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ABSTRACT

A novel composite material of copper () oxide at manganese (IV) oxide
(Cu,0@MNO,), was synthesized and applied for modification on the glassy carbon
electrode (GCE) surface (Cu,0@Mn0O,/GCE) as a hydrogen peroxide (H,O,) sensor. The
composite material was characterized regarding its structural and morphological
properties using field emission scanning electron microscopy (FE-SEM), energy-
dispersive X-ray spectroscopy (EDX), X-ray diffraction (XRD) and Fourier transform
infrared  spectroscopy (FTIR). The Cu,O@MnO,/GCE showed an excellent
electrocatalytic response to the oxidation of H,O, which provided a 0.56 s charge
transfer rate constant, 1.65 x 10° cm? s diffusion coefficient value, 0.12 mm?
electroactive surface area and 1.04 x 10® mol cm™ surface concentration. At the
optimal condition, the constructed sensor exhibited a wide linear range from 0.5 uM
to 20 mM with a low limit of detection of 63 nM. (S/N = 3) and a good sensitivity of
256.33 A mM™ cm™. It also presented high stability (+ 15.00%, n=100), repeatability
(1.25% RSD, n=10) and reproducibility (3.55% RSD, n=10). The results indicated that
the synthesized Cu,0@MnO, was successfully used as a new platform for H,0O,

sensing.

A novel metal composite material based on zirconium dioxide coated gold
nanoparticles (ZrO,@AuNPs), copper (I) oxide at manganese (IV) oxide (Cu,0@MnO5,)
and immobilized choline oxidase (Cox) onto a glassy carbon electrode (GCE)
(Cox/Cu,0@Mn0,/ZrO,@AuNPs/GCE) has been developed for enhancing the
electrocatalytic property, sensitivity and stability of the amperometric choline

biosensor. The  Cox/Cu,0@MnO,/ZrO,@AuNPs/GCE  displayed an excellent



electrocatalytic response to the oxidation of the byproduct H,O, from the choline
catalyzed reaction, which exhibited charge transfer rate constant of 0.97 s, diffusion
coefficient value 4.50x10° cm? s, electroactive surface area 0.24 mm? and surface
concentration 0.54x10® mol cm™ The modified electrode also provided a wide
linear range of choline concentration from 0.5 to 1,000.0 LM with good sensitivity
(97.4 LA cm? mM?) and low detection limit (0.3 LM). This choline biosensor
presented high repeatability (%RSD = 2.90, n = 5), excellent reproducibility (%RSD =
2.90, n = 5), long time usage (n = 28 with %I > 50.0%) and good selectivity without
interfering effects from possible electroactive species such as ascorbic acid, aspirin,
amoxicillin, caffeine, dopamine glucose, sucrose and uric acid. This optimal method
was successfully applied for choline measurement in human blood samples which
demonstrated highly accurate and excellent reliability in the recovery range from

97.10 to 103.90%.

Keywords :  Hydrogen peroxide sensor, Choline biosensor, Composite materials,

Cyclic voltammetry, Amperometric biosensor
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CHAPTER 1
INTRODUCTION

1.1 Background

In the 21st century, the rapidly changing economy and society in Thailand
critically affect to elderly population structure. This results from the lower birth rate
that leads to the obvious different distribution of population by ages. The number of
children under 15 years old has been predicted fallen from 14 to 9 million in 2005 to
2035. The working age population (aged 15 to 59) has been slightly changed. After
that, the working age will become elder and also the child age will turn into the
working population which will clearly decrease the working age population.
Additionally, Thailand will completely steps into the elderly society because of the
higher rate of elder population structure in the next 15 years which absolutely
influences on the development of country in the next few decades.

Health problem is the major considering issue in the elder society, especially,
depression disorder related to Alzheimer’s disease ultimately. In the Ministry of
Public Health of Thailand’s report, it reveals that there are about 600,000 Thai
people suffering from Alzheimer’s disease in 2015 and will approximately increase up
to 1,117,000 in 2030. From this point, the development in medical knowledge
covering to public medical heath care service is needed to prevent and protect
people to slower getting the symptom of Alzheimer’s (Nestor et al., 2004).

The development of electrochemical sensors for hydrogen peroxide sensing
and choline monitoring plays an important role in many fields such as clinic,
pharmacy (Dunphy and Burinsky, 2003), industry (Nather et al., 2006), food (Zhang et
al,, 2019) and environment (Barnard and Stinson, 1999). Many of techniques have
been studied and applied for quantitative analysis (spectrometry (Zeisel and daCosta,
1990), chemiluminescence (Marquette et al., 2003), fluorimetry (ﬁiény et al,, 1992),
titrimetry (Markunas and Riddick, 1952), photometry (Ohkawa et al., 2018) and
chromato graphy (Van Zoonen et al,, 1987), however the electrochemistry is an

interesting dominant option and popularly used due to its simplicity, selectivity,



sensitivity, stability and fast determination (Stadler and Nesselhut, 1986). To further
improve these properties to be more effective, the proper modification of electrode
surface is an important key to enhance electrochemical analysis.

Thus, this research aims to apply an electrochemical technique for
quantitative detection which the main purposes are focused on fabrication of
electrochemical sensors for hydrogen peroxide sensing and its application as the
developed choline biosensors. This method holds such a great promising of the
possibility to provide low cost, accurate, minimal pre-treatment and rapid analysis of

hydrogen peroxide and choline for humanity.

1.2 Objectives

1. To develop electrochemical sensors based on copper doped manganese
oxide (Cu,0@MnO,) onto glassy carbon electrode (GCE) surface and then apply this
method to be used as choline biosensors.

2. To develop biosensors based on zirconium dioxide coated gold
nanoparticles (ZrO,@AuNPs) , copper doped manganese oxide (Cu,0@MnO,) and
immobilized choline oxidase (COx) onto glassy carbon electrode (GCE) surface for
determination of choline in whole human blood samples.

3. To emphasize and present the knowledge about the importance of
preliminary clinical diagnosis to the public based on the developed reliable and

portable biosensors device.

1.3 Expectation

1. The electrochemical sensor based on copper doped manganese oxide
(Cu,0@MNO,) onto glassy carbon electrode (GCE) surface for hydrogen peroxide
sensing is successfully developed.

2. The choline biosensor is successfully fabricated.

3. Zirconium dioxide coated gold nanoparticles (ZrO,@AuNPs) and copper

doped manganese oxide (Cu,0@MnO,) are successfully synthesized and applied as



the modified materials for modification on ther glassy carbon electrode (GCE)
surface.

4. The research is publicly presented and published by international journals.



CHAPTER 2
LITERATURE REVIEW

2.1 Biosensors

Biosensors is an biological sensing device relying on the biological reaction
between biological substance and the target analyte which then provides the
electrical signal or other kinds of detectable signal. In the last 30 years, biosensors
and sensors have been increasingly developed in terms of financial supports,
published reports and researchers. These results from the development of
semiconductor industry which influences on novel various fabrications of tools and
devices, especially, many kinds of sensors, such as hydrocarbon sensors in
automotive industry and glucose biosensors in medical industry. Also, the
development in micro-computer since 1980 has led to technological revolution in
sensors and devices resulting in higher performance-price index. Biosensors has
grown up in various fields, it has been increasingly used up to 60% per year in
medicine, industry, and environment which provides the advantages as followings;

1. High sensitivity, sensitivity and stability.

2. Independent reaction on physical parameters such as pH and temperature,
minimal pretreatment.

3. Accuracy, precision, reproducibility, wide linearity and without interfering
effects form electro-active species.

4. Invasive monitoring, minimal probe and biocompatibility.

5. Moderate cost, small size, portability and semi-skilled operators without
decentralization of laboratory.

6. Marketing supports and government subsidies.
Recently, the biochemical determination as biosensors has been developed by
advanced sensing technology leading to the level of early manifest diagnosis for
preliminary treatment of various diseases. This overcome the limitations as presented
in previous analytical techniques such as gas chromatography (GC), high-performance

liquid chromatography (HPLC), microsphere-based arrays (MBA), radioimmunoassay



(RIA) and enzyme linked immunosorbent assay (ELISA) in terms of monitoring time,

expense, complicated operation and toxic reagents.

2.1.1 Biosensors component
Biosensors is a device including of two main parts, 1) biological substances or

receptor and 2) transducer as shown in Figure 1.

| —— Biosensor ——| | «—— Signal elaboration ——|

Analyte | | Receptor || Transducer | | Amplifier || Processor || Display

\.) ?O’ \ @ : Enzymes Electrodes

"o, C ] P Microbial Transistors
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Figure 1 Schematic diagram of biosensors.

1) Biological substances or receptor, for instance, enzyme, microorganism,
plant or animal tissues, DNA, antibody and etcetera; each biological substance
specifically biochemical react to the target analyte and then provides the product
and signal to be then operated by the transducer.

2 ) Receptor; it turns the obtained signal in terms of physical, chemical or
biochemical patterns into electrical signal to be further processed in elaboration
section.

There are many different combinations between receptors and transducers

depending on each purpose of application as presented in Table 1.



Table 1 Biosensors’” component.

Receptor Transducer
Organism Potentiometric
Tissue Amperometric
Cells Conductometric
Organelles Impedimetric
Membranes Optical
Enzymes Calorimetric
Enzyme components Acoustics
Receptors Mechanical
Antibodies Molecular electronic

Nucleic acids

Organic molecules

To obtain the signal as each evaluable or readable value, it requires amplifier,

processor and signal elaboration for user.

2.1.2 Characteristics of biosensors

Effective biosensors require selectivity to each target analyte in each individual
specific matrix. Thus, its effectiveness can be changed in different matrixes relying on
temperature, pressure and interfering species in the system as briefly concluded in

Table 2.



Table 2 Biosensors’ characteristics.

Property Definition

1. Simple mathematical relationships Biosensors can immediately translate
the detected signal to quantitative
information compared to the linear

equation.

2. None hysteresis The signal rapidly gets back to the

baseline after monitoring.

3. Response time Biosensors provide fast response. If
not, it results from kinetics of slow
reaction which can be improved by
the immobilization of biological

receptors.

4. Signal to noise ratio (S/N) Biosensors provide high ratio of signal
to noise resulting in low limit of

detection.

5. Selectivity Biosensors provide high selectivity
without the effect from interfering

species in sample matrix.

According to practical principle, biosensors can be divided in two parts as

shown below.

1) Direct recognition sensor; the signal is followed by the detected quantity

which is directly related to the target analyte content.



2) Indirect detection sensor; the signal is followed by the obtained product of
the reaction between biological substance and the target analyte which the detected

quantity of product is related to the target analyte content as illustrated in Figure 2.

“ Ligand

p— 2
@/ None specific analytes

@) Labeled molecule

Figure 2 Biosensors’ illustration: (A) direct recognition sensor

and (B) indirect recognition sensor.

The reaction between the biological substance and the target analyte mostly
provides the electro-active product in both direct and indirect electrochemical
reactions that can be detected the signal in terms of current by using amperometric
transducer or potential by using potentiometric transducer, respectively. In the
present, the signal processing of biosensors has been popularly used by applying the
proper potential to electro-mediator in oxidation/reduction reactions and then
detecting the obtained current, called “amperometric analysis”.

Amperometry or amperometric transducer relies on oxidation/reduction
reaction of the product or the electro-mediator in the biological system.

Biosensors can be fabricated based on immobilization of enzyme or other
biological substances onto the working electrode surface which the enzyme then
specifically reacts with the substrate (the target analyte) turning into the product or

the electro-mediator. The applied proper potential to the oxidation/reduction



reaction of the product leads to the flow of electrons. The obtained current relates
to the mediator quality and also the target analyte content according to
stoichiometry. Additionally, biosensors can be called following to each target analyte

such as hydrogen peroxide sensor, choline biosensor and etc.

2.2 Cyclic voltammetry (CV)

Cyclic voltammetry or CV is an electrochemical technique by applying
potential as a cycle, forward and backward. This technique can be used for both
qualitative and quantitative studies which the amount of electrons obtained from
oxidation/reduction reaction in analysis directly relates to the content or the
concentration of the target analyte.

Additionally, this technique provides simplicity and rapid analysis which its
main composition can be presented in Figure 3. Potentiostat is an electronic device
connected to the computer and operated by the specific software for
electrochemical analysis that is used for controlling the applied potential and
detection of the current response. For the experimental operation, it is connected to

three-system electrochemical cells as following;

~ 2 Top view
e I O ®

Figure 3 Cell diagram of amperometric detection consisting of reference electrode

(RE), counter electrode (CE) and working electrode (WE).
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1. Working electrode (WE), the reaction of the target electro-active specie
occurs onto the WE surface. Normally, it can be made of various high stable
materials such as glassy carbon, platinum and gold.

2. Reference electrode (RE); It is used as the reference with constant potential
and compared to the working electrode to obtained the changed potential value of
the working electrode.

3. Counter electrode (CE); It is important electrode to fulfill the system which
platinum wire is popularly applied.

These aforementioned three electrodes are located near to each other but
not connected. They all are dipped into the electrochemical cell. The cell is mostly
made from glass. In the experiment, it contains the electrolyte solution in the
presence of the target analyte. The electrolyte solution provides ions in the system
resulting in high conductivity. The proper solvent and electrolyte solution are stable
at the optimal condition and do not affect the oxidation/reduction reaction of the
target analyte as well.

In this technique, the potentiostat apply the applied potential to each
electrode which the potential between the working electrode and the reference
electrode are controlled to linearly change of potential pattern. For example, the
potential from V1 to V2 is called as switching potential which is illustrated the

relation between the potential and time in Figure 4.
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Cycle 1 Cycle 2

Potential

Figure 4 Cyclic voltammogram wave form.

Cyclic voltammogram of each reaction as shown above is a reversible
reaction which the current response is obtained from the reaction or Faradaic
current. This current response is obtained from the electron transfer of the redox
reaction. The above peak is defined as an anodic peak of the oxidation reaction
which the peak height is called anodic current or I, and the potential position of the
peak is called anodic peak potential or E,. On the other hand, the below peak is
defined as an cathodic peak of the reduction reaction which the peak height is called
cathodic current or Ipc and the potential position of the peak is called cathodic peak

potential or Epc in Figure 5

1/ mA

E/V

Figure 5 Cyclic voltammogram.
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As the aforementioned, the important parameters in cyclic voltammogram

are Ep,, En, s and I, The rate of reduction reaction that is equal to the rate of

par pPC

oxidation reaction is called electrochemically reversible reaction and the peak

separation can be defined as AE, as the equation (1)

AE, = [Epa — Epdd - 2.303RT/NF oo (1)

In conclusion, cyclic voltammetric technique is applied for study of the
oxidation/reduction mechanism by potential scan which the peak and the current
response can be noticed. In case of quantitative analysis, it can be applied with

calibration curve and standard addition method.

2.3 Amperometry

Amperometry is an applied technique from voltammetric principal which
provides the fixed potential value to the electrode and the reaction of the target
analyte then occurs onto the electrode surface. The obtained current response
relates to the sample concentration. As same as cyclic voltammetric technique, it
can determine the sample with calibration curve and standard addition methods for
quantitative analysis. In the experiment, it is operated under stirring condition which
the current response results from mass transfer including of migration, convection

and diffusion. The electrochemical cell for this technique is presented in Figure 6.
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Figure 6 Electrochemical cell.

Migration is the movement of charged particles by the electric field. The
contribution of migration to the total flux is directly relates to the ion charge, the ion
concentration, the diffusion coefficient and the magnitude of the electric field

gradient from the ion.

Convection is the random mass movement forced by mechanical (stirring)
force or heat which results in convection current. This current is proportional to the

stirring rate of solution.

Diffusion is a mass movement resulting from concentration gradient of the
solution. In this system, the ions move at higher concentration to the lower that the
entropy increases. The movement rate is proportional to the difference of
concentration levels that relates to Fick’s law. For the electrical cell in solution, the
ion concentration at the electrode surface area almost decreases to zero. This
differentiates the concentration level. After that, the ions in bulk solution area move
to the electrode surface by diffusion process. So, the current is controlled by the

rate of diffusion controlled current, called “Diffusion current (Id)”.

The current responses (Al) of each analyte concentration level are obtained
at fixed potential. The relation between the current response and standard

concentration, calibration curve, is determined for quantitative analysis.
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2.4 Fourier Transform Infrared Spectrometer (FTIR)

Fourier Transform Infrared Spectrometer is an instrument for materials
characterization in all states (gas, liquid and solid) which is based on radiation
absorption in infrared range with the wave number from 12,800 to 10 cm™.

Infrared radiation is invisible electromagnetic radiation which provides
touchable heat. Its range is between visible radiation and microwave radiation that
can be divided in 3 ranges as below;

1. Near Infrared (12800-4000 cm™).

2. Middle Infrared (4000-200 cm™).

3. Far Infrared (200-10 cm™).

Among these various ranges, Middle IR is applied for chemical analysis. Due to
low energy of the radiation, when the molecules absorb the infrared radiation, it
results in the transitions of molecules in Figure 7, vibration and rotation.

Each molecule can absorb infrared radiation at specific infrared’s frequency
which is equals to its vibration value. In this point, each organic substance has its
own specific vibration value. Thus, this technique can be used to determine the
structure and the group of each organic substance. The result from this technique is
showed the relation between wave number and transmittance called Infrared

spectra as in Figure 8.

Sample

Source Interferometer
- AR
Cu,0@MnO, P |
3 2 5 - === —
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% Transmittance

2
<]

Figure 7 Schematic of FTIR spectrometer.
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Figure 8 Infrared spectra.

The composition of FTIR spectrometer mainly includes of light source,

interferometer sample, detector and computer.

2.5 UV-Visible spectrophotometer (UV-Vis)

UV-VIS Spectrophotometer is an instrument for characterization of materials
based on radiation absorption in Ultra Violet (UV)-Visible (Vis) range from 190 to 1000
nm which each wavelength value relates to the quality and quantity of each
substance in the sample. Following to Beer-Lambert’s Law, the absorbance of the
detected light passing by or reflecting by the sample compared to the light source at
fixed wavelength directly relates to the amount of light-absorbing molecules.
Therefore, this technique can be used for qualitative and quantitative analysis. In the
present, UV-Visible spectrophotometer can be divided in two main types, single
beam and double beam as shown in Figure 9 and Figure 10, respectively, which they

both have same main compositions as following;
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Figure 9 Composition of a single beam UV-visible spectrometer.
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Figure 10 Composition of a double beam UV-visible spectrometer

1. Light source is the part of electromagnetic radiation source such as
hydrogen lamp, deuterium lamp and tungsten lamp. For hydrogen lamp and
deuterium lamp, they both provide UV radiation in the range between 160 to 380

nm. For tungsten lamp, it provides visible light from 240 to 2,500 nm.
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2. Monochromator, for instance, grating and prism, is used for selecting each
required wavelength from continuous multi-wavelengths provided by the light source

turning into a single wavelength or specific wavelength.

3. Sample cell or cuvette (Figure 9), it can be used for sample analysis in all
states (gas, liquid and solid). Thus, it can be made by different kinds of materials
such as glass which is suitable for determination in UV range. Quartz and silica
cuvettes, they are suitable for analysis in visible range. In double beam UV-Vis
spectrophotometer, there is a reference cell that is used for containing the blank

solution as shown in Figure 10.

4. Detector is used for detection of radiation intensity that is passed through
or absorbed by the sample solution. The detected intensity is processed into electric
sigcnal. There are many kinds of detectors, for example, photovoltaic cell,

photomultiplier tube, phototube and silicon diode detector.

5. Recorder is used for recording the signal obtained from the detector in
term of absorbance (A) number or UV spectrum. The obtained graph is the relation
between wavelength as X-axis versus absorbance (A) or %transmittance (%T) or
molar absorptivity (€) or log € as Y-axis (Figure 11). Although the pattern of
presented graph depends on each different kind of UV-Visible spectrophotometer,

plotting Y-axis as absorbance is popularly used in the present.
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Figure 11 UV-visible spectrum.

Nowadays, spectrophotometer can be used for both qualitative and
quantitative analysis. The principle operation of double beam spectrophotometer
can be briefly discussed starting with the light source. It produces the light with
multi-wavelength in the range of 200 to 800 nm which then is passed through the
monochromator turning into specific wavelength radiation. After that, it is passed
through sample cell and reference cell to determine the sample concentration
compared to the obtained intensity from the blank solution. The detector processed
the data and presents as electric signal, respectively. Therefore, the absorbance of
blank solution is required to be detected and set up as zero before detecting the

sample.

In case of unknown sample, the wavelength is scanned from the maximum
value between 200 to 800 nm which the highest absorbance of UV spectrum peak is

an applied wavelength for the unknown sample.

