Versatile Electrochemical Sensing with a Prussian Blue Zinc Oxide Carbon
Nanotube Composite

by Raja Ram Pandey

A dissertation submitted to the Faculty of the Graduate School at Middle Tennessee State
University in Partial Fulfillment of the requirements for the degree of Doctor of Philosophy in
Molecular Biosciences

Major Professor: Charles C. Chusuei, Ph.D.
Chengshan Wang, Ph.D.
Justin M. Miller, Ph.D.
Anthony L. Farone, Ph.D.

Ying Gao, Ph.D.



In honor to my family and parents, for continued love and support.



Acknowledgements

It is a genuine pleasure to convey my gratitude and deep sense of thanks to my research
advisor Dr. Charles C. Chusuei. The keen interest and adherence of my advisor above all his
overwhelming attitude to guide me had been significantly responsible for completion of my
research work. His scholarly and timely advice, scientific approach, and meticulous scrutiny have
helped me to accomplish this task to a great extent. | would like to thank my committee members
Drs. Chengshan Wang, Justin M. Miller, Anthony L. Farone and Ying Gao especially for their
insightful comments and supports, their valuable time to go through my dissertation and
suggestions for required proper corrections. | would like to express my gratitude to Dr. Gao and
Dr. Farone for providing me support with the cell culture of A549 and BT20 cells. | am extremely
thankful to Drs. Rajarshi Ghosh and Sarah Mathias for providing me cell culture training and
helping me a lot. I am excited to extend my thanks to my colleagues of research lab Nawaraj Karki

and Christopher Clark for their support and suggestion during my research work.

I would like to be grateful with the Department of Chemistry and Biology for providing
me access to the equipment, chemical supplies and laboratory space. | am happy to respect and
praise faculty and staff members of Department of chemistry and Biology who gave me amazing
courses theoretically and helped me throughout my sojourn in MTSU. | would like to appreciate
my friends Harun Roshid, Prithviraj Sripathi and Nayma Alsam who helped me in my stay in the
MTSU. | would like to thank my juniors Christopher and Ethan whose friendly support in our

research activities is remembered forever.



I would like to offer special thanks to my wife, Kabita Baniya for taking care of me with
unabating patience and supporting me throughout my life. Many thanks go to my little daughters,
Kristina Pandey and Riya Pandey for providing enjoyable environment in my stay in
Murfreesboro, TN. Finally, I am thankful to God who brought me in this world for the specific
purpose of my life and the journey of MTSU study. | am very grateful to my parents, Jamuna Maya
Pandey and Khadananda Pandey for their emotional and physical support. At the end, | would like
to thank and remember my sisters and brothers especially Navaraj Pandey who have always

encouraged and supported me to pursue higher education.



ABSTRACT

The design of a sensor is currently required for reliable, accurate and rapid quantification
of hydrogen peroxide (H202). The selective measurement of H,O> in complex systems is crucial
because H.O> plays a vital role in various fields such as cosmetic and pharmaceutical companies,
clinical control, chemical and biochemical industry, agriculture products, fuel cells, environmental
protection, organic synthesis and cancer cell analysis. Complex, time consuming and expensive
methods are used to determine H2O> concentrations under current practices.

Our method uses electrochemical techniques for real-time monitoring of H20- directly. To
design a selective and sensitive sensor for H20z, the earth rich materials including ZnO, carbon
nanotubes (CNTSs) and Prussian Blue (PB) were synthesized and applied. ZnO nanoparticles were
synthesized using a reflux-synthesis process before attaching them to functionalized CNTs
(COOH-MWNTSs). After tethering refluxed ZnO to carboxylic acid functionalized multiwalled
carbon nanotubes (COOH-MWNTS), an electrochemical sensing composite was produced by
electrostatically attaching Prussian Blue to ZnO/COOH-MWNTS to enhance sensitivity towards
H202. ZnO nanoparticles were characterized by transmission electron microscopy (TEM). A
simple ultrasonication process was used to tether ZnO synthesized nanoparticles. Finally, PZC
concept was applied to attach PB on the surface of ZnO/COOH-MWNTSs. The morphology and
chemical composition of ZnO/COOH-MWNTs and PB/ZnO/COOH-MWNTSs composites were
studied under TEM, Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR), and X-
ray photoelectron spectroscopy (XPS). The modification of glassy carbon electrode (GCE) was
performed using the PB/ZnO/COOH-MWNTSs. Nafion(2wt%) was used to cap the nanocomposite
on the GCE to design a Nafion/PB/ZnO/COOH-MWNTs sensor to monitor H>O,. The

electrocatalytic activity of the prepared sensor for the reduction and oxidation of H>O, was



examined under cyclic voltammetry (CV) and chronoamperometry (CA) techniques. The
cytotoxicity study of the PB/ZnO/COOH-MWNTSs composite for its potential in vivo use was also
done with the help of an Alamar Blue assay.

A practical use of Nafion/PB/ZnO/COOH-MWNTs/GCE sensor for ex situ determination
of H20, in BT20 and 4T1 cancer cells was explained. The sensor demonstrated a wide linear
response in the range of 1 uM to 3 mM concentration at an operating potential of -0.004 V on the
potentiostat. In addition, this sensor was used to delineate the role of oxidative stress in cancer cell
viability by measuring the concentration of H202 in response to apoptosis in BT20 cancer cells.
This sensor shows excellent reproducibility, good stability and it is used as versatile sensor to
measure H20- in different environments. In addition, the same sensor is versatile to study other

analytes such as homomvanillic acid, dopamine and glutathione at different potentials.
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Chapter 1

GENERAL INTRODUCTION

1.1 Background and Literature Review

The first observation of carbon nanotubes (CNTs) was in 1952 [1]. CNTSs, varying from 4
to 30 nm in diameter and maximum 1 pum in length, were re-discovered by lijima on the negative
end of carbon electrode applied in the d. c. arc-discharge evaporation of carbon in an argon-filled
vessel (100 Torr). The introduction of carbon nanotubes (CNT) by lijima[2] and Ceo, fullerenes
by Kroto et al. [3] has greatly changed the direction of science and technology. When the matter
dimensions appear under nanometer size scales, larger percentages of atoms are exposed on the
outermost surface, resulting in the greater surface area-to-volume ratio for unique and exciting
properties [4]. Because of the many annual publications related with CNTSs, these nanotubes are
currently most attractive materials of interest. Numerous publications relating to CNTs are
growing rapidly. Understanding the fundamentals and applications of CNTSs is the main focus of
the current research. A wide impact of CNTs shows the potential applications in biomedical
sensing, drug and gene delivery, energy storage, microelectronics and various other fields of
research. Another interesting field of research is the structure and surface modification of CNTSs,
resulting in the synthesis of very impressive chemical, mechanical, electrical and optical
properties. Currently, electrochemical sensing using the CNTs is rising as one of the most exciting

field of research [5-12].

The design of a sensor in increasingly demand for a rapid, accurate and reliable

determination of biological analytes is needed [13]. Different analytes such as ascorbic acid,



bilirubin, folic acid, hydrogen peroxide, bicarbonate, acetaminophen, uric acid, dopamine,
homovanilic acid and glutathione generally exists in biological samples with its mixture
composition. It is important to selectively determine H2O- as it plays a crucial role in many fields,
including cosmetics [14], food and agricultural products [15, 16], chemical [17], pharmaceutical
[14], biochemical industries [17-19], environmental protection [20], clinical control [21-25], fuel

cells [26, 27], swimming pool disinfection [28] and oxidative stress in breast cancer cells [29].

For an accurate, reliable, and rapid analysis of hydrogen peroxide (H20>), a significance of
designing a biosensor has increased in recent years [30]. Selective and accurate detection of H20:
is crucial step for screening of cholesterol in blood to control cardiovascular diseases [31],
detecting the beginning of food spoilage and observing signaling events triggering reactive oxygen
species generation [32]. H202 is a final product of different enzymatic reactions and H20:
concentration may be used directly as an indicator of reaction progress [30]. An increased level of
H20, may assist in releasing the potent hydroxyl radical in the human brain [33]. H20: is
established as the mediator of cellular pathology and oxidative signaling and has a role in the origin
of many neurodegenerative diseases, such as Parkinson’s disease [18, 34-36]. H.O: facilitates in
signaling pathways for cytotoxicity and takes part in the cell’s ability to response to bacteria and
other diseases at its physiological level [37]. It operates as a second messenger in cellular signal
amplification and transduction so that it demonstrates a major role to regulate a number of
oxidative stress-related states [38]. H2O2, the most stable component of reactive oxygen species
(peroxides, superoxides, hydroxyl radical and singlet oxygen), can damage cellular proteins, DNA,
lipid molecules with the consequence of the dysfunction of cells above the physiological

concentration resulting in aging and age-related disease states initiating from neurodegeneration



to diabetes to cancer and ultimately apoptosis [39]. Tumor cells generate more H.O, compared
with normal cells [40]. Hence, studying a wide concentration range of H.O, can upgrade our
comprehensive view of the progression of cancer cells at the early stage.

The use of spectrophotometry [41, 42], fluorescence [43], chemiluminescence [44, 45],
titration [46] and electrochemical techniques [36, 47, 48] are widespread uses to analyze H20-
concentration. The electrochemical method has low operating cost, simple, and fast process
compared to other methods. This exceptional method particularly provides many benefits such as
convenient operation, possibility of miniaturization and low operating cost [49]. The state-of-the-
art technology uses expensive metals like gold (Au) [48] and platinum (Pt) [47] to alter the
fundamental electrode substrates, such as glassy carbon electrodes (GCE). GCE is also recognized
as “glass-like or vitreous carbon” electrode. GCE contains unique properties so that it can resist
chemical attack, high temperature, hardness (6-7 mhos) and impermeability to gases and liquids
[50, 51]. GCE is inert under aqueous solution condition. It is shown that the hydronium ion
reduction on the Pt electrode and GCE surface had 2.10 V difference against the standard hydrogen
electrode at normal temperature. This potential difference occurs due to the Pt-H covalent bond
formation [52], displaying the higher inertness of GCE compared to Pt electrode. Similarly, GCE
displays slow Kkinetics and it requires a high overpotential during redox reactions so that its efficient
quantification of H20- is restricted [53]. Moreover, although electrochemical processes are used
to obtain direct and real-time determination of biological samples [36, 24, 54], high positive
potential (generally +0.6 V against saturated calomel electrode (SCE)) is needed due to direct
oxidation of H2O> on the bare conventional electrode surface so that potential co-oxidative

interferences are realized from other analytes such as ascorbic acid and uric acid [36]. Therefore,



developing highly-sensitive and selective biosensor is of great importance for quantification of
H>0> without using these expensive elements at its reduction potential [13, 22, 54].

ZnO is an n-type semi-conductor material. Since it has exciton binding energy (60 meV), wide
band gap (3.37 eV) and high breakdown strength, it is an ideal candidate for bio-sensing materials
[32, 55, 56]. PB is believed to be an artificial enzyme peroxidase and it is extensively used in the
preparation of electrochemical sensors [57]. It is common for its electrochemical, electrochromic,
photophysical and magnetic properties and it has potential analytical applications [58]. PB shows
a face-centered cubic lattice structure of a hexacyanoferrate having ferric (Fe*®) and ferrous (Fe*?)
ions alternating in the cubic lattice sites, associating with nitrogen and carbon atoms of cyanide
groups, respectively. It has formula, Fes*3[Fe*?(CN)s]s with different redox states [59].

Various materials are widely used to modify GCE. For detection of NADH, Musameh et al.
modified GCE with carbon nanotubes (CNTSs), observing a decrease in overpotential upon the
application of CNTs [60]. Wang et al. modified GCEs for the analysis of cytochrome ¢ using
single-walled carbon nanotubes [61]. Wayu et al. [32] were able to attach ZnO with MWNTSs to
detect hydrogen peroxide. This modified electrode displays the remarkable electrocatalytic activity
and stable response with H20». Lu et al. [62] deposited Prussian blue (PB) on the gold surface

using electrolysis process to detect H.O> in micromolar range.

1.2 Structure and properties of CNTs

Diamond and graphite are allotropes of carbon including ionsdaleite, C60, C70, C540, carbon
nanotubes and amorphous carbon [2]. CNTs are considered as seamless cylinders obtained by
rolling of a one-atom thick layer of graphite, known as graphene [63]. CNTs are classified into a
single-walled carbon nanotubes (SWNTSs) and multi-walled carbon nanotubes (MWNTS) based on

the number of graphene sheets. A single graphene sheet rolled-up into a tube refers to SWNTSs



whereas a number of concentric layers of graphene sheets shows MWNTSs. The different angles
and curvatures of CNTs determines the exact structure of it. The graphene sheet can be rolled up
into a tube and are explained with the help of one dimensional unit cell as described by a lattice
vector (T) and a chiral vector (Ch) (Figure 1.1). The definition of Cy mathematically is Cp =
nai+maz, where a; and a are the basic vectors of the honeycomb lattice. Then integers, n and m
(n>m) regulates the chiral angle 0. This angle is an angle between the zigzag direction of the
honeycomb lattice and the direction of the chiral vector, Cx. One dimensional translational vector

of nanotubes is called the lattice vector T along the nanotube direction normal to Ch [63].

Figure 1.1: Two dimensional graphene sheet representing the vectors that define the structure of
nanotubes.

The vector (n, m) represents the chirality of the nanotube. Zigzag nanotubes are given by the
vectors (0, m) or (n, 0). The vector (n, n) displays armchair nanotubes whereas the other vector (n,
m) shows chiral or helical nanotubes. The chiral angles 0° and 30° denote zigzag and armchair
nanotubes, respectively while the chiral angles between those angles is for chiral nanotubes (i.e.

0°<0<30°) (Figure 1.2).
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Figure 1.2: Schematic diagram displaying three types of SWNTs formed by rolling up a graphene

sheet into tube at different angles.

The nanotube’s diameter can be calculated as:

d= %\/n2 +nm+m? wherea=0.246 nm

Various chiralities and diameters result in different kinds of nanotubes with their own marked
electrical, mechanical, optical and piezoelectric properties. The metallic properties are determined
by the armchair nanotubes whereas chiral and zigzag nanotubes are either metallic if n-m = 3j
(where j is an integer and m # n) or semiconductors with other n and m values [64]. MWNTSs are
pondered as the metallic conductors. On the other hand, SWNTSs are generally recognized to be a
mixture of metallic and semiconducting nanotubes. Since metallic CNTs show very good electrical
conductivity, they can support current density of 4 x 10° A/cm?, relatively 1000 times more than
that of silver [65]. Recently, CNTs are extremely attractive materials in the fields of electronic,
energy and sensing applications owing to the wide range of electronic properties of CNTs based

on their nanometer scale dimensions, inertness and robustness [66, 67].



1.3 Preparation of CNTs, extraction and modification:

Chemical vapor deposition, laser ablation and arc-discharge are the three main processes for
the preparation of carbon nanotubes. The initial large scale synthesis process of SWNTs comes
under laser ablation method developed by the Smalley group [67]. A pulsed laser is used in this
procedure to vaporize a graphite/catalyst composite target in an inert environment of Ar or He. On
the wall of reactor, the nanotubes are synthesized with other byproducts such as graphitic and
amorphous carbon, particles of metal catalysts, and small fullerene molecules.

The first method used was arc-discharge for preparing SWNTs and MWNTSs [67]. ljima
generated MWNTS using this method. CNTs, altering from 4 to 30 nm in diameter and highest 1
pum in length were re-discovered by Ijima on the negative end of carbon electrode related in the d.
c. arc-discharge evaporation of carbon in an argon-filled vessel (100 torr). Although comparatively
cheaper, the synthesized nanotubes under this method need further purification prior to use.

The more suitable method for synthesizing large quantities of CNTs is known as chemical
vapor deposition (CVD). To generate MWNTS, Harris et al. [68] applied this process for the first
time. When the decomposition of a gaseous hydrocarbon source (ethylene or acetylene) takes place
in the presence of metal nanoparticles (Co or Fe) as a catalyst at medium temperature and over a
comparatively longer period of time, the nanotubes are synthesized in this process. Since CVD is
a more controllable and cost-effective method as compared to laser ablation and arc-discharge
processes, this method is recognized as a superior for synthesizing large amounts of CNTSs.
However, due to the detection of side-wall defects, the quality of CNTs obtained by this method
are reported as inferior [66].

All methods have problems in the synthesis of nanotubes, resulting in a mixture of nanotubes

with various diameters, chiralities and length distribution. Similarly, metal catalyst residues,



carbonaceous impurities and other byproducts are associated with the synthesized nanotubes. Such
contamination will reduce the overall yield of usable materials, so, it is necessary to remove such
impurities. Various physical and chemical techniques are possible such as, high temperature
annealing, oxidative acid treatment, solubilization and functionalization by surfactants comes
under chemical techniques whereas physical methods cover chromatography, filtration, laser
treatments and centrifugation [68]. Pure SWNTSs can best be obtained by acid treatments/or gas
phase oxidation. However, for avoiding the metal catalyst residues and enhancing the structural
perfection, high temperature annealing is a highly effective for MWNTSs synthesis under catalytic
methods [68]. SWNT is a seamless cylinder containing only one layer whereas MWNT is
cylindrical in shape having many concentric layers of graphene. We are using MWNTSs as the
support for all experiments in this dissertation.

Since CNTs appears to exist in the form of bundles owing to strong tube-to-tube van der
Waals’ interaction, they tend to be insoluble in almost all solvents. So, various attempts have been
conducted to exfoliate and solubilize nanotubes. The application of surfactants with sonication,
the end and/or side wall functionalization, protonation by super acids, and polymer wrapping of
CNTs are various modification techniques. Such methods are able to improve solubility using

different solvents and synthesize composite materials for many applications [69-71].

1.4 Electrochemical sensing using CNTs composite

Many compounds present in real biological samples may undergo reduction and oxidation
processes at the same potential, resulting in fouling of the electrode and poor reproducibility and
selectivity of the sensor. So, nanotubes must be modified with different functional groups to avoid
such limitations. They can be attached with metal or metal oxide nanoparticles, enzymes and other

nanomaterials. Tethering of nanotubes with other nanoparticles has enhanced the electrocatalytic



activity by hindering other interferences on the surface of the electrode [12]. The use of enzyme-
based biosensors have been limited in recent years because of their critical demands on
environmental conditions, high cost and instability of enzymes, low reproducibility and complex
process in the synthesis [72]. Hence, the development of non-enzymatic sensors have been
highlighted in recent research fields.

