence of H.O, after 100s, the oxidation
current from working electrode substrate and OH- adsorption current decrease to ca. 0.08 pA
at 0.6 V (Figure 5.4). The calibration curve for H20: detection of the biosensor (Figure 5.4) is
generated by a series current value corresponding to different concentrations of H,O2 (0.01 mM
to 0.5 mM in PBS) at 0.6 V vs Ag/Ag" in the chrono amperometry diagram (Appendix Figure
S2.1) at 100 s for a stable current signal. The result shows the linear relationship (R? = 0.9905)
between current and H2O> concentration when concentration is higher than 0.05 mM with the
sensitivity as 0.3493 uA/mM, and the limitation of concentration of this system, 0.05 mM, is
higher than the expected lowest detectable range. At a lower concentration of H2O3, the detected
current shows random results that approximate the current with no H2O- in the electrolyte. This
result indicated the biosensor has the detecting limitation of 0.05 mM H20. and/or superoxide.
The error bias was obtained from the sample standard deviation of three duplications (the value
could be found in Appendix Table S2.1). The large error bias at higher concentration represents
the low accuracy of the biosensor on 0.1 mM to 0.5 mM H202 and/or superoxide detection. The
lack of accurate detection and low sensitivity of H2O. oxidation can be attributed to low
efficiency of electron transfer, the limited number of immobilised-enzyme on working

electrode, and high potential used for H202 where other reactions and processes take place
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including OH" adsorption, water oxidation and carbon oxidation/corrosion. Similarly, this was
also seen in the literature (Huang et al. 2021, Liu et al. 2022, Wu et al. 2019), highlighting the
importance of developments of other methods for H2O> detection e.g. through reduction.
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Figure 5.4 The calibration curve for H;O, detection of the biosensor with the fully enzyme-immobilised
(both SOD and XOD) C-SPE (surface area of working electrode: 0.126 cm?).

The data was obtained from CA tested in PBS (pH = 7.4) with different concentration of H,0; (0, 0.01,
0.02, 0.05, 0.1, 0.2, 0.3, 0.4 and 0.5 mM) at 0.6V vs Ag/Ag* (~ 0.074 V vs SHE) at 100 s. Error bars are
the sample standard deviation of measurements from repetitions (n = 3).

5.3.2 Comparison for four systems of biosensor for H>O> detection

For the better performance of the biosensor, two developments were used on the working
electrode. To enhance the sensitivity of the biosensor and broaden the detection range, SWCNT
was used to increase the surface area of the working electrode and the amount of the
immobilized enzyme as well as the electrical conductivity (Sahin 2020, Zhang et al. 2003). For
the ideal detection of H2O> with the lower concentration, the CPC-SPE was used to replace the
C-SPE (Ceken et al. 2012, S&nchez-Calvo et al. 2020).

To improve the sensitivity and accuracy of the oxidation biosensor, three systems, C-SPE/
SWCNT/ enzymes, CPC-SPE/ enzymes and CPC-SPE/ SWCNT/ enzymes, were prepared and
tested for comparison. CPC-SPE is coated with Cobalt-Phthalocyanine which is an effective
electrocatalyst for the H2O, oxidation reaction. SWCNT was cut into short lengths for the larger

surface area and higher current response.

Four systems were compared by CV analysis respectively scanned in 100 i 0.1 M PBS solution
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with and without 0.5 mM H>O> as the electrolyte at 0 to 0.6 V vs Ag/Ag*. To control for
consistency of other conditions except for electrode treatments, all four systems were

immobilized with both SOD and XOD by self-assembly method as mentioned in Section 4.2.3.

Regarding the onset oxidation potential (the start potential point where the current obtained
with H2O: is higher than without H20>), that of CPC-SPE / enzymes system shown in Figure
5.5 isabout 0.05 V, while that of the C-SPE/ enzymes system is 0.35 V, which illustrated cobalt-
phthalocyanine shift the reaction to the lower potential because the reduction of cobalt 111 to
cobalt Il stimulates the oxidation of H2O. at a lower potential (Li et al. 2013). The peak
oxidation current of the CPC-SPE / enzymes system in 0.5 mM H2O: (yellow line) can be
assigned to cobalt Il oxidized to cobalt I11 (Ji et al. 2020). The onset oxidation potential of C-
SPE/ SWCNT/ enzymes and CPC-SPE/ SWCNT/ enzymes systems was approximately 0.25 V
(the right one of Figure 5.5), similar to the C-SPE/ enzymes system. The reason could be
SWCNT was covered over the cobalt-phthalocyanine coating on the carbon electrode so that
the large beneficial difference in conductivity and the active surface area on addition of
SWCNT on charge transfer is greater than that of cobalt-phthalocyanine. This can be seen from

the difference in current magnitude between the right and left figures of 5.5.
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Figure 5.5 CV scans of four different systems of the biosensor (left: C-SPE/enzymes and CPC-
SPE/enzymes; right: C-SPE/SWCNT/enzymes and CPC-SPE/SWCNT/enzymes) with the full enzyme
immobilization (including both SOD and XOD).

Tested in PBS (pH = 7.4) with 0 mM and 0.5 mM H,0,. SWCNT loading is 0.15 mg/cm? on the working
electrode with 0.0126 cm? surface area. The reference electrode is silver (~ 0.074 V vs SHE). Scan rate:
5mV/s.

Figure 5.5 also illustrates that all the three developed systems enhanced the current response

and the sensitivity of the biosensor towards the oxidation of H>O.. With the cobalt-
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phthalocyanine coating, the current in PBS at 0.6V increases to 0.5 pA and the current
difference after adding 0.5 mM H20: increases to 0.8 pA. With the SWCNT coating, both the
current with no H20> and the current difference after adding H>O> at 0.6 V increases rapidly
from 0.2 pA to 10 pA, which indicates that SWCNT could improve the sensitivity of the
biosensor to a greater extent than other studied systems here. The ability of SWCNT to improve
the sensitivity of biosensor was also reported in literature (Merkog et al. 2005, Meskher et al.
2023, Sahin 2020), because that the large surface area of SWCNT allows larger number of
enzymes to be immobilised on the electrode, and its one-dimensional structure provides

excellent electrical conductivity.

The calibration curve for H>O> detection of three developed oxidation biosensor systems
compared with C-SPE/ enzymes system (Figure 5.6) was obtained from CA with different
concentrations of H.O, (0.01 mM to 0.5 mM in PBS) at 0.6 V vs Ag/Ag" at 100 s (the
electrochemical response for a longer detection time were tested in both different concentrations
of H.O> and xanthine solutions with the same enzyme-modified SPEs, which is shown in
Appendix Figure S2.2). The result shows the electrochemical performance of the biosensors
(based on the different systems) for H.O> detection. The sensitivity and limit of detection (LoD)
(Armbruster and Pry 2008, Boguéand Heyden 2009) were calculated from the average current
and sample standard deviation of repeating experiments (shown in Appendix Table S2.1 ~ 4, n
= 3). C-SPE/ enzymes system has the lowest sensitivity 0.349 nA/mM and the highest LoD
49.5 uM. By comparison, CPC-SPE/ SWCNT combined system has the highest sensitivity
13.651 pA/mM and the lower LoD 39.9 uM. The sensitivity of C-SPE/ SWCNT/ enzymes and
CPC-SPE/ enzymes systems are respectively 9.002 pA/mM and 2.739 pA/mM, and the LoD
are calculated as 8.6 uM and 31.3 uM.
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Figure 5.6 The calibration curve for H,0; detection of the four different systems of the biosensor with
the fully enzyme-immobilised (both SOD and XOD).

The data was obtained from CA tested in PBS (pH = 7.4) with different concentration of HO; (0, 0.01,
0.02,0.05,0.1,0.2, 0.3, 0.4 and 0.5 mM) at 0.6V vs Ag/Ag* (~ 0.074 V vs SHE) at 100 s. The surface area
of working electrode is 0.126 cm? and SWCNT loading is 0.15 mg/cm? Error bars are the sample
standard deviation of measurements from repetitions (n = 3).

The enzymes immobilized on the working electrode was used to detect superoxide in solution,
these three developed systems were tested in different concentration of xanthine solution (0.01
mM to 0.5 mM) to simulate the superoxide generation in solution. The experiments has shown
that dissolved oxygen had no significant effect on the current response in solution with xanthine
in the studied concentration range or in other words the superoxide concentration is limited by
XOD used concentration (mentioned in Chapter 4). The calibration curve for xanthine detection
of three developed oxidation biosensor systems (Figure 5.7) was obtained from CA with
different concentrations of xanthine in PBS at 0.6 V vs Ag/Ag™ at 100 s.
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Figure 5.7 The calibration curve for superoxide detection of the three different systems of the biosensor
with the fully enzyme-immobilised (both SOD and XOD).

The data was obtained from CA tested in PBS (pH = 7.4) with different concentration of xanthine (O,
0.01,0.02,0.05,0.1,0.2,0.3, 0.4 and 0.5 mM) at 0.6V vs Ag/Ag* (~ 0.074 V vs SHE) at 100 s. The surface
area of working electrode is 0.126 cm? and SWCNT loading is 0.15 mg/cm?. Error bars are the sample
standard deviation of measurements from repetitions (n = 3).

The CPC-SPE/ SWCNT/ enzymes system has shown highest sensitivity for H,O> detection with
C-SPE/ SWCNT/ enzymes system as second. However for superoxide detection, C-SPE/
SWCNT/ enzymes system has shown the highest sensitivity 8.459 uA/mM and lower LoD 5.6
uM followed by CPC-SPE/ SWCNT/ enzymes system, sensitivity 6.634 pA/mM and LoD 18.2
uM (calculated from three repetitions in Appendix Table S2.5 ~ 7). This result illustrated that
the cobalt-phthalocyanine coating affects the enzymatic reactions for superoxide preparation
and/or redox reaction of superoxide. The sensitivity of the CPC-SPE / enzymes system for
xanthine (or superoxide) detection 2.089 uA/mM is less than that for H.O> detection. This lower
value could suggest that the CPC layer might play a role in electrochemical H>O> oxidation, as

discussed previously, giving a raise to additional oxidation current and sensitivity.

Based on the enzymatic reactions, the same concentration of H.O> and xanthine produces the
same amount of electrical signal at a fixed voltage, that is, the ideal current is similar if the
enzymatic reactions react completely. The linear relationship (Figure 5.8, data shown in
Appendix Table S2.8) between the actual concentration of xanthine in the solution and the
calculated equivalent concentration of H.O> on the working electrode is obtained based on the

current response from Figure 5.6 and Figure 5.7.
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Figure 5.8 The linear relationship between the concentration of xanthine (0.01 to 0.5 mM) and the
calculated H,0; concentration (from Figure 5.6) based on the same charge transfer (i.e. the current
response in Figure 5.7).

The ratio of two components concentration in the C-SPE/ SWCNT/ enzymes system is close to
the ideal ratio 1 so that the concentration of superoxide generated could be regarded as two
times that of xanthine in the solution. The CPC-SPE/ SWCNT/ enzymes system showed a large
difference between the ideal detection concentration and the actual detection concentration.
This indicates that this system could not detect superoxide concentration effectively due to the

complex structure and reactions on the working electrode.

5.3.3 Calibration of the biosensor based on the oxidation reaction

For the application of biosensors to detect superoxide or peroxide, XOD is not required on the
working electrode as XOD purpose is to convert oxygen into superoxide or superoxide to
oxygen. Additionally, as shown in Section 4.3.1, the SPE without XOD showed a lower current
response for the detection than the SPE with XOD because the charge transfer was inhibited by
the additional PDDA and enzyme layers. To calibrate the current value detected by biosensor
(only PDDA and SOD layers on SWCNT coated C-SPE), the CA curve was scanned in the
solution with different H2O> concentrations (0.01 mM to 0.5 mM in PBS) at 0.6 V vs Ag/Ag”*
(Appendix Figure S2.3).

Figure 5.9 (a) shows the current response of the biosensor with the different concentrations of

H20O: in the electrolyte (blue line, data in Appendix Table S2.9) compared with the results of
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the biosensor with the additional PDDA and XOD enzyme layers (orange line, from Figure 5.6,
data in Appendix Table S2.3). The sample standard deviation of the biosensor without XOD
(n=3) was much smaller than that of the biosensor with XOD, which illustrated that the decrease
of the layers on the working electrode improved the accuracy of the detection. The reason for
this could be that the additional layers increased the possibility of reversible adsorption and the

inhibition of the diffusion of H>O, from the electrolyte to the working electrode.
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Figure 5.9 (a) The calibration curve for H,O, detection of the biosensor with the SOD-only and full-
enzyme (SOD and XOD) immobilised on SWCNT-coated C-SPE; (b) The relationship between the
detected current and the calibrated current.

The data was obtained from CA tested in PBS (pH = 7.4) with different concentration of H,0, (0, 0.01,
0.02,0.05,0.1,0.2,0.3,0.4and 0.5 mM) at 0.6V vs Ag/Ag* (~ 0.074 V vs SHE) at 100 s. The surface area
of working electrode is 0.126 cm? and SWCNT loading is 0.15 mg/cm?. Error bars are the sample
standard deviation of measurements from repetitions (n = 3).
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Based on the same concentration of H2O- in solutions, the relationship between the measured
current in the absence of XOD (from the applicated biosensor, i.e. without XOD) and the
corrected current (from the biosensor for calibration, i.e. with XOD) was generated in Figure
5.9 (b) (data shown in Appendix Table S2.10). This linear relationship is used to correct the
measured current from sensors containing XOD to eliminate the effect of the XOD enzyme

layer on the current response.

According to the equation for the preparation of superoxide from xanthine in the presence of
XOD, the ideal concentration of superoxide produced is twice the initial concentration of
xanthine in the solution when all the xanthine has reacted completely. Based on the equation of
disproportionation of superoxide in the presence of SOD, the ideal concentration of generated
H20- is half of the superoxide concentration at rest potentials. Also, if oxidative potentials
applied then SOD will favors oxidation reaction converting superoxide to oxygen over its
reduction to peroxide. The reactions might thus be incomplete due to complex enzymatic
processes and applied potential, so the actual concentration of superoxide should be between
two times the concentration of xanthine (maximum) and H202 (minimum), which was shown

as the error bar in the overall calibration curve.