Beer-Lambert Law
The intensity or absorbance of an organic substance relies on Beer-Lambert
Law when it absorbs UV-Visible radiation as the same energy as the energy between

exciting state and ground state. Following Beer’s Law, the intensity or absorbance
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absorbed by each sample directly relates to the sample concentration when UV-Vis
radiation passed through the sample solution. From Lambert’s Law, the intensity or
absorbance absorbed by each sample directly relates to the distance of light to the
sample solution or cuvette’s thickness when UV-Vis radiation passed through the
sample solution (College of Life Science, 2016).

Therefore, the absorbance’s relation following to Beer-Lambert Law can be

presented as the equation (2).

A = absorbance

€ = molar absorptivity (M cm™)

b = cuvette’s thickness (cm)

c = sample concentration (M or mol L)

Molar absorptivity is a constant depending on each kind of substance and the
applied wavelength. The sample is detected by the instrument in term of

transmittance as equation (3) or % transmittance as equation (4).

or %T = [I/16]X100 i (4)
T = transmittance
| = intensity after passing by the sample solution
l, = intensity before passing by the sample solution

Thus /lg = 9%T/100 .o, (5)

The relation between absorbance and intensity can be shown in equation (6)
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A =-log [I/I0] oo (6)

Apply | / 1, from (5) into (6) to obtain the relation between absorbance and

transmittance as equation (7).

A = l0g[%T/100] = -l0gT orvovcrerre (7)

However, the deviant of linearity can happen in Beer-Lambert Law as the
following causes below;

- Sample concentration higher than 0.01 M leading to absorptivity coefficient
and refractive index errors.

- Fluorescence, phosphorescence, decomposition and integration of the
sample.

- Interfering radiation or stray.

2.6 Scanning Electron Microscope (SEM)

SEM principle basically consists of electron source which produces the
electron for the system. Then, the obtained electron group is accelerated by electric
field and passed through the condenser lens turning into electron beam which can
be adjusted its size depending on the required quality of image resolution; the
smaller electron beam provides the higher image resolution. After that, the focus
distance of the electron beam is adjusted by the objective lens all over the object
surface which produces the secondary electron. The signal of the second electron is
recorded, turned into electronic signal and presented as an image on the monitor,
respectively. The diagram and principle of SEM can be briefly presented as in Figure

12.
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Figure 12 SEM diagram.

2.7 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) or AC Impedance is one of
electroanalytical techniques which is very useful for study of electrochemical cell’s
system. Additionally, it has been widely applied in material science such as
protective method for battery and fuel cell, analysis of ions’ diffusion onto semi-
permeable membrane and study of the gap between semiconductors as well.

The principle of AC Impedance is to providing alternating current electricity (AC) in
the pattern of Since wave under control of applied potential with low amplitude
from 10 to 50 mV and adjustable frequency from 10 to 10° Hz. Firstly, the applied
potential is fixed at specific value and then the applied potential is increased with
alternating current pattern to the system. After that the current response is detected.
This obtained current response can be used for analyzing the impedance of the
electrochemical cell system which provides the response information of the target
interesting materials in terms of current response, potential response or even other
signals.

In general, Impedance study of electric system consists of Potentialstat or

Galvanostat, Frequency Response Analyzer (FRA) and electrochemical cell. The



22

electrochemical cell includes of three basic kinds of electrodes; working electrode
(WE), reference electrode (RE) and counter electrode (CE).
Impedance is the resistance of alternating current which the impedance value

is provided by applying Ohm’s law as the following equation:

Where E is the applied potential, / is the current and Z is impedance or the
resistance of alternating current pattern, respectively.
Impedance value is equal to resistance (R) when phase shift of potential (E)

and current (1) are equal to zero which is presented Figure 13.

Figure 13 Phase shift of potential (E) and current (1).

Therefore, impedance value based alternating current pattern can be

calculated by applying this following equation:

7o DS . (9)
I, sin(wt + &)

Where s angular frequency per second equal to 27TTf, f is frequency (Hz), 0
is phase shift (Radien).

Impedance consists of real impedance and imaginary impedance which
potential (E) and current (I) are in the same phase of the current called “In Phase”.

Opposite to imaginary impedance, potential and current are out of phase from the
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current. The relation between imaginary impedance (Y-axis) and real impedance (x-

axis) provides the Nyquist plot as shown in Figure 14.

Imaginary part of impedance

Real part of impedance

Figure 14 Nyquist plotting between imaginary impedance and real impedance.

From this relation, it can be presented as this following equation:

Where Z is the total of real impedance (Z') and imaginary impedance (")

and tan @ :Z—
Zl

The obtained impedance value can be turned into the related proper electric
circuit which can be used for prediction of the electrode’s behavior or property
under the optimal condition. From these, the Nyquist plot can provide equivalent

circuit.

2.8 Hydrogen peroxide sensor reviews

Throughout the past few decades, the development of devices for hydrogen
peroxide (H,O,) measurement has been increasingly interesting because hydrogen
peroxide plays an important role in environmental, industrial and clinical uses (Chen,
J. et al,, 2018; Roushani and Dizajdizi, 2015; Zhang and Chen, 2017). Moreover, it is a

byproduct of a large number of oxidase enzymes such as glucose oxidase,
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cholesterol oxidase, cholinesterase and lactase in biochemical reactions (Kiani
Shahvandi et al,, 2018; Li et al., 2015; Mutyala and Mathiyarasu, 2016). Accordingly,
there is a huge demand and thus multiple attempts to enhance H,0, determination
to be rapid, efficient and low-cost. Up to now, various analytical techniques for H,O,
detection have been reported such as chemiluminescence (Pourfaraj et al., 2018),
chromatography (Gimeno et al., 2015), colorimetry (Zhang et al., 2016), fluorescence
(Li, B. et al,, 2018), spectrophotometry (Li et al., 2017) and titrimetry (Hurdis and
Romeyn, 1954). However, electrochemistry has superior advantages in terms of
excellent selectivity, high sensitivity, stability, instrumentation cost, efficiency and

ease of operation (Anjum et al.,, 2015; Qi and Zheng, 2015).

Enzyme-based biosensors have been widely developed and applied, owing to
their excellent sensitivity and high selectivity (Boujakhrout et al., 2016; Chen et al,,
2016; Sekar et al., 2015), in the last few years. However, the poor intrinsic stability of
enzymes significantly affects their biological function and lifetime usage of enzyme-
based biosensors (Qin et al, 2015; Yan et al, 2012). In addition, immobilization
techniques, denaturation, and storage stability effecting on the biological activity of
enzymes restrict their applications (Kogularasu et al., 2017). In order to overcome
these issues, the strategy of non-enzymatic or enzyme-free sensors modified various
synthesized materials have been challenging and increasingly focused to minimize
the drawbacks (Zhou et al., 2018). Recently, metal oxide materials such as Co (Wang,
Mei et al., 2015), Ni (Yu et al.,, 2015), Fe (Lin and Chang, 2015), Cu (Yang et al,, 2016)
and Mn (Chaisuksant et al., 2016) have been used in sensor applications due to their
attractive dominant properties including large surface area, long-term stability,
catalytic efficiency and excellent conductivity (Reddy et al., 2017). Also, their metal
oxide composite materials outstandingly enhance the electrochemical performances

of the sensor (Asif et al.,, 2017; Wen et al., 2017).
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Among various metal oxides, cuprous oxide (Cu,O), an easily-obtained,
intrinsic p-type semiconductor with a band gap of 2.17 eV (Balik et al., 2018; Su et al,,
2018), has been extensively used in many applications such as photovoltaic (Wu et
al,, 2018), photocatalysis and solar cells (Chen, W. et al,, 2018). It has also been
applied in electrochemical sensing and related fields because of its electrocatalytic
activity, low environmental impact and low cost. Unfortunately, these interesting
particular properties are limited by its inherent poor conductivity which can affect to
the charge transfer of sensor (Yin et al, 2016; Yu et al, 2018). For example,
manganese dioxide (MnO,), an important transition metal oxide, has extensive use as
a modified material for batteries, supercapacitors, and sensors (Shu et al., 2017) due
to its advantages of excellent catalytic activity, abundant availability, absorption
ability, low toxicity and low cost (Li, S.-J. et al,, 2018; Luo et al,, 2012). However, the
challenging issue remains owing to poor conductivity of MnO,. Thus, for the first time,
the novel synergetic Cu,0@MnO, composite materials modified GCE surface for
enhancement of enzyme-free H,0O, sensing was developed as shown in Figure 15.

Moreover, the simple and direct drop casting of Cu,0@MnO, was presented.

H,0, 0, +2H*

Cu,0@MnO,

0.75V

GCE Cu,O@MnO,/GCE

Figure 15 Schematic illustration of the simple step fabrication of enzyme-free H,0,

sensor and its proposed electrochemical reaction.
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2.9 Choline biosensor reviews

Choline is an essential nutrient which plays a complex role in the human
body (Zeisel and da Costa, 2009) and it is required for many physiological purposes
including neurotransmitter synthesis ( acetylcholine) , cell-membrane signaling
(phospholipids) , lipid transport (lipoproteins) , and methyl-group metabolism
(homocysteine reduction) (Penry and Manore, 2008). It is also vital in brain and
memory development (Zeisel, 1992; Zeisel, 2004), thus the determination of its level
is very important in clinical analysis for early diagnosis of brain-related disorders, such
as Alzheimer’ s (Nitsch et al,, 1992), and Parkinson’ s (Yu et al., 2016) diseases.
Different available methods for choline detection were reported, for example, mass
spectrometry (Holm et al,, 2003)), chromatography (Stadler and Nesselhut, 1986),
chemiluminescence (Honda et al., 1986), electrophoresis (Wise et al.,, 2002), and
proton nuclear magnetic resonance spectroscopy (Ackerstaff et al., 2001). Among
these various methods, amperometric biosensors hold great promise for many
biomedical applications (Wang, 1999) due to its advantages in simplicity, reliability,
rapid response, portability, high sensitivity and economic feasibility (Moonla et al.,
2017). In order to further develop an efficient choline biosensor, the physical and
chemical properties of the modified materials used in their fabrication need to be
consider as they exert a significant influence on electroanalytical sensing
performance. Many earlier literature have been attempted to enhance choline
biosensors with different configurations of carbon nanotubes (Qu et al, 2005),
graphene (Deng et al., 2013), nanoparticles (Zhang et al., 2011), conducting polymers
(Rahman et al., 2004), redox mediators (Ren et al., 2009) onto the working electrode
surface.

Recently, the proposed biosensors for choline monitoring have been mostly
reported based on hydrogen peroxide (H,O,) detection, a byproduct from the
enzyme-catalyzed reaction of choline oxidase (COx), which then directly reacts with
the redox mediator (Bai et al., 2007; Bolat et al., 2017) or it is catalyzed by a second
enzyme (horseradish peroxide; HRP) (Wang et al., 2006; Yang, M. et al,, 2004),

providing a current response signal corresponding to the concentration of the target
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analyte. Therefore, the preparation and design of the modified composite material
platform with excellent properties including biocompatibility, large surface area for
enzyme loading, long-term stability, catalytic efficiency and excellent conductivity in
sensor applications are needed to be extensively considered for enhancing the
biosensors performances.

Different kinds of metal oxide composite materials such as cuprous oxide
(Cu,O) (Wang, Minghua et al,, 2015), manganese dioxide (MnO,) (Vukojevi¢ et al,,
2018) and zrconium oxide (ZrO,) (Yang, Y. et al, 2004) showing very high
electrocatalytic activity as redox mediators to promote electron transfer between the
biomolecules and the electrode surface has attracted the attention of many
researchers. Metal nanoparticles, especially gold nanoparticles (AuNPs), have also
been of particular interest in amperometric biosensors as its small size provides
catalytic activity, and physical and chemical stability (Wu et al., 2011; Yanez-Sedeno
and Pingarrén, 2005). Up to now, composite materials have been widely used and
increasingly playing key roles in the development of biosensors due to their unique
physical and chemical properties (Hu et al.,, 2018; Salehabadi and Enhessari, 2019).
One of their major advantages is the enhancement of the dominant inherent
property of each comprised material to be such great synergistic redox mediator by
adding another suitable combination.

Regarding our previous work, an effort in the enhancement of H,0,
determination (Ouiram et al., 2019), the synthesized bimetallic composite materials
comprising Cu,O and MnO, modified onto glassy carbon electrode (GCE) surface
presented excellent electrochemical and satisfactory kinetic performances resulting
from their synergistic interactions. Although an application of MnO, in biosensors was
limited by its poor conductivity (Song et al., 2019), the interactions of Cu,0O at MnO,
(Cu,0@MnN0,), as composite material, benefit a redox-mediated behavior while
maintaining the advantages of MnO, including catalytic activity, abundant availability,
absorption ability and low toxicity (Lin et al,, 2016; Tizfahm et al,, 2016). For the
Zr0,, its forbidden bandgap (Eg = 5.0 eV) (Sinhamahapatra et al.,, 2016) limits the
electrochemical performance which can be improved by fabricating some kinds of

interactions between various matrix particles (Wang et al., 2000). This incorporation
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indicated that the properties of metal oxides incorporated as composite material
platform are influenced by their composition, microstructure, and configuration
depending on the designed process.

The aim of our present work was to fabricate an improved amperometric
biosensors for an effective quantitative monitoring of choline levels in an electrolyte
solution (0.05 M PBS pH 7.8) and in biofluid samples (whole human blood). For this
purpose, the performance of the developed COx/Cu,O@MnO,/ZrO,@AuNPs/GCE was
comprehensively carried out by applying electrochemical techniques, cyclic
voltammetry and amperometry, which significant experimental parameters were
optimized for choline detection. This study demonstrated that the immobilized COx
onto GCE surface has been synergized by the composite material platform of
Cu,0@Mn0O,/ZrO,@AuNPs for choline analysis, and displayed excellent responses
towards the target analyte concentration in human blood samples. The byproduct
H,O, was generated by the COx catalyzed reaction in the presence of choline. Then,
it was oxidized by the Cu,0@MnO, mediator. Meanwhile, the reduced form of the
mediator was oxidized at the optimal applied potential. The mechanism of this
biosensors is showed in Figure 16 The ZrO,@AuNPs synergistically enhanced the
electron transfer onto the electrode surface and the obtained anodic current

response was directly proportional to choline concentration.

ZrO,@AuNPs

Cu,0@MnO, H;0, Betaine aldehyde
Oxidized
COx
I:l Choline + O,
Cu,0@Mn0O,

Reduced

4
U4

Figure 16 Schematic diagram illustrating the proposed mechanism of choline
detection, possible formed enzyme choline oxidase (COx) and synthesized
composite materials of ZrO,@AuNPs, and Cu,0@MnO, onto the glassy

carbon electrode (GCE) surface.



CHAPTER 3
EXPERIMENT

3.1 Chemical reagents
All chemical reagents for solution preparation and material synthesis in this

research are shown in Table 3.

Table 3 Chemical reagents used in the research.

No. Reagent Purity Manufacturer Country

1 Acetic acid (CH;COOH) 99.7% Merck Germany
2 Alumina powder (Al) 99.9% Sigma aldrich USA

3 Ascorbic acid (CgHg) 99.5% Sigma aldrich USA

4 Carbon nanotube >95% Sigma aldrich USA

5 Caffeine (CgH1oN4O)) 99% Sigma aldrich USA

6 Chitosan >93% Sigma aldrich USA

7 Choline chloride >99% Sigma aldrich USA

((CH3)sN(C)CH,CH,OH)

8 Choline oxidase - Sigma aldrich USA

9 Diethyl ether (C4H;,0) 99.5% Sigma aldrich USA

10 Ethanol (CH;CH,OH) 99.5% Merck USA

11 Glucose (C¢H1,0¢) 96% Ajax Finechem  Australia
12 Glutaraldehyde (CsHgO,) 50% Sigma aldrich USA

13 Gold (Il) chloride trihydrate 49% Sigma aldrich USA

(HAUCL,)

14 Hydrogen peroxide (H,0,) 30% Merck Germany
15 Nitric acid (HNOs) 65% Sigma Aldrich ~ USA

16 Oxalic Acid (H,C,04) 99.5% Ajax Chemical  Australia
17 Potassium chloride (KCl) 99.5% Ajax Chemical  Australia

18 Potassium hydrogen phosphate  >99% Sigma Aldrich USA




Table 3 Chemical reagents used in the research (continued).
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No. Reagent Purity Manufacturer Country
19 Potassium nitrate (KNOs) 99% Sigma Aldrich USA
20 Potassium dihydrogen 99.5% Ajax Chemical Australia
orthophosphate (KH,PO,)
21 Sodium chloride (NaCl) 99% Ajax Chemical Australia
22 Sodium hydroxide (NaOH) 97% Ajax Chemical Australia
23 Thionin acetate 95% Sigma Aldrich USA
(CioHgN5S CoHLO,)
24 Uric acid (CsHgN4Os) 99% Sigma Aldrich USA
25 Zirconium(lV) oxide-yttria 99.9% Sigma Aldrich USA
stabilized
3.2 Instruments
All instruments used in the research are listed in Table 4.
Table 4 Instruments
No. Instrument Manufacturer Country
1 WE; glassy carbon electrode CH Instruments/& 3 mm  USA
2 CE; platinum wire CH Instruments/&@ 3 mm  USA
3 RE; Ag/AgCl CH Instruments/ 3 M KCl  USA
4 Analytical balance Mettler Toledo Switzerland
5 pH meter Metrohm/pH lab 827 Switzerland
6 Potentiostat CHinstruments/ CH1230A  USA
7 Ultrasonic instrument Labquip England
8 Sputter coater Jeol/JFC1200 Japan
9 Anodisc membrane & 0.02 um Whatman Germany
10 Electrochemical Cell Home-made, 5 mL Thailand
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3.3 Hydrogen peroxide sensor

3.3.1 Preparation of each solution in the research

Preparation of 0.5% chitosan solution (0.5% CHIT)

0.50 g chitosan powder was dissolved and then slowly dropped concentrated
acetic acid into the solution until pH value of the solution was about 4-5. After that,
the volume of solution was adjusted as 100 mL. Finally, the obtained 0.5% CHIT
solution was kept in the refrigerator at 4 °C for further use.

Preparation of 0.1 M phosphate buffer solution pH 7.2

1.0 M Potassium hydrogen phosphate: K,HPO, (Solution A)

43.55xx g potassium hydrogen phosphate was dissolved by deionized water
and then adjusted the volume as 250.00 mL.

1.0 M Potassium dihydrogen phosphate: KH,PO, (Solution B)

34.02xx g potassium dihydrogen phosphate was dissolved by deionized water
and then adjusted the volume as 250.00 mL.

35.8 mL of the solution A was mixed with 14.20 mL of the solution B into
500.00 mL volumetric flask and then adjusted the volume by deionized water to
obtain 0.1 M phosphate buffer solution pH 7.2.

Preparation of interfering solution

0.1 M phosphate buffer solution pH 7.2 was used as a solvent for preparation
of interfering solutions including of 250 mg mL™ ascorbic acid, 99.9% ethanol, 500 mg
mL* glucose, 200 mg mL™? sucrose and 0.06 mg mL™ uric acid.

Synthesis of Cu,0@MnO,

The Cu,O@MnO, composite materials was synthesized using the single-step
reflux method which was adjusted from the earlier report (Chen et al., 2015). First, a
0.32 M KMnOj, solution was prepared and then CuSO4-5H,0 was added into 100 mL
of the 0.32 M KMnO, solution (stoichiometric ratio of Cu:Mn as 1:5) — Solution A. After
that, 50 mL of a 0.88 M MnSQO, solution was prepared and then 8.5 mL HNO; was
added - Solution B. Solution B was added drop-wise into Solution A under
continuous stirring. This resulted in dark precipitate formation. The resultant slurry

was refluxed at 120 degrees Celsius for 12 hours, washed and dried at 120 degrees
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Celsius for 12 hours, respectively. Finally, the obtained Cu,0@MnO, powder was kept
in a desiccator at room temperature for the further work. The MnO, powder was also
synthesized, without adding CuSO4-5H,0 into solution A, using the same method of
Cu,O@MNO, synthesis. The synthesized material was characterized by using SEM,
EDX, FTIR and XRD, respectively. Ultimately, it was kept in desiccator for further

applications in this work.

3.3.2 Preparation of the modified electrodes

Preparation : Cleaning of bare GCE
For the preparation of the bare electrode, it is rubbed by alumina powder,

washed with DI water, sonicated for 5 minutes, dipped into HNO5 solution for a while

10%HNO;

and dried at room temperature before use in Figure 17.

Rinse with Sonicate
ﬁ DI water 5 min

ALO;

Figure 17 Cleaning of glassy carbon electrode surface.