Different sensors have been fabricated using nanotubes with inorganic nanoparticles to
analyze biologically important molecules. Such sensors have been an attractive tool for very good
sensitivity and selectivity. Out of many strategies, the most common technique is to sonicate
nanoparticles with nanotubes, or stir mechanically, or form the nanostructure directly by adsorbing
proper precursors on the nanotubes with successive reactions. Similarly, using gas phase
deposition, electroless or electrochemical deposition, nanoparticles are decorated on the surface of

nanotubes for electrochemical sensing [73].

1.5 Electrochemical techniques for sensing

The earliest electrochemical sensor was discovered by P. Hersh in 1950 for monitoring oxygen
[74]. The advancement in electrochemical sensors then began for analyzing hazardous chemicals
for occupational safety and health administration (OSHA). Electrochemical sensors conduct by
interacting with specific analytes and react by generating an electrical signal proportional to the
analyte concentration. Various electrochemical methods have been emerged for electrochemical
sensing such as potentiometry, amperometry and voltammetry [75]. Two groups such as static and
dynamic techniques are the category of electrochemical methods. In a dynamic techniques, such
as coulometry, amperometry, voltammetry and polarography, current is allowed to pass through
the electrolyte solution. In the Static technique, no current is permitted to pass through electrolyte

solution, such as potentiometry. The electrochemical process family tree is shown below. Among



these techniques, cyclic voltammetry and chronoamperometry are used in our research. These
methods are relatively easy to study bioanalytes and the sensitivity of bioanalytes are observed
with wider range. Large amplitudes permit measurement of current (CA) and voltage (CV) at a

controlled potentials as shown in Figure 1.3.

Important Electroanalytical Techniques
I

Static (1 = 0) Dynamicl(l #0)
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Figure 1.3: Electrochemical methods family tree (Adapted from reference 76)

1.5.1 Cyclic Voltammetry

One of the electrochemical techniques is cyclic voltammetry (CV), widely used in many
areas. The potential of the working electrode is altered with time linearly in this versatile

electroanalytical method, and the current obtained is determined as a function of applied potential.
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As the potential is applied on the working electrode against the reference electrode, CV signal is

obtained as an excitation signal. As a result, the resulting current as a response signal is earned.

Potential (E)

t; t; t3
Time (t)

Figure 1.4: A triangular waveform, potential versus time.

Figure 1.4 describes the cyclic voltammogram excitation signal that is a scan of potential
linearly with a waveform of triangle. Such characteristic feature of triangular voltage waveform is
applied to the working electrode. When a potential scan is applied linearly between t; and to, the
potential can be switched back to its starting value at time tz3. The current is calculated using the
working electrode in the course of the potential scan so that a cyclic voltammogram is achieved.
The voltammogram can be expressed by plotting the vertical axis with current versus the horizontal
axis with potential. This horizontal axis is also considered as a time axis since the potential linearly

changes with time.
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Current (A)

Potential (V) —— (-)

Figure 1.5: A schematic diagram of cyclic voltammogram (CV)

At the beginning, the working electrode under the influence of initial potential does not
show any electrode reactions immediately. The potential is negatively noticed in forward direction.
The current observed is very little at ‘A’ as the potential scan begins. The current starts to go up at
point ‘B’ where the electroactive species can readily be reduced since the potential of the electrode
IS negative enough. An immediate increase of current appears between ‘B’ and ‘C’ because of the
greater rate of reduction at more negative potential. The current is observed highest at point ‘C’.
However, since the amount of analyte on the electrode surface reduces fast, the current decreases
from ‘C’ to ‘D’. The current associated with the reduction potential goes down at more negative
potentials due to exhaustion of analytes at the electrode. Hence, the rate of diffusion of reactants
governs the current through the depleted layer of substances. Although analyte diffusion towards

the electrode is considered to take place before reduction, the reduction in the current flow is found
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between points ‘C’ and ‘D’ because reduction is faster than diffusion. To switch scanning, it is
reversed to positive direction at ‘D’. As the potential is still sufficiently negative, a small cathodic
current becomes active although the potential is scanning in the positive direction. The reduced
species placed nearby the electrode begins to be oxidized providing in the increase of current in
presence of high positive electrode potential at ‘E’. At this point, the rate of oxidation goes up at
more positive potentials and the anodic current increases rapidly from ‘E’ to ‘F’ and it appears
maximum at ‘F’. From ‘F’ to ‘G’, the current is reduced since the substance around the electrode
is consumed of the reduced species. The complete first cycle is achieved when the analytes are
reversed to their starting state ‘A’ as shown in Figure 1.5. Then the multiple cycles are resumed as

required.

In cyclic voltammogram, the peak current (Ic) of cathode, peak current (Ips) anode, peak
potential (Epc) of cathode and peak potential (Epa) of anode are reported to be very basic factors.
When the transfer of electrons are rapid than that of other processes, such as diffusion, the number

of electrons transferred in the electrode can be calculated from the splitting between the peak

potentials.
2.303 RT
AEp = [Epa - Epc] = nF (3)
. 2.303RT 0 . .
AEpis V at 25” C with n electrons for a reversible redox reaction. Due to the slow nF

electron transfer rate for irreversible processes, the peak separation (AEp) results in a greater value.

For a reversible couple, the formal reduction potential (E®) is explained as

EO_ pa™ “pc (4)
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For a reversible systems at 25° C, the peak current (1) is directly proportional to the concentration

of analyte according to the equation of Randles-Sevgik:

|, = 2.686x105n32ACODY2y Y2 (5)
where the area of the electrode is denotated by A (cm?), the number of electrons is expressed by
n, D is the coefficient of diffusion (cm?-S?), C%is the concentration of analyte and V indicates the

scan rate (V-s). This relationship is necessary in analytical use of CV.

Additionally, the individual peaks are splitted widely and reduced in height for
irreversible methods (with sluggish electron transfer). The peak potential shift defines such
systems with the enlarging scan rate. The given equation is applied to describe that the Ej, is

dependent on the scan rate:

1
2

anaFV)

E,=E — ( - )[0'78 ~ In(K'/D)2] + l“( RT

an,F

(6)

where V is the scan rate, a shows the transfer coefficient, n, indicates the number of electrons

included in the charge transfer step, K is the standard rate constant. In irreversible system, the

given equation is used for peak current and it shows that peak current is still consistent with the

bulk current and V2.

lp = (2.99 x 105) n (an)Y2ACDY2y1/2 (7)

Cyclic voltammetry is necessary to generate the excitation signal applying a wave form
generator and to use this signal to an electrochemical cell by a potentiostat. It is also required to
determine the resulting current by a current-to-voltage converter and to show the voltammogram

using a recorder. In general, the main three objects are enclosed in an individual electronic device.
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The three electrodes used for the voltammetric measurements in an electrochemical cell are (1)
working electrode, (2) a reference electrode and (3) a counter electrode. They are kept in a solution
having the analyte of interest and the supporting analyte (a surplus of a non-reactive electrolyte).
The electrode where redox processes take place is called the working electrode. The electrode
diameter is basically kept less than 5 mm so that its susceptibility to have polarized can be
enhanced. Working electrodes are generally synthesized from conducting materials such as solid
gold or Platinum, liquid mercury and various forms of carbon like graphite and glassy carbon.
Mercury electrodes in the form of dropping mercury electrodes are constantly reused as a thin film
plated onto metal substrate or a carbon or as a stationary hanging mercury drop electrode. Although
the positive potential range is limited by the oxidation of mercury, mercury electrodes have been
used for studying reduction processes in the past. The application of mercury electrodes are
narrowed since it has environmental issue regarding to the mercury and its compounds. Hence,
gold, solid platinum and carbon electrodes are most commonly accepted as the working electrode.
Because of its expanded potential nature, physical and chemical stabilities, glassy carbon electrode
(GCE) is widely recognized as a standard carbon electrode materials. The working electrode is

GCE used in this dissertation research.

Another electrode is the reference electrode that offers an exact reference potential ideally
against which the working electrode potential is measured. The commonly used references for
voltammetric studies are saturated calomel electrode (SCE) or Ag/AgCl electrode in aqueous
solution. However, calomel reference electrode (Hg/Hg>Cl2) was prohibited due to its
environmental concern. The Ag/AgCl electrode is used in this research. The precise voltage of this

reference electrode is reported to be +0.210 V.
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The third electrode is the counter electrode. It is also pronounced as auxiliary electrode and it is
generally a piece of platinum gauze or wire. It conducts electricity from the source of signal to the
working electrode through the solution. It maintains the large current going through the reference

electrode so that the potential of the electrode remains stable. [75, 77, 78].

1.5.2 Chronoamperometry

Chronoamperometry (CA) is a simple and a widely used electroanalytical technigue in
which the working electrode potential is stepped to a higher value resulting in Faradaic current.
The resulting current is analyzed as a function of time. The Cottrell equation is used to describe
the Faradaic current as shown below. This current is because of electron transfer between the
electrode and the redox reaction of the target analyte.

_ nFACS/Dy

Where I is the current in amps, F is Faraday’s constant (96, 485 C/mol), n is the number of electron
transferred, Dy is the diffusion coefficient for species y in cm?s, Cy indicates the initial
concentration of reduce or oxidize able analyte in mole/cm?®, A is the projected area in cm?, and t
is the time in seconds. Using the slope of the plot | vs t*2, the diffusion coefficient of the target
analyte is calculated. Therefore, the Cottrell current plot shows an important diagnostic process to
study whether the analyte of interest is freely diffusional in solution. When a solid electrode comes
in a contact with a solution having an oxidized form of electroactive species, it creates a solid-
liquid interface. The electrode reduces the neighboring molecules at the beginning which are then

depleted as shown:

Ox+e —» Red
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Such disappearance causes a concentration gradient [79]. Figure 1.6a is the sketch of the waveform
used in a potential step experiment. E1 indicates the area where Faradaic process does not occur.
The mass-transfer-limited region is shown by E> where the concentration of analyte on the
electrode surface comes to zero. At the electrode surface, the current (flux) is proportional to the
concentration gradient. The flux of the oxidized form of molecules is continued toward the
electrode surface that causes the removal of the molecules in the bulk solution (Figure 1.6b).
Finally, the slope of the concentration profiles decreases at the electrode surface with time as

shown in Figure 1.6C.

E

>t >t >0

0 t 0 X 0 0
(a) (b) ©)

Figure 1.6: Chronoamperometry redox reaction conditions; (a) Waveform of potential step
experiment where Ox species is electro-inactive at E1, However, at a diffusion-limited
rate at E», it is reduced; (b) concentration profiles for different times in the experiment;
(c) current flow as a function of time.

1.6 Motivation and Research Objective

It is acknowledged that involving nanomaterials into electrochemical sensors has the
potential for enhancement in sensitivity (two orders of magnitude) owing to large surface area

which permits the enzyme immobilization and other materials [80]. Many efforts have been made

to alter the surface of CNTs with different materials. Wayu et al. [32] were able to attach ZnO with
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MWNTs to detect hydrogen peroxide. This modified electrode displays remarkable
electrocatalytic activity and a stable response with H2O>. Li et al. [57] deposited PB on the gold
surface using electrolysis process to detect H2O2 in micromolar range. PB is the iron complex
compound which acts as catalyst. The Fe (1) and Fe(lll) states present in PB is responsible to
enhance redox activity with various bio-analytes. However, the notion regarding the attachment of
PB with the composite of refluxed ZnO/MWNTSs through point zero charge process has not been
investigated. Detailed delineation of the impact of this composite on the changes in the chemical
activity and electronic structures has not been described. Moreover, the biocompatibility of this
resulting composite needs to be studied for in vivo uses. The proposed work seeks to correlate
changes in the electrocatalytic activity of PB/ZnO/MWNTs composite for higher sensitivity and

lower detection limit.

1.7 Scope of the Dissertation

The cost-effective method for designing and fabricating the sensitive and selective H>O>
sensor comes under the analysis of this dissertation. The characterized earth rich materials have
been applied for detection of H>O,. The potential use of the fabricated sensor for in situ
determination of H2O> in cancer cells is explained. With the purpose of correlating NP-CNTs
electrocatalytic activity with morphological structures, synthesis of the composite was achieved in
three steps: (i) ZnO NPs were prepared by refluxing, which were then (ii) attached to COOH-
MWNTs, and followed by (iii) PB electrostatic attachment to the COOH-MWNTSs for H.O>
detection. This composite, PB/ZnO/COOH-MWNTSs is characterized with various techniques,
including scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray
photoelectron spectroscopy, Raman spectroscopy, fluorescence spectroscopy, enzyme-linked

immune sorbent assays (ELISA). CV and CA are applied for the qualitative and quantitative
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electrocatalytic properties related to morphology modification. Electrocatalytic improvements
from the PB/ZnO/COOH-MWNTSs nanocomposite morphological structures from the surface of
COOH functional groups and attachment of ZnO NPs and PB were studied. Chapter 1 originates
with a short overview of literature and selected nanomaterials: COOH-MWNTSs, ZnO NPs and PB.
The electrochemical techniques such as CV and CA are studied. Chapter 2 begins with the
synthesis, fabrication and characterization of ZnO NPs and PB/ZnO/COOH-MWNTSs structures.
The refluxed synthesis method, surface characterization technique, point zero charge (PZC)
experiments for enhancing electrocatalytic activity are investigated. Chapter 3 presents the
biocompatibility of the developed sensor. The cytotoxicity of the synthesized composite on THP-
1 cells is demonstrated. Chapter 4 addresses the selective detection of H>O, at pH=7.0 phosphate
buffer solutions. The effect of potential interferences such as UA, AA, APAP, and Glu is studied.
It also discusses a real-world use of the fabricated sensor. The developed sensor for in situ
monitoring H202 in BT20 and 4T1 cancer cells was studied. The result of CA is compared with
that of ELISA for detection of H2O in these cells. Chapter 5 discusses application of the sensing
composite to investigate the relationship of apoptosis with oxidative stress in BT20 cancer cells
by flow cytometer. Chapter 6 and 7 explains the versatile capability of our sensor to study
dopamine, and homovanillic acid. The coalescence of ZnO nanoparticles under SEM analysis is

the interesting findings in this dissertation mentioned below.
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Chapter 2

Synthesis and characterization of the PB/ZnO/COOH-MWNTSs nanocomposite

Abstract
The reflux synthesis of zinc oxide (ZnO) nanoparticles was performed. After tethering refluxed
ZnO to carboxylic acid functionalized multiwalled carbon nanotubes (COOH-MWNTS), an
electrochemical sensing composite was produced by electrostatically attaching Prussian Blue on
the surface of ZnO/COOH-MWNTSs. The point zero charge (PZC) was explained how it plays role
to enhance the sensitivity of H2O». The size and morphology of ZnO nanoparticles are studied
under TEM and EDX. ZnO/COOH-MWNTSs nanocomposites were explained by FTIR whereas
PB/ZnO/COOH-MWNTs were characterized by SEM, EDS and XPS. High electrocatalytic
activity for H.O, was obtained when PB was successfully attached on the ZnO/COOH-MWNTSs.

The diffusion controlled experiment was performed using PB/ZnO/COOH-MWNTS sensor.

2.1 Introduction

As the particle size decreases down to 1-100 nm in diameter, the surface structure and
morphology of substances alters becoming nanomaterials. Modification of surface structure and
morphology of nanomaterials is of great influence for uses in the highly emerging areas of
nanotechnology. The real challenge in the field of nanoscale science is the facile methods for
generating nanomaterials with controlled morphology and surface properties because the

electronic, catalytic and optical properties of the nanomaterials are studied by these factors.
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Nanomaterials are highly applicable for fabrication of noble and improved electrochemical sensors

and biosensors because of their unique physical and chemical properties [81].

Modified carbon nanotubes (COOH-MWNTS) is one of the newly growing nanomaterials
which are getting more attention these days for electrochemical sensing. Using various chemical
reaction methods, scientists were able to tether COOH-MWNTSs with different metal oxides for
their applications in many fields. For example, ultrasonic irradiation with acid treated SWNTS,
zinc acetate and triethanolamine in aqueous phase processing at low temperature was used by Lin
et al. to design uniform coating of SWNTSs. This composite, ZnO/SWNTs increased the electron
transport and optical properties of SWNTs [82]. MWNTs were attached with atomic layer
deposition of ZnO and they were annealed under N> gas at 900° C. ZnO coating MWNTSs
composite increased optical and electron field-emission properties of MWNTs [83].
Vijayalakshmi et al. fabricated MnO2/MWNTSs/Ta composite using electron beam evaporation and
spray deposition process for the analysis of H202 in milk [84]. Ping et al. developed an
amperometric sensor based on PB and poly (O-phenylenediamine) modified GCE for the
quantification of H>O. in beverages [85]. Wei et al. reported the design of Hb/ZnO-
MWNTs/Nafion film and direct electron transfer between Hb and ZnO/MWNTs/Nafion takes
place due to their synergic effect to enhance the electrocatalytic activity of H,O2 [86]. Synthesis
of ZnO nanoparticles generally appears as needle-like and flower like shapes. Such shapes are not
easy to control [87-89]. In our study, the morphology of ZnO nanoparticles, however, were
controlled by reflux synthesis method by changing the synthesis temperature before attaching to
the functionalized MWNTS. The point zero charge concept is used to attach PB with the composite
of ZnO/MWNTSs. An electrocatalyst composite consisting of refluxed zinc oxide nanoparticles

(NPs) attached to carboxylic acid-functionalized multiwalled carbon nanotubes (ZnO/COOH-
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MWNTSs) was electrostatically tethered to PB to further enhance the sensitivity and selectivity of

H,0> for the first time in this work.