The calculation of the superoxide concentration detected by the oxidation biosensor has three
steps: 1) obtain the current values from the biosensor reading and correct the impact of XOD
on current based on Figure 5.9 (b); 2) use the calibration relationship to find out corresponding
H>0> concentration and xanthine concentration respectively based on Figure 5.6 (orange line)
and Figure 5.7 (orange line); 3) superoxide concentration was estimated as a range from the
concentration of xanthine and H2O.. The overall calibration curve of the biosensor for
superoxide detection was generated in Figure 5.10 (data shown in Appendix Table S2.11).
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Figure 5.10 The overall calibration curve for the developed SOD-based biosensor for superoxide.

(SOD-immobilised SWCNT-coated C-SPE, the surface area of the working electrode: 0.126 cm?, SWCNT
loading: 0.15 mg/cm? at 0.6V vs Ag/Ag?). The current reading should be the current response of the
biosensor after being calibrated in PBS. The error bars were obtained from the calculated maximum
and minimum concentrations.

This project quantified the current reading of a biosensor with the corresponding superoxide
concentration within a certain range and achieved small-volume detection. The low
concentration of superoxide in blood, hundreds of mM, poses a challenge for existing
electrochemical blood sensors when quantitively assessing the ROS. The biosensor developed
in this project overcomes this issue, enabling detection even within low concentrations. To the

best of my knowledge, there has not been reported on such work in the literature.

5.3.4 Interference detection

It is known that there are many interferences in biological especially human blood samples,
which requires the significant specific recognition of the biosensor without being affected by
potential interferences. The selectivity of the biosensor was tested by comparing the current
response at the same potential for 100 seconds of C-SPE/ SWCNT/ SOD to 0.01 ~ 0.5 mM
H20, in PBS with interferences including UA, AA, glucose and protein (Cui et al. 2020,
Moschopoulou and Kintzios 2015, Tian et al. 2002). UA and AA are two of the most main acid-
based interferences for H.O> oxidation detection in electrochemical techniques due to their
similar low oxidation potential (Sakamoto et al. 2011). The glucose and proteins are tested as

other major interferences because of the high concentration in blood components. In this
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research, BSA was used to simulate the protein environment as one of the interferences.

Figure 5.11 shows the selectivity results of the biosensor based on H.O> oxidation reaction
against glucose, UA, AA and BSA according to their concentration in human blood at a normal
level (data in Appendix Figure S2.12). The electrode used for the tests was SWCNT coated C-
SPE with only SOD immobilized. The electrolytes had different concentration of H202 (0 to
0.5 mM) in PBS with 5 mM, 400 piM, 11.4 pM, 4 g/l of glucose, UA, AA, BSA, respectively.
The current response of UA is very close to that of the H2O2-only environment, while other
interferences show very limited negative effects on current response, glucose have shown a

large positive effect on current response.
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Figure 5.11 The interference tests for H,O, detection of the biosensor with the SOD-immobilised
SWCNT-coated C-SPE.

(Surface area of working electrode: 0.126 cm? SWCNT loading: 0.15 mg/cm?). The current response
was obtained from CA of different concentration of H,0; (0, 0.01, 0.02, 0.05, 0.1, 0.2, 0.3, 0.4 and 0.5
mM) added to PBS (pH = 7.4) respectively containing 5 mM, 400 uM, 11.4 uM, 4 g/l of glucose, UA, AA,
BSA at 0.6V vs Ag/Ag"* (~ 0.074 V vs SHE) at 100 s.

For AA and BSA, the current response at a higher concentration of interferents was tested for
comparison (shown in Figure 5.12, data shown in Appendix Table S2.13). Although the
concentration of interferents was increased, the current response didn’t significantly change.
The results illustrated that BSA and AA have an ignorable effect on biosensor oxidation
detection, which is similar to the research of other electrochemical sensor for superoxide
detection (Sun et al. 2023, Tian et al. 2002, Zhang et al. 2019), due to the more positive potential
range of the oxidation reaction of AA, UA and BSA in an enzyme-based sensor involving

electron transfer in proteins.
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Figure 5.12 The current response of the biosensor with the SOD-immobilised SWCNT-coated C-SPE for
H,0; detection against the potential interferences (a) AA and (b) BSA with a large concentration range.

The data was obtained from CA of different concentration of H,0; (0, 0.01, 0.02, 0.05, 0.1, 0.2, 0.3, 0.4
and 0.5 mM) added to PBS (pH = 7.4) respectively containing AA and BSA at 0.6V vs Ag/Ag* (~ 0.074 V
vs SHE) at 100 s. The surface area of working electrode is 0.126 cm? and SWCNT loading is 0.15 mg/cm?.

The glucose shows a positive effect from Figure 5.11, this was conjectured to be caused by the
oxidation of glucose due to the much higher concentration of glucose (5 mM) than H.O> (0.01
~ 0.5 mM). Thus 0.5 mM and 5.5 mM glucose in PBS with different H,O> concentrations were
tested respectively for comparison. To find out the effect of a high concentration level of

glucose on the detection, 20 mM was also considered.

From Figure 5.13 (a) (data shown in Appendix Table S2.14), with the changing concentration
of H20., the trendline of the data of 0.5 mM glucose and that of data without glucose were in
parallel. This result showed that the glucose has no effects on the oxidation reaction of H20> at
the concentration of 0.5 mM glucose at the potential of 0.6 V. The current response of 5 and
5.5 mM glucose has a slight excursion compared with that of 0.5 mM glucose and the similar
tendency of 5.5 mM data showed on the much higher concentration level, 20 mM of glucose.
This result suggests that the excessive concentration of glucose undergoes an oxidation reaction
on the surface of the working electrode resulting in additional oxidation current or additional
bias affecting the current value of the biosensor which can be clearly at the intercept of x-axis
(0 M H20). The limited change in line slope of H20. current detection at high glucose
concentration in comparison to that without glucose can suggest that the effect of glucose on

the oxidation reaction of H.O> can be ignored and both process can be treated as independent.
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Figure 5.13 The current response of the biosensor with the SOD-immobilised SWCNT-coated C-SPE for
(a) H.O; detection against glucose as the interference with a large concentration range and (b)
oxidation detection by changing glucose concentration in the solution with and without HO..

The data was obtained from CA of different concentration of H,O, (0, 0.01, 0.02, 0.05, 0.1, 0.2, 0.3, 0.4
and 0.5 mM) or glucose (0, 0.5, 1, 5, 10, 15 and 20 mM) added to PBS (pH = 7.4) respectively containing
0, 0.5, 5, 5.5 mM glucose or 0, 0.5 mM H,0; at 0.6V vs Ag/Ag” (~ 0.074 V vs SHE) at 100 s. The surface
area of working electrode is 0.126 cm? and SWCNT loading is 0.15 mg/cm?.

To further examine the influence of the concentration of glucose on the oxidation reaction of
H2O2 on the working electrode, confirmatory research was carried out by changing the
concentration of glucose in the solution respectively with and without H>O> (Figure 5.13 (b),
data shown in Appendix Table S2.15). The tendency lines of the results with and without H20-
are nearly parallel, which means the addition of H20> has an ignorable effect on the oxidation

reaction of the glucose. The current difference between two lines in the Figure represented the
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detectable signal of the oxidation reaction of H2O2, which showed similar results with the
increasing concentration of glucose. Based on these results, both the oxidation reaction of H.O>
and glucose could be detected on the working electrode but could hardly affect each other. Thus,
in the presence of a high concentration of glucose, the biosensor could still accurately measure

reactive oxygen species after glucose calibration.

Considering the effect of glucose on superoxide detection, the calibration curve of the biosensor
should have a positive shift of the current based on the concentration of glucose when doing
blood tests. However, it should be mentioned that changes in glucose concentration in blood
will affect the oxidation bias value and consequently the accuracy of superoxide detection if

fixed value was used for correction.

5.4 Conclusions

In this chapter, the layer-by-layer self-assembly technique for enzyme immobilization (both
SOD and XOD) was described and tested on C-SPE in PBS, which showed the successful
assembly of each layer. The electrochemical result also showed the effect of the additional
superoxide-preparation layers to that of the electrode with only SOD enzyme, on current
response of the electrode resulting in the current correction/recalibration to be considered for

the application of the biosensor.

Based on the oxidation reaction of H20O>, the electrochemical performance of the biosensor was
investigated by the enzyme-immobilized electrode in PBS with different concentrations of
H.0,. The detection potential was chosen to be 0.6 V vs Ag/Ag* for the higher sensitivity and
the detection time was 100 s for the stable current signals. The results showed the biosensor
was hard to be used for application due to the lack of sensitivity (0.349 pA/mM) and high limit
of detection (0.05 mM).

To enhance the sensitivity and accuracy of the biosensor, SWCNT and CPC-SPE were used for
the biosensor development due to their advantages of promoting performance for H20-
detection. The electrochemical performance of three developed systems (CPC-SPE/ enzymes,
C-SPE/ SWCNT/ enzymes and CPC-SPE/ SWCNT/ enzymes) was analysed by voltammetry.
Although CPC-SPE/ SWCNT/ enzymes system showed a higher sensitivity for H-O> detection,
the effect of the enzymatic reactions prevented its application for superoxide biosensors. C-
SPE/ SWCNT/ enzymes system was a successful development due to the significantly
increased sensitivity and low limit of detection, respectively 9.002 pA/mM (71.44
86



pA/(mM €m?)) and 8.6 uM for H,0, detection and 8.459 pA/mM (67.13 A/(mM €m?)) and
LoD 5.6 uM for superoxide detection. The results illustrated that the enzymatic reactions were
nearly complete by the C-SPE/ SWCNT/ enzymes system, which means the concentration of

superoxide could be determined by the concentration of H,O> and xanthine as a range.

For clinical application, the current response was corrected by comparing the current response
of the biosensor with and without superoxide-preparation layer (i.e. XOD layer). The overall
calibration curve for the developed superoxide biosensor was generated (shown in Figure 5.10).

The selectivity of the developed biosensor was tested against interferences including glucose,
UA, AA and BSA (as the protein) in PBS with different concentrations of H.O2. UA showed
no effect on the electrochemical signals, both AA and BSA had the ignorable effect even at
high concentration levels. The effect of glucose on the oxidation current used for ROS detection

was significant and should be considered for the blood test in clinical applications.
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Chapter 6 Development of the electrochemical biosensor based on
reduction reaction of hydrogen peroxide

In this chapter, the biosensor based on the reduction reaction of H20 to water was developed
for superoxide detection and the interference tests were performed. The aim of the biosensor
was to determine the concentration of superoxide in solution by detecting the reduction current
of H20; to water. The H20: is produced assuming full conversion of superoxide to H>O> in the
presence of superoxide dismutase (SOD). The enzyme horseradish peroxidase (HRP), as the
electrocatalyst of the reduction reaction of H202, was immobilized on the working electrode by
the cross-linking technique using 1-pyrenebutyric acid N-hydroxysuccinimide ester (PBSE).
Electrochemical characterization of the reactions was performed in potassium phosphate-
buffered solution (PBS) with different concentrations of H.O2 or xanthine using cyclic
voltammetry (CV) and chronoamperometry (CA). The screen-printed electrode with a dual
working electrode was used to separate the redox reaction of superoxide and the reduction
reaction of H20>. Single-wall carbon nanotube (SWCNT) was used for improved conductivity
and increasing the reaction surface area. The current signal of the biosensor showed a linear
relationship with the increasing concentration of both xanthine and H>O., and the calibration
curve was generated based on the various concentrations of superoxide. Interference tests
showed the ignorable effect of some main components in blood like uric acid (UA), ascorbic

acid (AA), bovine serum albumin (BSA) and glucose on the detection.

6.1 Introduction

With the rapid development of the sensors, the detection of a broad range of pathogenic factors
was widely studied, especially reactive oxygen species that cause several diseases
(Balamurugan et al. 2018, Bayr 2005, Heitzer et al. 2001, Park et al. 2014). The electrochemical
biosensors were reported by many researchers due to the advantages of fast response for
analysis, simplicity and low cost, but the lack of accurate and effective detection methods for
superoxide anion is still a problem that plagues researchers in the detection of reactive oxygen
species (Guo et al. 2010, Sun et al. 2006, Wang et al. 2013). To achieve accurate detection,
transferring the unstable superoxide anion to the easier detectable species, hydrogen peroxide
(H202), using an enzymatic pathway or reaction could be an effective way for the
electrochemical analysis (Bartlett et al. 1998).

The electrochemical detection methods for H.O- are divided into two types: the detection based

on the oxidation signal from H2O> to oxygen and the analysis based on the reduction of H,O>
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to water (Kosto et al. 2019, Li et al. 2011). The oxidation signal could easily be detected at a
higher potential whereas the reduction signal requires the catalysts to amplify especially when
the detection is down to the micromolar range (Goran et al. 2015, Wang et al. 2013). However,
the electrochemical biosensor based on the oxidation reaction shows lower selectivity for the
application for blood tests, and the results were affected by glucose as mentioned in Chapter
5.3.4. To avoid the effect of the oxidation from other components in blood, an electrochemical

biosensor based on the reduction reaction of H2O2 was established in this project.

Recently most of the reported electrochemical H>O> reduction biosensors used metal
nanoparticles, mediators, nanocarbon catalysts on graphene and enzymes like horseradish
peroxidase (Hrapovic et al. 2004, Sun et al. 2012). A graphene-Pt nanocomposites biosensor
was described by Zhang et al. (2014) with the linear reduction range of 0.5 uM to 3.475 mM
and the detection limit of 0.2 uM. Lyon and Stevenson (2006) presented an H2O reduction
biosensor utilised amplex red mediator and the performance of the biosensor showed the
sensitivity as (2.1 0.6) <107 pA/(uM mm?). Zhang et al. (2017) established hybrid nanosheets
with nitrogen and sulphur codoped graphene for H>O> reduction detection, and the results
displayed a linear range from 0.4 uM to 33 mM with a detection limit of 26 nM. Although these
enzyme-free biosensors showed the advantages like long-term operational stability and
environmental stability, the enzyme still attracted research attention due to the remarkable
selectivity in blood tests which contains the complex components.