Preparation : CHIT-MnO,/GCE
For the preparation of the CHIT-MnO,/GCE, it can be prepared by dropping
the prepared MnO, mixed 0.5% chitosan solution onto the electrode surface. Leave

it dried at room temperature before use in Figure 18.
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CHIT-MnO,, 10 pl )

2

Dried

=l Bag

Bare GCE CHIT-MnO,/GCE

Figure 18 Preparation of the CHIT-MnO,/GCE.

Preparation : CHIT- Cu,0@MnO, /GCE
For the preparation of the CHIT-Cu,0@MnO,/GCE, it can be prepared by
dropping the prepared Cu,@MnO, mixed 0.5% chitosan solution onto the electrode

surface. Leave it dried at room temperature before use in Figure 19.
CHIT-Cu,08MnO, 10 ul/)

Dried

>l »

Bare GCE CHIT-Cu,0@Mn0O, GCE

Figure 19 Preparation of the CHIT- Cu,0@MnO, /GCE.

All of each different modified electrode was tested using cyclic voltammetry

in the potential range from 0.0 to 1.0 V in 0.1 M phosphate buffer solution pH 7.2
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and in 0.1 M phosphate buffer solution pH 7.2 containing 0.5 mM H,0,, respectively,
for studying of the electrochemical reaction onto the electrode surface as presented
in Figure 20. Moreover, each modified electrode was studied the resistance onto its

surface by applying electrochemical impedance spectroscopy (EIS).

" CE

Figure 20 Chemical cells for cyclic voltammetric study.
To study the optimal condition and the property of each modified electrode,
an amperometric technique was applied under stirring condition which the

arrangement of chemical cells was illustrated in Figure 21.

PC

Display

Potentiostat

Magnetic bar

Figure 21 Electrochemical cells for amperometric study.
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3.3.3 Applied potential

To obtain the applied potential for oxidation reaction of H,O,, the CHIT-
Cu,0@Mn0O,/GCE was tested in 0.1 M phosphate buffer solution pH 7.2 by spiking 0.5
mM H,O, standard solution with applying amperometry at various potential values
from 0.6 to 0.9 V (0.05 V increment). The applied potential value which provided the

highest current response will be chosen for further experiment.

3.3.4 pH effect of electrolyte solution

To obtain the proper pH value, the CHIT-Cu,0@MnO,/GCE was operated in 0.1
M phosphate buffer solution by spiking 0.5 mM H,0O, standard solution with applying
amperometry at various pH values including of 6.0, 6.2, 6.4, 6.6, 6.8, 7.0, 7.2, 7.4, 7.6,
7.8 and 8.0, respectively. The pH value of the electrolyte solution which provided

the highest current response will be selected for next step.

3.3.5 Effect of Cu,0@MnO, content

To obtain suitable concentration of Cu,0@MnO, modified onto the electrode
surface, each CHIT-Cu,O@MnO,/GCE with different Cu,0@MnO, including of 0, 1, 2, 3,
4,5 6 and 7 mg mU?, respectively, was tested in 0.1 M phosphate buffer solution by
spiking 0.5 mM H,0, standard solution with applying amperometry. The
concentration of Cu,0@MnO, modified onto the electrode surface which provided

the highest current response will be selected for the further work.

3.3.6 Linearity and Limit of Detection

The CHIT-Cu,0@MnO,/GCE was tested in 0.1 M phosphate buffer solution by
spiking 0.5, 1, 2, 5, 10, 20, 50, 100, 200, 500, 1000, 2000, 5000, 10000 and 20000 pM
H,O, standard solution, respectively, with applying amperometry. Then, the obtained
current response (y-axis) was plotted versus each H,O, concentration (x-axis) which

can be used for calculation of limit of detection (Signal to Noise = 3).
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3.3.7 Repeatability
The CHIT-Cu,0@Mn0O,/GCE was repetitively operated in 0.1 M phosphate buffer
solution by spiking 5.0 mM H,O, standard solution with applying amperometry for 7

times at the same electrod for assessment the precision of this biosensor.

3.3.8 Reproducibility
Each CHIT-Cu,0@MnO,/GCE was operated in 0.1 M phosphate buffer solution
by spiking 0.5 mM H,O, standard solution with applying amperometry for 7 fresh

electrodes to evaluate the reproducibility of the method.

3.3.9 Operation time

The CHIT-Cu,0@MnO,/GCE was repetitively operated in 0.1 M phosphate buffer
solution by spiking 5.0 mM H,0, standard solution with applying amperometry until
the obtained current response was lower than 50% of the first detected current

response to determine operation time.

3.3.10 Effect of Interferences

The CHIT-Cu,0@MnO,/GCE was operated in 0.1 M phosphate buffer solution by
spiking 0.5 mM H,0O, standard solution and then followed by spiking various possible
interfering species including of ascorbic acid, ethanol, slucose, sucrose and uric acid

with applying amperometry.

3.3.11 Sample analysis
The standard solution (0, 50 and 500 pM, 0.5 mL) was prepared by using
Standard addition method. Then, each prepared standard solution was added 0.5 mL
of the target sample.
0.5 mL of 250 uM H,O, was added into 0.5 mL of the target sample for
calculation of % recovery.
The CHIT-Cu,0@MnO,/GCE was applied to detect H,O, concentration in
different 6 samples with applying amperometry in 0.1 M phosphate buffer solution
pH 7.2, 5 mL. Each 10 pL of each prepared sample was added in to the chemical cell
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to obtain the current response resulting from H,O, oxidation reaction onto the
working electrode surface. After that, the obtained current response (y-axis) was
plotted versus each added H,O, concentration (x-axis) which can be used for

calculation of H,0, concentration in each sample and also % recovery.

3.4 Choline biosensor
3.4.1 Preparation of each solution in the research
Preparation of 0.1 M phosphate buffer solution pH 7.8
1.0 M Potassium hydrogen phosphate: K,HPO, (Solution A)
43.55 g potassium hydrogen phosphate was dissolved by deionized
water and then adjusted the volume as 250.00 mL.
1.0 M Potassium dihydrogen phosphate: KH,PO, (Solution B)
34.02 g potassium dihydrogen phosphate was dissolved by deionized
water and then adjusted the volume as 250.00 mL.
40.00 mL of the solution A was mixed with 10.00 mL of the solution B into
500.00 mL volumetric flask and then adjusted the volume by deionized water to

obtain 0.1 M phosphate buffer solution pH 7.8.

Preparation of interfering solution
0.1 M phosphate buffer solution pH 7.8 was used as a solvent for
preparation of interfering solutions including of 100 mg mL"* amoxicillin, 300 mg mL™
ascorbic acid, 100 mg mL"* aspirin, 15 mg mL" caffeine, 19 mg mL" dopamine, 100
mg mL™ glucose, 100 mg mL™" sucrose and 60 mg mL™ uric acid.

For 0.5% CHIT and synthesis of Cu,O@MnO, were discussed in 3.3.1.
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3.4.2 Preparation of the modified electrodes

Preparation : Cleaning of bare GCE
For the preparation of the bare electrode, it is rubbed by alumina powder,
washed with DI water, sonicated for 5 minutes, dipped into HNO5 solution for a while

and dried at room temperature before use in Figure 22.

Sonicate
5 min

10%HNO,

Rinse with
DI water

ALO;

Figure 22 Cleaning of glassy carbon electrode surface.

Preparation : COx/CHIT/GCE
For the preparation of the COx-chit/GCE, it can be prepared by dropping the
0.5% chitosan solution onto the electrode surface and follow by dropping COx

solution. Leave it dried at room temperature before use in Figure 23.

{

CHIT 10 pl COx 10 pl )

s

Bare GCE COx/CHIT/GCE

Figure 23 Preparation of the COx-CHIT/GCE.
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Preparation : COx/CHIT-ZrO,@AuNPs/GCE
For the preparation of the Cox/ZrO,@AuNPs-Chit/GCE, it can be prepared by
dropping the ZrO,@AuNPs mixed 0.5% chitosan solution onto the electrode surface

and follow by dropping COx solution. Leave it dried at room temperature before use

in Figure 24.
CHIT-ZrO,@AuNPs 10 ;u COx 10 pl )
/S
! ’ ! Drwd !
Bare GCE

COx /CHIT-ZrO,@AuNPs/GCE

Figure 24 Preparation of the COx/CHIT-ZrO,@AuNPs/GCE.

Preparation : COx/CHIT-Cu,O0@MnO,/GCE

For the preparation of the Cox/Cu20@MnO2-Chit/GCE, it can be prepared by
dropping the Cu,0O@MnO, mixed 0.5% chitosan solution onto the electrode surface
and follow by dropping COx solution. Leave it dried at room temperature before use

in Figure 25.
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Cu,0@Mn0, 10l COx 10 pl

7 7

Bare GCE COx/CHIT-Cu,0@MnO,/GCE

Figure 25 Preparation of the COx/CHIT-Cu,0@MnO,/GCE.

Preparation : COx/Cu,0@MnO,/CHIT-ZrO,@AuNPs/GCE

For the preparation of the COx/Cu,0@MnO,-Chit-ZrO,@AuNPs/GCE, it can be
prepared by dropping ZrO,@AuNPs mixed 0.5% chitosan solution onto the electrode
surface and follow by dropping the Cu,0@MnO, mixed 0.5% chitosan solution and
COx solution, respectively. Leave it dried at room temperature before use in Figure

26.

Cu0@MnO; 0l o 1o,

CH|T-Zr02@AuNP7 )
Y

&

!»’» S »!

Bare GCE
COx/Cu,0@MnO,-CHIT-ZrO,@AuNPs/GCE

Figure 26 Preparation of the COx/Cu,0@MnO,/CHIT-ZrO,@AuNPs/GCE.
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AWl four different modified electrodes were tested by using cyclic
voltammetry in the potential range from 0.0 to 1.0 V in 0.1 M phosphate buffer
solution pH 7.8 and in 0.1 M phosphate buffer solution pH 7.2 containing 1.0 and 2.5
mM H,0,, respectively, for study of the electrochemical reaction onto the electrode
surface. Furthermore, each modified electrode was studied the resistance onto its

surface by applying electrochemical impedance spectroscopy (EIS).

3.4.3 Applied potential

To obtain the applied potential, the COx/Cu,0@MnO,-CHIT-ZrO,@AuNPs/GCE
was tested in 0.1 M phosphate buffer solution pH 7.8 by spiking 2.5 mM choline
standard solution with applying amperometry at various potential values from 0.65
to 0.9 V (0.05 V increment). The applied potential value which provided the highest

current response will be chosen for further experiment.

3.4.4 pH effect of electrolyte solution
To obtain the proper pH value, the COx/Cu,0@MnO,-CHIT-ZrO,@AuNPs/GCE

was operated in 0.1 M phosphate buffer solution by spiking 0.25 mM choline
standard solution with applying amperometry at various pH values including of 6.8,
7.0, 7.2, 7.4, 7.6, 7.8 and 8.0, respectively. The pH value of the electrolyte solution

which provided the highest current response will be selected for next step.

3.4.5 Temperature effect
To obtain suitable temperature for the experiment, the COx/Cu,0@MnO,-CHIT-

ZrO,@AuNPs/GCE was operated in 0.1 M phosphate buffer solution pH 7.8 by spiking
0.25 mM choline standard solution with applying amperometry at various
temperatures including of 30, 35, 40, 45 and 50 °C, respectively. The temperature

which provided the highest current response will be selected for next step.
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3.4.6 Effect of enzyme content

To obtain proper content of choline oxidase immobilized onto the electrode
surface, Each COx/Cu,0@MnO,-CHIT-ZrO,@AuNPs/GCE with different content of
choline oxidase including of 0.2, 0.5, 1.0, 1.5, 2.0 and 2.5 Unit, respectively, was
tested in 0.1 M phosphate buffer solution pH 7.8 by spiking 0.25 mM choline
standard solution with applying amperometry. The content of choline oxidase
immobilized onto the electrode surface which provided the highest current response

will be selected for the further work.

3.4.7 Effect of ZrO,@AuNPs concentration

To obtain proper concentration of ZrO,@AuNPs modified onto the electrode
surface, Each COx/Cu,O0@MnO,-CHIT-ZrO,@AuNPs/GCE with different concentration of
ZrO,@AuNPs including of 0, 1, 5, 10, 20, 30 and 40 mg mL", respectively, was tested
in 0.1 M phosphate buffer solution pH 7.8 by spiking 0.25 mM choline standard
solution with applying amperometry. The concentration of ZrO,@AuNPs modified
onto the electrode surface which provided the highest current response will be

chosen.

3.4.8 Effect of Cu,0@MnO, concentration

To obtain proper concentration of Cu,0O@MnO, modified onto the electrode
surface, Each COx/Cu,O@MnO,-CHIT-ZrO,@AuNPs/GCE with different concentration of
Cu,0@MnO, including of 0, 1.0, 2.5, 5.0, 10.0, 15.0 and 20.0 mg mL? respectively,
was tested in 0.1 M phosphate buffer solution pH 7.8 by spiking 0.25 mM choline
standard solution with applying amperometry. The concentration of Cu,O@MnO,
modified onto the electrode surface which provided the highest current response

will be applied for the next step.
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3.4.9 Linearity and Limit of Detection
The COx/Cu,0O@MnO,-CHIT-ZrO,@AuNPs/GCE was tested in 0.1 M phosphate

buffer solution pH 7.8 by spiking 0.5, 1.0, 2.5, 5.0, 10, 25, 50, 100, 250, 500 and 1000
U M choline standard solution, respectively, with applying amperometry. Then, the
obtained current response (y-axis) was plotted versus each choline concentration

(x-axis) which can be used for calculation of limit of detection (Signal to Noise = 3).

3.4.10 Repeatability
The COx/Cu,O@MnO,-CHIT-ZrO,@AuNPs/GCE was repetitively operated in 0.1 M

phosphate buffer solution pH 7.8 by spiking 0.1 mM choline standard solution with
applying amperometry for 5 times to determine the stability of each obtained

current res ponse.

3.4.11 Reproducibility
Each COx/Cu,0@MnO,-CHIT-ZrO,@AuNPs/GCE  was operated in 0.1 M

phosphate buffer solution pH 7.8 by spiking 0.25 mM choline standard solution with
applying amperometry for 5 electrodes to evaluate the reproducibility of the
method.

3.4.12 Operation time
The COx/Cu,O@MnO,-CHIT-ZrO,@AuNPs/GCE was repetitively operated in 0.1 M

phosphate buffer solution pH 7.8 by spiking 0.1 mM choline standard solution with
applying amperometry until the obtained current response was lower than 50% of
the first detected current response to determine the stability of each modified

material onto the working electrode surface.

3.4.13 Effect of interferences

The COx/Cu,0@MnO,-CHIT-ZrO,@AuNPs/GCE was operated in 0.1 M phosphate
buffer solution pH 7.8 by spiking 0.1 mM choline standard solution and then

followed by spiking various possible interfering species including of amoxicillin,



a4

ascorbic acid, aspirin, caffeine, dopamine, glucose, sucrose and uric acid with

applying amperometry.

3.4.14 Choline analysis in real whole blood samples

The standard solution (0, 50, 125 and 250 pM, 0.5 mL) was prepared using
Standard addition method. Then, each prepared standard solution was added 0.5 mL
of real whole blood sample.

0.5 mL of 150 uM choline was added into 0.5 mL of real whole blood sample
for calculation of % recovery.

The COx/Cu,0@MnO,-CHIT-ZrO,@AuNPs/GCE was applied to determine choline
concentration in different 6 real whole blood samples supported by Sansai hospital,
Chiang Mai, Thailand with applying amperometry in 0.1 M phosphate buffer solution
pH 7.8, 5 mL. Each 10 pL of each prepared sample was added in to the chemical cell
to obtain the current response resulting from byproduct H,O, oxidation reaction in
the system onto the working electrode surface. After that, the obtained current
response (y-axis) was plotted versus each added choline concentration (x-axis) which
can be used for calculation of choline concentration in each sample and also %

recovery.



CHAPTER 4
RESULTS AND DISCUSSION

4.1 Hydrogen peroxide sensor

4.1.1 Characterization of synthesized materials

To characterize and confirm the synthesized materials, MnO, and Cu,0@MnO,
were studied and compared using various techniques. Figure 27 A(a) and 27B(a)
showed the SEM images of MnO, and Cu,0@MnO,, respectively. The MnO, showed
rod shape with a diameter of 2 um while the Cu,0@MnO, showed the mixture of the
rod (diameter 1 um) and flake (wide 5 pm) shapes. Also, the difference between
MnO, and Cu,0@MnO, and their qualitative compositions were confirmed with the
presence of elements such as manganese, potassium, and oxygen from MnO, EDX
pattern (Figure 27 A(b)) while the copper was additional added in Cu,0@MnO, (Figure
27 B (b)).

Additionally, XRD patterns (Figure 27 C) presented structural and morphological
features as the crystalline natures of MnO, and Cu,O@MnO,. The XRD pattern of
MnO, was indexed as (110), (101), (200), (111), (210), (211), (220), (002), (310), (221)
and (301) planes of tetragonal MnO, crystal system (JCPDS no. 01-081-2261).
Compared to the synthesized Cu,0@MnO,, the presence of cubic Cu,O crystal phase
of the composite materials was confirmed corresponding to the planes (110), (111),
(200), (220) and (311) (JCPDS no.00-034-1354). The FTIR result of MnO, and
Cu,0@MnO, were shown in Figure 27 D. The bands of the MnO, spectrum at 568 and
428 cm™ could be attributed to Mn-O and Mn-O-Mn lattice vibration, respectively.
Compared to Cu,0@Mn0O,, the bands of the spectrum at 686, 584 and 420 cm
corresponded to Cu (1)-O, Mn-O and Mn-O-Mn, respectively, which was in good

agreement with previous reports.
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Element | Weight% Atomic%
OK 33.78 63.47
KK 1.31 1.01
Mn K 64.91 35.52
Totals 100.00
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ﬂi“
5 6 7 8 9 10 11
keV
Element | Weight% | Atomic%
OK 27.20 56.15
KK 0.79 0.67
Mn Mn K 70.46 42.37
CuK 1.56 0.81
Totals 100.00
Mn
Cu cCu
5 6 7 8 9 10 11
keV

@)
(110)
g
=
=
L
-Mn
428

W

= o
= o S )
o S8~ C8 moe- = =0 =
- 28-S Q9 2253 E =
- | To=2e T seds ), = Cu,O@MnO,
- s sty sl \od s sretopd ok St e empennic =
- b (L (u0eMe0O, & . S
= bt rnmsmerations Nl ot s e b P L 5”‘
] | JCPDS 01-081-2261 s Q° oF3
= ) &) = 1
= | IS 003L1354 = 3

2 0 4 N 0 N ® 2000 1800 1600 1400 1200 1000 800 600 400

2Theta Wavenumber / cm-!

Figure 27 SEM images (A(a), B(a)) and EDX spectra (A(b), B(b)), XRD patterns (C) and
FTIR spectra (D) of synthesized materials MnO, compared to Cu,0@MnO,.

4.1.2 Cyclic voltammetric study
The bare GCE
The bare GCE was operated in 0.1 M phosphate buffer solution pH 7.2 (a)
compared to the presence of 0.5 mM H,O, (b) using cyclic voltammetry. The results
showed the obtained cyclic voltammograms which there is no difference both
absence and presence of H,0O, as presented in Figure 28. This suggested that the
bare GCE without the modification of its own surface has clearly limited ability for

H,O, sensing.
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Figure 28 Cyclic voltammmograms of the bare GCE in 0.1 M phosphate buffer solution
pH 7.2 containing 0 mM (a) and 0.5 mM (b) H,O..

The CHIT-MnO,/GCE

In Figure 29, the CHIT-MnO,/GCE was operated in 0.1 M phosphate buffer
solution pH 7.2 (a) compared to the presence of 0.5 mM H,O, (b) by using cyclic
voltammetry. The results showed the obtained cyclic voltammograms which the
curve of H,O, oxidation reaction (b) obviously noticed from 0.7 to 1.0 V compared to
the blank solution (a). This suggested that CHIT-MnO, modified onto GCE enhanced
the electron transfer process onto the electrode surface for H,0O, sensing.

15

-5 1 T T
0.0 02 0.4 0.6 0.8 1.0
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Figure 29 Cyclic voltammograms of the CHIT-MnO,/GCE in 0.1 M phosphate buffer
solution pH 7.2 containing 0 mM (a) and 0.5 mM (b) H,0O,.
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The CHIT- Cu,0@MnO, /GCE

The CHIT- Cu,0@MnO,/GCE was operated in 0.1 M phosphate buffer solution
pH 7.2 (@) compared to the presence of 0.5 mM H,0, (b) by using cyclic voltammetry
as shown in Figure 30. The results showed the obtained cyclic voltammograms which
the curve of H,O, oxidation reaction (b) obviously increased from 0.6 to 1.0 V
compared to the blank solution (a). Additionally, the obtained current response was
very high with about 12 times of the bare GCE signal from the electro-mediator
behavior of synthesized Cu,0@MnO, onto the working electrode surface. This
indicated that CHIT- Cu,0@MnO, modified onto GCE effectively enhanced the
electron transfer process onto the electrode surface and provided the possibility to

detect H,O, concentration at lower level.