2.2 Materials and Methods

The following chemicals are used in the study without any modifications

)] Multiwalled carbon nanotubes, MWNTSs 95%, (30£10) nm (Nanolab Inc. 22 Bedford
street, Waltham, MA 02453)

i) Hydrogen peroxide (Fisher Scientific, Fair Lawn, New Jersey, USA)

i) Nafion (lon power, Inc., St. Louis, MO, USA)

iv) Sodium Hydroxide, NaOH (Fisher Scientific, Fair Lawn, New Jersey, USA)

V) Zinc Nitrate hexahydrate, 98%, Zn(NO3)2.6H20 (Sigma-Adrich, St. Louis, MO,
USA)

vi) Hydrochloric acid (Fisher Scientific)

vii)  Alumina slurry 0.05 pum, 1.0 um (Buehler Lake Bluff, IL, USA)

viii)  Uric acid 99% crystalline (Sigma Aldrich, St. Louis, MO, USA)

iX) L-ascorbic acid, 99% (Sigma Adrich, St. Louis, MO, USA)

X) Folic acid, 97% (Sigma-Aldrich, St. Louis, MO, USA)

Xi) 4-acetamidophenol, 98% (Sigma Aldrich, St. Louis, MO, USA)

xii)  Phosphate buffer solutions, PBS, pH 7.0 (Sigma-Adrich, St. Louis, MO, USA)

xiii)  Hydrogen peroxide (Fisher Scientific, Fair Lawn, New Jersey, USA)

xiv)  Glucose 96% (Sigma-Aldrich, St. Louis, MO, USA)
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2.3 Synthesis of refluxed Zinc oxide nanoparticles

In this research, ZnO nanoparticles were synthesized by the refluxed process following a
procedure developed by Feng et al [90]. For the first hour, 0.50 M of 42.0 mL Zn(NOs3),.6H.0
solution was added into the 1.00 M of 42.0 mL NaOH solution in a boiling flask with constant
stirring continuously. These two mixtures were mixed under refluxed method in an inert N2
atmosphere for another 2 hrs at 90° C as shown in Figure 2.1. with the appearance of white
precipitate, ZnO nanoparticles were collected and made them pure by washing with ultrapure
water. Several washing and using centrifugation process were continued for the purification of the
sample. Finally, the obtained ZnO nanoparticles were dried in the desiccator for overnight. Such

particles were again dried in an oven for 1 hour at 65° C.

_ Condensor

7

42mLof 1M
NaOH+ 42 mL of 0.5
M Zn(NO,),.6H,0

Figure 2.1: The set up for the synthesis of ZnO nanoparticles by reflux process under inert N2 gas

condition.
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2.4 Fabrication of refluxed PB/ZnO/COOH-MWNTSs nanocomposites

Bamboo structured COOH-MWNTs (95% purity, 30 nm diam.) were obtained from
Nanolab, Inc. (Waltham, MA, USA) and used as received. A 4.0 mg of refluxed ZnO and 4.0 mg
of COOH-MWNTSs were taken into 2.0 mL vial. Then, 1.0 mL of absolute anhydrous ethyl alcohol
was casted into the vial to form the suspension. The suspension was kept into sonicator for 1 hr to
disperse ZnO and COOH-MWNTSs. The composite, ZnO/COOH-MWNTSs was dried in oven at
80° C. After complete dry of ZnO/COOH-MWNTs, this composite was dried in dessicator for 24
hours. Then, 4.0 mg of ZnO/COOH-MWNTSs were mixed with 2.0 mg of Prussian blue (PB) in
PBS at pH 6.6. The mixture was stirred for 5 hours to attach PB on the surface of the composite,

ZnO/COOH-MWNTs.

2.5 Preparation of Nafion/PB/ZnO/COOH-MWNTs/GCE sensor

Prior to modification, the GCE was polished using a 1.0-um diam Al>Os slurry (Buehler
Ltd, Lake Bluff, IL, USA), and then further polished using a 0.05-um diam Al>O3 slurry to obtain
a mirror like finish. Doubly-distilled deionized 18 MQ Millipore water (Milli-Q water filtration
system, Model ELix, USA) was used to rinse the electrodes. The GCEs were then cleaned by
sonication in a 1:1 volume mixture of concentrated HNO3:H.O for 5 min. The electrodes were
then dried at room temperature. Each PB/ZnO/COOH-MWNT nanocomposite was drop-casted
onto glassy carbon electrodes (GCE), 3 mm in diam. A 5-pL colloidal aliquot of the composite as
a colloidal suspension was pipetted on the cleaned GCE surface. The GCE was then kept in the
oven for 20 min at 80° C. After drying, a second 10-pL aliquot of 2% Nafion™ solution was
applied to the top-most layer of the composite onto the GCE, and then dried in an oven at 80° C
for additional 12 min to obtain the PB/ZnO/COOH-MWNTs/GCE working electrode for

electrochemical sensing.
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2.6 Surface characterization of ZnO nanostructure and ZnO/COOH-MWNTs composite and
PB/ZnO/COOH-MWNTSs

Morphology and diameter size of ZnO, ZnO/COOH-MWNTs and PB/ZnO/COOH-
MWNTSs were characterized using scanning electron microscopy (SEM), transmission electron
microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), energy dispersive X-ray
spectroscopy (EDX) and X-ray photoelectron spectroscopy (XPS). TEM study of the ZnO
nanoparticles and ZnO/COOH-MWNTs composite was conducted using a JEOL 1400
transmission electron microscope. ZnO and ZnO/COOH-MWNT samples for TEM images were
designed by using a droplet on 200 mesh carbon-coated Cu TEM grids (SPI supplies, west chester,
PA, USA). EDX is used to analyze the ZnO nanoparticles. The TEM data were analyzed using
image J version 1.38x  software  National Institute of Health  (NIH)

(http://rsbweb.nih.gov/ij/download.html).

Point-of-zero charge experiments were conducted by applying 12 various pH solutions.
Different pH solutions were prepared in the range from 1 through 12 with the help of HCI and
NaOH solution. The initial pH values were determined after 30 minutes when 2.0 mL of these
solutions were kept in 12 various Nalgene cryogenic vials. Then, 2.0 mg of the experimental
sample was added in each vial and shaked well with the solutions. After 16 hours, the final pH
values of the solution were measured. The initial pH versus final pH values were plotted to

calculate the PZC. A pH meter with spear tip electrode was used for PZC measurements.

2.7 Results and Discussion

The morphology and diameter size of ZnO nanoparticles were maintained by reflux synthesis

process. The purity of the synthesized ZnO nanoparticles were studied by TEM, EDX and XPS
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techniques. TEM image of synthesized ZnO nanoparticles is shown in Figure 2.2. Figure 2.2
displays a characteristic image of an electrodeposited ZnO films. The C, O and Zn are emanated
from the ZnO powder surface confirming its reflux synthesis. EDS of the ZnO nanostructure
refluxed synthesis from 0.5 M Zn(NOs)..6H20 showed a high percentage of Zn present in the

sample [91].

Figure 2.2: TEM image of refluxed ZnO nanoparticles
Reproduced with permission from ref. [29]. Copyright 2019, American Chemical Society

The functionalized multi-walled carbon nanotubes (MWNTS) were attached to ZnO
nanoparticles, thereby, synthesizing carbon zinc oxide composite with enhanced sensitivity
properties. These MWNTSs were acquired and used as received. In the initial analysis, when the
COOH functionalized MWNT was attached with ZnO

nanoparticles using ultrasonication process, the density of the

composite was changed. After 1 hr of sonication, COOH
moieties of MWNT provide buoyancy, remaining uniformly

dispersed and
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Figure 2.3: Effect of sonication on the reaction of ZnO nanoparticle with COOH-MWNTSs (a)
COOH-MWNTs and (b) ZnO/COOH-MWNTSs in absolute anhydrous ethyl alcohol after 1 hr
sonication

suspended in absolute anhydrous ethyl alcohol (AAEA) solution.

However, the buoyancy of MWNT nanocomposite markedly decreases when ZnO nanoparticles
were introduced to the system. The composite ZnO displayed the sedimentation within 5-10 min
after 1 hr sonication as shown in Figure 2.3b. This indicates that ZnO nanoparticles are tethered

well to MWNTSs for enhancing electrocatalytic activity.

Figure 2.4 displays the ATR-IR spectra of ZnO/COOH-MWNTs nanocomposites
produced by reflux process. ATR-IR results show that the peak diminished in the range from
(1641-1691) cm™ is also showing that the COOH functional group and the ZnO nanostructure are
in the attachment into the nanotubes. The peaks at 1641 cm™ is due to the C=C stretching vibration
of the COOH-MWNTs graphene backbone [92]. Another peak at 1691 cm™ is because of C=0
stretching vibration of COOH group [92]. The C=0 stretch disappeared since it is involved in

attachment of ZnO nanoparticles. This proved to be the deflection of ZnO on MWNTS.
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Figure 2.4: ATR-IR spectra of (A) COOH-MWNTs and (B) refluxed ZnO tethered to COOH-
MWNTs in the range from 1900-1400 cm™[92]. Reproduced with permission. Copyright
2015, Wiley Analytical Science

Figure 2.5A shows the TEM images of ZnO/MWNTs. MWNTS s look like the film with an average

diameter of 30 nm. However, ZnO was deposited on and tethered to the outside of MWNTSs as

nanoparticle of ~ 13 nm as obtained from Figure 2.5B histogram analysis.
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Figure 2.5A: TEM image of refluxed ZnO/ Figure 2.5B: Histogram showing the refluxed
COOH-MWNTs. ZnO with average 13 nm in diameter (n = 576).

Reproduced with permission from ref. [29]. Copyright 2019, American Chemical Society

Figure 2.5A indicates the homogeneous morphology showing that ZnO nanoparticles are
uniformly distributed in the MWNT.
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2.7.1 Determination of point zero charge (PZC)

PZC measurement is used to attach PB on the surface of ZnO/COOH-MWNTSs. PZC is the
pH value at which the solid surface is electrostatically neutral in aqueous solution. The PZC is
usually measured with respect to the pH of the electrolyte and ultimately assigned the PZC of a
given substrate or particles. In addition, the pH of a solution lower than the PZC value of the
materials generates the acidic solution, denoting more protons than hydroxide groups and the
adsorbent surface is charged positively attracting anions. However, the pH solution higher than the
PZC value shows the basic solution with more hydroxide groups, resulting in the negatively
charged surface adsorbents on the solid surface which attract cations, according with the Guoy
Chapman theory [93]. The PZC experiments were conducted to study the tethering of PB to the
ZnO/COOH-MWNTSs. Such PZC study was performed by using the Park and Regalbuto procedure
[94]. The experimental results displaying the point of zero charge of refluxed ZnO/COOH-
MWNTs and PB are shown in Figure 2.6. The PZC values of refluxed ZnO/COOH-MWNTSs and
PB were measured and found to be 7.3 and 6.0, respectively. The PZC value for the refluxed ZnO
only was also found to be 7.2. The PZC values for both refluxed ZnO and refluxed ZnO/COOH-
MWNTs composites were studied to be almost same. The agreement in the similarity of PZC
measurements indicates that the COOH-MWNTSs surface is covered by ZnO nanoparticles. This
value also shows that the refluxed ZnO nanoparticles are associated with the attachment of COOH
functional groups [91]. Due to the differences in PZC values of ZnO/COOH-MWNTs and PB, PB
was attached on the surface of ZnO/COOH-MWNTSs using the PBS of pH 6.6. In this case, PB
adopted a negative charge whereas ZnO/COOH-MWNTSs adopted a positive charge when they

were kept in PBS of pH 6.6. Due to the electrostatic attraction between these oppositely charged
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nanocomposite and PB, PB were successfully tethered on the surface of ZnO/COOH-MWNTS to

enhance the sensitivity of H.Ox.
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Figure 2.6: The determination of PZC of ZnO/MWNTSs and PB (right), A scheme of attaching PB

with the composite, ZNO/MWNTS us

ing PZC (left). Reproduced with permission from ref. [29].

Copyright 2019, American Chemical Society

Figure 2.7 shows the schematic diagram of how PB is able to enhance the sensitivity of H20..
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Figure 2.7: Schematic diagram showing the influence of PB with H20- to enhance sensitivity.
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Figure 2.8: SEM image of Nafion/PB/ZnO/COOH-MWNTSs deposited onto the working GCE surface
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Figure 2.9: Energy dispersive X-ray spectroscopy of the Nafion/PB/ZnO/COOH-MWNTSs

Figure 2.8 shows an SEM of the optimized composite deposited onto the glassy carbon
electrode used for the DA sensing. The average diameter of the ZnO particles of 573 £ 4 nm (n =
504) resulted from the introduction of the PB to the ZnO/COOH-MWNTs. In contrast, the
ZnO/COOH-MWNTs had a diameter of 12.7 £ 0.1 nm as we reported previously. Figure 2.9
shows the accompanying EDX of this same surface, focused on a representative particle
encapsulated on the working electrode surface. Elemental atomic percentages from the EDX
(based on the L edge for Zn and the K edge for the remaining elements) were 27% C, 7.61% O,

35.36% F, 8.87% Na, 8.06% P, 1.92% ClI, 6.48% K, 2.65% Fe and 1.92% Zn. In contrast, EDX
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probes more deeply into the bulk. The fluorine emanates from the Nafion film used to bind the
PB/ZnO/COOH-MWNTs to the GCE surface. Na, P, Cl, and K are consistent with spectator ions
in the solution preparation for the composite. Differences in atomic percentages obtained from
EDX and XPS are due to variations in surface sensitivity thus permitting insight into the structure
of the topmost surface of the electrode material. Note that XPS is sensitive only to the top-most
50-100 A; entities deeper into the bulk are invisible to the technique [95]. In contrast, EDX probes
deeply into the bulk. It is hypothesized that ZnO is getting electron density from PB as Fe*? is
converted into Fe*® in the composite. When PB was attached with ZnO/COOH-MWNTs, there is
possibility of generating negative surface on ZnO and Fe atom exposes +ve charge on the surface
of composite. Such scenario may be the driving force for the coalescence of the ZnO particles as

shown in the SEM image of PB/ZnO/COOH-MWNTSs.

X-ray photoelectron spectra (XPS) were acquired using a Perkin-Elmer PHI 560 system with
a double-pass cylindrical mirror analyzer operated using a Mg Ko anode with a hv = 1253.6 eV
photon energy operated at 250 Watts and 13 kV. The binding energy (BE) for the C 1s level at
284.4 eV, indicating adventitious carbon [96], was used for charge referencing. XPS peaks were
curvefitted using 70%-t0-30% Gaussian-Lorentzian lineshapes with Shirley and Touggard
background subtractions [97]. BE peak envelopes were deconvoluted using CasaXPS ver. 2.2.107
(Devonshire, UK) software. ZnO, ZnO/COOH-MWNTs and PB/ZnO/COOH-MWNTSs were
mounted as a powder onto a custom-built sample holders and inserted into the XPS system via
turbopumped antechamber in separate experiments and outgassed in a turbopumped antechamber
prior to scans. Tantalum (Ta) was used as holder or probe for the materials. No signal was

observed from the Ta 4f orbitals, indicating that the foil sample holder was completely covered.
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System pressure did not exceed 1 x 108 Torr during scans. Core level intensities of the O 1s, C 1s

and N 1s orbitals were normalized using their known atomic sensitivity factors [98].
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Scheme 2.1: Possible mechanism for the coalescence of ZnO nanoparticles as shown in SEM
image.

We hypothesize the ZnO clusters in the SEM image are due to the electrostatic attraction
between number of ZnO nanoparticles in presence of Fe ions as shown in Scheme 2.1. Various
loading of PB with the ZnO/COOH-MWNTSs can be hypothesized to determine the size of
coalescence under possible SEM experiments. In our XPS results, the addition of PB on ZnO
cluster lowers the binding energy. It means PB increases electron density on the surface of ZnO.
This is basically justified the Scheme 2.1. Therefore, agglomeration of ZnO nanoparticles may be
electrostatically driven. In addition, the relative peak area intensity of O 1s of ZnO at 530.2 eV
was increased while that of O 1s of ester bond at 532.2 eV was observed lower with the
introduction of PB as shown in figure 2.10, suggesting the reason for the bigger coalescence of
ZnO particles. Randles-Sevgik analysis indicates a greater electroactive surface area of
PB/ZnO/COOH-MWNTSs (3.44 times more) compared to ZnO/COOH-MWNTs (as shown in
Appendix C). The higher sensitivity of the composite may be due to the crevices present in the

coalescence of ZnO nanoparticles in which case SEM is not able to observe such crevices.
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Our XPS data shows elemental atomic percentages of 17.2% C, 82.5% O, 0.25% Zn and
0.04% Fe. It should be noted that the XPS sample scanned did not contain Nafion to permit
analysis of the Fe, which would have been completely obscured due to photoelectron attenuation
by its top overlayers. In comparing the two elemental EDX and XPS data sets the only elements
free of artifacts, namely the Nafion, are Fe and Zn. In normalizing the Zn signal to Fe by dividing
atomic percentages, the Zn/Fe ratio from EDX (0.724) and XPS (6.25) can be obtained. The
markedly higher Zn signal (6-fold) from XPS as compared to EDX thus indicates a dominance of
Zn at the topmost surface of the electrode, consistent with ZnO particles. Furthermore, the core
level shifts of the O 1s and Zn 2p orbitals also verify the expected chemical oxidation states to be
found for ZnO particles. Hence, the elemental composition data in conjunction with SEM indicate
a coalescence of the ZnO nanoparticles into the larger ZnO clusters (574 nm diameter) after

introduction of the PB to the ZnO/COOH-MWNTSs with ZnO particles 12.7 nm in diameter.