HRP is isolated from horseradish roots, which is a metalloenzyme with the structure of a large
alpha-helical glycoprotein. This enzyme has been widely used in biological chemical detection
because of the ability that it can amplify weak signals and enhance the detectability of target
molecules (Carlsson et al. 2005) by catalytic reduction of H2O. Besides, due to the advantages
of the high purity, easse of availability and low cost, the application of HRP enzyme on an
electrochemical biosensor for H.O> detection has been widely discussed and analysed based on
the catalyst active centre which belongs to the ferroprotoporphyrin group of peroxidases (Li et
al. 2011).
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Figure 6.1 Scheme of the normal catalytic cycle for HRP enzyme in the H,0; reduction reaction.

HRP (red) is the ferric porphyrin of HRP, compounds | is the intermediate of the oxyferryl m-cation radical
heme, compound Il is the oxyferryl intermediate.

The principle of the reduction reaction of H>O, catalysed by the HRP enzyme is shown in Figure
6.1. The catalyst active centre of the HRP enzyme is the ferric porphyrin (Fe*) which could be
oxidised by free H20- in solution. In this step of the catalyst process, the oxygen atom on the
structure of H2O- transfers to the catalyst active centre of HRP, which could be regarded as a
two-electrons transfer formally, and the iron formal oxidation state of the oxidised HRP
(referred to as compound I, containing the active centre as the oxyferryl n-cation radical heme
([Fe**==0]") is +5. The oxidised HRP obtains two electrons from the electrode and is
converted back to the reduced HRP (referred to as HRP (red) which is the native ferriperoxidase,
and the iron formal state is +3) through a two-step reduction reaction. In the first step of the
reduction reaction of the oxidised HRP, the porphyrin radical cation of compound I is converted
by a one-electron reduction to the oxyferryl intermediate compound Il (the iron formal
oxidation state is +4). In the second step of the reduction reaction of the oxidised HRP, with
one electron from the working electrode and a proton from the electrolyte, the intermediate
compound Il is reduced to its native state, HRP (red), and yield water. Both compound | and
compound |1 are the oxidized states of HRP (red).
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The electrocatalytic process of the HRP enzyme could be presented as equation 6.1 to equation
6.3 (Dequaire et al. 2002, Li et al. 2011):

HRP (Fe3*) + H,0, » Compound I ([Fe*t = 0] *) + H,0 (Eg. 6.1)

Compound I ([Fe** =0]'*)+ e+ H* - Compound Il (Fe** =0) (Eq.6.2)

Compound Il (Fe*t =0)+ e~ + HY —» HRP (Fe3*) + H,0 (Eg. 6.3)

The overall reaction is:

H,0, + 2e~ + 2H* - 2H,0 (Eq. 6.4)

As one of the new types of biosensor materials, the utilization of the nanotubes motivated the
prospects of the immobilization of biomolecules on the working electrode for the
electrochemical analysis (Singh 2011, Wang and Dai 2015). It is reported that an ideal
miniaturized biosensor could be established by the combination of the electronic properties of
nanotubes and the specific recognition properties of the immobilized enzyme systems (Daniel
etal. 2007). The core of a successful biosensor is the efficient method to immobilize the enzyme

onto carbon nanotubes.

In the past, several immobilization strategies for HRP enzyme have been reported for the
electrochemical biosensors, such as entrapment in sol-gel, adsorption, biotin conjugate,
electrode-deposition, N-ethyl-N ' -(3-(dimethylamino)propyl)carbodiimide (EDC) / N-
hydroxysuccinimide (NHS) binding and so on (Li et al. 2011, Wang et al. 2011). Li et al. (1996)
introduced an effective enzyme immobilization based on the sol-gel technique which used
immobilizing HRP enzyme on a carbon paste electrode via the silica sol-gel matrix. Sharafeldin
et al. (2019) and Lei et al. (2003) respectively described an adsorption method by using
chitosan-entrapped carbon electrodes with gold nanoparticle films to achieve HRP
immobilization. Limoges et al. (2003) reported a biotin conjugate-based immobilization
technique that successful immobilization of HRP onto the biotinylated rabbit 1gG / bovine
serum albumin coated carbon electrode was achieved thanks to the strong affinity for the biotin

moieties. Kong et al. (2003) represented an EDC-NHS cross-linking immobilization based on
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the covalent bonding between the amino group of the HRP and a carboxylic acid group of

5,2":5',2"-terthiophene-3'-carboxylic acid polymer. Tong et al. (2007) showed that using the

electro-deposition technique to immobilize HRP by zirconia based on the electrostatic attraction.
For the easy option, low cost, fast binding and high stability, a cross-linking method was applied,
which was mentioned in Chapter 3.2.2.

In this work, the electrochemical biosensor based on the reduction reaction of H.O> was
developed and analysed by electrochemical techniques. For better performance, the enzymatic
reactions catalysed by SOD and HRP were separated into two electrodes instead of been
combined together as a layer-by-layer structure on the same electrode. Both of the
immobilizations were tested, and the electrochemical performance was compared by CA. For

clinical applications, the calibration curve and the interference tests were represented.

6.2 Experimental
6.2.1 Materials

PBSE, dimethylformamide (DMF), AA (ACS reagent, =99%), UA (=99%, crystalline), BSA
(pH 7, =98%) and glucose (=99.5%, powder, BioReagent, suitable for cell culture), HRP

(highly stabilized, essentially salt-free, lyophilized powder, 200-300 units/mg solid) and all
other enzymes were purchased from Sigma-Aldrich (Dorset, UK).

The acid-treated SWCNT, 0.1 M PBS, 1% poly(diallydimethylammonium chloride) (PDDA),
H20., xanthine, enzymes solution including SOD, HRP and xanthine oxidase (XOD) solution

were purchased, stored and handled as described in Chapter 3.1.

The screen-printed electrode (SPE) used in this project including screen-printed carbon
electrode (C-SPE, model DRP-C110) and dual screen-printed carbon electrode (duo-SPE,
model DRP-C1110) and the cable connectors for these SPEs were obtained from DropSens
(Oviedo, Spain).

6.2.2 The fabrication of the biosensor

To fabricate the biosensor with both two enzymes SOD and HRP on the same working electrode,
the HRP enzyme was immobilized first onto the electrode and the SOD enzyme was on the top

(shown in Figure 6.2) since the detection reaction of the biosensor is the reduction reaction of
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H20>. The detailed steps for SOD and HRP immobilization was mentioned in Chapter 3.2.1
and 3.2.2 respectively. In this project, the principle of the biosensor is: 1) the superoxide anion
in the electrolyte first undergoes a redox reaction when passing through the SOD enzyme layer
to generate H20»; 2) then the generated H.>O: is reduced to water under the action of the HRP
enzyme; 3) a detectable current is formed in the measurement circuit due to the electron

consumption in the reduction reaction.

HRP

Figure 6.2 The structure of the biosensor using C-SPE with both SOD and HRP enzymes immobilized on
SWCNT coated WE (XOD & SOD/ HRP/ SWCNT/ C-SPE).

As mentioned in Chapter 5, the XOD enzyme was used for superoxide preparation due to the
instability of the superoxide. Thus, the XOD enzyme was immobilized on the top of modified

SPEs for the generation of the calibration curve.

For better detection performance and to avoid the influence between different reactions, the
duo-SPE was used to separate the redox reaction of superoxide and the reduction reaction of
H20.. As shown in Figure 6.3, the SOD enzyme was immobilized on WE2 to fabricate a
platform where H>O> was produced from the redox reaction of superoxide, and the HRP enzyme
was immobilized on WEL1 for the detection signal from the reduction reaction of H>O.. Both of
the WEs were immersed in the electrolyte while detecting, and the pipetting mixture was
applied before the signal collection to help the mass transfer of H.O> from WE2 to WEL1.
SWCNT was also applied to the superoxide redox reaction (WE2, subsequently immobilizing
SOD and XOD) for the larger surface area and fast reaction rate of superoxide. For the same
electrochemical performance, the adhesive solution and the enzyme solution should be changed

due to the different surface areas of the working electrode compared with C-SPE. According to
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the calculation shown as equation 6.5:

Sc-spe_ Vsolution for c—sPE (Eg. 6.5)

Sduo—SPE Vsolution for duo—SPE

Where S is the surface area of the working electrode (mm?), and V is the adhesive and/or
enzyme solution for enzyme immobilization (ul). The solution used for enzyme immobilization

on duo-SPE was calculated as 7 pl.

Figure 6.3 The structure of the biosensor using duo-SPE with both SOD and HRP enzymes immobilized
on SWCNT coated WEs.

WET1 is for the detection signal collection and WE2 is for the redox reaction from superoxide to H;O..
6.2.3 The design of the enzyme-fabrication box for duo-SPE

To avoid the mutual influence when processing different immobilized enzymes on the two
electrodes, an enzyme-fabrication box (shown in Figure 6.4) was designed and printed by a 3D
printer. The materials used in the 3D printer for the lid and bottom of the box was
VeroWhitePlus™ RGD835, an organic mixture containing acrylic acid.

This enzyme-fabrication box has a channel to fix duo-SPE, and there were two elliptical holes
with the same size as the working electrode on the lid of the box that corresponds to the working
electrode. To guarantee the sealing between the box and two working electrodes, the lid of the
enzyme-fabrication box was designed as a “pig nose” (the part around two elliptical holes is

0.5 mm protruding than other parts which look like a pig nose, shown in Figure 6.4 (b)) and a
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gasket with two elliptical holes was compacted. The detailed structure and the assembled

enzyme-fabrication box were shown in Figure 6.4 (a) and (c) respectively.

I X { [% bolts

lid of the
treatment box (b)

gasket

~ duo-SPE L
Vg G

bottom of the
treatment box

Figure 6.4 (a)The set-up for the enzyme-fabrication box; (b) the detailed structure of the lid which
contains “pig nose”; (c) the assembled enzyme-fabrication box.

6.2.4 Electrochemical measurements

Equipment used for all the electrochemical analysis was Autolab potentiostat-galvanostat
(multi autolab cabinet, MAC80126) which was shown in Figure 6.5. All the electrochemical
measurements were carried out in the cell for SPEs (mentioned in Chapter 3.3.1) covered by a

box to avoid lights.

In this project, CV and CA were used for all the electrochemical analysis. CV experiments were
performed at 5 mV/s of scan rate from 0 to 0.5 V vs Ag/Ag* and CA experiments were
performed at an applying constant voltage 0.1 V vs Ag/Ag*” which was obtained from CV curves
for 100 s.

The electrolyte for electrochemical analysis using PBS containing the substrates with different
concentrations. As mentioned in Chapter 3.1.1, before the electrochemical test of each modified
SPEs the stock solutions including 10 mM and 1 mM H202 or 10- and 100-times diluted
xanthine sodium salt were respectively prepared fresh with PBS. For the biosensor performance
tests, 100 A PBS mixing with different volumes of fresh-prepared stock solutions was used as
the electrolyte. For the interferences tests, a certain amount of glucose, uric acid (UA), ascorbic
acid (AA) (Mao et al. 2008) and bovine serum albumin (BSA) in PBS were used as the
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replacement of PBS.

Figure 6.5 (a) & (b) Experimental set-up for electrochemical experiments; (c) the assembled cell for the
electrochemical analysis.

6.3 Results and discussions
6.3.1 Performance of HRP for H20O, detection

Before the fabrication of the electrochemical biosensor, the enzyme immobilization was

analysed by cyclic voltammetry and chronoamperometry electrochemical techniques (Li et al.
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2011). As mentioned in Chapter 5.3.1, SOD immobilization by the layer-by-layer self-assembly
method with PDDA showed stable immobilization strength and slightly increased sensitivity of
the electrode to the electric signal. Thus, HRP immobilization by cross-linking technique is the
main method in this project.

For the performance of cross-linking technique based on the amide bonds and n-n interactions,
the CV scan was carried out after each step of the HRP immobilization in 0.1 M PBS at pH 7.4
in the presence and absence of 1 mM H>0O- (Sahin 2020). Figure 6.6 shows the electrochemical

response with each layer immobilized on the working electrode.
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Figure 6.6 Voltammogram for the electrochemical performance of each layer immobilised by cross-
linking technique: (a) SWCNT coated C-SPE; (b) PBSE / SWCNT / C-SPE; (c) HRP / PBSE / SWCNT / C-SPE.
Tested in PBS (pH = 7.4) in the presence and absence of 1 mM H,0,. Where, 0 and 1 represent the
electrolyte without and with 1 mM H,0; respectively. Scan rate: 50 mV/s.

The electrochemical signal changes after each layer are immobilized on the working electrode,
which means the cross-linking method by PBSE works for HRP immobilization and each layer
was successfully immobilized on the SWCNT-coated C-SPE. For the electrochemical
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performance in the presence of PBSE in PBS without H2O>, the double layer region increased
in magnitude from under 1 pA to over 1 pA from improved ion transfer and increased surface
area. This increased further to 2 A upon HRP addition. For the electrochemical performance
in PBS with H20», the oxidation current increased slightly from 3 to 5.5 A at 0.3 V however
no reduction current or activity was seen. With the addition of HRP, oxidation activity remained
similar ca. 5.5 pA at 0.3 V however an apparent reduction current of -3.5 |4A can be seen at 0.1
V which can be assigned to reduction of H2O> to H20.

Figure 6.6 (c) shows a reduction current response in PBS that contained 1mM H;0,. Unlike the
SWCNT-coated C-SPE and PBSE / SWCNT / C-SPE, the observable reduction response starts
from the range of 0.1 t0 0.3 V (vs Ag/Ag*) and a slight peak at around 0.1 V (vs Ag/Ag*). This
result suggests that the HRP-immobilized sensor can be used for a detection of H>O> through

its reduction limiting current.

Using the HRP-immobilized sensor, the electrochemical performance for the reduction reaction
of H20. with increasing concentrations was studied by CV scans. Figure 6.7 illustrates an
increasing reduction current response in the negative direction with the increasing concentration
of H202. The clear observable reduction starts at around 0.25 V (vs Ag/Ag*) and the detectable
current change starts from the voltage values of around 0.19 V (vs Ag/Ag*). The slight shift
towards the negative potential is because of the acidic nature of the H>O> solution resulting in
the small change of pH of the electrolyte (Jiang et al. 2009, Sahin 2020).
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Figure 6.7 Voltammogram for the electrochemical performance of HRP-immobilised biosensor tested
in PBS (pH = 7.4) which containing increasing concentration of H,0, (0, 0.1, 0.2, 0.3, 0.4, 0.5 and 1 mM).
Scan rate: 5 mV/s.