15

10 A

I/pA

Figure 30 Cyclic voltammograms of the CHIT-Cu,0@MnO,/GCE in 0.1 M phosphate
buffer solution pH 7.2 containing 0 mM (a) and 0.5 mM (b) H,0,.

Therefore, the CHIT- Cu,0@MnQO,/GCE was selected for the further work
which then was operated in 0.1 M phosphate buffer solution pH 7.2 containing 0.0,
1.0, 1.5 and 2.0 mM H,0,, respectively, by using cyclic voltammetry from 0.0 to 1.0 V
at 50 mVs™ as presented in Figure 31. The results showed that the current response

of H,O, oxidation reaction curve at 0.8 V clearly increased with respect to higher
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H,O, concentrations. This suggested that this method can be applied for H,0,

quantitative analysis.

25.0
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Figure 31 Cyclic voltammograms of the CHIT- Cu,0@MnO,/GCE in 0.1 M phosphate
buffer solution pH 7.2 containing 0.0 (a), 1.0 (b), 1.5 (c) and 2.0 mM (d) H,0O, at

50 mVs' scan rate.

Following to cyclic votammetric study of each different modified electrode
compared to the bare GCE, it was obvious that synthesized Cu,O@MnO, of the CHIT-
Cu,0@Mn0O,/GCE enhanced H,0O, oxidation reaction and electrons transfer process
onto the working electrode surface which is 3 times higher than CHIT-MnO,/GCE and
12 times higher than the bare GCE. The mechanism of this method can be briefly
discussed in few steps. Firstly, the working electrode in the system was applied
potential from a potentiostat instrument. After that, H,0, oxidation reaction occured
and provided electrons to the working electrode surface resulting in electron flow in
the area which the synthesized Cu,0@MnO, onto the electrode surface acted as an

electro-mediator as illustrated in Figure 32.
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Figure 32 Schematic illustration of the simple step fabrication of enzyme-free H,0,

sensor and its proposed electrochemical reaction.

In order to study its electrochemical behavior and explain its kinetics, the
Cu,0@MnO,/GCE was also operated in the 2 mM Ks;Fe(CN)4 containing 0.1 M KCLl at
various scan rates in the range of 25 to 150 mV s’ as shown in the cyclic
voltammograms in Figure 33. Following the obtained linear relationships between
peak current responses and the square root of the scan rates as shown in the inset
of Figure 33 it was provided a diffusion controlled quasi-reversible process of
associated redox processes. Moreover, the kinetic parameters such as charge transfer
rate constant (K,), diffusion coefficient value (D), electroactive surface area (A.) and
surface concentration () can be calculated as 0.56 s7, 1.65 x 10° cm?s™, 0.12 mm?
and 1.04 x 10® mol cm?, respectively. K. value was calculated using the Laviron
equation, D and A, values obtained by Randles-Sevcik equations (Celik Kazici et al,,
2018; Moonla et al., 2017)(Celik Kazici et al.,, 2018; Moonla et al., 2017)(Celik Kazici et

al.,, 2018; Moonla et al.,, 2017) while ¥ gained using Brown - Anson model.
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Figure 33 Cyclic voltammograms of the Cu,0@MnO,/GCE at various scan rates; 25 (a)
50 (b) 75 (c) 100 (d) 120 (e) and 150 (f) mV s in 2 mM KsFe(CN)s containing 0.1 M KCL.
The inset shows the relation between current response and square root of scan rate

(25 - 150 mV s™).

Charge transfer rate constant, K;
The Calculation of charge transfer rate constant (K,) was carried out as 0.56 s

by using the following equations:

Ke = mnFv/ RT oo (11)

where m is the peak-to-peak separation (0.2882 V), F is the Faraday constant
(96,485 C moll), v is the scan rate ( 50 mV s), n is the number of transferred
electrons (1), R is the gas constant (8.314 J mol! K1), T is the room temperature

(298.15 K).

Diffusion coefficient value, D
The Calculation of diffusion coefficient value (D) was carried out as 1.65 x 10

cm? s by using the following equations:

I, = (2.69 x 10°) n¥?AD"*CV"%......corre (12)
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Where V is the scan rate (50 mV s), n is the number of transferred electrons
(1), I is the peak current response of the electrode (34.54 pA), A is the surface area
of the electrode (7.065 x 102 cm?), D is the diffusion coefficient (cm?s™), C is the bulk

concentration (2 mM).

Electroactive surface area, A,
Calculation of electroactive surface area (A.)was carried out as 0.12 mm? by

using the following equations:

Ac =S /(299 x 10°)n¥2CDY.................. (13)

where n is the number of transferred electrons (1), A. is the electroactive
surface area of the electrode (mm?), D is the diffusion coefficient (1.65 x 10° cm?s™),

C is the bulk concentration (2 mM), S is the slope of the straight line (2.9938 x 10%).

Surface concentration, y
Calculation of electroactive surface area (A.) was carried out as 1.04 x 107

mol cm™? by using the following equations:
l, = 0°F? Y AV/ ART..oovcivvenceccen (14)

where F is the Faraday constant (96,485 C mol™), v is the scan rate (50 mV s’
1, nis the number of transferred electrons (1), R is the gas constant (8.314 J mol ! K
Y, T is the room temperature (298.15 K), I, is the peak current response of the
electrode (34.54 pA), A is the surface area of the electrode (7.065 x 102 cm? and yis

the surface concentration (mol cm™).

The electrochemical impedance spectroscopy (EIS) of different modified
electrodes was recorded as shown in Figure 34. The results showed that the bare GCE
(a) provided the lowest value among all obtained resistances. However, the bare GCE (a)
was inappropriate for H,O, sensing compared to the other three different modified
electrodes including of CHIT/GCE (b), CHIT-MnO,/GCE (c) and CHIT-Cu,0@MnO,/ GCE
(d). The results showed that the CHIT/GCE (b) provided the highest resistance. In
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contrast to CHIT-MnO,/GCE (c) and CHIT-Cu,0@MnO,/ GCE (d), the resistance
decreased which the resistance of the CHIT-Cu,0@MnO,/GCE (d) was lower than the
CHIT-MnO,/GCE’s (c). This also corresponded to 4.1.2 cyclic voltametric study. Thus, the
CHIT-Cu,0@MnO,/GCE was suitable for the further work.

Table 5 Electrode impedance values

Electrodes Z'/0
bare GCE 9,560
CHIT/GCE 12,358
CHIT-MnO,/GCE 14,630
CHIT-Cu,0@MnO,/GCE 11,950
30,000
25,000 A
20,000 A
a
= 15,000 A
N
10,000 +
5,000 A
O T T T T

0 5,000 10,000 125',?(220 20,000 25,000 30,000

Figure 34 Nyquist diagram of electrochemical impedance spectra recorded from 0.01 to
10° Hz for 10.00 mM [Fe(CN)¢]> in 0.1 M PBS pH 7.8 containing 0.10 M KCl at different
modified electrodes: bare GCE (a), CHIT/GCE (b), CHIT-MnO,/GCE (c) and CHIT-
Cu,0@MnO,/GCE (d).

4.1.3 Applied potential
The Cu,0@Mn0O,/GCE was studied by spiking 0.5 mM H,O, at various applied

potentials in the range of 0.60 to 0.90 V corresponding to H,O, oxidation reaction
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curve. As shown in Figure 36 the best current response was obtained at 0.75 V
compared to the others at different potentials. So, the applied potential value of

0.75 V was chosen for the further work.

0 20 40 60 80 100
Time /s

Figure 35 Amperogram at various applied potentals at 0.60 V (a), 0.65 V (b), 0.70 V
(0), 0.75 V (d), 0.80 V (e), 0.85 V (f) and 0.90 V (¢) in 0.1 M PBS pH 7.2 containing
0.5 mM H,0,

0 T T T T T T
0.60 0.65 0.70 0.75 0.80 0.85 0.90
E/V

Figure 36 The influence of applied potential on the Cu,0@MnO,/GCE in 0.1 M PBS
pH 7.2 containing 0.5 mM H,0,
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4.1.4 pH effect of the electrolyte solution

The current response can be affected by the pH of electrolyte solution in the
experimental system leading to the difference in activity and stability of the modified
electrode. To obtain a proper pH solution (0.1 M PBS), the current response of the
Cu,0@Mn0O,/GCE was investigated in the pH solution range from 6.0 to 8.0 in Figure
38 The results showed that the current response linearly increased at pH from 6.0 to
7.0 and dominantly increased at pH 7.2. After that, the current response slightly
decreased at higher pH from 7.4 to 8.0. Therefore, a 0.1 M PBS solution of pH 7.5 was

determined suitable for this experiment.
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Figure 37 Amperogram of the Cu,0@MnO,/GCE at different pH solution 6.0 (a), 6.2
(b), 6.4 (c), 6.6 (d), 6.8 (), 7.0 (), 7.2 (g), 7.4 (h), 7.6 (i), 7.8 (j) and 8.0 (k).
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Figure 38 The influence of pH loading on the Cu,0@MnO,/GCE in 0.1 M PBS pH 7.2
containing 0.5 mM H,0O,.

4.1.5 Effect of Cu,0@MnO, concentration

The effect of Cu,0@MnO, concentration on the electrochemical performance
of the sensor was examined from 0 to 7 mg mL™". As can be seen in Figure 40 the
current response increased from 0 to 4 mg mL™ of Cu,0@MnO, composite materials
and it hardly changed from 4 to 5 mg mL™. Then, the current response clearly
decreased at higher concentrations because of increasing resistance and decreasing
electron transfer onto the electrode surface from the effect of the high resistance of
composite materials at high thickness (Jeon et al.,, 2018; Liu and Ju, 2002; Zamfir et
al., 2016)(Jeon et al,, 2018; Liu and Ju, 2002; Zamfir et al., 2016)(Jeon et al., 2018; Liu
and Ju, 2002; Zamfir et al,, 2016) Thus, 4 mg mL"! of Cu,0@Mn0O, was used for the

further study.
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Figure 39 Amperogram at different Cu,O0@MnO, concentration 0.0 (a), 1.0 (b), 2.0 (c),
3.0 (d), 4.0 (e), 5.0 (f), 6.0 (g) and 7.0 mg mL™ (h) in 0.1M PBS pH 7.2 containing
0.5 MM Hzoz‘

O T T T T T T T T
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Figure 40 The influence of Cu,0@MnO, concentration on the Cu,O@MnO,/GCE
in 0.1M PBS pH 7.2 containing 0.5 mM H,O, using the amperometric technique.

4.1.6 Amperometric H,0, determination

To investigate the ability of H,O, detection, the Cu,0@MnO,/GCE sensor was
operated towards H,0O, addition for the study of linearity using the amperometric
technique at the obtained optimal condition as discussed in topic Optimization of

experimental parameters. Figure 41 presents the amperometric response of the
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modified electrode with successive addition of H,O, into 0.1 M PBS pH 7.2 at 0.75 V
under continuous stirring (A) and the linear relation of response current and H,0O,
concentration (B). The results showed that the current response of the sensor
proportionally increased with increasing H,O, concentration with a short time
response less than 3 s of steady-state current resulting from high conductivity and
excellent synergetic electrocatalyst acting of the Cu,0@MnO, composite materials.
The developed sensor provided a wide linear range for the H,O, oxidation
reaction from 0.5 uM to 20 mM with a good sensitivity of 256.33 yA mM™* cm™. The
limit of detection (LOD) was calculated to be 63 nM (S/N=3) which suggested that
the synthesized Cu,0@MnO, composite materials greatly enhanced the performance

of the sensor for quantitative H,O, analysis.
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Figure 41 (A) Amperometric response of the modified electrode towards H,0,
addition from 0.5 to 20,000 uM in 0.1 M PBS pH 7.2. (B) A calibration curve between

response current of the Cu,0@MnO,/GCE and H,0, concentration.
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4.1.7 Repeatability
The CHIT-Cu,0@MnO,/GCE was repetitively operated only one electrod in 0.1

M phosphate buffer solution pH 7.2 by spiking 5.0 mM H,O, with applying
amperometric technique for 7 times. The results showed acceptable % relative

standard deviation as + 0.82 lower than 5% presented in Table 6.

Table 6 Repeatability of the CHIT-Cu,O@MnO,/GCE.

No. Current response (uA)
1 20.50
2 20.51
3 20.52
a 20.62
5 20.79
6 20.91
7 20.91
Average 20.68
Standard deviation +0.17

% Relative standard deviation +0.82
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4.1.8 Reproducibility
All 7 CHIT-Cu,0@MnO,/GCE were tested in 0.1 M phosphate buffer solution pH

7.2 by spiking 0.5 mM H,0O, with applying amperometric technique. The results
showed acceptable % relative standard deviation as 2.83 lower than 5% presented in

Table 7.

Table 7 Reproducibility of the CHIT-Cu,O@MnO,/GCE.

No. Current reponse (uA)

1 3.39
2 3.51
3 3.29
q 3.33
5 3.51
6 3.38
7 3.57

Average 3.43
Standard deviation +0.09

% Relative standard deviation +2.83
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4.1.9 Operation time

The operation time of the CHIT-Cu,0@MnO,/GCE was repetitively evaluated
in 0.1 M phosphate buffer solution pH 7.2 by spiking 5.0 mM H,O, with applying
amperometric technique until the current response lower than 50% of the first
obtained current response. Following to the obtained result of this method, the
operation time of CHIT-Cu,0@MnO,/GCE was higher than 100 operation times as
presented in Figure 42 and Table 8
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Figure 42 The operation time.
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Table 8 The operation time of the H,0, sensor at optimal condition.

Operation time (n) | (uA) %I Operation time (n) | (uA) %I
1 23.03 100.00 29 20.98 91.10
2 22.56 97.96 30 20.86 90.58
3 22.88 99.34 31 20.78 90.23
4 22.98 99.78 32 20.59 89.41
5 23.01 99.91 33 20.91 90.80
6 22.58 98.05 34 20.55 89.23
7 22.87 99.31 35 20.31 88.19
8 22.36 97.11 36 20.73 90.00
9 23.21 100.78 i 20.49 88.97
10 22.44 97.44 38 21.13 91.73
11 22.31 96.87 39 20.92 90.82
12 23.03 99.99 40 21.51 93.38
13 22.98 99.78 41 21.01 91.25
14 22.86 99.26 42 20.79 90.29
15 23.21 100.78 43 21.81 94.69
16 22.80 99.00 44 21.51 93.38
17 22.54 97.87 45 21.56 93.64
18 22.68 98.48 46 20.51 89.05
19 23.00 99.87 a7 21.91 95.13
20 22.15 96.18 48 20.91 90.81
21 22.03 95.66 49 20.91 90.81
22 21.73 94.36 50 20.85 90.67
23 22.22 96.48 51 20.51 89.08
24 21.79 94.62 52 20.53 89.13
25 21.35 92.71 53 22.08 95.87
26 21.61 93.83 54 21.68 94.12
27 21.33 92.62 55 21.81 94.69

N
oo

20.82 90.39 56 21.32 92.56
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Table 8 The operation time of the H,O, sensor at optimal condition (continued).

Operation time (n) | (uA) %I Operation time (n) | (uA) %l
57 21.30 92.50 79 21.10 91.62
58 21.81 94.69 80 19.99 86.79
59 20.91 90.80 81 20.08 87.19
60 21.61 93.82 82 20.34 88.32
61 21.02 91.27 83 20.86 90.57
62 21.21 92.08 84 20.60 89.45
63 20.53 89.13 85 19.99 86.79
64 21.35 92.71 86 21.30 92.49
65 21.02 91.25 87 20.94 90.95
66 21.41 92.95 88 21.68 94.15
67 21.39 92.88 89 20.73 90.01
68 20.29 88.10 90 20.86 90.57
69 21.21 92.09 91 20.95 90.96
70 20.86 90.57 92 21.82 94.74
71 22.00 95,58 93 20.42 88.69
72 20.69 89.84 94 20.16 87.53
73 21.30 92.49 95 19.87 86.28
74 20.16 87.53 96 19.25 83.60
75 20.08 87.18 97 19.56 84.94
76 20.00 86.84 98 20.14 87.45
7 20.22 87.80 99 20.00 86.84
78 21.06 91.45 100 19.64 85.27
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4.1.10 Effect of interferences

The CHIT-Cu,0@MnO,/GCE was examined in 0.1 M phosphate buffer solution
pH 7.2 in the presence of 0.1 mM H,O, compared to the presence of different
possible interfering species such as ascorbic acid, ethanol, glucose, sucrose and uric
acid by using amperometry to obtain their minimal affecting concentrations (S/N=3)

as presented in Figure 43 and Table 10.

Table 9 Interference effect on the H,0O, sensor.

Interfering  Concentration Background signal Signal S/N Results
species (mg mL?) (uA) (HA)
Ascorbic acid 0.500 0.058 0.047 0.810 Not interfere
(CgHgOp) 1.250 0.059 0.202 3.423 Interfere
2.500 0.057 0.23 4.035 Interfere
3.750 0.057 0.402 7.051 Interfere
Ethanol 0.0038 0.037 0.030 0.810 Not interfere
(C,HgO) 0.0095 0.041 0.023 0.560 Not interfere
0.0190 0.04 0.021 0.525 Not interfere
0.0280 0.039 0.023 0.589 Not interfere
0.0380 0.042 0.028 0.666 Not interfere
glucose 1.000 0.420 0.030 0.071 Not interfere
(CsH120) 2.500 0.430 0.023 0.053 Not interfere
5.000 0.040 0.021 0.525 Not interfere
7.500 0.460 0.023 0.050 Not interfere
10.000 0.042 0.028 0.666 Not interfere
sucrose 0.400 0.038 0.009 0.236 Not interfere
(CioH2,044) 1.000 0.021 0.001 0.047 Not interfere
2.000 0.021 0.002 0.095 Not interfere
3.000 0.035 0.010 0.285 Not interfere

4.000 0.035 0.010 0.285 Not interfere
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Table 9 Interference effect on the H,O, sensor (continued).