The precise mechanism for the coalescence is not well understood and is a subject for ongoing
investigation. The mechanism involves a charge transfer to the Zn atoms indicated by the XPS
data. There is a negative 0.5-t0-0.8 eV shift towards the lower binding energy in both of the Zn
2p orbitals upon introduction of the PB, denoting an increase in electron density in the ZnO surface
(Figure 2.11). There is also an accompanying shift in the Fe 2p orbitals, for instance from 710.0
eV to 707.6 eV when comparing Fe in the free unattached PB and that attached to the ZnO/COOH-
MWNTs, indicating attachment of Fe on the surface of ZnO in the composite. Since the trends in
the Fe and Zn core level shifts are in the same direction, we can rule out redox activity between
the PB and ZnO/COOH-MWNT as being the driving force for the agglomeration. What is
definitive, however, is that that the PB is chemically bound to the ZnO particles such that it

migrates into the bulk of the material as indicated by the Zn 2p chemical shift. The relative ratio
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of the ZnO to COOH-MWNTs, using the integrated O 1s peak envelope areas comparing core
level shifts at 530.2 eV, denoting ZnO (60.1%) [99] and at ~532 eV denoting COOH-MWNTSs
(39.9%) [32], indicating that the ratio of the ZnO:COOH-MWNTSs is 3:2 (Figure 2.11). Hence,
the majority of oxygen detected is from ZnO particles. This finding is also consistent with ZnO
particles which are a majority of the surface species on the electrode surface. In addition, under
XPS study, the chemical composition and information about oxidation states of ions in the
PB/ZnO/COOH-MWNTs nanocomposite were reported. The spectra of the Zn 2ps/2, Zn 2p12 and
Fe 2p were fitted to 70:30 Gaussian-Lorentzian peaks applying a Tougaard background

substraction.
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Figure 2.10: XPS analysis of C 1s and O 1s of various composites as shown in above figures
Reproduced with permission from ref. [29]. Copyright 2019, American Chemical Society

Figure 2.10 C 1s shows 284.4 eV of sp? C-C bond in the graphite of CNTs [100, 101] in XPS
analysis along with the C 1s atoms present in the ester bonds [101, 102] represented by other
binding energies. This indicates that functionalized MWNTSs are attached with ZnO nanoparticles.
Figure 2.10 O 1s displays 530.2 eV of O 1s from ZnO [99] and other binding energies indicate the

O 1s from ester bond of oxygen [103].
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Fig. 2.11: XPS analysis of Zn 2p and Fe 2p of various composites as shown in above figures
Reproduced with permission from ref. [29]. Copyright 2019, American Chemical Society
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Figure 2.11 Zn 2p indicates the 2p1 orbital at higher potential and 2ps;2 orbital at lower potential
with spin orbit coupling. The doublet separation value (~23 eV) between these peaks shows Zn 2p
from ZnO [104]. The peak positions of Zn 2p at 1021.4 eV and 1044.1 eV in ZnO nanoparticles
are shifted to higher binding energies to 1022.1 eV and 1045.3 eV, respectively in ZnO-MWNTs.
This explains the shift to higher binding energy to the withdrawal of electrons from ZnO by the
electronegative oxygen of the COOH-MWNT, showing the involvement of O-containing groups
in the development of composite [100, 105]. It is observed that the chemical shift moves towards
lower binding energies, 1021.6 eV and 1044.5 eV from 1022.1 eV and 1045.3 eV, respectively
with the attachment of PB. Similarly, Figure 2.11 Fe 2p explains the significant change of chemical
shift in lower binding energy of PB. This concludes that the lower binding energy effect due to the
attachment of PB to ZnO/MWNT describes the electron rich morphology of the composite,

correlating with higher electrocatalytic activity.

Diffusion of analyte ensures that direct electronic signal comes from chemical signal so
that we can quantify the amount of analytes present in the solution accurately. The rationale for
Randles-Sevcik analysis is to observe the diffusion of analytes in aqueous conditions under the

influence of potential. Electrocatalytic activity of H.O> was studied due to the effect of scan rate
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on PB/ZnO/COOH-MWNTs. Cyclic voltammograms of 5 mM H20z in 70 mM PBS with saturated
N2at pH 7.0 was shown in Figure 2.12. This CV was studied at various scans of 10, 20, 30, 40, 50,
60, 70, 80, 90, 100, 110, and 120 mV-s using the PB/ZnO/COOH-MWNTSs/GCE electrode. The
electrocatalytic reduction of H20 due to the effect of the potential by Nafion/PB/ZnO/COOH-
MWNTs/GCE was observed by CV. The peak potential for the catalytically reduced H,O> shifts
to increasingly negative potential with enhancing scan rate larger. However, with the scan rates,
the reduction and oxidation peak current (Ipc) for H202 increased linearly which explains that the
reduction reaction was diffusion controlled. The relationship between the scan rate and Iy was
investigated to have a good linear connection over the range of 10 — 120 mV-s™ as shown in Figure
2.13. The straight line indicates the diffusion controlled. A correlation coefficient (R?) of 0.9943
and 0.9679 was observed for the linear regression equation, Ipc (RA) = 12.29 VY2 (V-s1) + 39.62
and Ipc (RA) = 4.38 VY2 (V-s1) + 20.27 for reduction and oxidation, respectively. Therefore, the
reaction of H.O. with the electrode surface area of Nafion/PB/ZnO/COOH-MWNTs/GCE
displays good correlation with the expression of Randles-Sevcik as the Ipc goes up linearly as a
function of the square root of the scan rate. The Randles-Sevcik equation describes the effect of
scan rate on the peak current in the CV. Since the reaction takes place so rapidly that the rate of
reaction is the transport of reactant through medium, it is referred to as a diffusion controlled
reaction. The spontaneous transfer of electroactive species from regions of higher concentration to
the regions of lower concentration occurs in this process. This phenomenon is characterized by the

peak currents of reduction (Ipc) and oxidation (Ipa) to scale proportionally with the square root of

the scan rate for irreversible redox processes according to the equation [106, 79]:

1)

anFVDE) 1/2

Iy = 0.4961 nFAC; (
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where | is the peak current in amps, a is the transfer coefficient, n is the number of electrons, A
is the electrode area (cm?), D, is the diffusion coefficient at the electrode surface (cm?s™), CZ is
the concentration in mol-cm™, and v is the scan rate in V-s™, R is the universal gas constant, n is
the number of electrons involved in the redox reaction, F is the Faraday constant, and T is the

absolute temperature. Equation (1) can be used to estimate charged molecule diffusion coefficient

for redox processes.
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Figure 2.12: CV of 5 mM H20> in PBS with saturated N> at pH 7.0 on Nafion/PB/ZnO/COOH-
MWNTs/GCE at various scan rates, (a) 120, (b) 110, (c) 100, (d) 90, (e) 80, (f) 70,
(9) 60, (h) 50, (i) 40, (j) 30, (k) 20, () 10 mV-s™
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Figure 2.13: Randles-Sevcik plot of H20> at reduction and oxidation potential.

The facile method of reflux synthesized pure ZnO followed by tethered to COOH-MWNTSs
was performed using ultrasonication process. The fabricated ZnO/COOH-MWNTSs was further
attached with PB using PZC concept. The electrostatic force between PB and ZnO/COOH-
MWNTs plays vital role to fabricate the sensor, PB/ZnO/COOH-MWNTSs. PB in the composite
increases the electron density with the purpose of significantly enhancing the sensitivity of H.O>
in physiological conditions. The diffusion rate at reduction potential was observed to be higher
than that as oxidation potential. In summary, the reflux synthesis method and attachment of ZnO
on the surface of COOH-MWNTs via ultrasonication followed by tethering of PB using an PZC

process is an crucial pathway for the mass production of selective H,O> sensors.

39



CHAPTER 3

Cytotoxicity study of PB/ZnO/COOH-MWNTSs via Alamar Blue Assay
The biocompatibility of the PB/ZnO/MWNT nanocomposite for important applications in
biomedical sensing field is analyzed. This nanocomposite was investigated for in vitro cytotoxicity
of the PB/ZnO-MWNTs using the THP-1 macrophage cell line with the help of the Alamar Blue
assay. Excellent biocompatibility of the PB/ZnO/MWNT with THP-1 macrophage cells were
observed at a high concentration up to 200 pug/mL. The cytotoxicity effect of PB/ZnO/MWNT was

compared with that of ZnO/MWNT nanocomposite.

3.1 Introduction

Widespread use of engineered nanoparticles have been realized recently because of their
applications in various fields, including their importance for the fabrication of biosensors, drug
and gene delivery, cancer treatment, and as diagnostic tools [107-113]. The effect of nanoparticle
on human health and the environment is required to be assessed before they are applied in
nanotechnology [107, 110, 113, 114]. To date, the current information of the effect of nanoparticles
on human cells for the use of biosensor for in vivo analysis of target analytes is restricted [113].
With the advance of the field of nanotechnology, the cytotoxicity effect of ZnO NPs is specifically
gaining increasing concern [115]. ZnO NPs is one of the most toxic nanoparticles in our
applications. Huang et al. reported that ZnO shows the most toxic one out of fourth period
transition metal oxide nanoparticles [116, 117]. Hsiao et al. attached ZnO with TiO> and studied
the decrease of the cytotoxicity of ZnO nanoparticles [118]. A safer ZnO NPs synthesis method
by doping with Fe ions was studied in 2009, resulting in the reduction of cytotoxicity with Fe

doped ZnO NPs [119]. Being conjugated to nanoparticles within the CTL:PB NPs construct,
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Prussian blue nanoparticle conjugation does not enhance any cytotoxicity effect to cytotoxic T
lymphocyte [120]. Huang et al. reports that the HeLa cells was not affected by the presence of PB
in the poly(vinylpyrrolidone) (PVP)-coated GaPBNPs composite under the cell viability assay
[121]. Using THP-1 cells, we studied the cytotoxicity of PB/ZnO/COOH-MWNTSs under our
analysis via Alamar Blue assay. Alamar Blue assay has been used as a standard technique to assess
cytotoxicity and cell viability of many cell types as reported previously. Viable cell changes into
pink fluorescent product, resorufin from the non-fluorescent blue resazurin. Alamar Blue is used
to analyze the reducing activity of the living cells. Resazurin is the active component of Alamar

Blue [122]. Resazurin (Alamar Blue) and Resorufin present the following structures in scheme

3.1
tlf NADH/H* NAD* H,0
{/©:1:©\IIH g m:@\ OH
Resazurin Resorufin

Scheme 3.1: Structures of Resazurin and Resorufin

3.2 Materials and Methods
3.2.1 Preparation of PB/ZnO/COOH-MWNT nanocomposite for cytotoxicity study

A 4.0 mg of refluxed ZnO and 4.0 mg of COOH-MWNTSs were mixed in absolute anhydrous
ethyl alcohol (AAEA) and sonicated for 1 hr to disperse ZnO and COOH-MWNTSs. The composite,
ZnO/COOH-MWNTs was dried at 80° C. After complete dry of ZnO/COOH-MWNTSs, this
composite was dried in a dessicator for 24 hours. Then, 4.0 mg of ZnO/COOH-MWNTSs were

stirred with 2.0 mg of Prussian Blue (PB) in 1.0 mL PBS at pH 6.6 for 5 hrs to obtain 6 mg/mL
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solution. A series of dilution was prepared to obtain 3.00, 1.00, 0.50, 0.25, and 0.125 mg/mL

PB/ZnO/COOH-MWCNT nanocomposite concentrations.

3.2.2 Cytotoxicity Analysis

For the cell cytotoxicity study, the THP-1 human macrophage cells was obtained in Dr.
Ying Gao’s laboratory (Department of Biology, MTSU). Alamar blue™ cell viability reagent was
purchased from Thermo Fischer Scientific (Eugene, OR, USA). Insolution™ Staurosporine,
hemacytometer and RPMI 1640 was obtained from Sigma-Aldrich (St. Louis, MO, USA). The
culture of THP-1 cells were performed in RPMI 1640 medium supplemented with 100 Unit/mL
penicillin, 10%(v/v) fetal bovine serum (FBS), and 100 pg/mL streptomycin in a 5% CO>
environment. When the cell confluency becomes 90%, the number of cells was calculated using a
hemacytometer. THP-1 cells were seeded at 1.0 x 10° 0.9 x 10° and 1.0 x 10° cells per well in a
96-well plate. Cells were consequently treated with PB/ZnO/COOH-MWNTSs in PBS at pH 7.4.
The serial dilutions were conducted from the PB/ZnO/COOH-MWNT stock solution and added to
100 pL of THP-1 cell suspensions in a 96-well plate. It was finally cultured for 2 hrs. Staurosporine
treated cells, untreated cells and blank solutions were simultaneously prepared as controls. After
2 hrs of incubation, 20 pL of 1x concentration of Alamar blue solution was mixed with cultures
and incubated at 37°C for 16 hrs in a 5% CO2 condition. Fluorescence spectroscopy was used to
study changes in fluorescence applying excitation/emission at 570/585 nm. Along with the

optimization of cell count, 1.0 x 10° cells/well was chosen for triplicate experiments.
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3.3 Results and Discussion

A human myelomonocytic cell line, THP-1 was obtained from a patient infected by acute
monocytic leukomia [123]. THP-1 macrophage cells were incubated with various concentrations
of PB/ZnO/COOH-MWNTSs to study cytotoxicity of this composite. PB/ZnO/COOH-MWNT
concentrations were spanned from 25 to 800 pg/mL and treated with 100 uL of THP-1 cells. After
2-hr incubation of THP-1 cells with various concentrations of PB/ZnO/COOH-MWNTs, it was
further treated with Alamar blue and incubated for 16 hrs. Cytotoxicity of PB/ZnO/COOH-
MWNTs was monitored on the basis of cell viability after 16 hrs incubation using Alamar blue
assay as reported by Wang et. al in 2014 [124]. The counting of cells was carried out using
hemacytometer. Alamar Blue dye is used as an intermediate electron acceptor in the electron
transport chain. Alamar Blue dye converts into pink (reduced state) from blue (oxidized state)
upon receiving electrons from metabolically active THP-1 cells, demonstrating the viability of

THP-1 cells [125].

Figure 3.1 reports the color change of Alamar Blue dye from blue (oxidized state) to pink
(reduced state). THP-1 cells were plated 1 x 10° cells/mL in rows A to H columns 1, 2 and 3. Row
A column 1, 2 and 3 were untreated cells. Row B column 1, 2 and 3 were treated with
staurosporine. Rows A and B column 4 are a blank solution only (media and PBS). Rows C to H
columns 1 to 3 were treated with 0.025, 0.05, 0.1, 0.2, 0.4, 0.8 mg/mL of PB/ZnO/COOH-
MWNTSs, respectively. Rows C to H column 4 are treated with PB/ZnO/COOH-MWNTSs only (
cell-free). Untreated THP-1 cells in row A changed the Alamar Blue to pink, which explained the
viablility of cells. However, Alamar Blue color was not changed with THP-1 cells treated with
staurosporine, indicating that they are metabolically inactive. Rows C to H column 4

(PB/ZnO/COOH-MWNTs) did not show any color change of Alamar Blue explaining the
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reduction processes was conducted in presence of live cells only in other wells. After the
optimization of cell count, 1.0 x 108 cells/well was selected and triplicate experiments were
performed. Figure 3.2 expresses the result of triplicate analysis, in which the evidence of the
concentration-dependent toxicity pattern of PB/ZnO/COOH-MWNTSs are shown. In this study, the
survival rate was greater than 51% even at the highest amount of PB/ZnO/COOH-MWNTs of 200
pg/mL after 16 hours. There is no cytotoxicity issue beyond the 25 pug/mL, indicating the potential

in vivo use of the composite.
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Figure 3.1: Alamar Blue assay using PB/ZnO/COOH-MWNTSs against THP-1 cells; A (1-3):
Untreated cells, B (1-3) Staurosporine (toxic) untreated cells, H-C (1-3): serial dilution
of PB/ZnO/COOH-MWNTSs (800-25 pg/mL), A-B (4): Blank, C-H (4):
PB/ZnO/COOH-MWNTSs
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Figure 3.2: Cell viability of THP-1 cells after treating with PB/ZnO/COOH-MWNTs for 16 hrs
at the concentrations shown, studied using Alamar Blue methods. Error bars indicate
the means+standard deviation of three independent experiments.

3.4 Conclusions

The biocompatibility shown provides preliminary evidence that the composite can potentially
be used for invasive assays. This is a new synthesized material proposed for biomedical sensing
uses. This becomes very important as the application of this material is considered for in vivo
study. Therefore, we have investigated the biocompatibility of the new fabricated PB/ZnO/COOH-
MWNT nanocomposite for its potential uses in the field of biomedical sensing. The outcomes of
our experiments have shown that the synthesized composite has very good compatibility with
human THP-1 macrophage cells even at the amount of 200 pug/mL. Such results explain that the
fabricated nanocomposite is an encouraging nanomaterial for use in the field of biomedical
sensing. Since the extent of cytotoxicity of ZnO nanoparticles in the composite was analyzed, there
are no artifacts from the electrode killing cells being measured. So, it will be important for this

sensor to be further analyzed for H20- in other cell lines.
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CHAPTER 4

Sensitive and selective Quantification of H,O, in BT20 and 4T1 breast cancer cells
Abstract

A Prussian Blue (PB) zinc oxide carbon nanotube sensing composite was developed for
the rapid assaying of H,O, generated from BT20 and 4T1 breast cancer cells, important for
elucidating mechanisms governing apoptosis of these cell lines. The combination of H,O,’s
transient nature along with matrix effects makes monitoring this molecule in biological samples a
challenge. The standard addition method (SAM) was coupled with chronoamperometric sensing
(CA) to overcome these obstacles. An electrocatalyst composite consisting of refluxed zinc oxide
nanoparticles (NPs) tethered to carboxylic acid-functionalized multiwalled carbon nanotubes
(ZnO/COOH-MWNTSs) was electrostatically attached to PB for signal enhancement. Optimization
of the sensor was achieved via adjusting solution pH and stirring time to optimize PB electrostatic
attachment to ZnO/COOH-MWNTs prior to its deposition onto the working glassy carbon

electrode (GCE) surface. CA SAM showed the ability to accurately measure H,O, within the 1-21

uM range, suitable for monitoring cancer cell line apoptosis resistance scenarios and offering
analytical advantages over standard enzyme-linked immunosorbent assays (ELISA) for rapid,

matrix-effect-free analysis.

4.1 Introduction

Selective and quantitative measurements of H,O,, an important reactive oxygen species
(ROS), are involved in a host of biological redox reactions [126]. Breast cancer is the most
common type of malignant neoplasm among women worldwide [127]. It is estimated that 266,120
new cases of breast cancer were diagnosed in 2018, representing 15.3% of all new cancer cases in

the U.S. that year [128]. A growing body of evidence suggests that oxidative stress, generating
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ROS (of which H,0, is the most stable as compared to peroxides, superoxides, hydroxy! radicals,

and singlet oxygen), plays a key role in regulating pathways in tumor cell survival [129]. The
ability to accurately measure H,O, is important for understanding mechanisms underlying this
phenomenon and thereby improve practical chemotherapy. However, matrix effects from
interfering species in biological samples coupled with the transient nature of ROS hamper accurate
measurements. Furthermore, standard immunoassays, which typically incorporate the use of
fluorescent dyes contribute to the complexity of the analyte solution. Despite recent improvements
in fluorescent [39, 130, 131] and genetically encoded [132] probes, very few ROS quantification
studies are conducted in cancer cell media due to the lack of suitably accurate measurement
techniques [133, 134]. To this end, we have developed an innovative tool for rapidly and accurately

quantifying H,O, in breast cancer cell media to enable these mechanistic studies.