The calibration curve for H>O» reduction detection (shown in Figure 6.8, data shown in
Appendix Table S3.1) is generated by a series of current values corresponding to different
concentrations of H>O. (0.01 mM to 0.5 mM in PBS) at 0.1 V vs Ag/Ag* from chrono
amperometry at 100 s for a stable current signal. The result shows the linear relationship (R? =
0.9993) between current and H>O2 concentration where the reduction current (shown as
negative values) increases with the consecutive addition of H202. The sensitivity and limit of
detection (LoD) of the HRP-immobilized C-SPE for H.O> reduction detection are calculated as
3.694 pPA/mM and 26.9 M respectively, and the minimum detectable concentration of H20>
is recorded as 10 M.
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Figure 6.8 The calibration curve for H,O; reduction of the HRP-immobilized C-SPE (surface area of
working electrode: 0.126 cm?).

The data was obtained from CA tested in PBS (pH = 7.4) with different concentration of H-0; (0, 0.01,
0.02, 0.05, 0.1, 0.2, 0.3, 0.4 and 0.5 mM) at 0.1V vs Ag/Ag* (~ 0.074 V vs SHE) at 100 s. Error bars are
the sample standard deviation of measurements from repetitions (n = 3).

The results show that the HRP enzyme could be successfully immobilized by the cross-linking
technique with SWCNT and PBSE as the crosslinker, and HRP-immobilized C-SPE using
cross-linking has a quick and sensitive response on the detection of the H.O> reduction reaction,

which can be used in superoxide biosensor for better performance.

6.3.2 Fabrication of the superoxide biosensors

The HRP-immobilized C-SPE using cross-linking technique shows the successful electric
signal response for H20- reduction detection, and the biosensor that SOD-immobilized C-SPE
by layer-by-layer self-assembly method shows the successful redox reaction from superoxide
to H202 (mentioned in Chapter 5). To fabricate the superoxide biosensor with high sensitivity
and selectivity, the combination of HRP and SOD is one of the most important approaches in

this project.

The simplest way to combine HRP and SOD is by directly adding the immobilized SOD onto
the top of the HRP-immobilized electrode. Figure 6.9 illustrates the electrochemical
performance of the biosensor which directly immobilizes both SOD and XOD on the HRP-
modified C-SPE (XOD & SOD/ HRP/ SWCNT/ C-SPE, data shown in Appendix Table S3.2).
The structure of this biosensor was shown in Figure 6.2, and XOD was immobilized on the top
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of the biosensor by PDDA for the preparation of superoxide. The analysis was carried out by
CA in PBS (pH=7.4) containing various concentration of H>O. or xanthine (0, 0.01, 0.02, 0.05,
0.1,0.2,0.3,0.4 and 0.5 mM) at 0.1 V vs Ag/Ag".

Figure 6.9 (a) shows that XOD & SOD/ HRP/ SWCNT/ C-SPE has low sensitivity for
superoxide detection, and figure 6.9 (b) is the enlarge vision of the relationship between current
responses and xanthine concentrations. Compared with the current response for H>O> reduction
detection, the current hardly changes with the increasing concentration of xanthine. This result
indicates that the reduction reaction of H20: is still working in this biosensor while the
preparation of superoxide and/or superoxide redox reaction by SOD has been affected and not

proceeding. This could be due to the failure in the immobilization of SOD and/or XOD.

Table 6.1 The isoelectric point and charge carried by enzymes in solution.

1 2 3 4 5 6 7 8 ) 10 11 12 13 14

pH EEEE I
7.4

HRP @ @ x O ®
4.95 !

SOD @ - @ * O , ©
6.2 |

XOD @ D *O: ©

* isoelectric point

Both SOD and XOD were immobilized by the layer-by-layer self-assembly method based on
the electrostatic force between two opposite charges, and the charge of enzymes depends on
their isoelectric point and pH value of the solution (Kang et al. 2014). From table 6.1, both SOD
and XOD carry a negative charge in PBS, while HRP carries positive charges (Ball 1939,
Bannister et al. 1971, Zakharova et al. 2011). Thus, SOD and XOD can be assembled steadily
by PDDA, but their assembly of PDDA on top of HRP might fail. Thus, the actual structure of
the immobilized enzyme could not perform well. PDDA could not form a film for enzyme
immobilization. In this case, it is hard to achieve the layer-by-layer structure, which means the
top of the structure was disturbed, resulting in only a limited quantity of the deposited SOD and

XOD remaining on the working electrode surface.
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Figure 6.9 (a) The electrochemical performance for the biosensor using direct immobilization of three
enzymes (HRP, SOD and XOD). (b) The enlarge vision of the current response for superoxide detection.

The data was obtained from CA tested in PBS (pH = 7.4) with different concentration (0, 0.01, 0.02, 0.05,
0.1, 0.2, 0.3, 0.4 and 0.5 mM) of H,O, (for H-0, reduction detection) or xanthine (for superocide
detection) at 0.1 Vvs Ag/Ag* (~0.074 V vs SHE) at 100 s. The surface area of working electrode is 0.126
cm?. Error bars are the sample standard deviation of measurements from repetitions (n = 3).

Figure 6.9 also illustrates that the current response for both H>O> reduction detection and
superoxide detection shows the discussed limitation. From Figure 6.9 (a), the detectable linear
relationship was showed between 0 to 0.2 mM H202 in H2O> reduction detection, and the
unchanged currents were found when concentration higher than 0.2 mM. From Figure 6.9 (b),
although the superoxide detection results could be separated to two linear relationships, the
sensitivity of the detection between 0.1 to 0.4 mM is much lower than that between 0 to 0.1
mM xanthine, which is hardly detectable. These results illustrate that H2O> reduction is limited

to a concentration lower than 0.2 mM, and the maximum limit of superoxide detection is 0.1
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mM xanthine. The reason for the maximum concentration limitation could be the complex
structure of the modified electrode hindered the diffusion of the substrates as well as limited
amount of deposited active electrocatalyst or reagent (SOD and XOD, respectively). The
current response for superoxide detection shows a linear relationship at xanthine concentration
between 0.1 to 0.4 mM, but error bars illustrate the large random signal in this range, resulting

in the unreliable value for the detection.

To solve this limitation of deposition compatibility, the layer-by-layer immobilized SOD and
the cross-linking modified HRP were separated and deposited on two working electrodes with
close proximity. The electrolyte was used to cover both of the enzyme-modified electrodes for
100 seconds to guarantee the complete reaction on both electrodes and pipette-mixed several
times for less effect of mass transfer. Figure 6.10 shows the electrochemical performance for
H>0O> reduction and superoxide detection on enzyme-immobilized (including HRP, SOD and
XOD) duo-SPE (data shown in Appendix Table S3. 3). Data were obtained in PBS containing
substrates with various concentrations from 0.01 to 0.5 mM.
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Figure 6.10 The electrochemical performance for the biosensor on enzyme-immobilized duo-SPE
(containing all three enzymes: HRP, SOD and XOD).

The data was obtained from CA tested in PBS (pH = 7.4) with different concentration (0, 0.01, 0.02, 0.05,
0.1, 0.2, 0.3, 0.4 and 0.5 mM) of H2O; (for H,O: reduction detection) or xanthine (for superocide
detection) at 0.1 V vs Ag/Ag”* (~ 0.074 V vs SHE) at 100 s. The surface area of working electrode is 0.059
cm?. Error bars are the sample standard deviation of measurements from repetitions (n = 3).

From Figure 6.10, a linear relationship (R? = 0.999+) between the current and the concentration

of substrates was obtained by CA at 0.1 V vs Ag/Ag* at 100s. The reduction current response
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for superoxide detection can be seen as a bit lower than the reduction current for H>O> detection.
The reason could be the consumption in the complex enzymatic reaction or the effect of mass
transfer. The current difference between H2O, and superoxide detection is in the range of
sample standard deviation, which illustrates that these effects could be ignored. The sensitivity

of the biosensor and the LoD was calculated respectively as 28 pA/(mM €m?) and 9.8 M.

Figure 6.11 shows the linear relationship (R? = 0.9992) between the actual concentration of
xanthine in the solution and the calculated equivalent concentration of H202 on the working
electrode (data shown in Appendix Table S3.4). The data was obtained by calculating H2O> and
xanthine concentration corresponding to the same current value from Figure 6.10. The ratio of
the two concentrations was calculated as 0.9546, which is close to the ideal ratio of the reactions.
This result indicates that xanthine completely reacted to produce H20. and the mass transfer of

H>0> between two working electrodes does not affect the signal.
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Figure 6.11 The linear relationship between the concentration of xanthine (0.01 to 0.5 mM) and the

calculated H,0, concentration based on the same charge transfer (i.e. the current response in Figure
6.10).

6.3.3 Calibration of the biosensor based on the reduction reaction

In this work, the concentration of xanthine and H202 is known and controlled corresponding to
the detected current but the concentration of superoxide is unknown as there is not direct
standard method to measure it directly. Thus, superoxide concentration was calculated as lies
in the range from the known concentration of xanthine (maximum) and H20> (minimum) based

on the reaction from xanthine to superoxide and then to H>Ox.
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The calculation of the superoxide concentration detected by the developed SOD-HRP/ duo-SPE
biosensor has two steps: 1) obtain the current values from the biosensor reading and use it to
find out H20 concentration and xanthine concentration respectively based on Figure 6.10 (blue
line and orange line respectively); 2) as mentioned in Chapter 5.3.3, superoxide concentration
is calculated as the average of the maximum (two times of the xanthine concentration) and the

minimum (two times of the H202 concentration).

The final calibration curve of this biosensor for superoxide detection was generated in Figure
6.12 (data shown in Appendix Table S3.5). The error bar shows the maximum and minimum
values of each point. From the calibration curve, the superoxide concentration can be simply
read with the current reading which represents the current drop after adding the superoxide
samples in electrolytes. The sensitivity and LoD were calculated as 23.81 pA/(mM €m?) and 6

UM respectively.
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Figure 6.12 The overall calibration curve for the superoxide biosensor (enzyme-immobilized duo-SPE,
the surface area of the working electrode: 0.059 cm? SWCNT loading: 0.15 mg/cm?).

The current should be the current response of the biosensor after being calibrated in PBS. Error bars
were obtained from the maximum and minimum concentrations.

This project used both SOD and HRP as a cascade system on an electrochemical biosensor,
which achieves quantitative measurement for small-volume detection, making it possible to
detect superoxide anions in small amounts of blood. To the best of author’s knowledge,

quantifying superoxide concentration by two separated working electrodes, has not yet been
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reported in the literature.

6.3.4 Interference tests

It is reported that many interferences in human blood samples may affect the detection of H.Ox.
As the major components in blood samples, glucose, UA, AA and BSA were tested by CA
analysis on enzyme-modified (HRP and SOD) duo-SPE (Chen et al. 2006, Cui et al. 2020,
Moschopoulou and Kintzios 2015). Figure 6.13 shows the comparison of the current response
before and after the addition of the inferences at the same potential for 100 seconds in PBS
(pH=7.4) containing 0.01 ~ 0.5 mM H20> (data shown in Appendix Table S3.6).
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Figure 6.13 The current response of the biosensor with the SOD & HRP-immobilised duo-SPE for H,0,
detection against (a) glucose, (b) uric acid, (c)ascorbic acid and (d) bovine serum albumin as the
interference.

The data was obtained from CA of different concentration of H,0; (0, 0.01, 0.02, 0.05, 0.1, 0.2, 0.3, 0.4
and 0.5 mM) added to PBS (pH = 7.4) respectively containing different concentration of interferences
at 0.1V vs Ag/Ag* (~ 0.074 V vs SHE) at 100 s. Error bars are the sample standard deviation of
measurements that without interferences from repetitions (n = 6).
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Figure 6.13 (a) shows the reduction current response in the presence and the absence of glucose,
which illustrates that glucose has limited effect on the detection of H2O- reduction reaction even
at high concentration levels. Figure (b), (c) and (d) respectively shows a slight shift toward the
negative direction of reduction current after adding UA, AA and BSA with high concentration
level. The reason for the slight shift could be that these compounds may affect the electric signal
by reacting with the intermediary of HRP which is shown as the oxidised form, consuming
H20-, inhibiting the activity of the HRP enzyme or by reducing local HO, concentration by
competitive adsorption (Vojinovi¢ et al. 2004). However, this slight effect can be ignored
because all the measured current is in the range of sample standard deviations, which means
the effect from these interferences on the detection of H2O- reduction are ignorable due to the
low potential (Ren et al. 2020, Yamamoto et al. 2003).

6.4 Conclusions

In this chapter, the cross-linking technique for HRP enzyme immobilization using SWCNT and
PBSE based on n—= interaction and the amide bonds was described and tested on C-SPE, which

showed the successful assembly of the enzyme.

The electrochemical performance for H2O> detection was investigated by HRP-immobilized C-
SPE in PBS with different concentrations of H202 at 0.1 V vs Ag/Ag*. The results showed good
performance as high sensitivity of 3.6938 pJA/mM and the large detectable range.

For the fabrication of the superoxide biosensor, SOD was first directly immobilized on the
HRP-modified C-SPE by PDDA, which shows the limited detection of H>O at higher
concentration and low sensitivity for superoxide detection. To separate the redox reaction of
superoxide and the reduction reaction of H2.O2 on the different electrodes, enzyme-modified
duo-SPE was prepared subsequently. The overall calibration curve for the superoxide biosensor
was generated by enzyme-modified duo-SPE (shown in Figure 6.12). The sensitivity of the

biosensor and the LoD was calculated respectively as 23.81 pA/(mM €m?) and 6 M.