Interfering Concentration Background signal Signal  S/N Results
species (mg mL™) (MA) (uA)
Uric acid 0.0002 0.012 0.001  0.083 Not interfere
(CsH4N403) 0.0005 0.015 0.005 0.333 Not interfere
0.0010 0.012 0.003  0.250 Not interfere
0.0015 0.014 0.012 0.857 Not interfere
0.002 0.014 0.002 0.142  Not interfere
6
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Figure 43 Interference effect on the Cu,0@MnO,/GCE by spiking 0.1 mM H,O, (0.017
mg mL™) compared to 0.50 mg mL" ascorbic acid (a), 0.038 mg mL* ethanol (b),
10.00 mg mL" glucose (c), 4.00 mg mL™ sucrose (d) and 0.002 mg mL™ uric acid (e),

respectively.
Table 10 Effect on interferences.
Interfering species Minimal affecting concentration (mg mL™?)
Ascorbic acid (C4HgOg) 1.25
Ethanol (C,HsO) 2.00%
glucose (C4H1,04) 10.00
sucrose (Cy,H,,041) 4.00

Uric acid (CsHgN4O3) 0.002
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4.1.11 Sample analysis

The Cu,0@Mn0O,/GCE was applied to detect hydrogen peroxide concentration
in 6 samples by standard addition method with applying amperometric technique at
the optimal condition. Each sample was added various H,O, concentrations including
of 0, 50 and 500 uM, respectively. Then, these prepared sample solutions were
spiked into 0.1 M phosphate buffer solution pH 7.2 for analysis. Each obtained
current response was plotted with added standard H,O, concentration by using
regression method which H,O, concentration in each sample was gained by
extrapolating x-axis as presented in Table 4.5. After that, the prepared 250 uM H,0,
solution was added in each 25 pl sample for calculation of recovery percentage. The
results showed H,O, concentration between 26.50 to 50.45 uM of 5 samples with
acceptable % recovery from 98.13 to 103.64 in Table 11

Table 11 H,0, measurement in various samples

Sample H,0, in sample H,0, added Increased H,0O, Recovery
(M) (M) (uM) (%)
Wound care solution 1 26.50 250 251.64 100.66
Wound care solution 2 38.40 250 253.17 101.27
Mouthwash 1 ND 250 ND ND
Mouthwash 2 26.89 250 25294 101.18
Hair dye 1 50.45 250 259.10 103.64

Hair dye 2 36.50 250 245.33 98.13
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4.2 Choline biosensor
4.2.1 SEM-EDX and UV-Vis characterization of synthesized composite
materials

The synthesized materials modified onto GCE surface were first characterized
by using Field Emission Scanning Electron Microscope-Energy Dispersive X-ray
spectrometer (SEM-EDX) and also Ultraviolet-Visible spectrophotometer (UV-Vis) for
ZrO,@AuNPs as shown in Figure 44. SEM images showed clear different shapes
between ZrO,@AuNPs (Figure 4.15A) and Cu,0@MnO, in the free space cavity of
ZrO,@AuNPs (Figure 44 B) with a Cu,0@MnO, diameter of 90-200 nm (square box in
Figure 44 B) and 30-50 nm for ZrO,@AuNPs (circle in Figure 44 B). The cross-section of
the optimal modified electrode was examined, and presented a thickness of 46.5 um
as shown in Figure 44 C. Additionally, the prepared ZrO,@AuNPs (Figure 44 Dc) was
analyzed and compared to 1.0% gold chloride (HAuCl,) solution (Figure 44 Da) and
zirconium oxides (ZrO,) solution (Figure 4.15 Db) by using UV-Vis technique. The UV-
Vis Spectra exhibited absorption curves between 287 - 291 nm (Figure 44 Da-c)
related to the absorption of the AuCly, ZrO,, and ZrO2@AuNPs were mixed in water,
whereas the dominant absorption peak at 529 nm ( Figure 44 Dc) was related to the
ZrO,@AuNP. This phenomenon is primary confirmed that the nanoparticle sized of
ZrO, and AuNP were formed. EDX was also applied to confirm the successful
composition modification of each element at the modified surface, and provided the
spectrum peak with the percent weight of C, O, Mn, Cu, Zr, and Au, at 6.65, 23.29,
29.75, 5.01, 22.68, and 12.62 % respectively (Figure 44 E).
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Figure 44 Scanning electron microscope (SEM) images of ZrO,@AuNPs (A)
COx/Cu,0@MN0O, /ZrO, @AUNPs/GCE surface (B) and the cross-section of the optimal
modified electrode (C). Ultraviolet-visible spectra (D) of 1.0% HAuCl, solution (a) ZrO,

(b) and ZrO,@AuNPs (c), respectively. Energy Dispersive X-ray (EDX) spectrum (E) of
the COx/Cu,0@MNn0,/Zr0,@ AuNPs/GCE.

4.2.2 Cyclic voltammetric study
The COx/CHIT/GCE

The COx/CHIT/GCE was operated in 0.1 M phosphate buffer solution pH 7.8
compared to the presence of 0.0 (a), 1.0 (b) and 2.5 mM (c) choline by using cyclic
voltammetry. The results showed the obtained cyclic voltammograms which there is
no difference both absence and presence of choline as presented in Figure 45. This
might be because of non-conductivity property of CHIT polymer film which limited
the electron transfer process onto the electrode surface. However, CHIT polymer film

is biocompatible and flexible to enhance the robustness for modification onto the
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electrode surface which this point can be improved by applying interesting

conducting material for further modification.
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Figure 45 Cyclic voltammograms of the COx/CHIT/GCE in 0.1 M phosphate buffer

solution pH 7.8 containing 0.0 (a), 1.0 (b) and 2.5 mM (c) choline.

The COx/ZrO,@AuNPs/GCE

The COx/ZrO,@AuNPs/GCE was operated in 0.1 M phosphate buffer solution
pH 7.8 compared to the presence of 0.0 (a), 1.0 (b) and 2.5 mM (c) choline by using
cyclic voltammetry in Figure 46. The results showed the obtained cyclic
voltammograms which the curve of the byproduct H,O, oxidation reaction (b, c)
unclearly increased compared to the blank solution (a). Thus, this method needed to
be improved by applying additional interesting conducting material for further

modification.
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Figure 46 Cyclic voltammmograms of the COx/CHIT-ZrO,@AuNPs/GCE in 0.1 M

phosphate buffer solution pH 7.8 containing 0.0 (a), 1.0 (b) and 2.5 mM (c) choline.

The COx/CHIT-Cu,0@MnO,/GCE

In Figure 47, the COx/CHIT-Cu,0@MnO,/GCE was operated in 0.1 M
phosphate buffer solution pH 7.8 compared to the presence of 0.0 (a), 1.0 (b) and 2.5
mM (c) choline by using cyclic voltammetry. The results showed the obtained cyclic
voltammograms which the curve of the byproduct H,O, oxidation reaction (b, c)
obviously increased with increasing choline concentration from 0.6 to 1.0 V
compared to the blank solution (a). This suggested that CHIT- Cu,0@MnO, modified
onto GCE enhanced the electron transfer process onto the electrode surface for

choline analysis.
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Figure 47 Cyclic voltammograms of the COx/CHIT-Cu,0@MnO,/GCE in 0.1 M
phosphate buffer solution pH 7.8 containing 0.0 (a), 1.0 (b) and 2.5 mM (c) choline.

The COx/Cu,0@MnO,-CHIT-ZrO,@AuNPs/GCE

The COx/Cu,0@MnO,-CHIT-ZrO,@AuNPs/GCE  was operated in 0.1 M
phosphate buffer solution pH 7.8 compared to the presence of 0.0 (a), 1.0 (b) and 2.5
mM (c) choline by using cyclic voltammetry as shown in Figure 48. The results
showed the obtained cyclic voltammograms which the curve of the byproduct H,0,
oxidation reaction (b, c) obviously increased with respect to choline concentration
from 0.45 to 1.0 V compared to the blank solution (a). Additionally, the obtained
current response was very higher than the COx/CHIT-Cu,O@MnO,/GCE resulting from
the electro-mediator behavior of synthesized Cu,0@MnO, onto the working
electrode surface. This suggested that the synergetic of Cu, O@MnO, and
ZrO,@AuNPs modified onto GCE effectively enhanced the electron transfer process
onto the electrode surface. Therefore, the COx/Cu,0@MnO,-CHIT-ZrO,@AuNPs/GCE

was selected for the further work.
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Figure 48 Cyclic voltammograms of the COx/Cu,0@MnO,-CHIT-ZrO,@AuNPs/GCE in
0.1 M phosphate buffer solution pH 7.8 containing 0.0 (a), 1.0 and 2.5 mM (c) choline.

Therefore, the COx/Cu,O@MNO,-CHIT-ZrO,@AuNPs/GCE was selected for the
further work which then was operated in 0.1 M phosphate buffer solution pH 7.8
containing 0.0, 0.5, 1.0, 20 and 4.0 mM choline, respectively, by using cyclic
voltammetry from 0.0 to 1.0 V at 50 mVs™ in Figure 49. The results showed that the
current response of H,O, oxidation reaction curve at 0.8 V clearly increased with
increasing choline concentrations. This suggested that this method can be applied for

choline quantitative analysis.
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Figure 49 Cyclic voltammograms of the COx/Cu,0@MnO,-CHIT-ZrO,@AuNPs/GCE in
0.1 M phosphate buffer solution pH 7.8 containing 0.0 (a), 0.5 (b), 1.0 (c) 2.0 (d) and

4.0 mM choline at 50 mVs! scan rate.

The effect of various potential scan rates (10 to 80 mV s') in the oxidation
response of the COx/Cu,0@MnO,/ZrO,@AuNPs/GCE was tested in order to study its
electrochemical behavior and kinetics, as presented in the cyclic voltammograms
(Figure 4.21). The oxidation current increased linearly with the potential scan rate and
provided the linear relationship between peak current responses and the square root of
the scan rates (Figure 50), suggesting that the associated oxidation process of the
modified electrode is a diffusion-controlled process. In addition to the kinetic parameters,
charge transfer rate constant (K,) can be calculated by using the Laviron equation,
diffusion coefficient value (D) and electroactive surface area (A.) gained by Randles-
Sevcik equations, while surface concentration (y) obtained by using Brown-Anson
model equal to 0.97 s7%, 4.50x10° cm? s, 0.24 mm? and 0.54x10® mol cm™, for K,

D, Ae, and vy respectively.
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Figure 50 Cyclic voltammmograms of Effect of various potential scan rates (E) on the
electrochemical response of the COx/Cu,0@MnO,/ZrO,@AuNPs/GCE
in 0.1 M PBS pH 7.8 containing 2.0 uM choline at scan rate of 10 (a),
20 (b), 40 (c), 60 (d), and 80 (e) mV s™.

Charge transfer rate constant, K;

The Calculation of charge transfer rate constant (K,) was carried out as 0.97 s™

by using the following equations:

Ke=mnFV / RT..cccooonnnn. (15)

where m is the peak-to-peak separation (0.50 V), F is the Faraday constant
(96,485 C mol™), v is the scan rate ( 50 mV s?), n is the number of transferred
electrons (1), R is the gas constant (8.314 J mol™ K, T is the room temperature

(298.15 K).

Diffusion coefficient value, D

The Calculation of diffusion coefficient value (D) was carried out as 4.50 x 10

cm? s by using the following equations:
I, = (2.69 x 10°) n¥’ADY*CVY7........... (16)

Where V is the scan rate (50 mV s, n is the number of transferred electrons

(1), I is the peak current response of the electrode (18.04 pA), A is the surface area
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of the electrode (7.065 x 102 cm?), D is the diffusion coefficient (cm?s™), C is the bulk

concentration (2 mM).

Electroactive surface area, A.
The Calculation of electroactive surface area (A.) was carried out as 0.10 mm?

by using the following equations:

A. =S /(299 x 10°)n¥?CDY2...ovv. (17)

where n is the number of transferred electrons (1), A. is the electroactive
surface area of the electrode (mm?), D is the diffusion coefficient (4.50 x 10° cm? s,

C is the bulk concentration (2 mM), S is the slope of the straight line (1.2275 x 10°).

Surface concentration, y
The Calculation of electroactive surface area (A.) was carried out as 0.54 x 10°®

mol cm-? by using the following equations:
b = N?F?y AV / ORT...oovccce (18)

where F is the Faraday constant (96,485 C mol™), v is the scan rate (50 mV s
1, n is the number of transferred electrons (1), R is the gas constant (8.314 J mol ! K
Y, T is the room temperature (298.15 K), |, is the peak current response of the
electrode (18.04 pA), A is the surface area of the electrode (7.065 x 10% cm?) and yis

the surface concentration (mol cm™).

The electrochemical impedance spectroscopy (EIS) of different modified
electrodes was recorded as shown in Figure 51. The results showed different EIS spectra
of each modified electrode consisting of a semicircle at a high frequency range and a line
at a low frequency range. These results demonstrated that all of the obtained modified
electrode processes were controlled by electron transfer at high frequency and by
diffusion at low frequency. Compared to the bare GCE ( Figure 51 a), the diameter of the
semicircle increased with the modified ZrO,@AuNPs/GCE (Figure 51 b) related to the
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limited electrochemical activity of ZrO, itself. In contrast to the Cu,0@MnO,
/ZrO,@AuNPs (Figure 51 ¢), the diameter of the semicircle decreased due to their
synergistic property. However, the diameter decreased when COx was immobilized
onto Cu,O@Mn0,/ZrO,@ AuNPs/GCE (Figure 51 d) resulting from the inherent
insulator of the enzyme. As a result, it can be concluded that the electron transfer
through the prepared Cu,0@MnO,/ZrO,@AuNPs composite material layer on to GCE

surface is facile owing to their electrocatalytic effects.
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Figure 51 Nyquist diagram of electrochemical impedance spectra (F) recorded from 0.01
to 10° Hz for 10.00 mM [Fe(CN){> in 0.1 M PBS pH 7.8 containing 0.10 M KCl at different
modified electrodes: bare GCE (a) ZrO,@AuNPs/GCE (b) Cu,0@MnO,/ZrO,@AuNPs/GCE
(c) and COx/Cu,0@MNO,/ZrO,@AuNPs/GCE (d).

Table 12 Electrode impedance values

Electrodes Z'/Q
bare GCE 3,210
ZrO,@AuNPs/GCE 3,214
Cu,0@MNnO,/ZrO,@ AuNPs/GCE 5,342

COX/Cu,0@MNO,/ZrO,@AUNPs/GCE 7,750
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Following cyclic voltammetric study, the result presented such dominant
ability of the COx/Cu,0@MnO,/ ZrO, @AuNPs/GCE to enhance the catalytic reaction
of choline oxidase to choline which each obtained current response value related to
choline concentration. Additionally, this modified electrode provided the current
response much more than the bare GCE as 15 times. The mechanism for choline
analysis was illustrated in Figure 52. The modified electrode, COx/Cu,O@MnO, /ZrO,
@AuNPs/ GCE, was dipped into 0.1 M phosphate buffer solution pH 7.8 in the
presence of choline. The working electrode in the system was applied the potential
from the potentiostat instrument. Then, choline was catalyzed by choline oxidase
and provided H,0, and betaine aldehyde. After that the byproduct H,0O, oxidation
reaction happened and provided the electron to the working electrode surface
resulting in electron flow in the area with the synergetic of Cu,0@MnO, and ZrO,

@AUNPs onto the electrode surface as an electro-mediator.

ZrO,@AuNPs

Cu,0@MnO, H:0, Betaine aldehyde

Oxidized

COx
ltl Choline + 0,

Cu,0@MnO,

Reduced

s’
V4
V4

’

Figure 52 Schematic illustrating the proposed mechanism of choline detection,
possible formed enzyme choline oxidase (COx) and synthesized composite materials

of ZrO,@AuNPs, and Cu,0@MnO, onto the glassy carbon electrode (GCE) surface.
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4.2.3 Applied potential

To obtain the maximum current response of the COx/Cu,0@MnO,/ZrO,@
AuNPs/GCE biosensor for choline measurement, the significant parameters including
operating potential, pH of the supporting electrolyte, temperature, enzyme loading,
ZrO,@AuNPs content and the amount in mass of Cu,0@MnO, composites were
optimized by applying an amperometric technique. The effect of the applied
potential on the biosensor performance was tested in 0.1 M PBS pH 7.4. As
presented in Figure 54, the current response of 0.25 mM choline was studied at
various positive potential values from 0.65 to 0.90 V vs. Ag/AgCl reference electrode.
The obtained current response increased from 0.65 to 0.75 V. After that, the
response decreased for more positive potentials which almost remained constant
from 0.80 to 0.90 V. As a result, a potential value of 0.75 V was selected as the

applied potential for further experiment

[/ pA
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Figure 53 Amperogram at various applied potentals at 0.65 V (a), 0.70 V (b), 0.75 V
(c), 0.80 V (d), 0.85 V (e) and 0.90 V (f) in 0.1 M PBS containing 0.25 mM choline
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Figure 54 The influence of applied potential on GCE in 0.1 M PBS containing

0.25 mM choline by using amperometry.

4.2.4 pH effect of the electrolyte solution

The influence of the pH loading on the developed amperometric choline
biosensor was operated over the range from 6.8 to 8.0 in 0.1 M PBS at fixed applied
potential of 0.75 V in Figure 56. The current response increased with increasing pH
value from 6.8 to 7.8 and then notoriously decreased at pH 8.0. As the optimum pH
7.8 reported in agreement with that specified by the supplier of the enzyme and also
corresponded to previous reports (Doretti et al., 2000; Shimomura et al.,, 2009), this

pH value was thus chosen for further study

0 20 40 60 80 100
Time /s

Figure 55 Amperogram in different pH of 0.1 PBS solution at 6.8 (a), 7.0 (b), 7.2 (c),
7.4 (d), 7.6 (e), 7.8 (f) and 8.0 (g) in 0.25 mM choline.
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Figure 56 The influence of pH in 0.1 M PBS containing 0.25 mM choline .

4.2.5 Effect of temperature

In Figure 58, the effect of temperature was studied in the range of 30 to 50
degree celsius, which was performed in 0.1 M PBS pH 7.8 at 0.75 V. The
amperometric response increased from 30 to 40 degrees Celsius, where the highest
current response was obtained, then decreased at higher temperature. Hence, the
temperature of 40 degrees Celsius was selected which was related to the earlier

literatures (Kok et al., 2001; Razola et al., 2003).
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Figure 57 Amperogram at different temperature 30 (a), 35 (b), 40 (c), 45 (d) and
50 °C (e) in 0.1 M PBS containing 0.25 mM choline.



81

0 T T T T T
25 30 35 40 45 50
Temperature/ ~C

Figure 58 The influence of temperature on GCE in 0.1 M PBS containing 0.25 mM

choline by using amperometry.

4.2.6 Effect of enzyme concentration

The enzyme loading had great influence on the biosensor response as well.
The fabricated choline biosensor immobilized with different COx loadings, from 0.20
to 2.5 U, was thus investigated while the amount of modified composite materials,
ZrO,@AuNPs and Cu,O@MnO,, were fixed at optimal applied potential, pH and
temperature as shown in Figure 60 The influence of enzyme loading on GCE in 0.1 M
PBS containing 0.25 mM It can be clearly noticed that the current response improved
as the amount of COx increased to 1.0 U and then it was almost stable above this

concentration. Therefore, the COx loading as 1.0 U was suitable for this experiment.

0 ‘
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Time/s

Figure 59 Amperogram at different COx loadings 0.25 (a), 0.5 (b), 1.0 (c), 1.5 (d), 2.0
(e) and 2.5 units (f) in 0.1 M PBS containing 0.25 mM choline.
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Figure 60 The influence of enzyme loading on GCE in 0.1 M PBS containing 0.25 mM

4.2.7 Effect of ZrO,@AuNPs concentration

The effect of ZrO,@AuNPs concentration modified onto the working electrode
surface was studied by using amperemetry as showed in Figure 62. The results
showed that the current response obviously increased with increasing ZrO,@AuNPs
concentration from 0 to 10.0 mg mL™. After that, the current response was stable.

Thus, 10.0 mg mL"! ZrO,@AuNPs was selected for the further experiment.

100

Figure 61 Amperogram at different ZrO,@AuNPs concentration 0.0 (a), 2.5 (b), 5.0 (c),
10 (d), 20 (e) 30 (f) and 40 mg mL ™ (g) in 0.1 M PBS containing 0.25 mM choline.
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Figure 62 The influence of ZrO,@AuNPs content on GCE in 0.1 M PBS containing

0.25 mM choline

4.2.8 Effect of Cu,0@MnO, concentration

The effect of Cu,O@MnO, concentration modified onto the working electrode
surface was studied by using amperemetry as well in Figure 64. The results showed
that the current response obviously increased with increasing Cu, O@MnO,
concentration. However, the current response clearly decreased when Cu, O@MnO,
concentration was higher than 5.0 mg mL" resulting from the modified material’s
thickness which affected electron transfer process onto the electrode surface. Thus,

5.0 mg mL" Cu,0@MnO, was chosen for this method.

0 ‘
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Figure 63 Amperogram at different Cu,0@MnO, concentration 0.0 (a), 1.0 (b), 2.5 (c),
5.0 (d) and 10.0 (e) in 0.1 M PBS containing 0.25 mM choline.
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Figure 64 The influence of quantity of Cu,0@MnO, composites on GCE in 0.1 M PBS

containing 0.25 mM choline by using amperometry.

4.2.9 Linearity

Linearity performance of the COx/Cu,O@MnO,/ ZrO,@AuNPs/GCE biosensor for
choline detection was tested by applying amperometry under the optimized
conditions described in section 3.3. A potential of 0.75 V was applied to this
biosensor owing to its highest current response. As presented in Figure 65, the
modified electrode provided amperometric responses proportionally increasing with
choline addition from 0.5 to 1,000.0 uM into 0.1 M PBS pH 7.8, reaching rapidly 90.0%
of the steady-state current in an average time less than 3s (for 0.5 to 750.0 uM
choline) and in 35s at the highest concentration (1,000.0 pM choline). This fast
response at widely concentration of choline d u e to the high conductivity and
synergetic electrocatalyst acting of the modified Cu,0@MnO, and ZrO,@AuNPs
composite materials layers onto the electrode surface. Additionally, the calibration
curve shown in Figure 66 indicated that the developed biosensor had a wide linear
response to choline concentration with good sensitivity (97.4 pA cm™? mM™?) and low
detection limit (0.3 uM, S/ N= 3). This phenomenon suggested that our modified
materials greatly improved the electron transfer process leading to the effective

performance of the biosensor for quantitative choline detection.



85

0 T T T T I 1
0 20 40 60 80 100 120

Time / s

Figure 65 Amperometric response of the modified electrode towards choline

addition and calibration curve
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Figure 66 Amperometric response calibration curve between response current of the
modified electrode and choline concentration from 0.5 to 1,000.0 uM in 0.1 M PBS
pH 7.8.
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4.2.10 Repeatability
The COx/ Cu,O@MnO,/ZrO,@AuNPs/GCE was repetitively operated in 0.1 M

phosphate buffer solution pH 7.8 by spiking 0.1 mM choline with applying
amperometric technique for 7 times. The results showed acceptable % relative

standard deviation as £2.22 as presented in Table 13.