Applying the standard addition method (SAM) to chronoamperometry (CA) detection can
be used to overcome these difficulties presented by sample matrix effects. SAM is typically applied
to atomic absorption, fluorescence spectroscopy, ICP-OES, and gas chromatography. There are
few literature reports in which SAM is applied to CA. To date, only one group has successfully
coupled SAM with CA for measuring H,0O,; Zbiljia¢ et al. used a Prussian Blue (PB) carbon
nanotube composite to do so [135]. The analysis range achieved in this study, however, has a lower
limit of 10 uM, which is still insufficiently sensitive for analyzing oxidative stress in cancer cell
lines. Furthermore, the electrochemical technique relies heavily on the Fenton reaction for H,0,
quantitation. In applications involving ROS probes in cancer cell media, this feature would hamper
ROS analysis due to generation of additional ROS by the PB-based electro-composite. We have
improved upon this electrocatalyst design by incorporating ZnO upon which H,0, redox will

largely take place.
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Typically, slow electrocatalyst kinetics and requirements of high overpotential typically
delay efficient electrochemical determination of H,O, on a glassy carbon electrode (GCE) [53].
PB was electrostatically attached to the ZnO/COOH-MWNT composite, taking advantage of
differences in the point of zero charge (PZC) between these two materials to attach PB to the
ZnO/COOH-MWNT surface. Previously in our lab, Wayu et al. [32, 136] attached zinc oxide
(Zn0O) nanoparticles (NPs) to the carboxylic acid-functionalized multiwalled carbon nanotube
(COOH-MWNT) surface via ultrasonication to detect hydrogen peroxide (H,O,). The modified
electrode showed remarkable electrocatalytic activity and a stable response toward its detection.
Hemoglobin (HDb), a redox enzyme, is known to increase the sensitivity and linear range of

detection of H,O, when it is attached to the ZnO/COOH-MWNTs as compared to the sensor
without the tethered enzyme [86, 137]. We have applied PB to enhance redox activity for H,O,

detection using the ZnO/COOH-MWNT composite. PB, touted as an “artificial enzyme

peroxidase” [57, 58], was used to enhance the redox properties of the ZnO/COOH-MWNTS to

monitor H20>. PB, Fe'”[Fe”(CN) ], has multiple oxidation states [59] and a face-centered cubic
lattice structure of a hexacyanoferrate having ferric and ferrous ions alternating in the cubic lattice
sites, associated with the N and C atoms of the cyanide groups, respectively. PB is still employed
as a source of electron transfer to enhance sensitivity, but the Fe mole fraction is kept low to greatly
reduce Fenton-like reactions while facilitating the vast majority of redox reactions taking place at
the ZnO surface. Redox activity accompanying the attachment of the PB to the ZnO/COOH-

MWNTs led to enhanced H,O, signal detection. Contributions from the Fenton reaction were

greatly minimized on the electrode surface by keeping its surface mole fraction small. We achieved
a 0.04% elemental mole fraction of Fe in the composite fabrication on the GCE surface (vide

supra) thereby ensuring most of the H,O, redox taking place at the ZnO interface. BT20 cells are
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used as a model system for studying estrogen-unresponsive breast cancer. BT20 is the oldest and
most widely studied of the triple negative breast cancer cell lines that was first identified from a
74-year old woman with breast carcinoma in 1958 [138, 139]. The 4T1 mammary carcinoma cell
line, obtained from mice, can also be used to model human breast cancer activity. Unlike most
tumor models, 4T1 can spontaneously metastasize from primary tumors in the mammary gland to
multiple distant sites, such as lymph nodes, liver, lung, and bone, and hence is an excellent model

system for stage IV human breast carcinoma [140].

In this study, we demonstrate, for the first time, the utility of a PB/ZnO/COOH-MWNT
composite for chronoamperometric measurements of H,O, in BT20 and 4T1 breast cancer cells at
concentration ranges produced when these cells were oxidatively stressed. The results of this new
H,O, assaying technique is compared with those obtained from enzyme linked immunosorbent

assays (ELISA).

4.2 Materials and Methods

Bamboo structure COOH-MWNTs (95% purity, 30 nm diam.) were purchased from
Nanolab, Inc. (Waltham, MA, USA), and used as received. Reagent grade (99% purity) uric acid,
phosphate buffer solutions (PBS, pH = 7.0), Prussian Blue (PB), acetaminophen (APAP), zinc
nitrate hexahydrate (98% purity), folic acid (FA), and L-ascorbic acid (AA) (99% purity) were all
purchased from Sigma-Aldrich (St. Louis, MO, USA). NaOH and hydrogen peroxide (H203)
(30%) were obtained from Fischer Scientific (Fair Lawn, New Jersey, USA). Absolute anhydrous
ethyl alcohol (AAEA) was purchased from Pharmco-AAPER (Shelbyville, KY, USA). Nafion™
binder was obtained from lon Power, Inc, (New Castle, DE, USA). Phosphate buffered saline

solution (PBS) was used as the medium to manage the pH of the electrochemical cell. All chemical
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reagents were of 99.9% purity or greater and obtained from Sigma-Aldrich (St. Louis, MO, USA).
All experiments were conducted in deoxygenated electrolyte solution prepared by bubbling 99.9%
purity N2 gas flow (Air Gas Products, Radnor, PA, USA) through the solution for 12 min prior to

each measurement. The preparation of all solutions was done using Millipore water (18 MQ-cm).

4.2.1 Cell Culture

BT20 and 4T1 cells were purchased from American Type Culture Collection (ATCC,
Manassas, VA, USA). Both cell lines were maintained in RPMI-1640 medium (Sigma-Aldrich,
St. Louis, MO, USA) with 10% Fetal Bovine Serum (FBS) (Gibco) at 37°C with 5% CO>. The
medium was renewed every two days. Well-grown BT20 cells in the logarithmic phase were
digested by 0.25% (w/v) Trypsin (Fisher Scientific, Hampton, NH, USA) from the original culture
flask and mixed well before being seeded on a 96-well cell culture plate (Denville Scientific,
Metuchen, NJ, USA) in the density of 5x10* cells/mL and incubated with the same full medium
at 37°C with 5% CO; for 24 h. Cells were then treated with 100 pL of 50 pM doxorubicin (Dox)
(Sigma-Aldrich, St. Louis, MO, USA). Cells treated with 100 uL of vehicle only served as a
control. The Dox group and control group each had eight replicate wells. After 24 h of incubation,

50 pL of the medium was collected from each well and proceeded for H2O» determination.

4.2.2 Hydrogen Peroxide Release Assay

The H20; release assay was carried on using Amplex™ Red Hydrogen
Peroxide/Peroxidase Assay Kit (Invitrogen, Carlsbad, CA, USA) according to instruction. The
H>0; standards for standard curve were prepared by diluting the 20 mM H20- stock solution with
1x reaction buffer. The final concentrations of seven H20. standards were 10.0, 5.00, 2.50, 1.25,
0.625, 0.312, and 0.0 uM, respectively. After 50 puL of the sample medium and 50 pL of each
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standard were loaded into 96-well plate, 50 uL of the working solution (0.1 mM Amplex ™ Red
reagent, 0.02 U/mL horseradish peroxidase, and 1x reaction buffer) were added into these wells.
After incubation at room temperature (25°C) in the dark for 30 min, the absorbance of each well
at 560 nm of was measured with a CLARIOstar™ microplate reader (BMG Labtech, Cary, NC,
USA). The concentration of H>O> in the sample was calculated according to the standard curve.
The student’s t test was applied for the analysis of the statistical difference between the Dox group

and control group.

4.2.3 Preparation of the Nafion/PB/ZnO/COOH-MWNTs/GCE sensor

Prior to modification, the GCE was polished using a 1.0-um diameter Al2Os slurry
(Buehler Ltd, Lake Bluff, IL, USA), and then further polished using a 0.05-um diameter Al>O3
slurry to obtain a mirror like finish. Doubly-distilled deionized 18 MQ Millipore water (Milli-Q
water filtration system, Model ELix, USA) was used to rinse the electrodes. GCEs were then
cleaned by sonication in a 1:1 volume mixture of concentrated HNO3:H.O for 5 min. The
electrodes were then dried at room temperature. Each PB/ZnO/COOH-MWNTSs nanocomposite
was drop-casted onto glassy carbon electrodes (GCE), 3 mm in diam. A 5-uL colloidal aliquot of
the composite as a colloidal suspension was pipetted on the cleaned GCE surface. The GCE was
then kept into the oven for 20 min at 80°C. After drying, a second 10-uL aliquot of 2% Nafion™
solution was dropped on top to cap the composite and dried in an oven at 80° C for additional 12

min to obtain Nafion™/PB/ZnO/COOH-MWNTSs/GCE sensor for further study.
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4.3 Results and Discussion
In the CV of the 5 mM H20- solution in PBS (Figure 4.1), the 60 min sonicated composite
showed the optimum sensitivity with hydrogen peroxide (H20.) due to the proper optimum loading

of the ZnO particles on the surface of MWNTSs as shown in Figure 4.1.
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Figure 4.1: CVs in 5 mM H20; at 50 mV-s* using ZnO/COOH-MWNTs
Reproduced with permission from ref. [29]. Copyright 2019, American Chemical Society

4.3.1 Electrocatalytic characteristics and optimization of the sensor

Figure 4.2A displays the different electrocatalytic activities due to various loadings of PB
with ZnO/COOH-MWNTs nanocomposites. Highest electrocatalytic activity was observed at
(2:1) mass ratio of PB to ZnO/COOH-MWNTSs composite. Figure 4.2B shows a series of CVs at
room temperature for different stirring of preliminary PB/ZnO/COOH-MWNTs composite
fabricated using 60 min sonication time as shown. This figure exhibits the current measured across
the working electrode as a function of voltage versus Ag/AgCI reference electrode. CV system
was performed with phosphate buffer solution at pH 7.0. The optimum sensitivity of this composite
was observed at 2:1 ratio of ZnO/COOH-MWNTSs to PB (Figure 4.2A) and 5 hrs stirring (Figure

4.2B and 4.2C).
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Figure 4.2: CVs of 5 mM H20; at pH 7.0 showing (A) effect of PB to ZnO/COOH-MWNTSs ratios

(by mass); and (B) stirring time for PB to attach to ZnO-COOH-MWNTSs; (C) a graph
showing 5 hrs stirring time for optimum sensitivity. Reproduced with permission from

ref. [29]. Copyright 2019, American Chemical Society
The electrochemical response of Nafion™/PB/ZnO/COOH-MWNT/GCE surface with H,02
was studied as control experiments. As shown in Figure 4.3, point e, there was no electrochemical
behavior to H20- on the bare GCE at given potential in PBS (pH 7.0) solution. The cathodic and
anodic current peaks were observed at -0.004 V and +0.27 V, respectively, which had a
pronounced electrochemical response when GCE was modified with PB/ZnO/COOH-MWNTSs

(Figure 4.3, point a). Electrochemically controlled experiments were performed using

ZnO/COOH-MWNTs and PB in which our composite (PB/ZnO/COOH-MWNTS) shows the 3
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times higher sensitivity result compared without PB as shown in Figure 4.3. The increase is
attributed to the proper attachment of PB, on the surface of ZnO/COOH-MWNTSs. The

improvement of electrochemical signal due to the attachment of PB with ZnO/COOH-MWNTs

are shown as

K4 Fell [Fe''(CN)gl; + 2 H,0, Felll [Fe!'(CN)¢]; + 40H™ + 4 K™ (2)
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Figure 4.3: Analysis of H2O, under CV at pH 7.0 with 50 mV-s* scan rate using (a)
PB/ZnO/COOH-MWNTs with 5 mM H20z, (b) ZnO/COOH-MWNTSs with 5 mM H20x,
(c) PB/ZnO/COOH-MWNTSs with PBS only, (d) PB with 5 mM H20,, (¢) GCE with 5
mM H20,

Reproduced with permission from ref. [29]. Copyright 2019, American Chemical Society

Symmetric peak shapes in the CVs at various pH conditions denoted quasi-reversible redox
processes. During CV, H20: is oxidized to hydroxide and hydroxide is reduced back to H>O> via
a two-electron process [141]. Figure 4.4 shows the amperometric response of the
Nafion™/PB/ZnO/COOH-MWNTSs/GCE as a function of pH in 5 mM H.0 at reduction and
oxidation potentials of -0.004 V and +0.27 V, respectively; the corresponding CVs of 5 mM
H>0, are shown in the Figure 4.5. The cathodic and anodic currents are maximized at pH 7.0 for

both oxidation and reduction potentials. Figure 4.5 shows that our sensor is capable of detecting
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H20; at various pH conditions. The optimum detection response of H.O, was observed from pH
7.0-7.4. The highest electrocatalytic activity of our sensor with H.O was observed at pH 7.0 at

both oxidation and reduction potentials.
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Figure 4.4: A plot of pH vs current to show optimum pH response for highest electrocatalytic
activity at pH 7.0 using CVs at reduction and oxidation potential of -0.004 V and +0.270

V, respectively
Reproduced with permission from ref. [29]. Copyright 2019, American Chemical Society

-300 ] 400 ]
2300 b ]
<-200 - ﬁ-zﬂﬂ _ 1
E-Wﬂ 1 lu?_] o0t ]
|l . ]
g z |
o 100 { o 100t '!'_:EE-; :
jpHED

200 | B ?
i i i Em L lmwilb i A 7

-1 0 1 -1 0

POTENTIAL, V POTENTIAL, V
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MWNTSs
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Reproduced with permission from ref. [29]. Copyright 2019, American Chemical Society

Figure 4.6A shows a typical current-time curve of CA at the Nafion™/PB/ZnO/COOH-MWNTSs
modified electrodes for successive addition of various concentrations of H.O> in PBS of pH 7.0 at
-0.004 V. The sensor achieves a steady state current within 4 sec. It was determined that H.O>
concentration can be detected as low as 1 uM. The detection limit based on CA was 0.019+0.01
uM. Figure 4.6B shows a linear relationship with correlation coefficient, R? = 0.9678 for H20;
concentrations from 1 uM to 3 mM. These results can be used to study oxidative stress of H20- in
cells potentially. The oxidative stress of hydrogen peroxide on certain cancer cell lines such as
MCF-10F, MCF-7 and MDA-MB-231 cell lines were studied using Dox [142]. Dox treated cancer
cell lines shows the higher concentration of H.O, compared to that of untreated cancer cell lines

within the range of 6-to-14 uM. The detection of H20. from 2.0-t0-20.0 uM is sufficient to analyze

oxidative stress in these cell lines. Figure 4.6C shows an improved correlation coefficient of R?

0.9822 within the concentration range of 2.0-t0-22.0 uM of H-Ox.
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Figure 4.6: Analysis of H,0, under CA at pH 7.0 with 50 mV-s™* scan rate using PB/ZnO/COOH-
MWNTs (A) a spectrum showing the detection of H20. from 1uM to 3 mM; (B) a
calibration curve with R2 = 0.9678; and (C) Analysis of H2O, under CA at pH 7.0 with
a 50 mV-st scan rate using PB/ZnO/COOH-MWNTs
Reproduced with permission from ref. [29]. Copyright 2019, American Chemical Society

Similarly, CV can also study this range of H,0, with R? = 0.9786 to study oxidative stress of H,O-

as shown in Figure 4.7.
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Figure 4.7: (A and B) CVs of H>O> at various concentrations under pH 7.0 conditions, using
PB/ZnO/COOH-MWNTSs at scan rate of 50 mV-s™; (C) calibration curve of current vs
concentration under CV at pH 7.0
Reproduced with permission from ref. [29]. Copyright 2019, American Chemical Society
Figure 4.7A and 4.7B shows how CV current varied as a function of H20, from 1-to-20 uM.
Figure 4.7C shows a linear correlation between the peak current and the concentration at reduction

potential of -0.004 V, with correlation coefficient of R? = 0.9786.

Analytical application of the Nafion™/PB/ZnO/COOH-MWNTs/GCE sensor was studied
using standard addition method under chronoamperometry (SAM CA) technique. SAM was

applied by spiking in known H>O- concentration, and plotting the resulting current as a linear
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function of known concentration. Finally, the concentration of the analyte can be quantified when
the line is extrapolated across the concentration axis (X) at zero signal intensity (i.e., aty =0, and
then, x = -b/m so that the concentration becomes b/m) [143, 144].

A sample calculation procedure for a standard addition method under CA to calculate H>O; in the

breast cancer cell lines is shown below (Table 4.1).

A B C D E F G
1 |Hydrogen peroxide standard addition method
2 |Add 0.2 mM H,0, to 1.5 mL H;0, contaming samples. such as breast cancer cell lines
3
4
5 Vo (mL) Vs= I(s+x)= X-axis function Y-axis function
6 1.5 pL H,0; added mL H,0, Signal (pA) Si*Vs/Vo I(s+x)*V/Vo
7 |[Sili (mM)= 0 0 513.7332 0 513.7332
8 0.2 825 00825  666.1359 0.011  702.7733745
9 9485 009495 764.5152 0.01266 8125090122
10 109.0343 0.109034 839.0105  0.014537%07 §95.9977817
11 125.0539 0.125054  916.9178  0.016673853  993.3605646
12 1433654 0.143365 1009.8948  0.019115387 1106417448
13 164.3923 0.1643%2 1106.2837  0.021918973 1227526715
14 188.6401 0.18864 1206.6534 0.025152013 1358 402212
15 216.7142 0.216714 1303.3267  0.028895227  1491.626302

Table 4.1 Standard addition method under CA to detect H.O>
Reproduced with permission from ref. [29]. Copyright 2019, American Chemical Society
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Figure 4.8: A graphical representation under standard addition method to detect H20 in complex

cell systems
Reproduced with permission from ref. [29]. Copyright 2019, American Chemical Society

The standard addition method (SAM) is typically used for atomic absorption,
fluorescence spectroscopy, ICP-OES and gas chromatography, but that we are applying it for the
first time using CA. The SAM is especially suitable provided the sample composition is unknown
or complex and shows an effect on the analytical signal. A linear relationship between the
concentration and the analytical current signal of H20x is a prerequisite for using the SAM. Using
the sensor, Nafion™/PB/ZnO/MWNTSs/GCE, the SAM was used to determine H,0;
concentrations ranging from 1-to-21 uM in PBS (Figure 4.8, as a representative analysis using 5
uM H2O; stock solution) before proceeding to the BT20 and 4T1 cancer cell lines. The relationship
between known and calculated concentration of H2O. was found with the correlation coefficient

value, R = 0.9932 as shown in Figure 4.10.
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Figure 4.9 displays the raw results of standard addition method under CA. The results show that
the standard addition method calculated the known concentration of H.O> from 1-to-21 uM using
CA. The number arrow pointed in the chromatogram represents the spiking volume of H>O> such
asa, b, c, d,e,f, g, hindicates 82.5, 94.9, 109.0, 125.0, 143.4, 164.4, 188.6, and 216.7 uL H20o,
respectively, spiked in that specific point. The raw data of standard addition method at 5 uM H>0>
stock solution is further analyzed using calibration curve of current vs concentration. The equation
generated from the calibration curve is used to calculate the concentration of 5 uM H20. stock
solution as shown here. In equation in Figure 4.9B, y = 57518 x + 309.13, x value is equal to
0.0053 mM or 5.3 uM H202 when y = 0. Finally, relationship between known and calculated H20-
is established to support the validation of this SAM CA technique as shown in Figure 4.9. The

calculated H20- concentration was based on CA current.