The selectivity of the biosensor was tested against interferences including glucose, UA, AA and
BSA in PBS with different concentrations of H>O.. Glucose showed no effect on the
electrochemical signals, while UA, AA and BSA had the ignorable effect even at high

concentration levels.
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Chapter 7 Application of biosensor in blood tests

In this chapter, the performance of both the biosensor based on the oxidation reaction of H20:
(SOD-based biosensor, mentioned in Chapter 5) and the biosensor based on the reduction
reaction of H2O, (coupled SOD-HRP biosensor, mentioned in Chapter 6) were evaluated for
superoxide detection in human blood samples. Electrochemical characterization of these two
biosensors was performed in potassium phosphate-buffered solution (PBS) with different
dilutions of human blood samples by using chronoamperometry (CA). The chemiluminescence
(CL) technigue with Luminol as the CL probe was used for comparison. Prior to the blood
samples, various concentrations of hydrogen peroxide were detected by CL for the calibration
standard. The results showed the electrochemical biosensor had better performance as the quick
response, high selectivity and sensitivity for superoxide detection in blood samples while
compared with the chemiluminescence technique. Both SOD-based biosensor and coupled
SOD-HRP biosensor showed linear relationship between the current signal and the ratio of
diluted blood in the electrolyte. Considering the interferences and electric signal deviations
(especially for the SOD-based biosensor), the concentration of superoxide in human blood

samples was calculated via electrochemical biosensors.

7.1 Introduction

Chemiluminescence can be defined as a light emission phenomenon caused by a chemical
reaction. The energy released from a chemical reaction causes the decay of an electronically
excited state to a lower energy level, resulting in the emission of light (Jimenez and Navas
2002).

Chemiluminescence assay is an efficient analytic method for low concentration detection,
which is widely used in clinical chemistry. Chemiluminescent methods have many advantages,
such as the low cellular toxicity, simple techniques, no requirement of background light, high

sensitivity (Christodouleas et al. 2015).

There are different probes used for superoxide detections, including lucigenin probe, luminol

probe and fluorescence probe. The fluorescence-based assay is semiquantitative, so that usually

be used to provide the location of superoxide in the vessel wall in cultured cells and in sections

of vascular tissues (Miinzel et al. 2002). Compared with lucigenin probe, luminol-based

chemiluminescence is more commonly used for superoxide detection, because it can detect both

extracellular and intracellular deoxygenation products, while lucigenin probe can only detect
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the extracellular radicals (Agarwal et al. 2004).

As a redox-sensitive compound, luminol emits blue light when mixed with oxidising agents.
With the catalyst of deferent enzymes, including catalase, xanthine oxidase, cytochrome c and
horseradish peroxidase, luminol-based chemiluminescence could achieve the flexible detection

of superoxide anion and hydrogen peroxide (Bedouhene et al. 2017).

7.2 Experimental
7.2.1 Chemiluminescence spectroscopy

Glucose (= 99.5%, powder, BioReagent, suitable for cell culture), magnesium chloride
(MgCly), calcium chloride (CaCl,), Bovine Serum Albumin (BSA, pH 7, =98%), phorbol 12-
myristate 13-acetate (PMA, =99%, powder), luminol and dimethyl sulfoxide (DMSO, ACS
reagent, = 99.9%), were purchased from Sigma-Aldrich (Dorset, UK). 0.1 M potassium
phosphate buffer (PBS) was purchased, prepared and stored as described in Chapter 3.1.1.

The buffer for blood was prepared fresh every few days by PBS containing 5mM glucose, 1mM
MgClz, 0.5mM CaCL; and 0.05%BSA. The 100xstocks of glucose (500mM), MgCl, (100mM),
CaCL> (50mM) and BSA (5%, g/ml) were prepared priorly in ultrapure water and freeze in
aliquots at -20 < (Yamazaki et al. 2011).

To detect the maximum level of superoxide generated by white blood cells in blood samples,
PMA assay was used to activate protein kinase C and consequently, superoxide was produced
by phagocytes in blood samples (Caldefie-Ché&et et al. 2002). The stock for the PMA assay
was prepared as 1 mg/ml in DMSO and stored in aliquots at -20 <C, and the working solution
for the PMA assay was prepared fresh before detection by diluting 1 i PMA stock in 499 i
buffer. The stock of luminal was prepared as 100 mM in DMSO and luminol assay buffer was

made by diluting luminol stocks to 1 mM in the buffer.

The chemiluminescence performance was carried out in a 96-well microplate by Tecan
infinite® 200 multifunctional microplate reader (Tecan Austria GmbH, Austria), which is

shown in Figure 7.1.
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Figure 7.1 The equipment used for chemiluminescence: Tecan infinite® 200 multifunctional microplate
reader

7.2.2 Electrochemical measurements

The screen-printed electrode (SPE) used in biosensor, screen-printed carbon electrode (C-SPE,
model DRP-C110) and dual screen-printed carbon electrode (duo-SPE, model DRP-C1110),
mentioned in Chapter 5 and 6, were obtained from DropSens (Oviedo, Spain). The SPEs were

stored at room temperature in a dry box away from light.

The SOD-based biosensor for superoxide detection in blood samples was fabricated by the
layer-by-layer self-assembly enzyme-immobilization to form the structure of C-SPE/ SWCNT/
PDDA/ SOD, as mentioned in Chapter 5. The coupled SOD-HRP biosensor used dual-SPE to
separate two enzymatic reactions, as mentioned in Chapter 6, with the structure of C-SPE/
SWCNT/ PBSE/ HRP as the H2O> detecting electrode and C-SPE/ SWCNT/ PDDA/ SOD as

the superoxide reacting electrode.

Equipment used for all the electrochemical analysis was Autolab potentiostat-galvanostat
(multi autolab cabinet, MAC80126, mentioned in Chapter 3.3.1). All the electrochemical
measurements were carried out by chronoamperometry (CA) in the cell for SPEs covered by a

box to avoid lights. The cell used for the electrochemical analysis can hold 100 i of various
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times PBS-diluted blood samples as the electrolyte.

7.3 Results and discussions

The blood sample tests were carried out with the support of researchers in the Faculty of
Medical Science. The chemiluminescence method was used for comparison. Both the
chemiluminescence technique and the electrochemical biosensor detected the blood sample

from the same volunteer with the same concentration (volume ratio i.e., v/v in buffer solution).

7.3.1 The calibration of chemiluminescence for superoxide detection

Prior to the superoxide detection in real samples, the various concentrations of superoxide
generated from xanthine in the presence of XOD were detected for the calibration curve. The
superoxide level was detected by using luminol (100 mM in dimethyl sulfoxide, diluted to 1
mM with PBS buffer) in a luminometer for over a period of 25 minutes to allow time for the

reaction to take place, with a 96-well plate read once per minute (Vessey et al. 2014).

The superoxide anion solution was prepared fresh before chemiluminescence analysis. As
mentioned before in Chapter 4, the concentration of generated superoxide was controlled by
the concentration of xanthine in PBS buffer which contains 3 mg/ml XOD. Each individual
detection solution contained 20 | of superoxide-generation solutions and 200 i of luminol
buffer.

The chemiluminescence signal shows the extremely unstable results for superoxide detection
(Figure 7.2, data shown in Appendix Table S4.1). Compared with the result of detection in the
absence of superoxide anion, the chemiluminescence response started from 18 minutes and
increased continuously until 25 minutes. The signal for the xanthine concentration range of 0.05
mM to 5 mM could hardly be recognized separately, and all signals were maintained around
the value of the start point during the whole detection procedure. The reason for the results

could be low concentration beyond the limit of detection.
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Figure 7.2 Results of chemiluminescence technique for superoxide detection with different
concentration of xanthine from 0.05 mM to 0.5 mM in buffer. SO: superoxide produced from xanthine
in the presence of xanthine oxidase.
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Figure 7.3 Results of chemiluminescence technique for superoxide detection with various high
concentration level in buffer. SO: superoxide produced from xanthine in the presence of xanthine
oxidase.

To find the limit of detection for the chemiluminescence methods, the signal was measured in
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buffer with the various high-level concentrations of superoxide (Figure 7.3, data shown in
Appendix Table S4.2). The signal increases in the first 10 minutes and reached a relatively
stable state at 14 minutes, which could be regarded as the minimum detecting time. The
calibration curve for chemiluminescence analysis was generated based on the relationship
between the concentration of xanthine and the corrected fluorescence value. The value was

obtained by the following two steps:

(1) the sample fluorescence was corrected by removing the background of the blank test

(fluorescence of solution without xanthine), which is shown in equation 7.1 (Szkola et al. 2013).

fluorescencecorrecrea = fluorescencesgmye — fluorescencep;gny (Eq. 7.1)

(2) the average value was calculated from 15 to 22 min due to the slight changes in their stable

state.

The corrected fluorescence shows a linear increase at a high concentration level (2 mM or
higher), which indicates the successful detection of superoxide (data shown in Appendix Table
S4.3). The limit of detection was calculated as 3.5 mM from the Figure 7.4. For the samples
with a low concentration of superoxide, the luminol-base chemiluminescence could only
achieve the recognition but not quantitative measurement. These results represent that luminal-

based chemiluminescence is lack efficiency and sensitivity for low-concentration detections.
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Figure 7.4 Calibration curve for high concentration detection of superoxide.
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7.3.2 The blood sample tests by chemiluminescence

The chemiluminescence for the blood sample detection was carried out in the maximum
oxidative stress environment. The blood sample were diluted by 20, 40, 60, 80 and 100 times
in blood buffer which contained 5 mM glucose, 1 mM MgClz, 0.5 mM CaCL; and 0.05% BSA
(0.05 g/ml in deionized water) in PBS.

PMA (1 mg/ml in dimethyl sulfoxide, diluted to 0.4% v/v in blood buffer) is added to the blood
sample for the maximum level of oxidative stress detection due to the stimulation of PMA on
the activation of protein kinase C resulting in the produced superoxide by phagocytes
(Yamazaki et al. 2011). The PMA assay for the detection includes 40 i of diluted blood, 20 i
of PMA solution and 200 A of luminol buffer in each sample solution.

*0 ==@==N0 blood no PMA
==@==No blood
50 A 1in 20
1in 40
e=@==1 in 60
40 A

=§=—1in 80
==@=—1in 100

Fluorescence
w
(=]

]
[=]
1

10 A

1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Time (minute)

Figure 7.5 Results of chemiluminescence technique for superoxide detection in blood samples diluted
with blood buffer.

1in 20 (40/60/80/100) is 1 volume of blood diluted to 20 (40/60/80/ 100) volume of solution with blood
buffer.

Figure 7.5 (data shown in Appendix Table S4.4) represents the result of the chemiluminescence
method for superoxide detection in the blood sample with different dilutions. The detection is
available from 16 ~ 19 minutes and the fluorescence of those blood samples increases with time,

which showed similar behaviour in low-concentration detection.
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The chemiluminescence could easily detect the difference between blood and buffer samples
and was not affected by some blood other components e.g. glucose. But chemiluminescence
could not detect the effect of dilution and drop in superoxide concentration in the blood sample,
which means the method lacks quantitative measurement for superoxide in blood tests at the

studied concentrations.

Instead of detecting superoxide, the luminol-drive chemiluminescence is generic ROS detection
method, since it could be affected by a variety of other oxygen species, such as hydroxy| radical,
peroxynitrite, etc. (Miinzel et al. 2002).

7.3.3 The blood sample tests by electrochemical biosensor

The electrochemical biosensor for the blood sample detection was carried out by the enzyme-
immobilized system which was respectively mentioned in Chapter 5 and Chapter 6. The blood
sample from the same resource as the chemiluminescence technique was diluted by 20, 40, 60,
80 and 100 times in PBS (pH = 7.4) as the electrolyte.
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Figure 7.6 Results of the blood test for superoxide detection by the developed SOD-based biosensor

(SOD-immobilised SWCNT-coated C-SPE, the surface area of the working electrode: 0.126 cm2, SWCNT
loading: 0.15 mg/cm?2). v/v is the volume ratio of blood to the electrolyte (blood dilutions by PBS, pH
7.4). Error bars are the sample standard deviation of measurements from repetitions (n = 3).

Figure 7.6 (data shown in Appendix Table S4.5) shows the average current response of three
repetitions (CA at 0.6 V vs Ag/Ag* at 100 s) to the testing of the blood sample with different

dilutions. The relationship between blood dilutions and current response shows good linearity
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(R? = 0.9971), which means the developed SOD-based electrochemical biosensor has good
sensitivity and selectivity toward superoxide detection in blood. The relatively smaller
deviation confirms the good reproducibility and the accuracy of the biosensor. The sensitivity
of this detection was calculated as 3.96 pA/(mMM €m?). As mentioned in Chapter 3.4,
considering the glucose effect on the current response, the superoxide concentration of this
blood sample was calculated as 0.258 +0.031 mM based on the calibration curve (Figure 5.10)

of the developed SOD-based biosensor.

The quantitative measurement for superoxide in blood samples was also performed by the
coupled SOD-HRP biosensor. The electrochemical performance for the diluted blood samples
is shown in Figure 7.7 (data shown in Appendix Table S4.6). Data was obtained from three
repetitions of each measurement using CA at 0.1 VV vs Ag/Ag* at 100 s. Very good linearity (R?
= 0.9978) between blood dilutions and current response was seen confirming the high accuracy
and selectivity of the developed biosensor with coupled SOD-HRP system toward superoxide
detection and its successful application in blood tests. The sensitivity of this detection was
calculated as 1.33 pA/(mM €m?). With the calculation steps mentioned in Chapter 3.4, the
superoxide concentration of the blood sample was calculated as 0.217 £0.018 mM based on

the calibration curve (Figure 6.12) of the coupled SOD-HRP biosensor.
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Figure 7.7 Results of the blood test for superoxide detection by the developed coupled SOD-HRP
biosensor.

(Surface area of the working electrode: 0.059 cm2, SWCNT loading: 0.15 mg/cm2). v/v is the volume
ratio of blood to the electrolyte (blood dilutions by PBS, pH 7.4). Error bars are the sample standard
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deviation of measurements from repetitions (n = 3).

Compared with the SOD-based biosensor, the current signal of coupled SOD-HRP biosensor
shows a small value, and the current density is also smaller than the SOD-based biosensor.
Because of the difference in detection mechanism, the rate of electron transfer is different, as
indicated by differences in current and current density. The SOD-based biosensor detects
superoxide based on the direct oxidation reaction of H202 on the working electrode, while
coupled SOD-HRP biosensor is based on the enzymatic-catalysed reduction reaction of H20-
(Malomo et al. 2011). The electron transfer of coupled SOD-HRP biosensor depends on the
amount and activity of the immobilized HRP and might be affected by the local exceed oxygen
molecules and H>O, (Vlasits et al. 2010). For the accurate detection of superoxide, coupled
SOD-HRP biosensor is better than SOD-based biosensor as it is not susceptible to large effect
of glucose and does not require measurement or knowledge of glucose concentration for

correction.