Table 13 Repeatability of the COx/Cu,0@MnO,/ZrO,@AuNPs/GCE

No. Current response (uA)
1 0.83
2 0.78
3 0.83
a4 0.80
5 0.80
6 0.80
7 0.81
Average 0.81
Standard deviation +0.18
% Relative standard deviation +2.22

4.2.11 Reproducibility

All 5 Cox/Cu,0@MnO,/ ZrO,@AuNPs/ GCEs were tested in 0.1 M phosphate
buffer solution pH 7.8 by spiking 0.25 mM choline with applying amperometric
technique. The results showed acceptable % relative standard deviation as + 3.13

lower than 5% presented in Table 14.
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Table 14 Reproducibility of COx/Cu,0@MnO,/ZrO,@AuNPs/GCE

No. Current response (uA)
1 1.64
2 1.65
3 1.60
q 1.60
5 1.53
Average 1.60
Standard deviation +0.05
% Relative standard deviation +3.13

4.2.12 Operation time

The operation time of the COx/Cu,0@MnO,/ ZrO,@AuNPs/GCE was repetitively
evaluated in 0.1 M phosphate buffer solution pH 7.8 by spiking 0.1 mM choline with
applying amperometric technique until the current response lower than 50% of the
first obtained current response. Following to the obtained result of this method, the
operation time of COx/Cu,0@MnO,/ ZrO,@AuNPs/GCE can be continuously used for
29 times as presented in Figure 67 and Table 15
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Figure 67 The operation time
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Table 15 The operation time of the choline biosensor at optimal condition

Operation time (n) I (LA) %I Operation time (n) I (LA) %I
1 0.821 100.00 16 0.754 91.85
2 0.825 100.49 17 0.730 88.92
3 0.820 99.87 18 0.714 86.96
a4 0.822  100.12 19 0.738 89.92
5 0.821 100.00 20 0.748 91.18
6 0.820 99.87 21 0.693 84.45
7 0.818 99.63 22 0.681 83.02
8 0.821 100 23 0.663 80.75
9 0.800 99.55 24 0.634 77.83
10 0.803 97.89 25 0.617 75.24
11 0.804 97.97 26 0.603 73.54
12 0.803 97.89 27 0.559 68.08
13 0.766 93.41 28 0.507 61.85
14 0.746 90.93 29 0.482 57.29
15 0.742 90.42 30 0.428 49.93

4.2.13 Effect of Interferences

The COx/ Cu,0@MnO,/ ZrO,@AuNPs/ GCE was examined in 0.1 M phosphate
buffer solution pH 7.8 in the presence of 0.052 mg mL" choline compared to the
presence of different possible interfering species such as amoxicillin, ascorbic acid,
aspirin, caffeine, dopamine, glucose, sucrose and uric acid by using amperometry to
obtain their minimal affecting concentrations (Signal to Noise = 3, S/N=3) as

presented in Figure 68Error! Reference source not found. and Table 17.
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Interfering  Concentration Background signal  Signal S/N results
species (mg mL™) (LA) (uA)

Amoxicillin 0.200 0.013 0.015 1.150 inactive

(CigH19N5055) 0.500 0.015 0.018 1.200  inactive

1.000 0.015 0.020 1.330  inactive

1.500 0.016 0.016 1.000  inactive

2.000 0.016 0.040 2.500 inactive

Ascorbic 0.600 0.011 0.020 1.818 inactive

acid (CgHgOg) 1.500 0.011 0.020 1.818  inactive

3.000 0.012 0.030 2500  inactive

4.500 0.011 0.050 4.545 active

6.000 0.011 0.120  10.909 active

Aspirin 0.200 0.009 0.024 2.666 inactive

(CoHgO4) 0.500 0.010 0.005 0.500 inactive

1.000 0.009 0.016 1.777  inactive

1.500 0.009 0.041 4.555 active

2.000 0.010 0.064 6.400 active

Caffeine 0.030 0.010 0.022 0.012 inactive

(CgH1oN4O5) 0.080 0.010 0.025  0.015 inactive

0.160 0.010 0.012 0.002  inactive

0.240 0.010 0.015 0.005  inactive

0.360 0.010 0.016 0.006  inactive

Dopamine 0.008 0.012 0.020 1.666 inactive

(CgH11NO,) 0.020 0.012 0.030 2500  inactive

0.040 0.012 0.050 4.166 active

0.060 0.012 0.080 6.666 active

0.080 0.012 0.060 5.000 active




Table 16 Interference effect on the choline biosensor (continued)

Interfering  concentration Background signal  Signal S/N results
species (mg mL™) (pA) (uA)
Glucose 0.200 0.010 0.000 0.000 inactive
(CgH1,04) 0.500 0.010 0.000 0.000  inactive
1.000 0.010 0.000 0.000  inactive
1.500 0.010 0.000 0.000  inactive
2.000 0.010 0.000 0.000  inactive
Sucrose 0.200 0.010 0.000 0.000 inactive
(CioH2,014) 0.500 0.010 0.000 0.000  inactive
1.000 0.010 0.000 0.000 inactive
1.500 0.010 0.000 0.000  inactive
2.000 0.010 0.000 0.000  inactive
Uric acid 0.120 0.011 0.011 1.000  inactive
(CsH4N4Os) 0.300 0.011 0.032 2909  inactive
0.600 0.011 0.067 6.090 active
0.900 0.011 0.099 9.000 active
1.200 0.011 0.117 10.636  active
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Figure 68 Interference effect on the modified electrode study (C) by spiking 0.052
mg mL™" choline compared to 2.00 mg mL™ amoxicillin (a) 3.00 mg mL™ ascorbic acid
(b) 1.00 mg mL™ aspirin (c) 0.36 mg mL"* caffeine (d) 0.02 mg mL" dopamine (e) 2.00

mg mL " glucose (f) 2.00 mg mL™ sucrose (g) and 0.30 mg mL uric acid (h).

Table 17 Effect of interferences

Interfering species Minimal affecting concentration (mg mL™)
Amoxicillin (CgHgNz05S) 2.000
Ascorbic acid (CgHzOg) 3.000
Aspirin (CoHgO4) 1.000
Caffeine (CgH1oN4Oy) 0.360
Dopamine (CgHy;NO,) 0.020
Glucose (C4H1,04) 2.000
Sucrose (Cy5H2,014) 2.000

Uric acid (CsHgN4Os) 0.300
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4.2.14 Choline analysis in real human blood samples

The COx/ Cu,O@MnO,/ ZrO,@AuNPs/ GCE was applied to detect choline
concentration in 6 blood samples by standard addition method with applying
amperometric technique at the optimal condition as presented in Table 18. The
results showed choline concentration between 2.6 to 18.5 puM of samples with
acceptable % recovery from 97.1 to 103.9 which 5 samples were in normal choline

level (5 to 20 uM) in human blood.

Table 18 Choline measurement in prepared human blood samples

Samples (n = 3) Choline in Choline added Increased Recovery
blood (uM) (uMm) choline (uM) (%)
Whole blood 1 18.5 + 0.22 150.0 152.5 + 2.61 101.70
Whole blood 2 99 +0.12 150.0 155.9 + 1.88 103.90
Whole blood 3 2.6 £ 0.04 150.0 145.6 = 2.11 97.10
Whole blood 4 5.8 + 0.09 150.0 151.7 £ 1.24 101.10
Whole blood 5 18.1 £ 0.21 150.0 1539 £ 1.76 102.70

Whole blood 6 9.8 +0.13 150.0 150.6 = 1.02 100.40




CHAPTER 5
CONCLUSIONS

5.1 Hydrogen peroxide sensor

In this research, a novel, efficient, enzyme-free hydrogen peroxide sensor
utilizing a modified Cu,0@MnO, composite material was fabricated. The developed
H,O, sensor exhibited a wide linear range from 0.5 pM to 20 mM with a low
detection limit of 63 nM (S/N=3) and good sensitivity of 256.33 pA mM™* cm™ The
Cu,0@Mn0O, /GCE sensor showed excellent electrochemical and satisfied kinetic
performances. Also, it presented high stability, repeatability, and reproducibility. The
results sugeested that the simple, successful synthesis of Cu,O@MnO, as a new
platform was useful for construction of H,O, sensor. This proposed method is
considered for application for the development of enzyme-free H,O, sensors and

enzyme-based biosensors as well.

5.2 Choline biosensor

A novel sensitive and selective amperometric biosensor for choline detection
has been successfully developed. The synthesized Cu,O@MnO, and ZrO,@AuNPs
synergistically enhance the performance of biosensors. The COxCu,0@MnO,/
ZrO,@AuNPs/ GCE presented a wide linear range, good sensitivity, high stability and
selectivity. The proposed method also provided a low detection limit of choline
determination comparable to earlier reported literatures. This choline biosensor
based on synergistic synthesized Cu,0@MnO, and ZrO,@AuNPs composite materials
was used for the first time for choline analysis in human blood samples which

exhibited acceptable quantitative measurement of choline.
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ELECTROANALYSIS

Enzyme-free Cu,0@MnQO,/GCE for Hydrogen Peroxide

Sensing

Tik Ouiram,” Chochanon Moonla,”! Anchana Preechaworapun,” and Tanin Tangkuaram*!‘l

Abstract: A novel composite material of copper (I) oxide
at manganese (IV) oxide (Cu,0@MnO,), was synthesized
and applied for modification on the glassy carbon
electrode (GCE) surface (Cu,0@MnO,/GCE) as a hydro-
gen peroxide (H,O,) sensor. The composite material was
characterized regarding its structural and morphological
properties, using field emission scanning electron micro-
scopy (FE-SEM), energy-dispersive X-ray spectroscopy
(EDX), X-ray diffraction (XRD) and Fourier transform
infrared spectroscopy (FTIR). The Cu,0@MnO,/GCE
showed an excellent electrocatalytic response to the
oxidation of H,0, which provided a 0.56s' charge

transfer rate constant (K,), 1.65x107°cm’s™' diffusion
coefficient value (D), 0.12 mm?’ electroactive surface area
(A.) and 1.04 x 10 * molcm ? surface concentration (y). At
the optimal condition, the constructed sensor exhibited a
wide linear range from 0.5 pM to 20 mM with a low limit
of detection (63 nM, (S/N=3) and a good sensitivity of
256.33 pAmM ‘cm 2 It also presented high stability
(AlLesponse £15 %, n=100), repeatability (1.25%RSD, n=
10) and reproducibility (3.55%RSD, n=10). The results
indicated that the synthesized Cu,0@MnQO, was success-
fully used as a new platform for H,O, sensing.

Keywords: Hydrogen peroxide sensor « Composite materials + Cu,0O@MnO,

1 Introduction

Throughout the past few decades, the development of
devices for hydrogen peroxide (H,O,) measurement has
been increasingly interesting because hydrogen peroxide
plays an important role in environmental, industrial and
clinical uses [1]. Moreover, it is a byproduct of a large
number of oxidase enzymes such as glucose oxidase,
cholesterol oxidase, cholinesterase and lactase in bio-
chemical reactions [2]. Accordingly, there is a huge
demand and thus multiple attempts to enhance H,O,
determination to be rapid, efficient and low-cost. Up to
now, various analytical techniques for H,O, detection
have been reported such as chemiluminescence [3],
chromatography [4], colorimetry [5], fluorescence [6],
spectrophotometry [7] and titrimetry [8]. However, elec-
trochemistry has superior advantages in terms of excellent
selectivity, high sensitivity, stability, instrumentation cost,
efficiency and ease of operation [9].

Enzyme-based biosensors have been widely developed
and applied, owing to their excellent sensitivity and high
selectivity [10], in the last few years. However, the poor
intrinsic stability of enzymes significantly affects their
biological function and lifetime usage of enzyme-based
biosensors [11]. In addition, immobilization techniques,
denaturation, and storage stability effecting the biological
activity of enzymes restrict their applications [12]. In
order to overcome these issues, enzyme-free sensors have
been designed with modified materials towards the goal of
minimizing the drawbacks of traditional enzymatic sensors
[13]. Recently, metal oxide materials such as Co [14], Ni
[15], Fe [16], Cu [17] and Mn [18] have been used in
sensor applications due to their attractive dominant
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properties including large surface area, long-term stability,
catalytic efficiency and excellent conductivity [19]. Also,
their metal oxide composite materials outstandingly
enhance the electrochemical performances of the sensor
[20].

Among various metal oxides, cuprous oxide (Cu,0),
an easily-obtained, intrinsic p-type semiconductor with a
band gap of 2.17eV [21], has been used in many
applications such as photovoltaic [22], photocatalysis and
solar cells [23]. It has also been applied in electrochemical
sensing [24] and related fields because of its electro-
catalytic activity, low environmental impact, and low cost.
Unfortunately, these interesting particular properties are
limited by its inherent poor conductivity which can atfect
to the charge transfer of sensor [25]. For example,
manganese dioxide (MnQ,), an important transition metal
oxide, has been used as a modified material for batteries,
supercapacitors, and sensors [26] due to its advantages of
excellent catalytic activity, abundant availability, absorp-
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H,0, 0, +2H*

Cu,0@MnO,

0.75V

GCE Cu,0@MnO,/GCE

Fig. 1. Schematic illustration of the simple step fabrication of
enzyme-free H,O, sensor and its proposed clectrochemical
reaction.

tion ability, low toxicity and low cost [1b,27]. However,
the challenging issue remains owing to poor conductivity
of MnO,. Thus, for the first time, the novel synergetic
Cu,0@MnO, composite materials modified GCE surface
for enhancement of enzyme-free H,O, sensing was
developed as shown in Figure 1. Moreover, the simple and
direct drop casting of Cu,0@MnQO, was presented.

2 Experimental
2.1 Materials

Analytical grade reagents and solvents without further
purification process and Ultra-high purity water (UHP)
by Milli-Q Advantage A10 Water Purification System
(France) were used for all experiments in this research.
Ascorbic acid, chitosan (CHIT), copper (II) sulfate
pentahydrate, ethanol, glucose, manganese (II) sulfate
monohydrate, potassium hexacyanoferrate (III), potassi-
um permanganate, sucrose, and uric acid were purchased
from Sigma-Aldrich Co. LLC (St. Louis, USA). Hydrogen
peroxide (30%) was provided by Merck (Darmstadt,
Germany). Nitric acid was purchased from QRéc, New
Zealand. A Glutaraldehyde solution (GA) (50.0%) was
obtained from Fluka (St. Louis, USA). Dipotassium
hydrogen orthophosphate was purchased from Fisher
Scientific (New Hampshire, USA) and potassium dihydro-
gen orthophosphate was provided by Rankem (Haryana,
India). A Potassium chloride solution (3 M) was obtained
from Metrohm (Herisau, Switzerland).

A Field Emission Scanning Electron Microscope
(JEOL JSM-6335F, USA), X-ray diffractometer (Rigaku
MiniFlex II, Japan) and a Fourier Transform Infrared
Spectrometer (PerkinElmer model Spectrum RX I, Perki-
nElmer, England) were used for characterization of the
synthesized Cu,O@MnO, composite materials compared
to the synthesized MnO, particles. CH instruments (CH
1230, USA) were used for all electrochemical measure-
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ments. A Ag/AgCl electrode (3M KCI) as a reference
electrode, GCE (3 mm diameter) as a working electrode
and Pt wire electrode (2 mm diameter) as a counter
electrode were operated as a three-electrode system using
cyclic voltammetric (CV) and amperometric techniques in
SmL of 0.05M phosphate buffer solution (PBS, pH 7.2)
at room temperature.

2.2 Synthesis of Cu,0@MnO,

The Cu,0@MnO, composite materials was synthesized
using the single-step reflux method which was adjusted
from the earlier report [28]. First, a 0.32M KMnO,
solution was prepared and then CuSO,-5H,0 was added
into 100 mL of the 0.32 M KMnO, solution (stoichiomet-
ric ratio of Cu:Mn as 1:5) - Solution A. After that,
50 mL of a 0.88 M MnSO, solution was prepared and then
8.5 mL. HNO; was added — Solution B. Solution B was
added drop-wise into Solution A under continuous
stirring. This resulted in the formation of a dark precip-
itate. The resultant slurry was refluxed at 120 degrees
Celsius for 12 hours, then washed and dried at 120 degrees
Celsius for 12 hours. Finally, the obtained Cu,0@MnO,
powder was kept in a desiccator at room temperature for
further work. The MnO, powder was also synthesized,
without adding CuSO,-5H,0 into solution A, using the
same method of Cu,O@MnO, synthesis.

2.3 Preparation of the Cu,0@MnO,/GCE Sensor

The synthesized Cu,0@MnO, composite materials pow-
der was added and sonicated in 0.5% CHIT crosslinked
0.5% glutaraldehyde (stoichiometric ratio of CHIT:GA as
1:200) solution, respectively. Afterward, 20 pL of well-
dispersed Cu,0@MnO, composite materials was dropped
onto the clean glassy carbon electrode surface and dried
under room temperature. The complete Cu,O@MnO,/
GCE as the H,0, sensor was kept in a desiccator at room
temperature. The MnO,/GCE sensor was constructed
using the same procedure as the aforementioned.

3 Results and Discussion
3.1 Characterization of Synthesized Materials

To characterize and confirm the synthesized materials,
MnO, and Cu,0@MnO, were studied and compared using
various techniques. The SEM images of MnO, and
Cu,0@MnO, are shown in Figure 2 A(a) and 2B(a),
respectively. The MnO, showed rod shape with a diameter
of 2 um while the Cu,0@MnO, showed the mixture of the
rod (diameter 1 um) and flake (wide 5 um) shapes. Also,
the difference between MnO, and Cu,O@MnO, and their
qualitative compositions was confirmed with the presence
of elements such as manganese, potassium, and oxygen
from MnO, EDX pattern (Figure 2. A(b)) while the
copper was additionally added in Cu,0@MnO, (Figure 2.
B(b)).
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Fig. 2. SEM images (A(a), B(a)), EDX spectra (A(b), B(b)).
XRD patterns (C) and FTIR spectra (D) of synthesized materials
MnO, compared to Cu,0@MnO,.

Additionally, XRD patterns (Figure 2C) presented
structural and morphological features as the crystalline
natures of MnO, and Cu,0@MnO,. The XRD pattern of
MnO, was indexed as (110), (101), (200), (111), (210),
(211), (220), (002), (310), (221) and (301) planes of
tetragonal MnO, crystal system (JCPDS no. 01-081-2261).
Compared to the synthesized Cu,0@MnO,, the presence
of cubic Cu,O crystal phase of the composite materials
was confirmed corresponding to the planes (110), (111),
(200), (220) and (311) (JCPDS no.00-034-1354). The FTIR
result of MnO, and Cu,0@MnO, are shown in Figure 2D.
The bands of the MnO, spectrum at 568 and 428 cm™
could be attributed to Mn—-O and Mn-O-Mn lattice
vibration, respectively. Compared to Cu,0@MnOQO,, the
bands of the spectrum at 686, 584 and 420 cm™' corre-
sponded to Cu(I)-O, Mn—O and Mn—O-Mn, respectively,
which was in good agreement with previous reports [29].

3.2 Electrochemical Behavior of the Modified Electrodes

To study the electrochemical performance, the cyclic
voltammetric technique or CV was utilized to consider
the electrocatalytic activity and properties of synthesized
composite materials modified onto GCE surface. The CV
was operated in the absence and presence of 0.5 mM
H,0, in 0.05M PBS pH 7.2, and in the potential range
from 0 to 1.0 V. Figure 3 showed the cyclic voltammo-
grams of two different kinds of modified electrodes,
MnO,/GCE and Cu,0@MnO,/GCE compared to bare
GCE. In Figure 3 A, the bare GCE yielded similar cyclic
voltammograms with both absence (a) and presence (b) of
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Fig. 3. Cyclic voltammograms of the bare GCE (A) MnO,/GCE
(B) and Cu,0@MnO,/GCE (C) in 0.05M PBS pH 7.2 (a) and in
0.05M PBS containing 0.5mM H,0, (b) at a scan rate of
50mVs™.