2000 | R1I=n.a4zs1 ‘ . .I/ .
=1500 .
&
=
= 1000 .
o
500} y = 57518 nAmM ™" x + 309.13
55 60 65 70 75 80 85 90 0.00 001 002 003
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Figure 4.9: Employing the SAM to CA for assaying H202 using PB/ZnO/COOH-MWNTS using a
(A) 5 uM stock solution, and (B) calibration curve to analyze the concentration of H2O> at
5 uM stock solution (representative sample at 5 uM H20> stock solution)
Reproduced with permission from ref. [29]. Copyright 2019, American Chemical Society
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Figure 4.10: Relationship of known and calculated concentration of H.O> using SAM CA in PBS

(pH = 7.0) at 50 mV-st using PB/ZnO-COOH-MWNTs
Reproduced with permission from ref. [29]. Copyright 2019, American Chemical Society
SAM was finally applied in BT20 and 4T1 cancer cell lines to study oxidative stress of H20>
on those cell lines using Dox. This SAM was carried out in untreated and 48 hrs Dox treated BT20
cancer cell lines to compare the generation of H202 as shown in Figure 4.11. The raw data obtained
from SAM of CA and its calibration curve for analysis are shown. The concentration of H2O> in
untreated and 48-hr Dox-treated BT20 cancer cell lines were calculated to be 10.1+1.3 uM and
16.0 +£ 1.2 uM, respectively. The raw data under standard addition method of CA analyzing

untreated and Dox-treated BT20 cancer cell lines are shown in Figure 4.11A and 4.11C with its

calibration curve as shown in Figure 4.11B and 4.11D, respectively.
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Figure 4.11: Standard addition method to detect H202 in BT20 cancer cell lines under CA in
aqueous media using PB/ZnO/COOH-MWNTs (A) raw data of untreated BT20 cancer
cell lines, (B) calibration curve of untreated BT20 cancer cell lines, (C) raw data of
Dox-treated BT20 cancer cell lines and (D) calibration curve of Dox-treated BT20

cancer cell lines

Reproduced with permission from ref. [29]. Copyright 2019, American Chemical Society

The results (Table 4.2) appeared as higher concentration of H2O2 in Dox treated samples (16.0+1.4

uM) (n = 6) compared to untreated same cancer cells (10.1 uM) (n = 6) with the standard deviation

of 1.2 uM in BT20 cancer cell lines as shown in Figure 4.11A.
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Table 4.2: Comparison of H20, (uM) from Dox treated and Untreated BT20 cancer cell lines

SAM CA for BT20 ELISA results of BT 20
cancer cells cancer cells
Dox treated Control Dox treated Control
(Untreated) (Untreated)
17.47 11.20 4.4091 4.258
15,10 12.20 5.0152 4,106
15.88 9.51 5.3182 3.652
17.47 10.59 5.3182 35
14.42 8.69 5.6212 4.409
15.88 8.99 5.6212 4,106
6.0758 4.864
6.9848 5773

Reproduced with permission from ref. [29]. Copyright 2019, American Chemical Society
Similarly, Figure 4.12 C also shows a higher concentration of H202 (15.2 uM) (n = 3) in
Dox treated 4T1 cancer cell lines (Table 4.3) compared to the untreated same cancer cell lines
(11.9 uM) (n = 3). Applying calibration SAM CA curves for Dox treated and untreated 4T1 cell
lines, (Figure 4.12), the measured H2O. concentrations from these two samples are statistically
significant with p = 0.0182. Similarly, H20 in 48-hr Dox-treated 4T1 cancer cell was calculated
to be 15.2+ 1.0 uM compared with 11.9 + 1.0 uM H20> in untreated 4T1 cancer cell lines. Figure
4.12A shows the raw data of untreated 4T1 cancer cell lines under standard addition method of
CA with its calibration curve as shown in Figure 4.12B whereas Figure 4.12 C displays the raw

data of 48-hr Dox-treated 4T1 cancer cell lines with its calibration curve in Figure 4.12 D.

Table 4.3: Measured H,0, concentrations (uM) from Dox treated and untreated 4T1 cancer cell lines

SAMCA for 4T1 cancer cell lines

Do treated Control
{(unfreated)
16.0 10.7
140 12.3
15.6 12.3
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Figure 4.12: Applying the method of standard additions to detect H>O> in 4T1 cancer cell lines
using CA in aqueous media (A) raw data of untreated 4T1 cancer cell lines, (B)
calibration curve of untreated 4T1 cancer cell lines, (C) raw data of Dox-treated 4T1
cancer cell lines and (D) calibration curve of Dox-treated 4T1 cancer cell lines

Reproduced with permission from ref. [29]. Copyright 2019, American Chemical Society
These measurements are in excellent agreement in the pattern of H.O concentration in
both Dox treated and untreated BT20 cancer cell lines with those of conventional ELISA method

(Table 4.2) (n = 8) as shown in Figure 4.13 B. However, the results indicate that the quantification

of H20, under Nafion™/PB/ZnO/COOH-MWNTSs/GCE is observed to be more sensitive (~2.5

times) than that of ELISA. Since H.O: is relatively unstable compound, this needs to be detected

quickly. The standard addition method under chronoamperometry is not only significantly faster
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but also more sensitive to analyze H>0> compared to ELISA method. In addition, the fluorescent
compounds used in ELISA techniques hinder the detection of H2O: in the cancer cell lines. These
may be possible reasons of appearing lower concentrations of H.O> under ELISA analysis. The
handling of H20O2 samples with longer time periods may also reduce the concentration of H.O> in
ELISA method. In addition, H2O. more rapidly decomposes in the presence of 4T1 cancer cell
lines compared to BT20 cancer cell lines and PBS with the injection of 3 mM H.O; in
chronoamperometry as shown in Figure 4.13 D. Although H2O, decomposes more rapidly in 4T1
cancer cell lines as compared to BT20, our method can still detect differences in production of
H>0> with the untreated and Dox treated 4T1 cancer cell lines since there is superior sensitivity
offered by CA as compared to ELISA. In contrast, the ELISA technique did not differentiate

between the Dox-treated and untreated 4T1 cell lines.
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Figure 4.13: Comparison of concentrations of H2O2 in Dox-treated and untreated cancer cells.
The bar graphs summarize measurements of H2O2 release from (A) BT20 cells with
CA SAM, (B) BT20 cells with ELISA, (C) 4T1 cells with SAM CA, and (D) 4T1
cells with ELISA

Reproduced with permission from ref. [29]. Copyright 2019, American Chemical Society
SAM CA is not only significantly faster than ELISA but also more sensitive for

analyzing H202 as compared to ELISA. This improved assaying capability of SAM CA relative

to ELISA is further corroborated by control measurements of 3 mM H202 within the BT20 and

4T1 cellular environment (Figure 4.13 A). A critical difference between the assaying techniques

is analysis time. It should be noted that ELISA takes approximately 3 h to quantify the H2O2 in

these cell media. In contrast, the SAM CA procedure for H2O2, employing the method of

standard additions, takes 15—20 min to perform the aforementioned eight standard additions for
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each concentration determination, which is a substantial decrease in analysis time during which

H202 would decompose in the cancer cell media, hampering ROS mechanistic analysis. This
substantial reduction in analysis time permits assaying before appreciable amounts of the H2O2

analyte decompose. In addition, fluorescent compounds inherent to ELISA may contribute to

H202 decomposition, resulting in lowered H202 readings. SAM CA is able to detect changes in
H202 undetectable by ELISA in the 4T1 cell line due to rapid decomposition of H2O2 by these

cell lines. Within the control CA experiment, current emanates from a 3 mM concentration of

H202 in the presence of PBS solution, BT20, and 4T1 cell lines as a function of time (Figure
4.14), respectively. H2O2 more rapidly decomposes in the presence of 4T1 and BT20 cancer

cells than in PBS solution. The rate of decomposition is in descending order: 4T1 > BT-20 >

PBS. Although H202 decomposes more rapidly in the 4T1 cancer cell line as compared to
BT20, SAM CA can still detect differences in production of H2O2 with the untreated and Dox-
treated 4T1 cancer cells. In contrast, ELISA is not able to differentiate differences in H20?2

release between the Dox- treated and untreated 4T1 cells (Figure 4.13 D).
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Figure 4.14: A control CA study of H2O2 decomposition in PBS, BT20, and 4T1 cancer cells
upon addition of 3 MM H202 (A). Real time CA measurements of H2O2 were made
using the PB/ZnO/COOH-MWNT sensor

Reproduced with permission from ref. [29]. Copyright 2019, American Chemical Society

The CA (Figure 4.15) displays excellent selectivity of the composite,
Nafion™/PB/ZnO/COOH-MWNT/GCE against various interfering analytes. Injection of a 1.0
mM H2O: resulted in a significant increase of current at the 62 min time point. Subsequent
additions of 1.0 mM UA, 1.0 mM AA, 1.0 mM APAP, 1.0 mM FA, and 1.0 mM UA at 2 min time
intervals, resulted in no signal (observable current), explaining composite’s selectivity for H20o.
Eventually, at the 77 min time point, 1.0 mM H202 was added in the electrochemical cell, resulting

in increase of additional current without losing selectivity.
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Reproduced with permission from ref. [29]. Copyright 2019, American Chemical Society
4.4 Conclusions
In summary, the PB/ZnO/COOH-MWNT composite demonstrated high electrocatalytic
activity toward the reduction of H20; in the 1uM to 3mM range. CA SAM was effective for

measuring H2O2 within the 1-21 uM range. The potential application of the sensor for selective
determination of H2O2 was studied in the presence of interfering analytes such as UA, AA, APAP,
FA, and Glu. SAM CA was applied successfully in BT20 and 4T1 cancer cells to monitor H2O2

in Dox-treated and untreated cancer cells for monitoring oxidative stress in cancer cells. The SAM
CA technique offers advantages over conventional ELISA in that it is more rapid and does not
require external fluorescent compounds which may alter the sample matrix. Due to the method’s
ability to bypass matrix effects for HpO2 quantitation, the procedure should prove to be an
important arsenal to quantify oxidative stress in breast cancer cell resistance to apoptosis, an

understanding of which is important for advancing practical chemotherapy treatments.
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CHAPTER 5

Electrochemically-assisted Assays to Measure Reactive Oxygen Species (ROS)
and Glutathione from Oxidatively-Stressed BT20 Cells

Abstract

In this study, we develop a new electrochemical approach to study the interplay between
oxidative stress and cell viability via ROS measurements. A zinc oxide carbon nanotube
composite applied to a glassy carbon working electrode will be used to achieve these assays. The
technique has the advantage of rapid ROS assaying without cell matrix effects or incorporation of
fluorescent labeling dyes that would otherwise skew ROS concentration determinations. Oxidative
stress will be triggered by addition of carbonyl cyanide 3-chlorophenylhydrazone (CCCP) to target
the mitochondria. Flow cytometry is used to quantify cell viability in conjunction with

electrochemical measurements.

5.1 Introduction

H2O2 has been the major redox metabolite in redox sensing, signaling and redox
regulation. H2O- diffuses through cells and tissues to initiate immediate cellular effects including
cell shape alterations, initiation of proliferation and recruitment of immune cells. Hydrogen
peroxide is a key metabolite in oxidative stress [145]. Many serious diseases involve oxidative
stress, a condition in which excess reactive oxygen species (ROS) cause cell and tissue damage.
An imbalance between production of free radicals and reactive metabolites (reactive oxygen
species) indicates oxidative stress. Products of a normal cellular metabolism are reactive oxygen
species (ROS). Such ROS is important in stimulation of signaling pathways in plant and animal
cells in response to changes in intra- and extracellular environmental situations. Continued

oxidative stress in cells results in chronic inflammation leading to most chronic diseases, such as
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cancer, diabetes, cardiovascular, neurological and pulmonary diseases. In fact, cancer initiation
and propagation has been associated with oxidative stress by rising DNA mutation or increasing
DNA damage, genome instability and cell proliferation. ROS are involved in all three stages of
cancer. Therefore, it is tumorigenic by virtue of their capacity to enhance cell proliferation,
survival and cellular migration [129]. Cellular injury activates many responses, such as cell death,
proliferation, repair and adaptation. To control tissue homeostasis and the pathophysiologic
process of neurologic disorders, such as Parkinson’s disease, Alzeimer’s disease, amyotrophic
lateral sclerosis, Huntington’s disease. A genetically regulated form of cell death is called
apoptosis. It refers to the programmed cell death. It involves in various biological processes
including embryogenesis, ageing and other diseases. Apoptosis explains the orchestrated collapse
of a cell characterized by membrane blebbing, cell shrinkage, condensation of chromatin, and
fragmentation of DNA followed by rapid engulfment of the corpse by neighboring cells. Various
existing treatments such as non-steroidal anti-inflammatories and anticancer treatments can be
performed through apoptosis. It differs from necrosis, in which a cell is damaged by an external
force, such as poison, a bodily injury, an infection or loss of blood supply. This might be due to a
heart attack or stroke [146]. Using electron microscopic analysis, necrosis shows cell swelling and
damage of cell morphology with the discharge of intracellular organelles whereas apoptotic cell
death explains specific morphological changes with chromatin condensation, cell shrinkage, DNA
fragmentation, chromatin condensation, membrane blebbing. During the early phase of apoptosis,
phosphatidylserine (PS) almost totally trapped to the inner layer of phospholipid plasma membrane
is shifted to the outer leaflet of the plasma membrane. This process takes place by the decreased
ATP-dependent translocase activity and the increased calcium-dependent scramblase activity

without violating the plasma membrane integrity. Fluorescein isothionate (FITC)-conjugated
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annexin-V, which is a Ca*? dependent phospholipid binding protein, is applied as a responsible
marker for PS exposure. During the late phase of apoptosis, a movement from tightly to loosely
packing of the plasma membrane phospholipids with PS externalization permits propidium iodide
(PI) penetration into the cells and binding with DNA. Double staining of cells with FITC-Annexin-
V and Pl under the flow cytometry method has been verified to be a valuable method to distinguish
between the early and late phase of apoptosis. Alternations in morphology of the apoptotic cell can
also be studied by flow cytometry based on change in light scattering properties, side scattering

(SSC) and forward scattering (FSC) [147].

Electron transfer chain (ETC) is the source used for endogenous OS generation in response
to a small mitochondrial depolarization, and ETC inhibition reduces ROS and transient Kca current.
Nanomolar carbonyl cyanide m-chlorophenylhydrazone (CCCP) generates ROS by inducing small
mitochondrial depolarization, elevated ROS and activated transient K¢a current. However, the
micromolar CCCP, an electron transport chain blocker, induced a large mitochondrial
depolarization, reduced ROS, and inhibited transient K¢ current [148]. The CCCP prohibit
oxidative phosphorylation and an abnormal mitochondrial membrane potential occurs. This causes
the destruction of mitochondria and finally apoptosis. Cell damage caused by CCCP is
accompanied by an increase in ROS. To understand the role of CCCP on cell damage and apoptosis
during long-term incubation, the effects of various concentrations of CCCP on cell damage and
apoptosis at various incubation times need to be studied [149]. Park et al. [150] reported that CCCP
induced mitochondrial dysfunction in a concentration-dependent manner in SH-SYSY cells. The
treatment of CCCP not only significantly reduced mitochondrial membrane potential (MMP) in a

concentration dependent manner but also significantly reduced ATP levels compared to control
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(DMSO) or control cells. The CCCP treatment is provided to control the degree of apoptosis

systematically.

Glutathione (GSH) is the non-enzymatic intracellular antioxidant found in most forms of
aerobic cells. The antioxidative activity of GSH is due to electron transfer to reduce H,O> to H.0
and Oz whereas GSH is oxidized into GSH disulphide (GSSG). To reproduce GSH for cellular
antioxidative protection, GSSG is reduced to GSH by glutathione reductase with the help of
NADPH [151]. Reduced GSH is the highly available form of GSH present in millimolar
concentrations in mammalian cells under normal conditions. In this condition, the ratio of reduced
to oxidized glutathione (GSH/GSSG) ratio generally exists high (>10:1). The prolonged exposure
of cells to oxidative stress reduces the GSH/GSSG ratio because of decreased amount of GSH,
resulting in the ratio value of 1:1 [152]. In the human body, the antioxidant properties of
glutathione (GSH) is able to scavenge physiological free radicals related with inflammatory
disorders. Therefore, alternations in physiological glutathione concentrations have been associated
with various kinds of cancers, Alzeimer’s disease, Parkinson’s disease and aging. The normal level
of glutathione in human whole blood is in millimolar range whereas it is in micromolar range in
serum. Serum glutathione concentrations are related with cancer [153]. Bola Sadashiva et al. [154]
explains that cancerous samples have 152 or 156 uM GSH=*25.34 or 23.33 compared to the control
samples with 196 uM GSH £18.32. Tsai et al. [155] also reports a decrease in GSH/ GSSG ratio
in the blood of breast cancer patients. Due to the correlation between various diseases such as
cancer and glutathione concentrations, it is required to monitor glutathione level in physiological
system for medical diagnostics. Therefore, the quantification of GSH and GSSG in blood are

considered as a useful marker of diseases in humans.
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In this study, we have developed approaches to study the interplay between oxidative
stress and cell viability via ROS measurements in BT20 cancer cells which was described in
Chapter 4. Our developed sensor can monitor oxidative stress rapidly. In addition, Electrochemical
analysis of glutathione will provide more insights about the further information and treatment of

cancer cells.