Reactive oxygen species in blood, e.g., superoxide, can degrade or undergo chemical changes
over time, especially been exposed to air or light. Thurs, the detections required fresh blood
samples to ensure the concentration of superoxide remaining stable during testing, and
providing more accurate and consistent results. Due to time constraints and the impact of
COVID-19, some challenges, e.g., a lack of volunteers, and sample availability from the School
of Medicine, were found in this project, resulting in only two blood samples were obtained via
a finger prick method.

The samples were assigned to their respective biosensor, and to increase number of test samples
and examine detection level and accuracy of measurement a dilution series was completed for
each of the two samples. Chemiluminescence data were also obtained from the same samples
for comparison. A promising result was obtained from the existing data. The linear plot obtained
from the dilution series, shown in Figure 7.6 for SOD-based biosensor and Figure 7.7 for
coupled SOD-HRP biosensor, showed the accuracy of detection in low concentrations, and the
feasibility of blood dilutions when doing the measurements. The blood dilution with buffer
solution can be effective in reducing the amount of cell debris present in the samples during the
detections and consequently the fouling of electrode surface (Pradhan et al. 2022). However,
this requires pre-treatment of sample which is not desired. Other approach could be to add
selective membrane or coating to restrict deposition of cell debris while allowing ROS diffusion,
or to implement a flow system by continuously flowing the sample over the sensor to minimize

the contact time and the possibilities of fouling.
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The results from different blood samples obtained respectively from two biosensors were
similar, around 0.2 mM. This result provides some validation of the consistency of the two
sensors for blood measurements, although more samples are still needed to eliminate the

potential for incidental results of an individual testing.

7.4 Conclusions

Compared with the chemiluminescence method, the electrochemical biosensor shows better
performance for superoxide detection in human blood. For detection time, chemiluminescence
spent 16 to19 minutes to recognize the blood sample and the reactions lasted for up to 25
minutes, while biosensors used only 100 seconds for the stable current response. For the
selectivity, chemiluminescence detected the maximum level of superoxide due to the catalysis
of PMA, while the biosensor focused on the concentration of existing superoxide in blood. For
the sensitive and accurate detection, chemiluminescence could hardly tell the difference of the
blood sample with different dilutions, while biosensors showed the superoxide concentration in
human blood based on the calibration curve.

Both the SOD-based biosensor and the coupled SOD-HRP biosensor were proved as high-
selectivity and accurate biosensors which could successfully be applied in human blood
detections. Comparing two biosensors, the SOD-based biosensor showed the higher current
density and higher sensitivity of 3.96 pA/(mM €m?) while 1.33 pA/(mM €m?) for the coupled
SOD-HRP biosensor, which was contributed to the direct electron transfer on working electrode.
However, the detection results of the SOD-based biosensor were affected by glucose
concentration in blood samples, which means that the coupled SOD-HRP biosensor has the
higher accuracy of detections. To consider the bias from glucose on the detections, the
superoxide concentration detected by the SOD-based biosensor was calculated assuming blood
glucose level of 5 mM. The calculated superoxide concentration for two biosensors were both

around 0.2 mM.
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Chapter 8 Conclusion and recommendations for future work
8.1 Conclusion

The incidence of aging diseases caused by the high-level concentration of reactive oxygen
species, especially superoxide in the human body increased by years and reached its highest
level nowadays, and the biosensor, as an analytical device, is one of the most common ways to
detect superoxide. To address the lack of easy-operation, high-selectivity, and quick-response
of existing biosensors, the aim of this project was to develop a superoxide biosensor that could

fit in a hand-held device to provide quick and accurate results.

This project firstly worked on the generation methods of superoxide anion because of its
characteristics of poor stability. For easy operation, low cost and less requirement of the
aqueous environment, the chemical generation in NaOH solution and biological method using
xanthine oxidase enzyme were compared. Since the requirement of strong alkaline for chemical
generation, the effect of pH on enzyme activity was investigated. Although the superoxide
concentration can be confirmed by chemical generation, the high pH of the solution was proved
to affect the enzyme activity. When adjusting pH to neutral, the generated superoxide showed
instability and decreased in concentration with time. The biological method which using
xanthine and xanthine oxidase enzyme (XOD) for superoxide preparation resulted in 10 %
higher activity than the chemical generation by sodium hydeoxide and dithionite, and the
produced superoxide showed excellent stability in more than five hours. Thus, the biological
method was then chosen to generate superoxide for subsequent biosensor analysis because of

its better performance.

The superoxide dismutase (SOD)-based biosensor was focused on in this project due to the high
selectivity for detection of superoxide anion. The quantitative measurement was based on the
determination of oxidation of hydrogen peroxide produced from the superoxide
disproportionation reaction on SOD. For easy operation, the immobilization of the enzyme was
achieved using layer-by-layer self-assembly by poly(diallydimethylammonium chloride)
(PDDA) on the working electrode, where the single-wall carbon nanotube (SWCNT) was used
to enhance the sensitivity of the biosensor. Results showed this developed SOD-based biosensor
having high sensitivity of 71.44 pA/(mM €m?) and low limit of detection (LoD) as 8.6 uM,
which meets the requirements of low-concentration detection in blood. The effect of
interferences on the electrochemical performance of biosensor was tested, uric acid, ascorbic

acid and bovine serum albumin hardly affected the detection and the bias from glucose was
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considered into the calibration curve for this SOD-based biosensor.

Horseradish peroxidase (HRP) was then studied for the biosensor based on the detection of
reduction reaction of hydrogen peroxide to improve the accuracy of the superoxide biosensor
by decreasing the detecting potential and avoiding the oxidation reaction from other
components in blood. A coupled-enzyme biosensor was established with both SOD and HRP
as a cascade system. Two enzymes were separated on different electrodes of a two-electrode
system for better electrochemical performance, where SOD was immobilized with PDDA by
layer-by-layer adsorption and HRP was immobilized with 1-pyrenebutyric acid N-
hydroxysuccinimide ester (PBSE) and carbon nanotubes by n—=n interaction and the amide
bonds. This coupled SOD-HRP biosensor showed the sensitivity of 23.8 pA/(mM €m?) and
LoD as 6 uM, which also meet the requirements of low-concentration detection in blood. The
interferences were proved no effect on the superoxide detection and the calibration curve was

subsequently generated.

Comparing with the SOD-based biosensor, coupled SOD-HRP biosensor showed lower current
response and similar limit of detection, but it had higher sensitivity because that the current
signal not being affected by interferences. The accurate detection by SOD-based biosensor
requires the known concentration of glucose to eliminate the bias, while coupled SOD-HRP

could directly obtained superoxide concentrations.

Both SOD-based biosensor and coupled SOD-HRP biosensor successfully finished the
superoxide detection in blood samples. The blood sample was diluted at different multiples to
demonstrate the high stability and accuracy of the biosensors. Chemiluminescence (CL) method
for reactive oxygen species detection was also studied for comparison. Compared with the CL
method, the biosensors showed the advantages of quick response, high selectivity and
successful quantitative measurement of superoxide with low concentration. The superoxide
concentration in the human blood sample was calculated as 0.258 +0.031 mM and 0.217 =+
0.018 mM respectively by these two biosensors. Considering the accuracy of the biosensor for
the quantitative detection of superoxide anions, coupled SOD-HRP biosensor is better than
SOD-based biosensor because it avoids large effect of high-concentration glucose and does not
need to measure or know glucose concentration in blood samples for correction. Unfortunately,

there is no efficient way reported to date to validate this data in real blood samples.

In summary, this project successfully established the biosensors for the quantitative

measurements of superoxide anion in low concentration, which is down to piM, with the limit
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of detection of 6 M, and achieved the simple modification, easy operation, one-minute fast
response, high sensitivity of 23.8 pA/(mM €m?), and high selectivity without being affected by
interferences in small volume detections. These advantages making it suitable applied to a
handheld device for family use. The quantitative detection was also used for small volume
blood tests and showed similar results by two biosensors, which is barely reported in the

literature.

8.2 Recommendations for future work

The detection of reactive oxygen species especially in small-volume blood has attracted
increasing attention and research interests. Although the quantitative measurement by
electrochemical biosensor was achieved, further development of the biosensor is still
challenging as some issues should be considered, such as the environmental instability of
enzymes, new fabrication materials with better performance, and simultaneous detection of

different reactive oxygen species.

8.2.1 Biosensor optimisation and refinement

This project has finished most part of the superoxide biosensor establishment and development,
and has been successfully achieved the detection of a single blood sample. However, there are
still works to be completed before viable device is developed.

The blood sample tests by electrochemical biosensors require testing on large number of
patients and volunteers. This project only finished two volunteers blood samples by two types
of biosensors, even the calculated detection readings obtained from different biosensors were
similar, the results might still subject to variability and randomness. Thus, two to four blood
samples from different volunteers should be detected by each of biosensors to consolidate the

results.

Besides, the detection of superoxide concertation in blood samples still lack verifications by
other methods. The more accurate quantitative measurement might be achieved by developing
chemiluminescence techniques, such as changing the luminol probe to CLA-based (2-methyl-
6-phenyl-3, 7-dihydroimidazo[1-2-a]pyrazin-3-one) probe, involving nanomaterials to
chemiluminescence system, or using advanced enhancers (Chen et al. 2023, Teng et al. 2023,
Yu and Zhao 2021).
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Another challenge is the deposition of cell debris on the electrode surface. This topic required
the determination of reproducible amount for blood detections and the choice of coating which
can stop fouling of cell debris or other proteins. A dense polymer film resistant to fouling by
various foulants was reported, which was formed by attaching individual polymer chains to the
electrode surface, and was successfully applied in glucose sensor (Dornhof et al. 2022, Hanssen
et al. 2016). The sensitivity of sensor could be adjusted by varying the height of the membrane.
However, the addition of barrier layer may affect sensitivity and accuracy of the sensor, which

requires more research on the development of enzyme immobilisations.

To apply the lab-scale biosensors to a handheld device, the calibration and the calculation
equations should be confirmed, listed and programmed. By following the equations, the current
signal which obtained from electrochemical processor should automatically transferred to the

concentration readings.

8.2.2 Biomimic materials instead of enzymes

Considering the disadvantages of enzymes such as high cost, instability and complicated
immobilization, the sensor based on functional nanocomposites was discussed in the literature

for reactive oxygen species (Wang et al. 2013).

Cerium nanoparticles (CeNPs) were reported to be developed SOD-mimetic activity due to the
catalytic activity towards superoxide anion and showed better catalytic activity than native Cu/
Zn SOD, which achieves the feasibility of nanoparticle alternatives (Singh 2019, Zhao et al.

2020). The dismutation of superoxide anion is shown as equation 8.1 & 8.2:

05 - +Ce*t - 0, + Ce3* (Eq. 8.1)

0; - +Ce3*+2H" - H,0,+ Ce**t (Eq. 8.2)

For the alternatives of horseradish peroxidase, Pt nanoparticle has been demonstrated as an
excellent catalyst for the reduction of H202 (Sun et al. 2012, Tang et al. 2011, Xu et al. 2011).
Pt and its alloy nanoparticles showed decreases of H>O, oxidation and reduction overvoltage
and enhanced catalytic performance for the reduction reaction of H.O,. A graphene-Pt
nanocomposite decorated sensor was reported to perform high peak current and low

overpotential and successfully applied on the detection of living cells with good electrocatalytic
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activity and stability in the detection range of 0.5M to 3.475 mM (Figure 8.1 (a)) (Zhang et al.
2014). Figure 8.1 (b) shows a representation of PtPd—Fes04 Nanoparticles based sensor which
was reported to detect H.O> from mouse leukemic monocyte macrophage with the limit of
detection of 5 nM (Sun et al. 2012).

Electro-
deposition

j-

RGO/GCE

9p0.J}08|e

(a) RGO % PtNPs e (b)

Figure 8.1 Schematic diagram of (a) RGO-Pt modified GCE for oxygen reduction (Zhang et al. 2014) and
(b) dumbbell-like PtPd—Fe304 nanoparticles for enhanced electrochemical detection of H,0; (Sun et al.
2012). Where RGO is reduced graphene oxide and GCE is the glassy carbon electrode.

Except nanomaterials mentioned above, researchers found that molybdenum disulfide (MoS.)
nanosheets show multienzyme-like activity in the physiological environment, which could
efficiently scavenge both superoxide anion and H20- (Chen et al. 2018, Hille et al. 2014).

8.2.3 Materials for Electrode Fabrication

Graphene was demonstrated as a popular supporting material in electrochemical biosensors
because of its large surface area, high mechanical conductivity and simple functionalization
(Babadi et al. 2016). Compared with the random network of one-dimensional carbon nanotubes
(CNTSs), two-dimensional graphene shows the higher reproducibility of electrochemical sensing
and easier surface modification of biomolecules, which endows high potential of applications

of graphene on electrochemical biosensors (Liu et al. 2011, Pumera et al. 2010).

Lalaoui et al. (2015) described a graphene-multi-walled CNTs assembly for oxygen reduction
and proved the highly efficient electrocatalytic performance. Figure 8.2 shows the structure of
the assembly, CNT was used for the stable deposition of graphene and avoided the aggregation

of graphene nanosheets.
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Figure 8.2 Schematic diagram of the structure of graphene-multi-walled CNTs for oxygen reduction by
laccase (Lalaoui et al. 2015).

8.2.4  “Superoxide anion + hydrogen peroxide” detection

Both superoxide detection and H20> detection were achieved by the electrochemical biosensor,
but the actual value it detects is the sum of the concentrations of H2O. and superoxide anion in
the electrolyte environment. Although it is easy to determine the concentration of H>O3, the
biosensor which could separately and simultaneously detect both H20, and superoxide in the
same procedure could be a challenge. Since the direct electron transfer of SOD could be
promoted by the cysteine molecule (Tian et al. 2002), this issue might be solved by multi-
channel detecting the electrons transfer of H.O reduction and direct electron transfer of SOD.
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Appendix
Appendix A

Table S1. 1 The concentration changes of dissolved oxygen (DO) in solution with air bubbling in 30
minutes.