H,0,. In contrast to the MnO,/GCE in Figure 3B, it
presented a cyclic voltammogram with obviously different
curves of H,0O, oxidation (b) about 0.70 to 1.0V, and
obtained the current height of 473 uA at +0.90V
compared to a cyclic voltammogram with the absence of
H,0, (a) with the current at 2.53 pA, measured at the
same potential. It can be suggested that the synthesized
MnO, acts as an electrocatalytic mediator resulting in
enhancement of electron transfer from H,O, electro-
chemical reaction onto the working electrode surface
corresponding to earlier reports [30]. However, when the
GCE modified with Cu,0@MnO, as the Cu,O@MnO,/
GCE was operated at the same condition, it exhibited a
dominant H,O, oxidation curve (Figure 3 C, b) from 0.60
to 1.0 V. The obtained current from Cu,0@MnO,/GCE
was highest for 12.89 pA at 0.90 V and compared to a
small oxidation curve of absence H,O, (Figure 3 C, a).
The current ratio of Cu,0@MnO,/GCE over Cu,O/GCE
for H,0, oxidation property is 2.73 times. These electro-
catalytic oxidation phenomena result from the manganese
(IV) that can oxidize H,O, to O, at the positive potential.
From these results, it was assumed that the Cu,O
supported an electrocatalytic property of MnQO, as the
novel bimetallic Cu,0@MnO, composite materials in a
synergetic way due to its significant catalytic activity as
well [31].

In order to study its electrochemical behavior and
explain its kinetics, the Cu,0@MnO,/GCE was also
operated in the 2 mM K;Fe(CN); containing 0.1 M KCI at
various scan rates in the range of 25 to 150 mVs™' as
shown in the cyclic voltammograms in Figure 4. Following
to the obtained linear relationships between peak current
responses and the square root of the scan rates as shown
in the inset of Figure4, it was provided a diffusion-
controlled quasi-reversible process of associated redox
processes [32]. Moreover, the kinetic parameters such as
charge transfer rate constant (K,), diffusion coefficient
value (D), electroactive surface area (A.) and surface
concentration (y) can be calculated as 0.56s', 1.65x
107 em?s™!, 0.12mm? and 1.04x10* molem™, respec-
tively. K, value was calculated using the Laviron equation
[33], D and A, values obtained by Randles-Sevcik
equations [34], while vy gained using Brown - Anson
model [35].
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s ' in 2mM K;Fe(CN), containing 0.1 M KCI. The inset shows
the relationship plot between the current response versus the
square root of scan rate (25-150 mVs™").

3.3 Optimization of Experimental Parameters

To obtain the maximum efficient performance of the
fabricated Cu,0@MnO,/GCE sensor for H,0, detection
towards the oxidation reaction, it is very important to
optimize the experimental condition by examination of
major factors such as the applied potential, pH and the
concentration of Cu,O@MnO,. The applied potential is
one of the important factors which must be considered
because it can affect the electrochemical properties of the
developed sensor, especially sensitivity and selectivity, for
H,0, amperometric  determination.  Thus, the
Cu,0@MnO,/GCE was studied by spiking 0.5 mM H,0,
at various applied potentials in the range of 0.60 to 0.90 V
corresponding to H,0, oxidation reaction curve. As

Table 1. Comparison of H,O, sensors.
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shown in Figure 5 A, the best current response was
obtained at 0.75 V compared to the others at different
potentials. So, the applied potential value of 0.75 V was
chosen for further work. Besides the applied potentials,
the current response can be affected by the pH of
electrolyte solution in the experimental system leading to
the difference in activity and stability of the modified
electrode [36]. To obtain a proper pH solution (0.05M
PBS), the current response of the Cu,0@MnO,/GCE was
investigated in the pH solution range from 6.0 to 8.0 in
Figure 5B. The results showed that the current response
linearly increased at pH from 6.0 to 7.0 and dominantly
increased at pH 7.2. After that, the current response
slightly decreased at higher pH from 7.4 to 8.0. Therefore,
a 0.05 M PBS solution of pH 7.2 was determined suitable
for this experiment.

A B C

3 3
< -
1 1

0 0
055 065 075 085 095 55 61 67 73 7.9 85 0 2 4 6 8
E/V pH Cu,0@Mn0O, / mg mlL*

1/pA
o w

Fig. 5. The influence of applied potential (A) pH loading (B) and
Cu,0@MnO, concentration (C) on the Cu,0@MnO,/GCE in
0.05M PBS pH 7.2 containing 0.5 mM H,O, using the ampero-
metric technique.

Moreover, the effect of Cu,O@MnO, concentration on
the electrochemical performance of the sensor was
examined from 0 to 7mgmL™". As can be seen in
Figure 5 C, the current response increased from 0 to
4mgmL ' of Cu,0@MnO, composite materials and it
hardly changed from 4 to 5mgmL™". Then, the current

Sensors Detection techni- Voltage/ LOD/ Linearity/ KJ  Sensitivity/ Ref.
ques \Y% nM mM s'  pAmM 'cm?

MnO,/GO/GCE BA -0.30 800 0.005-0.6 NA 382 [39]
Mn-complex/SWCNTs/GCE BA -0.30 200 0.001-1.5 48.84 692 [40]
Chit-MWNTs/Hb/Au@Au,S,0,/ BA -0.30 3,200 0.04-0.72 130 NA |41]
GCE

RF/RuOx/GCE BA -0.41 150 0.00015-3 16.8  4,458.60 [42]
GR-AuNRs/GCE BA —0.55 10,000  0.03-5 NA 3892 [43]
rGO/Fe,0,/GCE BA —0.60 6,000 0.05-9 052 NA [44]
MNPs/MWENTs-GS/GCE BA -0.24 800 0.002-8.44 NA 2063 [45]
MB/GQDs-CS/GCE BA —0.60 700 0.001-11.78  2.87 1287.90 [46]
N-SEGN/GCE BA —0.40 880 0.01-2.225 NA 2313 [47]
Cu,0@MnO,/GCE BA 0.75 63 0.0005-20 0.56 256.33 ™

AuNRs = Gold nanorods, BA =Batch amperometry, Chit= Chitosan, CS= Chitosan, GCE =Glassy carbon electrode, GO = Graphene
oxide, GODs=Graphene quantum dots, GR= Graphene, GS= Graphene, Hb=Hemoglobin, K, =charge transfer rate constant,
LOD=Limit of detection, MB=Methylene blue, MNPs=MnO, nanoparticles, MWCNTs=Multi-walled carbon nanotubes,
MWFNTs =Multi-walled fullerene nanotubes, NA =Not available, N-SEGN = Nitrogen-doped graphene nanosheet, RF= Riboflavin,
rGO = Reduced graphene oxide, RuOx = Ruthenium oxide, SWCNTs = Single wall carbon nanotubes, TW =This work.
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response clearly decreased at higher concentrations
because of increasing resistance and decreased electron
transfer onto the electrode surface from the effect of the
high resistance of composite materials at high thickness
[37]. Thus, 4mgmL™" of Cu,0@MnO, was used for
further study.

3.4 Amperometric H,O, Determination

To investigate the H,O, detection, the Cu,0@MnO,/GCE
sensor was operated with H,O, addition for the study of
linearity using the amperometric technique at the ob-
tained optimal condition as discussed in section 3.3.
Figure 6 presents the amperometric response of the
modified electrode with successive addition of H,O, into
0.05M PBS pH7.2 at 0.75V under continuous stirring
(A) and the linear relation of response current and H,0,
concentration (B). The results showed that the current
response of the sensor proportionally increased with
increasing H,O, concentration with a short time response
less than 3s of steady-state current resulting from high
conductivity and excellent synergetic electrocatalyst act-
ing of the Cu,O@MnO, composite materials.
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Fig. 6. (A) Amperometric response of the modified electrode
towards H,O, addition from 0.5 to 20,000 uM in 0.05M PBS
pH 7.2. (B) A calibration curve between the response current of
the Cu,0@MnO,/GCE and H,0, concentration (n=3).
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The developed sensor provided a wide linear range for
the H,O, oxidation reaction from 0.5 uM to 20 mM with a
good sensitivity of 256.33 hMAmM 'cm % The limit of
detection (LOD) was calculated to be 63nM (S/N=3)
which suggested that the synthesized Cu,0@MnQO, com-
posite materials greatly enhanced the performance of the
sensor for quantitative H,O, analysis.

3.5 Repeatability, Reproducibility Stability, and Selectivity
Studies

In order to study the repeatability, the Cu,0@MnO,/GCE
sensor was examined by calculation of relative standard
deviation (%RSD) from ten obtained amperometric
current response values of the same modified electrode to
5mM H,0, measurements. Also, the reproducibility was
examined. Ten independent modified electrodes were
operated and its %RSD was calculated via the same
procedure. This method demonstrated excellent repeat-
ability and good reproducibility of 1.25 and 3.55%RSD,
respectively, which were comparable to previous reports
[38]. Under the same conditions, the Cu,0@MnO,/GCE
was also tested to investigate its stability, the data is
presented in the supplemental files (Table S1 and Fig-
ure S1). The results demonstrated that the sensor pre-
served 85% of its initial current response over 100 usage
times. The interference effect of the proposed method was
also studied by an amperometric technique which pre-
sented good selectivity without interference from normal
electroactive species such as ascorbic acid, ethanol,
glucose, sucrose and uric acid as shown in supplementary
(Figure S2). These investigations pointed out the novel
robust and efficient platform of Cu,0@MnO, for H,O,
sensing applications. Additionally, this method was com-
parable to the earlier literature as shown in Table 1.
Finally, this sensor has been successfully applied to detect
H,0, in various samples, data presented in Table 2. This
method showed potential usage as a H,O, sensor as it
showed a % recovery of 100+3.64%.

Table 2. The test of Cu,0@MnO,/GCE for H,0O, measurement in
various samples.

Sample H,0, de- H,0, Increased % Re-
tected/yM  added/pM  H,O,/uM covery

Wound care  26.50 250 251.64 100.66

solution 1

Wound care ~ 38.40 250 253.17 101.27

solution 2

Mouthwash 1 ND 250 249.20 99.68

Mouthwash 2 26.89 250 252.94 101.18

Hair dyc 1 50.45 250 259.10 103.64

Hair dyc 2 36.50 250 245.33 98.13

ND =Not detectable.
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4 Conclusions

In this research, a novel, efficient, enzyme-free hydrogen
peroxide sensor utilizing a modified Cu,0@MnO, compo-
site material was fabricated. The developed H,0, sensor
exhibited a wide linear range from 0.5 uM to 20 mM with
a low detection limit of 63nM (S/N=3) and good
sensitivity of 256.33 pAmM~'em ™. The Cu,0@MnO,/
GCE sensor showed excellent electrochemical and sat-
isfactory kinetic performances. Also, it presented high
stability, repeatability, and reproducibility. The results
suggested that the simple, successful synthesis of
Cu,0@MnO, as a new platform was useful for construc-
tion of H,O, sensor. This proposed method is considered
for application in the development of enzyme-free H,O,
sensors and enzyme-based biosensors as well.
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Enhancing a Novel Robust Multicomposite Materials
Platform for Glucose Biosensors

Chochanon Moonla,” Chantarattana Nontapha,” Tik Ouiram.”! Anchana Preechaworapun ! and

Tanin Tangkuaram*®*!

Abstract: An effective, stable enzymatic glucose biosensor
was fabricated on a glassy carbon electrode (GCE)
surface using simple multicomposite materials (MCM): a
solution of prepared poly(diallyldimethylammonium
chloride)-capped gold nanoparticles-nickel ferrite par-
ticles-carbon nanotubes-chitosan (PDDA-AuNPs-
NiFe,0,-CNTs-CHIT), electropolymerization of poly(o-
phenylenediamine) (PoPD) and immobilization of glucose
oxidase (GOx). Biocompatibility and synergy of the
MCM enhanced the immobilization and the reaction of
GOx and as well as the electron transfer from an
oxidation reaction of hydrogen peroxide in the system.
The NiFe,O, was synthesized by co-precipitation and
calcined at 700°C. Characterization was carried out by
field emission scanning electron microscopy (FE-SEM),
energy-dispersive X-ray spectroscopy (EDX), Fourier
transform infrared spectroscopy (FTIR) and X-ray dif-
fraction (XRD) which presented both tetrahedral and

octahedral metal stretching with a cubic NiFe,O, crystal
phase. The GOx/PoPD/MCM/GCE yielded a 0.77s'
charge transfer rate constant (K,), a 2.28x10 ¢ cm’s™!
diffusion coefficient value (D), a 0.21 mm’ electroactive
surface area (A.) and a 1.93x10*mol ecm™ surface
concentration (y) as determined by cyclic voltammetry.
The modified electrode showed a durable operation time
(n=97, more than 50% I), repeatability (%RSD=0.38,
n=10), reproducibility (%RSD =1.60, n=10), high sensi-
tivity (853.07 pA mM 'cm %), selectivity without effects of
electroactive species (aspirin, uric acid, caffeine, choles-
terol, ascorbic acid and dopamine) and two linear ranges
from 0.5 to 10 uM (R*=0.998) and 10 to 15,000 uM (R*=
0.991) with a low detection limit (0.35 uM, S/N=3). Its
Michaelis-Menten constant (K,,) was calculated as
93.51 uM with 46.30 pA maximum current (/). This
proposed simple method was successfully applied for
glucose determination in human blood samples.

Keywords: Glucose biosensors - Multicomposite-materials - Nickel ferrite nanoparticles - Poly(o-phenylenediamine)

1 Introduction

Throughout recent decades, nanoscience and nanotech-
nology has been utilized in development of biosensors
and related bioanalytical tools. Due to their desirable,
unique properties, many dominant nanomaterials play
important roles in applications as catalysts, optical or
electroactive labels and immobilization platforms [1].
Carbon nanotubes (CNTSs), originally described by Sumio
Iijima in 1991, become an attractive choice for biosensor
fabrication among a variety of nanomaterials resulting
from its superior useful properties such as excellent
chemical stability, good mechanical strength and electrical
conductivity [2]. However, CNTs have a limited usage due
to its low solubility in most solvents [3] though there are
many strategies that attempt to solve this problem, for
example, the use of surfactants [4] with sonication and
polymer wrapping [5]. The use of chitosan (CHIT), a
natural, biodegradable cationic polymer, as a scaffolding
material has been widely used and reported in biosensing
field since its matrix provides biocompatibility, effective
adhesion and absorption onto electrode surfaces, high
affinity in aqueous solutions and excellent nanomaterial
incorporation [6]. Thus, dispersion of CNTs into a CHIT
matrix can overcome these limitations and improves its
mechanical and electrical properties as a functional

www.electroanalysis.wiley-vch.de

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

polymer membrane. Nickel ferrite (NiFe,0,) is also one
of the most important materials that can be used for
biosensors applications due to its notable electrocatalytic
property [7]. Conventional methods for NiFe,O, prepara-
tion [8], such as mechanosynthesis [9], sol-gel processing
[10], solvothermal processes [11], spray pyrolysis [12],
hydrothermal processes [13] and microwave assisted
combustion methods [14], are generally quite difficult to
control its size and morphology [15]. Therefore co-
precipitation is an appealing technique due to its advan-
tages of homogeneity, small particle size, low temperature
preparation and simple process [16]. According to earlier

[a] C. Moonla, T. Ouiram, T. Tangkuaram
Applied Chemistry Program, Faculty of Science, Maejo Uni-
versity, Chiang Mai 50290, Thailand
E-mail: tanin.tang@gmail.com

[b] C. Nontapha
Chemistry Program, Faculty of Science, Maejo University,
Chiang Mai 50290, Thailand

[¢] A. Preechaworapun
Chemistry Program, Faculty of Science and Technology, Pi-
bulsongkram Rajabhat University, Phitsanulok 65000, Thai-
land

L Supporting information for this article is available on the
WWW under https://doi.org/10.1002/elan.201800807

Electroanalysis 2019, 31, 1588-1597 1588



Full Paper

reports regarding promising materials for electrochemical
detection,  poly(diallydimethylammonium  chloride)-
capped gold nanoparticles (PDDA-AuNPs) have been
extensively used for modification of electrode surfaces as
various biosensors yielding excellent conductivity, high
surface area and catalytic properties [17]. Besides nano-
materials, poly(o-phenylenediamine) (PoPD) is an excel-
lent permselective polymer film to H,O, (the byproduct
of oxidase-based biosensors) and an effective blocker of
interference species [18]. It is challenging to combine all
aforementioned materials in a novel platform with the
appropriate ratio for efficiently cooperated-work in a
synergetic way.

Diabetes mellitus has become one of the major global
health concerns according to World Health Organization
(WHO) that requires considerable attention. Millions of
people worldwide suffer from diseases of abnormal blood
glucose levels such as lower than normal blood glucose
(hypoglycemia) or higher than normal glucose (hyper-
glycemia) with the normal range defined as (4-7 mM)
[19]. These conditions may lead to many life-threatening
diabetic complications such as retina, circulatory, and
kidney system disorders [20]. In order to reduce and
prevent the negative effects, the diabetic patient must
control their blood glucose level and maintain a daily
monitor of blood glucose as well [21]. Additionally, an
intimate blood glucose measurement is necessary for
clinical diagnosis and treatment of diabetes mellitus [22]
which makes glucose the most frequently tested, clin-
ically-relevant analyte [23]. Thus, the continuous develop-
ment of simple, accessible and effective devices to
determine the glucose concentration for ordinary people
is very important to contribute to fast preliminary self-
diagnosis and early treatment.

" PDDA-AUNPs-NiFe,0,-CNTs-CHIT

PoPD eleclrnpoh ‘merization
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Currently, the development of many different types of
devices for clinical diagnosis has been reported. Since
Clark and Lyons introduced the initial enzyme-based
glucose sensor concept in 1962 [24], it has been a
springboard for great potential and new research concepts
in various fabrication and design fields of enzymatic
sensors or biosensors [25]. In spite of significant efforts
toward development of non-enzymatic sensors, enzyme-
based biosensors are superior in selectivity and sensitivity
[26]. Among the enzyme-based glucose biosensors, glu-
cose oxidase (GOx), which catalyzes the glucose oxidation
to gluconolactone and H,O, is mainly used due to its
simplicity, inexpensive cost and great pH withstanding
[27]. Then, the generated byproduct, H,O, is inmediately
reacted at the working electrode surface which provides
the current response proportional to glucose concentra-
tion in the system via electrochemical detection [28].
However, there are some challenging issues for GOx.
Those issues include limitations regarding the operating
conditions including temperature, humidity, short lifetime
resulting from the denaturation of enzyme activity [29]
and also electron transfer difficulty due to layer thickness
between the active sites of GOx and the electrode [19].
This can lead to the ineffective performance of enzyme-
based glucose biosensors. To overcome these obstacles,
creative approaches have been applied to maintain and
improve the biological activity of GOx [30]. One attrac-
tive strategy is the use of nanomaterials, a conducting
polymer and a polymer membrane which can efficiently
enhance electron transfer and enzyme loading. In this
research, we aim to prepare a unique platform of multi-
composite materials (MCM), PDDA-AuNPs-NiFe,0O,-
CNTs-CHIT, for modification of a glassy carbon electrode
and enhance the signal with the PoPD film as in Figure 1

GO:

PoPD/MCM/GCE

0,+ le‘ Glucose + 0,

\ Gluconolacmm-

1,0,

GOX/PoPD/MCW/GCE

Fig. 1. Schematic illustration of the fabrication of glucose biosensors and its electrochemical reaction.
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which provides for appropriate biocompatibility, long-
term stability and high surface area for fabrication of a
novel, robust, and effective glucose biosensors.

2 Experimental
2.1 Materials

Glucose oxidase (GOx) from Aspergillus niger (EC
1.1.3.4, 51 Umg ') was provided by Sigma-Aldrich Co.
LLC (Mannheim, Germany). Aspirin, caffeine anhydrous,
chitosan (CHIT), dopamine, gold (III) chloride trihydrate,
carbon nanotube (multi-walled), poly(diallyldimeth-
ylammonium chloride) 35 wt. % solution and uric acid
were purchased from Sigma-Aldrich Co. LLC (St. Louis,
USA). Iron (II) sulfate heptahydrate, iron (III) nitrate
nonahydrate, nickel (II) nitrate hexahydrate, and nitric
acid were purchased from QRéc, New Zealand. Acetic
acid, diethyl ether, and sodium hydroxide were provided
by RCl Labscan (Bangkok, Thailand). Ethanol and
hydrochloric acid were provided by Merck (Darmstadt,
Germany). Glutaraldehyde (GA) solution (50.0 %) and o-
phenylenediamine were obtained from Fluka (St. Louis,
USA). Cholesterol was obtained from Carlo Erba (Milan,
Italy). Dipotassium hydrogen orthophosphate was pur-
chased from Fisher Scientific (New Hampshire, USA).
Glucose was purchased from Ajax Finechem (New South
Wales, Australia). Potassium dihydrogen orthophosphate
was provided by Rankem (Haryana, India). Potassium
chloride solution (3 M) was provided by Metrohm (Her-
isau, Switzerland).

All reagents and solvents used were analytical grades
without further purification and ultra-high purity water
(UHP) by Milli-Q Advantage A10 Water Purification
System (France) was used for all experiments.