5.2 Materials and Methods

Prussian Blue (PB), zinc nitrate hexahydrate (98% purity), carbonyl cyanide 3-
chlorophenyl hydrazone (CCCP), Annexin V-FITC apoptosis detection kit, RPMI 1640 medium
were all purchased from Sigma-Aldrich (St. Louis, MO, USA). Guava easy check kit (beads) and
Guava ICF instrument cleaning fluid were purchased from Luminex corporation (12212
technology Blvd, Austin, TX 78727). Dulbecco’s phosphate buffered solution (DPBS) was
obtained from Lonza (Walkersville, MD, USA) and trypsin was received from Corning
(mediatech, Inc. Manassas, VA 20109). Fetal bovine serum (FBS) was brought from Takara Bio.
USA Inc. (1290 Terra Bella Avenue, Mountain View, CA 94043, USA) and 1%
penicillin/streptomycin and hydrogen peroxide (H202) (30%) were obtained from Fisher Scientific
(Fair Lawn, New Jersey, USA). Trypan blue solution was purchased from Hyclone Laboratories
(925 West 1800 South Logan, Utah 84321). The cell culture container was bought from VWR
lifesciences and cryo vials were obtained from Globe Scientific Inc. (400 corporate drive,
Mahwah, New Jersey, 07430). Absolute anhydrous ethyl alcohol (AAEA) was purchased from
Pharmco-AAPER (Shelbyville, KY, USA). Nafion™ binder was obtained from lon Power, Inc,
(New Castle, DE, USA). Phosphate buffer solution (PBS) was used as the medium to manage the
pH of the electrochemical cell. All chemical reagents were of 99.9% purity or greater and obtained

from Sigma-Aldrich (St. Louis, MO, USA). All experiments were conducted in deoxygenated
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electrolyte solution prepared by bubbling 99.9% purity N2 gas flow (Air Gas Products, Radnor,
PA, USA) through the solution for 12 min prior to each measurement. The preparation of all
solutions was done using Millipore water (18 MQ-cm). on the other hand, flow cytometer is used

to study the apoptosis of BT20 cells.

5.2.1 Cell Culture

BT20 cells were purchased from American Type Culture Collection (ATCC, Manassas,
VA, USA). This cell line was maintained in RPMI-1640 medium (Sigma-Aldrich, St. Louis, MO,
USA) with 10% Fetal Bovine Serum (FBS) (Gibco) and 1% Penicillin/Streptomycin at 37°C with
5% CO». The medium was renewed every two days. Well-grown BT20 cells in the logarithmic
phase were digested by 0.25% (w/v) trypsin (Fisher Scientific, Hampton, NH, USA) from the
original culture flask and mixed well before being seeded on a 6-well cell culture plate (Denville
Scientific, Metuchen, NJ, USA) in the density of 1x10° cells/mL and incubated with the same full
medium at 37°C with 5% CO: for 24 h. Then medium was removed inside the tissue culture hood
where all the cells were attached at the bottom of the well. 2 mL of various concentration of CCCP
prepared in RPMI-1640 medium was treated with cells in each well for 24 hrs. The cells treated
with medium only and no CCCP of vehicle only served as a negative control. The CCCP treated
group and control group each had three replicate wells. After 24 h of incubation, 500 uL of the cell

medium was collected from each well and proceeded for apoptosis study.
5.2.2 Flow Cytometry

In flow cytometry, it works on the principle of the passage of cells in a single file in front
of a laser so that they can be detected, counted and sorted. This technique works on the principle

of light scattering and fluorescence emission by the specific fluorescent probe-labelled cells as
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they pass through a laser beam. The Guava EasyCyte system operates easily with minimal
maintenance. The power switch, sample loader, and waste and cleaning solution vials are the only
instrument components that should be routinely handled. The most of the interaction is through
the software via the laptop. Guava Soft 4.0 software is used for the acquisition and analysis of
data. This software is used to set up and maintain the system, providing a number of assay-specific
acquisition and analysis modules. The Guava InCyte module helps us to acquire and analyze upto
12 fluorescence parameters in combination with forward scatter (FSC) and side scatter (SSC)
including width and time. It offers automated compensation and an instant update feature. The
Guava EasyCyte is configured to detect fluorochromes or fluorochromes with similar
fluorescence. Flow cytometer has up to three lasers out of a possible four options such as violet
laser (405 nm), 100 mW, blue laser (488 nm), 50 mW or 150 mW, green laser (532 nm), 100 mW
and red laser (652 nm), 100 mW. It contains photodiode as forward and side scatter detector. Under
fluidics specification, this instrument has standard square capillary with ID of 100 um as flow cell
dimension. Sample flow rate exists between 7 pL/min to 72 pL/min. Final particle concentration
of 10* to 10° cells/mL is required for accurate results under sample concentration. 10,000 cells/vial

is required as the sample for our analysis.

5.2.2.1 Cleaning Procedure for Flow Cytometer

The cleaning of the instrument is important before running the actual sample. The Cleaning
was performed between the assays to avoid airs and other impurities. 1.5 mL tube was filled with
DI water up to the rib of the tube and another tube was filled with 750 puL of 10% bleach in ICF.
After loading those tubes in the holders, Guava Clean 3.0 was run with DI water at first and then

a holder was rotated to run 10% bleach solution in ICF. Again, Guava Clean 3.0 was run to clean

77



the instrument. The capillary tube should be observed to check air bubbles. Any air bubbles must
be removed under multiple cleaning. At the end, the rotator was operated to leave water tube inside

the instrument.
5.2.2.2 Flow cytometer calibration

This is required to check the status of the instruments whether it is functioning properly
or not. The bead sample was resuspended in 1:20 ratio with diluent solution. It was put in rotator
in 1.5 mL tube and rotator are inserted inside. The bead#, bead expiration date and expected
particles/mL information are provided under the Easycheck software. After running the
experiments, the particles/mL are displayed. This number should be close enough to expected
particles and appear as green color. The display of such number within average 10% coefficient of
variation (CV) with green color indicates that the instrument is working properly. This result

suggests us to move forward for the actual analysis of BT20 cells for apoptosis study.
5.2.2.3 Apoptosis Assays

For the apoptosis assay, it is hypothesized to observe BT20 cancer cells shows an inverse
relationship with the oxidative stress of cells under flow cytometer. BT-20 cancer cells with 1 x
108 cells/mL suspensions are treated with various concentration of CCCP for 24 hrs in the
incubator to induce apoptosis. A control of BT20 cells at 1 x 10° cells per mL for a zero time data
point are also established. After incubating these cells for 24 hrs, cells are washed twice with
DPBS. Then, cells are resuspended in 1 x binding buffer at a concentration of approximately 1 x
10° cells/mL. 500 pL of the apoptotic cell suspension is added to a 1.5 mL vial. Similarly, 500 pL
of the non-induced cell suspension is added to the 1.5 mL of vial. 5 pL of Annexin V FITC
conjugate and 10 pL of propidium iodide (PI) solution is added to each cell suspension. The vials

are incubated at room temperature for exactly 10 minutes and are protected from light. Finally,
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fluorescence of the cells is determined immediately with a flow cytometer. Cells, which are early
in the apoptotic process, will stain with the Annexin V FITC conjugate alone. Live cells will show
no staining by either the propidium iodide solution or Annexin V FITC conjugate. Necrotic cells
will be stained by both the propidium iodide solution and Annexin V FITC conjugate.

Our sensor (PB/ZnO/COOH-MWNTSs) is able to quantify H2O, and Glutathione (GSH),
biomarkers of oxidative stress. The relationship between oxidative stress and apoptosis of the cells
will be delineated in detail for this flow cytometer study.

PB/ZnO/COOH-MWNTs composite was fabricated for the biochemical detection of
glutathione (GSH). ZnO nanoparticles were tethered to COOH-MWNTS using sonication process
and finally attached to PB using PZC concept. The current response versus various concentration
of GSH was measured using chronoamperometry. Different parameters, including sonication time,
pH and loading were varied for the best current response. The composite with optimum current
response was formed using a 60-min sonication time and 5 hours stirring at pH 7.0. Good
selectivity with a limit of detection of (3.67+0.1s7) uM and dynamic range of 100uM —5 mM for
GSH is presented, applicable for studying oxidative stress of cells. The sensor was selective to
GSH in presence of other interfering analytes. GSH was demonstrated in the following sections
that the composite (PB/ZnO/COOH-MWNTSs) works in PBS first before moving onto BT20 cell

medium.

5.3 Introduction

Thiols offer regulatory extracellular and intracellular functions, important to living
organisms. Glutathione, a combination of three peptides of glutamate, cysteine and glycine is
considered crucial for reducing oxidative stress of cells and maintaining redox homeostasis that is

vital for cell growth. Sulfhydryl reduced form and disulfide oxidized form represent the redox
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equilibrium of GSH. GSH takes part in many important biological functions that involve protein
and DNA synthesis, bioreductive reactions, enzyme activity, amino acid transport, protein against
oxidative/nitrosative stress and detoxification of metabolism [156-159]. It is reported that
concentration of GSH in plasma is 4.1 mM by high performance liquid chromatography and that
of GSH by porous nickel oxide microflower sensor is 4.7 mM in human plasma [160, 161]. GSH
is considered as the key biomarker for various diseases and cancers due to its various amount of
GSH from its normal level in micromolar to millimolar concentration available in biological cells.
The changes in physiological GSH concentration is responsible for many diseases such as
Alzeimer, Parkinson, diabetes mellitus, aging, HIV and cancers [162]. Glutathione is universally
distributed in animal tissues, microorganisms and plants. It is normally available in high
concentration (0.1 — 10) mM [163]. In most cells, GSH concentration is about 1 — 2 mM [164].
The basal GSH level of human alveolar epithelial cell line, A549 contains 150 uM GSH [165-
167]. In addition, Raman et al. reports that the basal GSH level in epithelial lining fluid in non-
smokers is observed to be (200-400) uM GSH whereas the concentration of GSH in epithelial

lining fluid for smokers is found to be in the range of (400 — 600) uM GSH [165, 168, 169].

Various methods such as spectrophotometry [170], spectrofluorometry [171-173], high
performance liquid chromatography [174, 175], capillary zone electrophoresis [176], enzymatic
methods [177], electrochemical methods [178, 179] have been used to study GSH. The analysis of
GSH mainly depends on many parameters such as LOD, sensitivity, selectivity, cost effectiveness
and analysis time. Though CE and HPLC techniques are advanced techniques with regard to LOD
of GSH. However, there are serious concerns in terms of cost effectiveness, analysis time and
selectivity. Out of these techniques, electrochemical methods provide many merits excluding

LOD. In this study, after successfully tethering Prussian Blue (PB) on the surface of ZnO/COOH-
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MWNTs, we explore, for the first time, the utility of a PB/ZnO/COOH-MWNT composite for

assaying GSH using chronoamperometry.

5.3.1 Results and Discussion

The electrochemical response of Nafion™/PB/ZnO/COOH-MWNTSs/GCE surface with GSH
was studied as control experiments. As shown in Figure 5.1, there was no electrochemical behavior
to GSH on bare GCE at given potential in PBS (pH 7.0) solution. The cathodic and anodic current
peaks were observed at 0.0864 V and 0.3447 V, respectively, which had a pronounced
electrochemical response when GCE was modified with PB/ZnO/COOH-MWNTSs as shown in
Figure 5.1. Electrochemically controlled experiments were performed using ZnO/COOH-
MWNTs, ZnO and PB in which our composite (PB/ZnO/COOH-MWNTS) shows the better results
as shown in Figure 5.1. The increase is attributed to the proper attachment of PB, on the surface

of ZnO/COOH-MWNTSs.
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Figure 5.1: Analysis of glutathione under CV at pH 7.0 with 50 mV-s™ scan rate using
PB/ZnO/COOH-MWNTSs, ZnO/COOH-MWNTSs, ZnO, PB and GCE with 1 mM GSH
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Symmetric peak shapes in the CVs at various pH conditions denoted quasi-reversible redox
processes. During CV, reduced glutathione (GSH) is oxidized to glutathione disulfide (GSSG) and
GSSG is reduced back to GSH [180]. Figure 5.2 shows the amperometric response of the
Nafion™/PB/ZnO/COOH-MWNTSs/GCE as a function of pH in 1 mM GSH at reduction and
oxidation potentials of 0.0864 V and 0.3447 V, respectively; the corresponding CVs of 1 mM
HVA are shown in Figure 3. The cathodic and anodic currents are maximized at pH 7.0 for both
oxidation and reduction potentials. Figure 5.3 shows that our sensor is capable of detecting GSH
at various pH conditions. The highest detection response of GSH was observed at acidic condition.
The response of our sensor decreases as the pH of the solution moves from acidic to alkaline

medium. However, we stay on pH 7.0 for our GSH analysis since it is the physiological pH.
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Figure 5.2: Effect of pH on 1 mM GSH using PB/ZnO/COOH-MWNTSs
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Figure 5.3: Effect of pH on GSH under oxidation and reduction potential

Figure 5.4 shows a typical current-time curve of CA at the Nafion/PB/ZnO/COOH-
MWNTs modified electrodes for successive addition of various concentrations of GSH in PBS of
pH 7.0 at +0.3447 V. Within 4 sec, the sensor arrived at a steady-state current. It was determined
that GSH concentration can be detected as low as 100 pM with the detection limit of
(3.666+0.1577) pM. Figure 4 also exhibits a linear relationship between current vs concentration

with correlation coefficient, R? = 0.9847 for GSH concentrations from 100 uM to 5 mM.
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Figure 5.4: CA of PB/ZnO/COOH-MWNTs to detect (0.1-5) mM GSH at 0.3447 V with pH 7 and
its calibration curve
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Cyclic voltammograms of 1 mM GSH at pH 7.0 was shown in Figure 5.5. This CV was
observed at different scan of 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, and 120 mV-s™ using
PB/ZnO/COOH-MWNTSs/GCE electrode. The electrocatalytic reduction of GSH due to the effect
of the potential by Nafion/PB/ZnO/COOH-MWNTSs/GCE was investigated by cyclic
voltammetry. The peak potential for the catalytically reduced GSH moves to increasingly negative
potential with a larger scan rate. However, with the scan rates, the peak current (Ipc) of reduction
for GSH increased linearly which indicates that the reduction reaction was diffusion controlled.
The relationship between the scan rate and I was observed to have a good linear connection over
the range of 10 — 120 mV-s™ as shown in Figure 5.6. A correlation coefficient (R?) of 0.9997 was

obtained for the linear regression equation,

lpe (LA) =48.36 VY2 (V-s) = 49.61. ..o (1)

under reduction potential. Similarly, a correlation coefficient (R2) of 0.9948 was received for the

linear regression equation,

lpe (MA) = 11.91 VY2 (V-s1) 4 9,081 ..o, )

under oxidation potential. Hence, the reaction of GSH with the electrode surface of
Nafion/PB/ZnO/COOH-MWNTSs/GCE shows good correlation with the expression of Randles-
Sevgik Analysis as the Ipc increases linearly as a function of the square root of scan rate. The
Randles-Sevcik Analysis equation explains the scan rate effect on the peak current in the CV. It is
diffusion controlled reaction because reaction that takes place so quickly that the reaction rate is
the transport of the reactant through the medium. It is the spontaneous transfer of electroactive

species from regions of higher concentration to the regions of lower concentration.
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Figure 5.5: Diffusion controlled experiments of 1 mM GSH using PB/ZnO/COOH-MWNTSs at
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Figure 5.6: Calibration of diffusion controlled experiment of GSH using PB/ZnO/MWNTSs under
oxidation and reduction potential

Figure 5.7 shows the chronoamperometric responses of the Nafion/PB/ZnO/COOH-

MWNTs/GCE at +0.3447 V (GSH’s determined oxidation potential) versus Ag/AgCl upon

sequential additions of 0.3 mM GSH, UA, Cys, H20», LA, FA, Glu, AA, APAP and GSH. These

analytes were added at 27.81, 30.33, 33.39, 35.91, 38.70, 40.78, 43.10, 45.13, 47.34, 49.41 min,

respectively, denoted by the arrows in Figure 7. Nafion/PB/ZnO/COOH-MWNTs could
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selectively detect GSH in the presence of all of these potentially interfering analytes. No detectable
current response is observed, showing that PB/ZnO/COOH-MWNTSs sensor is selective to only

GSH.
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Figure 5.7: Selectivity study of 0.3 mM GSH at 0.3447 V using 5 puL
PB/ZnO/COOH-MWNTS and 0.3 mM of various analytes.
PB/ZnO/COOH-MWNTs composite showed high catalytic activity for the oxidation of
GSH in the range from 100 uM to 5 mM at +0.3447 V under CA. The potential application of the
sensor for selective determination of GSH was studied in the presence of urine, ascorbic acid,
H>0, lactic acid, folic acid, glucose and acetaminophen. The good selectivity and sensitivity of

GSH in presence of interfering analytes at physiological pH is useful for studying oxidative stress

of cells.