Time (min) 0 5 10 15 20 25 30
Concentration of DO (mM) 415| 585 | 735| 749| 7.63| 7.52| 7.71

Table S1. 2 The data of absorbance, calibrated superoxide concentration and calculated SOD activity in
superoxide chemical-generation solutions with different pH in the absence and presence of SOD enzyme.

Absorbance Concentration of SOD activity
superoxide (mM) (%)
DDW 0.039233 -- -
NaOH 0.040133 -- -
ROS pH13 0.5947 10.00538 58,2875
SOD pH13 0.4385 5.806452
ROS pH7 0.5843 9.725806 373716
SOD pH7 0.3815 4.274194
ROS pH3 0.043 -- B
SOD pH3 0.038767 --
14
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1
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Figure S1. 1 The calibration curve for absorbance changes with various concentrations of superoxide (0,
0.1,0.5, 1,5, 10, 15, 20 mM).

Table S1. 3 The superoxide concentration changes with time by different preparation methods in
different pH.

Concentration of superoxide (mM)
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Time blank Enzymatic Chemical Chemical
(hours) method method (pH 13) | method (pH 7)
0 0.048387097 | 8.870967742 8.801075269 9.668011
0.5 0.066263441 | 8.350806452 8.25672043 8.473562
1.5 0.036290323 | 9.107526882 8.166666667 6.125901
3.5 0.048790323 | 8.946236559 8.998387097 3.656815
5.5 0.046639785 | 8.712365591 6.374556452 0.099019
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Figure S2. 1 The amperometry diagram for H,O; detection of the XOD/ PDDA/ SOD/ PDDA/ C-SPE at
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0.6V vs Ag/Ag* (~ 0.074 V vs SHE) at 100 s.

Table S2. 1 The data for three repeats of the current responses with various H,0, concentrations on

60
e(s)

XOD/ PDDA/ SOD/ PDDA/ C-SPE by CA at 0.6V vs Ag/Ag* at 100 s.

70

80

90

100

Concentration Current (uA) Sample
¢ standard
of H:0: (MM) | gample 1 Sample 2 Sample 3 Average deviation
0 0.07486 0.086365 0.081116 0.08078 0.00576
0.01 0.086639 0.085907 0.06366 0.078735 0.013061
0.02 0.076569 0.082184 0.064209 0.07432 0.009196
0.05 0.082306 0.074707 0.083923 0.080312 0.004921
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0.1 0.095734 0.082306 0.107513 0.095184 0.012613
0.2 0.152802 0.100128 0.165894 0.139608 0.034812
0.3 0.184418 0.134094 0.193695 0.170736 0.03207
0.4 0.210236 0.185394 0.239502 0.211711 0.027084
0.5 0.234955 0.212494 0.29364 0.24703 0.041899
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Figure S2. 2 The electrochemical responses for different detection time in different concentration of
H0; and xanthine solutions on XOD & SOD/ PDDA/ SWCNT/ C-SPE by CA at 0.6V vs Ag/Ag* at 100 s.

Table S2. 2 The data for three repeats of the current responses with various H,O, concentrations on

XOD & SOD/ PDDA/ CPC-SPE by CA at 0.6V vs Ag/Ag* at 100 s.

Concentration Current (uA) Sample

standard

of H202 (MM) | sample 1 Sample 2 Sample 3 Average deviation
0 0.128815 0.087555 0.142456 0.11960863 | 0.02858497
0.005 0.127319 0.108246 0.145386 0.12698366 | 0.01857227
0.01 0.213867 0.112213 0.145905 0.15732833 | 0.05178082
0.025 0.239807 0.112366 0.155151 0.169108 0.06485676
0.05 0.269714 0.147949 0.179504 0.19905566 | 0.06319319
0.1 0.393982 0.318719 0.212769 0.30849 0.09103852
0.25 0.870972 0.643835 0.694098 0.73630166 | 0.11930493
0.5 1.44318 1.4776 1.56366 1.49481333 | 0.06205708

Table S2. 3 The data for three repeats of the current responses with various H,O, concentrations on
XOD & SOD/ PDDA/ SWCNT/ C-SPE by CA at 0.6V vs Ag/Ag* at 100 s.

Current (pnA)

Concentration
of HzOz (mM)

Sample 1

Sample 2

Sample 3

Average

Sample standard
deviation

0

0.840857

0.89283

0.865784

0.866490333

0.025993699
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0.01 0.91638 | 0.98275 | 0.931091 0.943407 0.034856952
0.02 1.23438 | 1.32416 1.06232 1.206953333 0.133057179
0.05 1.46956 | 1.26318 1.83502 1.522586667 0.289584387
0.1 1.79285 | 2.36938 2.52777 2.23 0.386777636
0.2 2.71796 3.3905 2.883 2.997153333 0.350500714
0.3 4.34875 | 3.81165 3.63373 3.931376667 0.372242201
0.4 4.72443 | 4.35669 4.87732 4.652813333 0.267601587
0.5 5.31006 | 5.49921 5.18799 5.33242 0.156810233

Table S2. 4 The data for three repeats of the current responses with various H,O, concentrations on
XOD & SOD/ PDDA/ SWCNT/ CPC-SPE by CA at 0.6V vs Ag/Ag* at 100 s.

Concentration

Current (nA)

Sample standard

of H202 (mM) | sample1 | sample2 |  Sample 3 Average deviation
0 1.078613 | 0.79077 0.74264 0.870674333 0.181681015
0.005 1.123474 | 0.88812 1.29706 1.102884667 0.205246002
0.01 1.196716 | 1.13623 1.47986 1.270935333 0.183444205
0.025 1.335571 | 1.33672 1.66724 1.446510333 0.191158362
0.05 1.58185 1.6358 1.98218 1.733276667 0.217237894
0.1 2.25537 2.27606 2.59955 2.376993333 0.193017153
0.2 3.57587 3.51843 3.38507 3.493123333 0.097885037

0.3 5.162535 | 5.14319 5.18188 5.162535 0.019345

0.4 6.613645 | 6.66296 6.56433 6.613645 0.049315
0.5 7.53125 8.21228 7.63245 7.791993333 0.367479281

Table S2. 5 The data for three repeats of the current responses with various xanthine concentrations
on XOD & SOD/ PDDA/ CPC-SPE by CA at 0.6V vs Ag/Ag” at 100 s.

Concentration
of xanthine

Current (uA)

Sample standard

(mM) Sample1 | Sample2 | Sample3 Average deviation
0 0.115845 | 0.139923 | 0.113525 0.123098 0.014617267
0.01 0.120911 | 0.149933 | 0.136383 0.135742 0.014521603
0.02 0.136688 | 0.168671 0.15509 0.153483 0.016051944
0.05 0.160278 0.19693 0.202759 0.186656 0.023028901
0.1 0.367126 | 0.273315 | 0.248474 0.296305 0.062577786
0.2 0.568542 | 0.622754 0.5901 0.593799 0.027294603
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0.4 0.927892 | 0.982104 | 1.04945 0.986482 0.060897143

0.5 0.963135 | 1.15479 1.22527 1.114398 0.135655094

Table S2. 6 The data for three repeats of the current responses with various xanthine concentrations
on XOD & SOD/ PDDA/ SWCNT/ C-SPE by CA at 0.6V vs Ag/Ag* at 100 s.

corr 9
(mM) Samplel | Sample2 | Sample 3 Average deviation
0 1.05402 1.03357 1.03145 1.03968 0.01246396
0.01 1.19177 1.20061 1.22375 1.205377 0.016514265
0.02 1.29169 1.31669 1.25641 1.288263 0.030285741
0.05 1.54407 1.44495 1.49628 1.4951 0.049570535
0.1 1.7796 1.88942 1.73645 1.801823 0.078869276
0.2 2.15016 2.67191 2.63397 2.485347 0.290899359
0.3 3.35277 3.5604 3.10883 3.340667 0.226028171
0.4 4.40088 4.56361 4.51965 4.494713 0.084182191
0.5 5.30797 5.4693 5.48096 5.41941 4.346396667

Table S2. 7 The data for three repeats of the current responses with various xanthine concentrations
on XOD & SOD/ PDDA/ SWCNT/ CPC-SPE by CA at 0.6V vs Ag/Ag* at 100 s.

corrt
(mM) Sample1 | Sample2 | Sample 3 Average deviation
0 1.67542 1.82289 1.77784 1.758717 0.075571996
0.01 1.77756 1.84302 1.84784 1.822807 0.039258805
0.02 1.89435 1.94178 2.05841 1.964847 0.084427331
0.05 2.02043 2.15173 2.12494 2.099033 0.069377871
0.1 2.28284 2.59949 2.74414 2.542157 0.235933795
0.2 3.14954 2.89886 3.37585 3.141417 0.238598735
0.3 4.05457 3.59802 4.20503 3.95254 0.316105798
0.4 4.53827 4.31549 4.40277 4.418843 0.112256386
0.5 4.87701 5.12651 5.16008 5.054533 0.154653279

Table S2. 8 The data for the concentration of H,0; calculated from the current detected with various
concentrations of xanthine based on the current-concentration(H,0;) curve for SOD-based biosensor.

The calculation of the concentration of H,0, from current (mM)
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Conc. of CPC-SPE/enzymes C-SPE/SWCNT/enzymes | CPC-SPE/SWCNT/enzymes
xanthine
(mM) y=2.7385x-0.0274 y=9.002x+0.1846 y=13.651x+0.145
0 0.1227 0.0548 1.0730 0.0986 1.7587 0.1182
0.01 0.1351 0.0593 1.20537 0.1133 1.82280 0.1229
0.02 0.1537 0.0661 1.2882 0.1226 1.96484 0.1333
0.05 0.18820 0.07873 1.4951 0.14557876 2.09903 0.143142
0.1 0.29630 | 0.118205 | 1.80182 0.1796515 2.54215666 | 0.17560300
0.2 0.60909 | 0.232424 2.48534 | 0.25558172 | 3.14141666 | 0.21950162
0.3 0.98648 0.37023 3.34066 | 0.35059616 3.95254 0.27892022
0.4 1.15158 | 0.430520 | 4.49471 | 0.47879508 | 4.41884333 | 0.31307914
0.5 0.12271 | 0.054816 | 5.41941 | 0.58151633 | 5.05453333 | 0.35964642
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Figure S2. 3 The amperometry diagram for H,O, detection of the SOD/ PDDA/ SWCNT/ C-SPE at 0.6V vs
Ag/Ag* at 100 s.

Table S2. 9 The data for three repeats of the current responses with various H,O, concentrations on
SOD/ PDDA/ SWCNT/ C-SPE by CA at 0.6V vs Ag/Ag”* at 100 s.

Concentration Current (uA) Sample standard
of H20; (mM) Sample1 | Sample2 | Sample3 Average deviation
0 0.769043 1.21887 1.02345 1.003788 0.225557
0.01 0.903931 1.22681 1.11816 1.082967 0.164291
0.02 1.24969 1.37848 1.27244 1.300203 0.068737
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0.05 1.53381 1.47644 1.55533 1.52186 0.04078
0.1 2.06566 1.586 2.07639 1.90935 0.280081
0.2 2.68097 2.45209 2.63933 2.590797 0.121914
0.3 3.2309 3.05328 3.06638 3.116853 0.098984
0.4 3.65692 3.68744 3.56576 3.636707 0.063308
0.5 4.3045 4.14948 4.37836 4.277447 0.116814

Table S2. 10 Summary of the current response changes of SOD/ PDDA/ SWCNT/ C-SPE and XOD & SOD/
PDDA/ SWCNT/ C-SPE with various H,0, concentrations by CA at 0.6V vs Ag/Ag* at 100 s.

Concentration Current changes after adding H,0, (nA)
of H,02 (mM) Without XOD With XOD
0 0 0

0.01 0.079179333 0.076916667
0.02 0.296415667 0.340463
0.05 0.518072333 0.656096333
0.1 0.905562333 1.363509667
0.2 1.587009 2.130663
0.3 2.113065667 3.064886333
0.4 2.632919 3.786323
0.5 3.273659 4.465929667

Table S2. 11 The data for the calculated concentration of superoxide from current reading from SOD/

PDDA/ SWCNT/ C-SPE.
Current Calibrated Concentration of superoxide (mM) Sample
reading from current (with standard
biosensor (HA) XOD) (pA) Maximum | Minimum Average deviation
0.1 0.12122 0.039656 -0.01408 0.012787 0.026869
0.15 0.19163 0.056304 0.001562 0.028933 0.027371
0.2 0.26204 0.072952 0.017205 0.045079 0.027874
0.25 0.33245 0.0896 0.032848 0.061224 0.028376
0.3 0.40286 0.106248 0.048491 0.07737 0.028878
0.6 0.82532 0.206136 0.142351 0.174243 0.031893
1.2 1.67024 0.405911 0.330069 0.36799 0.037921
1.8 2.51516 0.605686 0.517787 0.561737 0.04395
2.4 3.36008 0.805462 0.705505 0.755484 0.049978
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3 4.205 1.005237 0.893224 0.94923 0.056007

Table S2. 12 The data for current changes with different concentration of H,0, on SOD/ PDDA/ SWCNT/
C-SPE in the presence of additional interferences.

Current responses (UA)

Concentration Bovine

of H;0; (mM) Blank Glucose | Ascorbicacid |  Uric acid serum
albumin

0 0 0 0 0 0

0.01 0.103824 0.091192 0.132842 0.14984 0.076641
0.02 0.295442 0.185612 0.2623 0.227748 0.145396
0.05 0.515473 0.383052 0.408706 0.486692 0.329016
0.1 1.099945 1.288206 0.704921 0.91217 0.681253
0.2 1.755384 2.418426 1.598345 1.76693 1.579106
0.3 2.561997 3.723564 2.243563 2.61607 2.408074
0.4 3.545954 4.713906 3.297234 3.611103 3.358962
0.5 4.412781 5.940458 4.635472 4.383371 4.225723

Table S2. 13 The data for current changes with different concentrations of H,O, on SOD/ PDDA/
SWCNT/ C-SPE in the presence of the additional various concentrations of interferences (ascorbic acid
and bovine serum albumin).