2.2 Synthesis of NiFe,0, Particles

Nickel ferrite particles were synthesized by co-precipita-
tion by methods adapted from earlier reports [31]. Briefly,
nickel (II) nitrate hexahydrate, iron (II) sulfate heptahy-
drate and iron (III) nitrate nonahydrate (3:5:1 stoichio-
metric ratio) were dissolved in N,-saturated UHP water.
The pH of the solution was adjusted to 12 by a 1.5 M
sodium hydroxide solution which resulted in a dark green
suspension. It was heated and continuously stirred at
100 degrees Celsius for half an hour under the N,-
saturated atmosphere. The obtained solid was filtered and
washed with Nj-saturated UHP water followed by an
ethanol rinse. The product was dried at room temperature
and calcined at 700 degrees Celsius for 2 hours. The
synthesized NiFe,O, powder was stored at room temper-
ature and used for further work.

2.3 Preparation of the PDDA-AuNPs Solution

According to previously reported literature, a solution of
35wt.% PDDA (60uL), 0.50M NaOH (50pL), 1%
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HAuCl, solution (75 pL) and 10 mL UHP water were
mixed and heated at 90 degrees Celsius for half an hour
and resulted in the watermelon red PDDA-AuNPs
solution [32].

2.4 Preparation of the MCM Solution

The MCM solution can be prepared through only a few
steps. In order to create a carboxyl group of the CNT
surface, the CNTs were pretreated by soaking in a mix of
nitric and sulfuric acids. Then, 3 mg of CNTs-COOH,
2mg of NiFe,O, and 500 pL of the PDDA-AuNPs
solution were mixed in 1 mL of 0.5% CHIT crosslinked
0.5% glutaraldehyde (stoichiometric ratio of CHIT:GA
as 1:200). Finally, the solution was sonicated at room
temperature for half an hour. It was stored at room
temperature for further work.

2.5 Fabrication of the Glucose Biosensor

Firstly, 20 uLL of the MCM solution was added dropwise
onto a clean glassy carbon electrode surface and dried at
room temperature. Then, a 1M o-phenylenediamine
solution was electropolymerized as a thin, light yellow
film onto the modified electrode surface via cyclic
voltammetry (—0.2 to 1.0V, 15cycles, 25 mVs™") [33].
Once dry, 20puL of a 3mgmL ' GOx solution was
immobilized and dried at room temperature. Then, the
electrode surface was washed with UHP water to remove
excess enzyme. Finally, the GOx/PoPD/MCM/GCE bio-
sensor was kept in the refrigerator at 34 °C to preserve
its function and lifetime.

2.6 Instrumentation

The Fourier Transform Infrared Spectrometer (FTIR)
(PerkinElmer model Spectrum RX 1, PerkinElmer,
England) and X-ray Diffractometer (XRD) (Rigaku
MiniFlex II, Japan) were used for characterization of the
synthesized NiFe,O, particles. Field Emission Scanning
Electron Microscope (FE-SEM) (JEOL JSM-6335F,
USA) was used for characterization of the synthesized
NiFe,O, particles, the PoPD film, and the modified
electrode surface. The ultraviolet-visible spectrophotom-
eter (Hitachi model U-2001, Hitachi, Japan) was used for
the study of the prepared PDDA-AuNPs solution.

2.7 Electrochemical Measurements

All electrochemical measurements were performed using
CH instruments (CH 1230, USA) with a three-electrode
system composed of a Glassy Carbon Electrode (GCE)
(3mm diameter) as the working electrode, a Pt wire
electrode (2 mm diameter) as the counter electrode and a
Ag/AgCl electrode (3 M KCl) as the reference electrode.
The electrochemical performance of glucose detection
was assessed by cyclic voltammetric (CV) and ampero-
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metric techniques in SmL of 0.05M phosphate buffer
solution (PBS, pH 7.0) at room temperature.

3 Results and Discussion
3.1 Characterization of Prepared Materials

During development of the biosensor, all materials on the
modified glassy carbon electrode surface were character-
ized using various techniques. Nickel ferrite (NiFe,0,)
particles were studied by FE-SEM, energy-dispersive x-
ray spectroscopy (EDX), XRD and FTIR. The results
showed that the synthesized particles were different in
shape as shown in the SEM image in Figure 2A. The
qualitative composition of the particles was confirmed
showing the presence of iron, nickel, and oxygen from the
EDX pattern (Figure 2B). Additionally, the XRD pattern
presented its structural and morphological features as the
crystalline nature and cubic-phase of NiFe,O, (JCPDS no.
00-023-1119) corresponding to the planes (220), (311),
(222), (400), (331), (422), (511), (440), (620), (533), (622)
and (444) as seen in Figure 2C. The FTIR investigation in
the wavenumber range of 400 to 1000 cm™' yielded the
spectrum which exhibited strong absorption peaks at 884,
836, 670 and 410 cm ™' as shown in Figure 2D. The higher
frequency bands are related to intrinsic tetrahedral-metal
stretching vibrations, while the peak at the position of
410 cm™' is attributed to the Fe-O bond of octahedral-
metal stretching vibrations [34]. The band around 700-
900 cm ' was assigned the Ni—O vibrations [35].

In addition to the NiFe,O, particles, the PoPD film
that was electro-polymerized onto the GCE surface was
studied for its surface features by scanning electron
microscope. In Figure 2E, the SEM images confirmed the
existence of the deposited film onto the electrode surface
with approximately 34-micron thickness, this higher thick-
ness comes from PoPD (Figure 2F) for 10-micron. More-
over, the PDDA-AuNPs solution was examined by the
UV-Visible spectrometer. As shown in Figure 2G, the
result with the characteristic peak absorbance of gold
nanoparticles at 525 nm which corresponding to the ear-
lier reports [36] suggested that PDDA-AuNPs were
successfully prepared.

3.2 Electrochemical Performance of the Modified
Electrodes

In order to study of the electrochemical performance,
each modified electrode compared to the bare GCE was
investigated in a) N,-saturated 0.05M PBS pH 7.0, b)
SmM and c) 10mM glucose solutions using cyclic
voltammetry (E,peq of —1.0 to 1.0V, 50 mV's ). As in
Figure 3A, the cyclic voltammogram of the bare GCE was
obviously indifferent due to the absence of H,O, in the
system. All voltammograms showed the curve at —0.80 V
resulting from the O, reduction. In contrast to Figure 3B,
the background current of each cyclic voltammogram of
the GOx/GCE changed slightly, resulting from the
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oxidation reaction of the presence of H,O, from increas-
ing glucose concentration, clearly in the potential range of
0.6 to 1.0 V. By comparing Figure 3C, 3D, 3E and 3F, it
was evident that the more materials applied, yielded the
higher background current and redox curve of the redox
reaction of H,O,. It was observed that the GOx/PoPD/
MCM/GCE (Figure 3F) showed both reduction and
oxidation peak current increases in O, saturated PBS with
increasing concentrations of glucose (0, 5, and 10 mM)
and it was similar to previous reports [37]. The increase in
both reduction and oxidation peaks due to the PoPD/
MCM on the modified GOx/PoPD/MCM/GCE electrode
was extremely redox mediated for the transformation of
glucose to gluconolactone for the anodic side, while for
the cathodic side may catalyze the generated H,O,
reduction. Compared to the GOx/MCM/GCE (Fig-
ure 3E), the MCM showed a direct electron transfer
(DET) phenomenon of the GOx. These suggested that
the modified MCM as a novel platform in this work can
effectively enhance the current response of H,O, oxida-
tion reaction with respect to glucose concentration. The
most evidence for this claim is shown in Figure 3F owing
to the PoPD synergetic operation to improve electrical
properties and electron transfer on both flexible rough
and high surface area. Thus, the GOx/PoPD/MCM/GCE
was determined suitable for application in glucose bio-
Sensors.

In order to investigate the kinetics of the GOx/PoPD/
MCM/GCE, it was operated in 10 mM K;Fe(CN); con-
taining 0.1 M KCI at various scan rates from 10 to
200mVs"' by cyclic voltammetry (data available in
supplementary S1). The results revealed that this method
was the quasi-reversible process and diffusion-controlled
process in which both anodic (I,) and cathodic (I)
current responses proportionally increased with the
square root of scan rate. From this study, the kinetic
parameters, including charge transfer rate constant (K,),
diffusion coefficient value (D), electroactive surface area
(A,) and surface concentration (y) can be calculated as
previously reported [38] as 0.77s7', 2.28x10 ®cm?s ',
0.21 mm® and 1.93x10 * molem ~, respectively. Calcula-
tions were carried out using the following equations:

K, = mnFv/RT

I, = (2.69 x 10°)n*2AD'2Cv'?

A, = 5/(2.99 x 10°)n*>CD"?

I, = n’F*yAv [4RT

where m is the peak-to-peak separation (V), F is the
Faraday constant (96,485 Cmol™'), v is the scan rate
(mVs™), n is the number of transferred electrons (1), R is
the gas constant (8.314 Jmol 'K '), T is the room temper-
ature (298.15K), 1, is the peak current response of the

electrode, A is the surface area of the electrode (cm 2), D
is the diffusion coefficient, C is the bulk concentration
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Fig. 2. SEM image (A) EDX spectrum (B) XRD pattern (C) and FT-IR spectrum (D) of NiFe,O, particles. SEM images of cross
section of the GOx/PoPD/MCM/GCE surface (E) and PoPD (F) film. UV-Vis spectra (G) of AuCl, (a) PDDA (b) and PDDA-

AuNPs (c).

(10 mM), S is the slope of the straight line, and y is the 3.3 Optimization of Experimental Parameters

surface concentration (molcm ). The related figure is

presented in supplementary S1. In order to obtain the maximum efficiency of fabricated
glucose biosensors, it is necessary to consider the optimal
condition. Thus, applied potential, pH loading, PoPD film
cycle, and enzyme volume were studied and the qualita-
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examined to gain its proper ratio in this work by
amperometric technique. According to aforementioned
CV study of GOx/PoPD/MCM/GCE, it was found that
the oxidation reaction of H,O, was in a potential range
from —0.45 to —0.2 V. Therefore, this potential range was
operated to gain the optimal applied potential of the
system.

The results in Figure 4A showed that the current
response of the H,O, oxidation reaction was dominantly
higher than the others at —0.35 V which was then selected
for the further work. The pH of the electrolyte solution,
phosphate buffer, was studied as well. This parameter is
important to be considered because it affects the catalytic
reaction of the enzyme and H,O, reaction. In Figure 4B,
the current response increased at a pH of 6.6 to 7.0. This
can be explained due to the chitosan flexibility and H,O,
stability which are excellent at pH> 6.3 [39]. However,
the current response linearly decreased at higher pH
values. So, an electrolyte solution at a pH of 7.0 was
determined suitable for the application. In Figure 4C, the
deposition of PoPD film by electro-polymerization was

Electroanalysis 2019, 31, 1588-1597 1593
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operated at various conditions from 0 to 25 cycles. It is
evident that the current response was higher from 0 to
15 cycles and then clearly decreased due to the effect of
film thickness. Therefore, 15 cycles of PoPD film deposi-
tion was selected for further study. The effect of GOx
immobilization onto the electrode surface was determined
in the volume range of 0 to 5 milliunits (mU) as shown in
Figure 4D. The current response increased from 0 to
5 mU GOk, then moderately decreased at higher units of
GOx due to reaching saturation. So, 2 mU GOx was
selected for use in the glucose biosensor.

In Figure 5, the CNTs content (Figure 5A), the
amount of NiFe,O, (Figure 5B) and PDDA-AuNPs (Fig-
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Fig. 5. The quantitative effect of MCM; CNTs (A) NiFe,O, (B)
and PDDA-AuNPs (C) on GCE in 0.05 M PBS pH 7.0 containing
2 mM glucose using amperometric technique.

ure 5C) volume mixed as solution were quantitatively
examined to gain its suitable ratio for modification of the
GCE surface. The results suggested that the MCM with
60 ng of CNTs, 40 ng of NiFe,O, and 500 L. of PDDA-
AuNPs provided the highest current response and were
proper for further application.
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3.4 Effect of Interferences

The selectivity of developed biosensors to the analyte is
an important property and must be considered. Com-
monly, the electroactive species found in human blood
samples which can affect glucose detection are aspirin,
uric acid, caffeine, dopamine, cholesterol, and ascorbic
acid. To determine the effect of these, the modified
electrode was studied using amperometric technique at
optimal condition. The presence of 2mM glucose was
compared to each interference addition in 0.05M PBS
pH 7.0, data showed in supplementary S2. The result
suggested that all interferences failed to affect the
obtained current response from glucose (S/N=3) this is
due to the enzyme specificity. The strong immobilization
and effective catalytic reaction on the electrode surface
with the enzyme are, in part, a result of the modified
biocompatible composite materials as well. This indicated
that the GOx/PoPD/MCM/GCE was very selective to
glucose.

3.5 Linearity

The developed GOx/PoPD/MCM/GCE can be used to
detect glucose using amperometric technique. Linearity of
this biosensor was operated by the successive addition
method under the optimal condition (E,pyea=—0.35V,
0.05M PBS pH 7.0, 60 ng CNT, 40 ng NiFe,O,, 500 uL
PDDA-AuNPs, 15cycles PoPD, 2 mU GOx). As Fig-
ure 6A, the amperometric current response of the modi-
fied electrode increased with respect to glucose concen-
tration in two linear ranges of 0.5 to 10 uM (R*=0.998)
and 10 to 15,000 uM (R*=0.991). At the low concen-
tration linear range, a low detection limit (LOD=
0.35 uM, SIN=3) and high sensitivity
(853.07 yPAmM 'ecm™?) were determined by statistical
calculations shown in Figure 6B (small box in the bottom,
right-hand corner).

Also, information of the linearity was applied for
calculation of the enzyme-substrate Kinetic parameter as
measured by the Michaelis-Menten constant (K ) [40]. In
this work, the Lineweaver-Burk equation [41] was used to
calculate this parameter using the following equation:

1 o 1 Km
P g

where I is the current at steady-state, I, is the
maximum current at saturated substrate and C is a certain
concentration of the substrate (glucose, in this case). The
resulting K,, value was found to be 93.51 uM (/=
46.30 pA) which was lower than earlier reported values
[42]. Typically, it is desirable to obtain low K, values
because it accounts for good affinity of the modification
layer of PoPD/MCM platform to the substrate and
favorable conformation and effective loading of GOx
onto GCE surface as well. These excellent calculated
analytical parameters (LOD, sensitivity, K ), presented
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Fig. 6. (A) Amperometric response of the modified electrode
towards glucose successive addition in 0.05 M PBS pH 7.0. Inset
of A: amperogram of spiked glucose concentration range from
0.5 to 10 uM. (B) Calibration curve between the response current
of the modified electrode and glucose concentration (0.5 to
15,000 uM). Inset of B: plot of the current versus low glucose
concentration.

the obvious ability of this modified electrode to serve as a
glucose biosensor when compared to other glucose
biosensors [43]. These were attributed to more binding of
the GOx (isoelectric point 4.2 [44]) due to the high
isoelectric points of metal oxides (Ni, Cu, Fe phase
varying from 6.6-9.5) [45]. Moreover, the biocompatibility
and synergy of each material in the PoOPD/MCM platform
is suitable for GOx to provide highly effective electron
communication between its active site and GCE surface.

3.6 Repeatability, Reproducibility and Stability Studies

Robustness of the developed method was studied regard-
ing repeatability, reproducibility, and stability by ampero-
metric technique. The GOx/PoPD/MCM/GCE was oper-
ated by spiking 2 mM glucose in 0.05 M PBS pH 7.0 under
continuous stirring. The results exhibited acceptable
repeatability and reproducibility to determine glucose
calculated as 0.38%RSD (n=10) and 1.60%RSD (n=
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10), respectively. Additionally, the stable performance
was operated by each spiking of 2 mM glucose in 0.05 M
PBS pH 7.0 under continuous stirring by an intraday
operation. It was an outstanding quantity count for the
operation time up to 97 times that the percent current
response was more than half the first operation (%I more
than 50 %). These were due to biocompatibility and high
flexible surface area of the PoOPD/MCM platform resulting
from the strong immobilization and effective catalytic
reaction of GOx on the electrode surface.

3.7 Sample Analysis

To evaluate the performance of the GOx/PoPD/MCM/
GCE as a glucose biosensor, it was applied to monitor
glucose level in 5 human blood samples from Sansai
Hospital, Chiang Mai, Thailand by standard addition
method. The obtained results were compared to the
results from commercial glucose biosensors (Blood glu-
cose monitoring system, Easy G Optima, Pharmahof Co.,
Ltd., Thailand) as shown in Table 1. This indicated that

Table 1. Glucose detection in whole human blood samples.

Sample Glucose Commercial T-test F-test
biosensors®  glucose (95% CL)*  (95% CL)"
(mM) biosensors® Crit Cal Crit Cal

(mM)

1 3.14+£0.10 3.07+£006 278 025 639 0.9

2 6.95+0.17 6.87+0.15

3 3294003 3.27+0.12

4 10.82+0.11  10.90 +0.26

3 151+£005 1.53+0.06

*n=3 "Crit=critical value, Cal=calculation value, CL=con-
fidence limit.

both were significantly indistinguishable at a confidence
level of 95% according to statistical F-test and T-test
values.

Also, the developed method has high potential to
determine the glucose level in whole real blood samples
and was comparable to earlier reports in Table 2. Besides
simplicity and quick fabrication, this modified electrode
provided excellent stability and robustness due to the
novel PoPD/MCM platform.

4 Conclusions

In summary, the novel and robust multicomposite materi-
als solution, PDDA-AuNPs-NiFe,O,-CNTs-CHIT, was
successfully prepared and efficiently used with a PoPD
film and GOx for the surface modification of a glassy
carbon electrode for use as a glucose biosensor. The
sensor, developed with a low cost and high-throughput
method, exhibited outstanding stability of up to 97 % of
current response greater than 50 % compared to the initial
current response. The GOx/PoPD/MCM/GCE exhibited
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Table 2. Comparison of glucose biosensors.

Biosensors Detection Voltage LOD  Linearity K, Sensitivity Ref.

techniques (V) (uM)  (mM) (mM)  (MAmM 'cm?)

GOx/cage-like PbS/Nafion/GCE BA —045 10 0.05-145 049 11.02 [46]
PUCNT/GOD/GCE DPV -03t0-06 - 0-17 5.09 19.50 [47]
Glu-GOx/GNS-PEI-AuNPs/AuE FIA-BA —-0.35 0.32 0.001-0.1 - 93 [48]
GOx/Ag@MWCNT-IL-Fe,0/MGCE BA -0.51 38 0.01-1 0.49 - [49]
GOx/p-NiO/n-Bi, Ti,O,/Ti foil electrode BA —0.442 1.26 0.02-355 022 215 [50]
GOx/SiO,(LuPc,)-PANI(PVIA)-CNB/SPCE ~ BA 0.2 100 1-16 1036 38.53 [51]
PCS/HB/GOD/CPE Ccv -031t00.8 32 0.1-5 - 76.43 [52]
GOx/PoPD/MCM/GCE BA -0.35 0.35 0.01-15 0.09 853.07 ™

AuE =Gold electrode, AuNPs=Gold nanoparticles, BA =Batch amperometry, CNB = Conducting nanobeads, CPE = Carbon paste
electrode, CV =Cyclic voltammetry, DPV = Differential pulse amperometry, FIA =Flow injection analysis, GCE = Glassy carbon
electrode, Glu=Glutaraldehyde, GNS = Graphene, GOD = Glucose oxidase, GOx = Glucose oxidase, HB=Hemoglobin, IL=Ionic
liquid, MG CE = Magnetic glassy carbon electrode, MWCNT = Multi-walled carbon nanotubes, PANI(PVIA) = Poly(vinyl alcohol-vinyl
acetate) itaconic acid, PCS = Polyaniline/multiwall carbon nanotubes/starch, PEI = Polyethyleneimine, PoPD/MCM = Poly(o-phenyle-
nediamine)/multicomposite materials, PUCNT = Partially unzipped carbon nanotubes, LuPc,=Lutetium phthalocyanine, SPCE =

Screen printed carbon electrode, TW=This work.

high sensitivity (853.07 pAmM ™' cm?), low detection
limit (0.35 uM), repeatability (%RSD=0.38, n=10),
reproducibility (%RSD=1.60, n=10) and good selectiv-
ity without exhibiting interference from electroactive
species such as aspirin, uric acid, caffeine, dopamine,
cholesterol and ascorbic acid. Moreover, the results
suggested that the MCM covered by PoPD film in GOx/
PoPD/MCM/GCE was suited for glucose detection in
whole human blood samples and is possible to be used as
a robust platform for fabrication of other biosensors.
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