Current responses (UA)
Co?i?f[?ﬁ\?l? Blank Ascorbic acid Bovine serum albumin
11.4 uM 0.342 mM 4 g/l 40 g/

0 0 0 0 0 0
0.01 0.103824 0.13284215 | 0.0777561 | 0.076641022 | 0.095398
0.02 0.295442 0.26230015 | 0.1294532 | 0.145395574 | 0.2925722
0.05 0.515473 0.40870568 | 0.2804773 | 0.329016384 | 0.391235
0.1 1.099945 0.70492065 | 0.7639058 | 0.681252828 | 0.7219553
0.2 1.7553844 1.59834535 | 1.6136905 | 1.579105708 | 1.5257264
0.3 2.5619965 2.24356335 | 2.5590594 | 2.408074364 | 2.3666530
0.4 3.5459544 3.29723415 | 3.5173992 | 3.358962125 | 3.2298473
0.5 4.4127807 4.63547175 | 4.3977864 | 4.225722883 | 4.2499505

Table S2. 14 The data for current responses with different concentrations of H,O, and additional glucose

on SOD/ PDDA/ SWCNT/ C-SPE.
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Current responses (UA)
i‘;ﬁ?j:;&;‘ Blank Concentration of glucose (mM)
0.5 5 5.5 20

0 1.49994 1.69403 2.47681 2.5 5.89875
0.01 1.591727 1.8019 2.568002 2.577406 6.00663
0.02 1.769889 1.948639 2.662422 2.722366 6.2613
0.05 2.002434 2.190186 2.859862 2.924603 6.80451
0.1 2.350149 2.590973 3.765016 3.73844 7.273111
0.2 3.012625 3.298684 4.895236 5.108833 8.672678
0.3 4.12627 4.167205 6.200374 6.299168 9.820646
0.4 4.717978 5.045957 7.190716 7.354089 10.87577
0.5 5.711965 6.049746 8.417268 8.792047 12.56852

Table S2. 15 The data for current responses with different concentrations of glucose on SOD/ PDDA/
SWCNT/ C-SPE in the absence and presence of 0.5 mM HO..

Concentration of Current responses (HA)
glucose (mM) Without H,0, With 0.5 mM H,0,

0 1.49994 6.2744

0.5 1.69403 6.4458

1 2.10999 6.7998

5 2.47681 8.012727

10 3.17001 9.052261

15 4.57626 10.05539

20 5.89875 11.88374

Appendix C

Table S3. 1 The data for three repeats of the current responses with various H,O, concentrations on
HRP/ PBSE/ SWCNT/ C-SPE by CA at 0.1V vs Ag/Ag* at 100 s.

Concentration Current (uA) Sample
¢ standard
of H02 (MM) | sample 1 Sample 2 Sample 3 Average deviation
0 0.0059938 | 0.0063872 0.0060785 0.0061905 0.031967
0.01 -0.01913 0.031949 0.005789 0.006407 0.025542
0.02 -0.03058 -0.01789 -0.02543 -0.02424 0.006343
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0.05 -0.08847 -0.09885 -0.09399 -0.09366 0.005188
0.1 -0.29056 -0.39017 -0.34765 -0.34036 0.049804
0.2 -0.64606 -0.75928 -0.69783 -0.70267 0.05661
0.3 -1.06689 -1.02957 -1.04783 -1.04823 0.018663
0.4 -1.43097 -1.42027 -1.42476 -1.42562 0.00535
0.5 -1.81647 -1.75774 -1.79836 -1.78711 0.029365

Table S3. 2 The data for the current responses with various H,0; or xanthine concentrations on three
enzymes-immobilized C-SPE by CA at 0.1V vs Ag/Ag” at 100 s (n = 3 repeats).

Concentration Current Sample ConcentraTtion Current Sample
of H:0, (MM) response star.1da.1rd of xanthine response star.1da.1rd
(HA) deviation (mM) (nA) deviation

0 0.05146 0.001332 0 0.021683 0.000669

0.01 0.022682 0.007 0.01 0.014008 0.004951
0.02 0.021049 0.011194 0.02 0.00943 0.005038
0.05 0.0028 0.028334 0.05 0.006755 0.00389

0.1 -0.25037 0.039769 0.1 -0.00136 0.004383

0.2 -0.41962 0.066033 0.2 -0.00509 0.002892

0.3 -0.48431 0.054811 0.3 -0.01031 0.004654

0.4 -0.48309 0.087955 0.4 -0.01348 0.004834

0.5 -0.41603 0.072742 0.5 -0.01099 0.003056

Table S3. 3 The data for the current responses with various H,0, or xanthine concentrations on three
enzymes-immobilized duo-SPE by CA at 0.1V vs Ag/Ag* at 100 s (n = 3 repeats).

Concentration Current Sample Concentra?tion Current Sample
of Hy05 (mM) response star'1da'1rd of xanthine response star'1da'1rd
(HA) deviation (mM) (nA) deviation

0 0 0.003105 0 0 0.00228

0.01 -0.00661 0.007629 0.01 -0.00577 0.00601
0.02 -0.01651 0.006625 0.02 -0.01334 0.007145
0.05 -0.03434 0.021015 0.05 -0.02873 0.00285

0.1 -0.07154 0.026262 0.1 -0.06601 0.011816

0.2 -0.14177 0.025604 0.2 -0.13545 0.018329

0.3 -0.21929 0.028545 0.3 -0.20129 0.011564

0.4 -0.28552 0.029579 0.4 -0.28296 0.021039

0.5 -0.36766 0.032479 0.5 -0.34329 0.017656
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Table S3. 4 The data for the calculated concentration of superoxide from the current reading for coupled
SOD-HRP biosensor.

Concer.ltration of Current response (A) The calculation of the concentration of
xanthine (mM) H,0; from current (mM)
0 0 0.001098
0.01 -0.00577 0.009018
0.02 -0.01334 0.01941
0.05 -0.02873 0.04055
0.1 -0.06601 0.091734
0.2 -0.13545 0.187076
0.3 -0.20129 0.277487
0.4 -0.28296 0.389618
0.5 -0.34329 0.472459

Table S3. 5 The data for three repeats of the current responses in the absence and presence of XOD
with various H,0, concentrations on three enzymes-immobilized duo-SPE by CA at 0.1V vs Ag/Ag* at
100ss.

Current reading Concentration of superoxide (mM) Sample

from biosensor standard
(HA) Maximum Minimum Average deviation
-0.05 0.075374 0.069751 0.072563 0.002811
-0.1 0.147296 0.138405 0.14285 0.004446
-0.15 0.219217 0.207058 0.213138 0.00608
-0.2 0.291139 0.275711 0.283425 0.007714
-0.25 0.363061 0.344364 0.353712 0.009349
-0.3 0.434983 0.413017 0.424 0.010983
-0.35 0.506904 0.48167 0.494287 0.012617
-0.4 0.578826 0.550323 0.564574 0.014252
-0.45 0.650748 0.618976 0.634862 0.015886
-0.5 0.72267 0.687629 0.705149 0.017521

Table S3. 6 The data for current changes with different concentration of H,O, on three enzymes-
immobilized duo-SPE by CA at 0.1V vs Ag/Ag® in the presence of additional interference.

Current responses (LA)

Concentration Glucose Uric acid
of HzOz (mM) Blank
5mM 20 mM 40 uM 400 uM
0 0 0 0 0 0
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0.01 -0.0127564 -0.0097518 | -0.0125793 -0.01002 -0.013425
0.02 -0.0238342 -0.0230728 | -0.0215515 -0.02355 -0.021689
0.05 -0.0380065 -0.0369125 | -0.0471558 -0.03799 -0.040888
0.1 -0.0714418 -0.0686966 | -0.0684265 -0.06978 -0.080057
0.2 -0.1476748 -0.1354691 | -0.1290343 -0.15049 -0.152592
0.3 -0.2272641 -0.2278150 | -0.2454705 -0.23149 -0.212854
0.4 -0.2973022 -0.2905900 | -0.3079617 -0.29587 -0.280252
0.5 -0.3921816 -0.4044691 | -0.3852147 -0.39864 -0.37089
Current responses (UA)
C;;'Li?;[i:;? Blank Ascorbic acid Bovine serum albumin
11.4uM | 0.342mM 4/l 40 g/|
0 0 0 0 0 0

0.01 -0.0127564 -0.0108093 | -0.010037 -0.01473 -0.01193
0.02 -0.0238342 -0.0169434 | -0.017056 -0.0262 -0.01646
0.05 -0.0380065 -0.0457579 | -0.027676 -0.04931 -0.0467

0.1 -0.0714418 -0.0687867 | -0.072415 -0.07961 -0.08785
0.2 -0.1476748 -0.1589659 | -0.152524 -0.14131 -0.14821
0.3 -0.2272641 -0.2202819 | -0.228573 -0.21542 -0.21373
0.4 -0.2973022 -0.2986663 | -0.292997 -0.27889 -0.26914
0.5 -0.3921816 -0.3933774 | -0.367062 -0.38039 -0.37209

Appendix D

Table S4. 1 The fluorescence changes with time in solutions with different concentrations of superoxide,

(SO: superoxide anion).

Time Fluorescence

(min) | Noso | 500 uM | 400 uM | 300uM | 200uM | 100uM | 50 puMm
1 41 39 40 31 41 40 38
2 23 24 23 15 12 11 18
3 17 12 20 11 18 12 13
4 24 12 13 11 11 13 6
5 4 10 10 0 12 3 0
6 11 1 2 2 7 7 1
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7 12 6 1 2 6 7 8
8 7 8 8 3 0 15 9
9 0 9 6 0 11 11 11
10 7 0 10 6 7 0 5
11 3 3 0 -7 4 4 4
12 -4 -4 11 1 2 -1 5
13 2 -3 0 1 11 8 6
14 -4 -2 9 2 -2 10 8
15 3 1 4 4 -2 9 9
16 4 2 5 8 6 9 14
17 0 1 5 11 0 1 2
18 5 5 15 3 10 5 9
19 0 19 14 8 13 10 14
20 -1 12 9 5 9 10 8
21 1 9 10 10 17 8 10
22 0 19 20 22 24 21 16
23 0 27 22 16 15 19 18
24 -6 33 24 38 31 31 32
25 -2 33 31 30 31 36 32

Table 54. 2 The fluorescence changes with time in solutions with the different high-level concentrations
of superoxide, (SO: superoxide anion).

Fluorescence

Time

(min) | Noso | 10mM | 8mM | 6mM | 4mM | 2mM | 1mmMm
1 63 187 154 125 71 62 56
2 28 192 108 116 79 40 36
3 30 221 149 82 46 43 30
4 35 236 119 97 54 18 33
5 23 238 149 102 63 26 26
6 26 277 184 83 46 37 37
7 10 265 196 109 63 46 21
8 12 285 200 125 64 30 19
9 15 358 194 114 63 38 19
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10 18 307 215 140 52 31 18
11 12 337 247 135 64 34 30
12 16 340 242 128 87 26 26
13 7 363 212 122 79 30 22
14 7 368 248 150 78 29 18
15 4 383 253 150 70 35 24
16 1 373 235 151 64 41 14
17 7 373 242 141 82 29 24
18 6 387 240 135 59 33 26
19 6 338 225 140 77 32 21
20 3 365 228 145 68 29 23
21 15 400 250 156 85 20 20
22 7 363 262 144 57 41 19

Table S4. 3 The corrected fluorescence at detection time of 15 ~ 22 minutes with different
concentrations of superoxide in solution.

Concentration of xanthine (mM) Corrected fluorescence
1 7
2 22.5
4 62.5
6 139.5
8 227.5
10 358.5

Table S4. 4 The fluorescence changes with time in the blood which was diluted at different multiples for
superoxide detection by chemiluminescence method.

Fluorescence
:-r'inr?ne) No blood No Blood dilution at different multiples
no PMA blood | 1in20 | 1in40 | 1in60 | 1in80 | 1in 100
1 32 47 22 16 8 22 25
2 28 16 13 14 24 24 20
3 14 23 9 20 14 21 13
4 7 10 18 12 1 5 17
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5 15 16 9 5 19 14 3
6 3 21 2 9 2 9 9
7 10 16 4 5 12 9 11
8 10 20 21 1 9 3 13
9 6 3 17 0 5 15 12
10 10 22 21 11 6 14 15
11 6 14 14 21 14 1 11
12 12 16 13 20 4 5 19
13 4 10 21 5 11 11 10
14 8 8 22 9 29 13 18
15 5 17 21 8 21 22 31
16 18 7 18 20 20 30 31
17 17 17 23 27 33 28 25
18 12 1 28 28 14 23 19
19 12 8 30 26 33 31 21
20 11 9 39 45 21 52 31
21 9 11 26 38 34 31 47
22 8 2 37 41 29 31 33
23 8 10 31 43 35 24 26
24 12 5 39 40 48 32 53
25 10 8 44 40 43 44 51

Table S4. 5 The current responses of the blood at different dilution levels for superoxide detection by
the developed SOD-based biosensor.

Conte.nt of Current responses (UA) Sample standard
blood in PBS deviati
(v/v, unit: 1) | Samplel | Sample2 | Sample3 Average eviation

0 0 0 0 0 0
0.01
. 0.005356 | 0.003021 | 0.002821 0.003733 0.001409
(1in 100)
0.0125
(1in 80) 0.006646 0.00531 0.005629 0.005861 0.000697
cz.jl_oilnGS(?; 0.008291 | 0.006336 | 0.008125 0.007584 0.001084
0.025
(1in 40) 0.012464 | 0.010962 | 0.011076 0.011501 0.000836
0.05
(1in 20) 0.025894 | 0.022906 | 0.025164 0.024655 0.001558
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Table S4. 6 The current responses of the blood at different dilution levels for superoxide detection by
coupled SOD-HRP biosensor.

Conte.nt of Current responses (UA) sample standard
blood in PBS deviati
(v/v, unit: 1) | Samplel | Sample2 | Sample3 Average eviation

0 0 0 0 0 0
0.01
. -0.00086 | -0.00096 | -0.00062 -0.00081 0.000175
(1in 100)
.012
0 0 > -0.0012 -0.00123 | -0.00103 -0.00115 0.000105
(1in 80)
.016667
0 0. 666 -0.00149 | -0.00128 -0.0015 -0.00142 0.000123
(1in 60)
0.025
. -0.00202 | -0.00184 | -0.00222 -0.00203 0.000187
(1in 40)
0.05
(1in 20) -0.00414 | -0.00396 | -0.00378 -0.00396 0.000183
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