5.4 Results and Discussion

Figure 5.8 shows the apoptosis results of BT20 cell and various concentrations of CCCP
treated for 24 hours BT20 cells under flow cytometer experiments. A dot represents a cell. There

are four quadrants, each one representing necrosis (top left), normal (down left), early apoptosis
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(down right) and late apoptosis (top right). Figure 5.9 represents the raw data obtained from spiking

various concentrations of CCCP treated 24 hours 1.5 mL BT20 media under SAM CA method.
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Figure 5.8: BT 20 cell apoptosis results at various concentration of CCCP 24 hrs
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Figure 5.9: Raw data obtained from SAM CA method under spiking of (a) 11uM, (b) 12 uM, (c)
13 UM, (d) 14 pM, (e) 15 pM, (f) 16 uM, (g) 17 uM, (h) 18 uM in BT20 cells at -
0.004 V under 5% filtered noise
Figure 5.10 is the CA results after spiking 1.5 mM GSH (red arrow) in the BT20 cells
media to check the stability of its concentration. It is observed that the GSH concentration remain
almost constant until 4 hours. It means the decomposition of GSH is almost nullified. C-myc is
present in BT20 cells. It is postulated that C-myc is involved in more production of GSH in BT20
cells after spiking GSH externally. There may be certain enzymatic action to release more GSH in

extracellular region and the exact mechanism is not known [181].
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Figure 5.10: the stability of GSH in the BT20 cells after spiking 1.5 mM GSH under
chronoamperometry at 0.3447 VV

Figure 5.11 shows the raw CA results of GSH response at 0.3447 V after spiking control
and various CCCP treated BT20 cells to the 1.5 mL PBS. Figure 5.12 shows the increasing trend
of GSH current response upon higher CCCP treatment after the control experiment. Under SAM
CA technique, when GSH was spiked to BT20 cells, cells respond by producing more GSH
severely, hampering GSH SAM CA method. Addition of GSH is assimilating more GSH release

from cells. This appears like interesting phenomena as we see increase of GSH under this method.
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Figure 5.11: CA results of spiking control and various concentration of CCCP treated BT20 cells
to the 1.5 mL PBS at 0.3447 V for GSH response
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Figure 5.12: A plot of current response of GSH at various concentration of CCCP treated BT 20
cells at 0.3447 V

Table 5.3: A raw and normalized data of oxidative stress and apoptosis of BT20

[H,0,] Apoptosis H,0;, pM
CCCP, pM  H,0,, pM STD1  %Apoptosis  STD2 % live cells norm (live)
0 5.56 1.0263 4 0.6174 96 0.05791667 [GSH]
25 §9.05 8.4539 11.38 0.4915 88.62 0.77916949 CCCP,pM  pA STD  offset
50 47.29 5.0247 15.59 0.3651 84.41 0.56024168 . — T
o 60.241 13.16 0.030638
100 43.46 2.9197 39 1.3347 61 0.71245902
150 38.41 1.5225 42.33 1.8471 57.67 0.66603087 50 39.858 | 9.422 | -0.1278
200 29.53 3.9971 §2.33 2.0357 37.67  0.78391293 100 53.045  6.403  0.319794
300 32.51 5.7372 37.32 1.2055 52.68 0.51866624 200 83 7.35 1.603345

Sample calculation of H2O2 normalized using the values of Table 5.3:

For untreated BT20 cells without using CCCP for 24 hours,
% apoptosis obtained from flow cytometer experiment = 4%
Calculated Concentration of H.O, under SAM CA = 5.56 pM
% live cells = (100-4) = 96%
Normalized H202 concentration of H2O2 = 5.56/96 = 0.0579 puM
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Figure 5.13: ROS and GSH generated from oxidatively-stressed BT-20 cells. (A) H2O>
concentrations from CA SAM measurements (unnormalized) and percent apoptosis
as a function of CCCP dosage; (B) H202 and GSH release divided by percent viable
cells for normalization

Figure 5.13A demonstrates the relationship between oxidative stress as indicated by the
production of H20, and the % apoptosis under various concentrations of CCCP treated BT20 cells
for 24 hrs. It is observed that the trend of oxidative stress and apoptosis moves in the opposite
direction. Such relationship can be studied up to 200 uM CCCP treatment. Oxidative stress is
higher in the cancer cells with the lower concentration treatment with CCCP. The higher the CCCP
dose, the greater the apoptosis, resulting in lower oxidative stress. Although CCCP itself kills the
cells, Figure 5.13B show the trend of production of H2O. and GSH release divided by percent
viable cells for normalization as shown in Table 3. The normalization is necessary to avoid the
false positive result for our analysis to understand the relationship between oxidative stress and
apoptosis. Although we can not absolutely quantify GSH, we can make relative measurements as
shown in Figure 5.13 B. To further confirm the trend of GSH release from BT20 cells under
various concentrations of CCCP dosage, fluorescent HPLC technique is considered. Our ultimate

goal is to use F-HPLC to further make sense of normalized nano current obtained from GSH under

SAM CA technique.
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5.5 Conclusion
Our approach to the interplay between oxidative stress and cell viability via ROS

measurements in BT20 cancer cells was studied. There is reverse relationship between oxidative
stress and apoptosis under the treatment of BT20 cells from 25 uM to 200 pM of CCCP. When
oxidative stress of cells goes down, the apoptosis rate increases, resulting in the increase of GSH

level. So, GSH also plays vital role to reduce oxidative stress and increase the apoptosis rate.
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Chapter 6

Electrochemical Detection of Dopamine Using PB/ZnO/COOH-MWNTSs

Abstract

A Prussian Blue (PB) zinc oxide (ZnO) nanoparticle carboxylic acid-functionalized
multiwalled carbon nanotube (PB/ZnO/COOH-MWNT) composite was fabricated for the
determination of dopamine (DA). ZnO nanoparticles were tethered to COOH-MWNTS using
sonication. Upon attachment of the PB to the ZnO/COOH-MWNTSs, which consisted of ZnO
nanoparticles 13 nm in diameter, the ZnO coalesced to larger clusters with an average diameter of
573+x4nm. The current response versus various concentrations of DA was measured using
chronoamperometry. The optimum conditions for DA measurements were at pH 7.0 using the
oxidation current. The sensor has a linear dynamic range from 10 to 900 uM with a limit of
detection of 0.378 + 0.01s uM, suitable for practical neuroblastoma screening at the lower
concentration range and process controls for polydopamine synthesis at the upper concentration

range, important for modifying polymeric membranes for water purification.

6.1 Introduction

The detection of dopamine (DA) in aqueous solution has important applications for
neuroblastoma screening and process control applications for polymeric membrane synthesis used
in water purification. Neuroblastoma (NB) is a type of pediatric cancer. Although the percentage
of incidence is 6% among 0-to-14-year-olds, of these cases, the death rate is 19%, as reported in

the latest statistics [182]. A key marker for the disease is elevated DA levels in the urine. Various
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carbon electrode composites have been developed to detect DA between 10 and 100 puM, suitable
for detecting the onset of NB [183, 184]. Prussian Blue (PB) has been used in a many of composites
to electrochemically enhance DA detection with selectivity. Yang et al. [185] used an enzyme-free
molybdenum carbide Prussian blue composite to detect DA. Yi et al. [186] used a PB-modified
electron to detect DA with a limit of detection of 0.01 mM for DA. Roychoudhury et al. [187]
reported a label-free DA sensor using tyrosine conjugated PB-modified nickel oxide nanoparticles.
While these previously reported composites were capable of assaying DA up to 120 uM, the ability
to measure higher concentration ranges for practical industrial processing has not been
demonstrated. Beyond the ca. 100 uM DA concentration range, there is a surge of interest in
monitoring DA for polydopamine (PDA) production. PDA is essential for reinforcing membranes
for water and wastewater purification, which are otherwise susceptible to fouling and degradation.
The annual literature reports due to polydopamine (PDA) based membrane modifications in water

purification has steadily risen by more than ten times from 2008 to 2019 [188].

Reliable DA concentration monitoring is important for reinforcing membranes to resist
fouling. In particular, the ability to monitor DA concentration near 500 uM is important for
understanding mechanisms (and controlling them for) governing PDA formation that involve DA
self-polymerization with cyclized indolic components [189]. To maximize PDA modifications to
water-filtration membranes, an understanding of the DA self-polymerization is essential.
Electrochemical methods, compared to other commonly used techniques, including high-
performance liquid chromatography (HPLC), absorption spectroscopy, and fluorescence, offer a
more straight-forward, rapid, and more cost-effective approach for the quantification of DA [190-
192]. To these ends, in this report, we show the utility of a PB zinc oxide carbon nanotube

electrochemical sensing composite for assaying DA in this region with optimized sensitivity and
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selectivity. A significant observation uncovered in this study, not previously seen, is the
agglomeration of ZnO nanoparticles into larger clusters upon the introduction of PB to the

ZnO/MWNTs.

6.2 Results and Discussion

In the CV of the 1 mM Dopamine solution in PBS, the 5-uL composite of PB/ZnO/COOH-
MWNTSs showed the optimum sensitivity with selectivity for DA due to the proper loading of the

composite as shown in Figure 6.1.
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Figure 6.1: Effect of various loading of the composite,
PB/ZnO/COOH-MWNTs with DA under CV at pH 7.0 with 50 mV-s™
Reproduced with permission from ref. [210]. Copyright 2021, Taylor & Francis

Figure 6.2 exhibits variation in CV signal as a function of different PB loadings onto the
ZnO/COOH-MWNTSs nanocomposite with measurements across the working electrode versus
Ag/AgCI reference electrode in phosphate buffer solutions (PBS) at pH 7.0. The mass ratio (1:2)

of PB/ZnO/COOH-MWNTSs provides the highest electrocatalytic activity as shown in Figure 6.2.
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Figure 6.2: CVs of 1 mM Dopamine at pH 7.0 showing the effect of PB to ZnO/COOH-
MWNTSs ratios (by mass) for optimum sensitivity
Reproduced with permission from ref. [210]. Copyright 2021, Taylor & Francis

Electrochemical response of DA on Nafion/PB/ZnO/COOH-MWNTs/GCE surface was
studied. As shown in Figure 6.3, there was no electrochemical behavior to DA on the bare GCE at
given potential of PBS at pH 7.0 solution. The cathodic and anodic current peaks were observed
at 0.0766 V and +0.438 V, respectively, which had a pronounced response when GCE was
modified with PB/ZnO/COOH-MWNTSs. In comparison with other electrochemical response of
ZnO/COOH-MWNTs, COOH-MWNTSs and PB, our composite shows better results as shown in
Figure 6.3. The increase is attributed to the proper attachment of PB “artificial enzyme” on the

surface of ZnO/COOH-MWNTs.
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Figure 6.3: Analysis of DA under CV at pH 7.0 with a 50 mV-s™ scan rate (a) GCE (b) ZnO, (c)
PB, (d) COOH-MWNTSs, (e) ZnO/COOH-MWNTSs, (f) PB/ZnO/COOH-MWNTSs with
1 mM DA (Control experiments)
Reproduced with permission from ref. [210]. Copyright 2021, Taylor & Francis
Figure 6.4 shows that our sensor is capable of detecting DA at various pH conditions. The
optimum detection response of DA was observed from pH 6.0 to 7.0. The highest electrocatalytic
activity of our sensor with DA was observed at pH 7.0 at both oxidation and reduction potentials.
Symmetric peaks in the CVs at various pH conditions denoted quasi-reversible redox processes.
During CV, dopamine is oxidized to dopamine-o-quinone, and dopamine-o-quinone is reduced
back to dopamine via a two-electron process [183]. Figure 6.4 shows the amperometric response

of the Nafion™/PB/ZnO/COOH-MWNTSs/GCE as a function of pH in 1 mM DA at reduction and

oxidation potentials of 0.0766 and +0.438 V vs Ag/AgCl, respectively.
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Figure 6.4: Effect of pH in the measurement of 1 mM DA
at 50 mV-s* usingPB/ZnO/COOHMWNTs
Reproduced with permission from ref. [210]. Copyright 2021, Taylor & Francis
DA monomer is known to oxidize and undergo self-polymerization at pH values above 7
to form polydopamine [193]. As polymerization occurs under alkaline conditions, the redox
chemistry of the analyte changes. We attribute the increased CV peak-to-peak height (intensity) to
the formation of the polymer. At pH values of 7 and higher, the oxidation peak remains relatively

stable near +0.07 V (Figure 6.4). In the weakly acidic range (pH 6.0), the DA retains its monomeric

form resulting in the lowered current (due to reduced DA solution density) in the CV and a lower

potential (-0.04 V).
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Figure 6.5: A plot of pH vs current to show optimum pH response for the highest
electrocatalytic activity at pH 7.0 using CVs at reduction and oxidation potentials
of 0.076 V and +0.438 V, respectively

Reproduced with permission from ref. [210]. Copyright 2021, Taylor & Francis

Figure 6.5 shows ipc and ipa denoting peak current obtained from reduction and oxidation CVs from

1.0 mM DA as a function of pH adjusted PBS. The maximum signal from the PB/ZnO/COOH-

MWNTs from current peak maxima for both currents occurred at pH 7.0 for both oxidation and

reduction potentials. Further experiments pertaining to quantitation and selectivity were then

performed under these conditions, focusing on the oxidation current. This result was also observed
by Yang et al. [194] biosensor, equivalent to ours, in which the pH coincided with favorable

solubility for DA, noted that the solubility of DA diminishes in aqueous solution as the solvent

medium becomes more alkaline.

Scheme 6.1 shows the electrochemical mechanism of DA on the surface of working electrode

related to the two observed peaks in the CV data.
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Scheme 6.1: Reduced and oxidized forms of dopamine

Figure 6. 6 shows a typical current-time curve of CA at the Nafion/PB/ZnO/COOH-
MWNTs modified electrodes for successive addition of various concentrations of DA in PBS of
pH 7.0 at +0.438 V. Within 4 sec, the sensor arrived at a steady-state current. It was determined
that DA concentration can be detected as low as 10 uM with the detection limit of 0.378 + 0.015
M. Figure 6 also exhibits a linear relationship between current vs concentration with correlation

coefficient, R? = 0.9946 for DA concentrations from 10 uM to 900 pM.
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Figure 6.6: Analysis of DA under CA at pH 7.0 with 50 mV-s™ scan rate (A) a spectrum showing
the detection of DA from 10 pM to 900 pM (B) a calibration curve with R? = 0.9946
Reproduced with permission from ref. [210]. Copyright 2021, Taylor & Francis
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6.3 Randles-Sevcik Analysis

Cyclic voltammograms of 1 mM DA at pH 7.0 was shown in Figure 6.7. This CV was
observed at different scan of 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, and 110 mV-s™ using
PB/ZnO/COOH-MWNTSs/GCE electrode. The electrocatalytic reduction of DA due to the effect
of the potential by Nafion/PB/ZnO/COOH-MWNTs/GCE was investigated by cyclic
voltammetry. The peak potential for the catalytically reduced DA moves to increasingly negative
potential with becoming scan rate larger. However, with the scan rates, the peak current (Ipc) of
reduction for DA increased linearly which indicates that the reduction reaction was diffusion
controlled. The relationship between the scan rate and Ipc was observed to have a good linear
connection over the range of 10 — 110 mV-s™ as shown in Figure 6.8. A correlation coefficient (R?)
of 0.9983 was obtained for the linear regression equation, lpc (LA) = 26.23 VY2 (V-s1) -14.92 under
reduction potential. Similarly, a correlation coefficient (R?) of 0.9912 was received for the linear
regression equation, lpc (LA) = 14.58 V2 (V-s1) +8.661 under oxidation potential. Hence, the
reaction of DA with the electrode surface of Nafion/PB/ZnO/COOH-MWNTs/GCE shows good
correlation with the expression of Randles-Sevcik analysis as the Iy increases linearly as a function
of the square root of scan rate. Randles-Sev¢ik Analysis equation explains the scan rate effect on
the peak current in the CV. It is diffusion controlled reaction because reaction that takes place so
quickly that the reaction rate is the transport of the reactant through the medium. It is the
spontaneous transfer of electroactive species from regions of higher concentration to the regions

of lower concentration.

The CV line shapes indicate a reversible reaction:
Ip = 2.69x 10°A DY2 32 yVoc, (1)
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where I, is the peak current in amperes, A is the electrode area (cm2), D is the diffusion coefficient

12 3

at the electrode surface (cm?s ), v2is the scan rate in V's*, C, is the concentration in mol-cm™,

and n is the number of electrons involved in the redox reaction [195]. Equation (1) was employed
to calculate the charged molecular diffusion coefficients for the redox processes. Diffusion
coefficient calculations were prepared based on multiple CV measurements, as shown in the
supporting information. The diffusion constants, D, for the oxidation and reduction processes were

4 cm?s 1 and 7.365 x 103 cm2~s'1, respectively. The diffusion

determined to be 2.381 x 10
associated with the reduction was more significant than that for the oxidation, as denoted by the
higher D value. The significance of the fact is that more amount of analytes can be quantified under

reduction potential.
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Figure 6.7: CV of 1 mM DA at pH 7.0 on Nafion/PB/ZnO/COOH-MWNTSs/GCE at various scan
rates; (a) 10, (b) 20, (c) 30, (d) 40, (e) 50, (f) 60, (g) 70, (h) 80, (i) 90, (j) 100, (k) 110

mV-s?t

Reproduced with permission from ref. [210]. Copyright 2021, Taylor & Francis
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Figure 6.8: Plot of Ipc Vs V2 at reduction and oxidation potentials
Reproduced with permission from ref. [210]. Copyright 2021, Taylor & Francis.

Figure 6.9 shows the chronoamperometric
MWNTs/GCE at +0.438 V (DA’s determined oxidation potential) versus Ag/AgCl upon
sequential additions of 0.3 mM DA, UA, AA, H20;, LA, FA, Glu, APAP, and DA. These analytes
were added at various time points, denoted by the arrows in Figure 6.9. Nafion/PB/ZnO/COQOH-
MWNTSs could selectively detect DA in the presence of all of these potentially interfering analytes.

No detectable current response is observed, showing that PB/ZnO/COOH-MWNTSs sensor is

selective to only DA.

Time, min
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Figure 6.9: CA response of Nafion/PB/ZnO/COOH-MWNTs at +0.438 V vs Ag/AgCl to the
sequential addition of 0.3 mM DA, UA, AA, H20», LA, FA, Glu, APAP, and DA in
pH=7.0 PBS
Reproduced with permission from ref. [210]. Copyright 2021, Taylor & Francis

6.4 Conclusion

The PB/ZnO/COOH-MWNTSs composite showed high catalytic activity for the
oxidation of DA from 10 to 900 uM at 0.43g8 V using CA. Large agglomerated ZnO particles,
574nm in diameter, decorated the electrode as a result of PB-induced agglomeration accompanying
the optimized performance. The conditions for optimum performance for this sensor were at pH
7.0. Good selectivity and sensitivity of DA in the presence of interfering analytes are useful for
neuroblastoma screening between 10 and 100 uM range. At higher DA concentrations (>100 uM),
relevant for process controls involving DA cyclization to form PDA, the optimum pH for PDA
formation is at 8.5 [189]. Nevertheless, the sensor still functions at [(50 uM/ 200 uM) x 100 1/4]

25% current measurement capacity (Figure 5B) compared to at pH 7.0.
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CHAPTER 7
Electrochemical Detection of Homovanillic Acid Using PB/ZnO/COOH-MWNTSs

Abstract
After tethering refluxed ZnO to carboxylic acid functionalized multiwalled carbon nanotubes

(COOH-MWNTSs), an electrochemical sensing composite was produced by electrostatically
attaching Prussian Blue to ZnO/COOH-MWNTSs to enhance sensitivity towards homovanillic acid
(HVA). The current response versus various concentrations of HVA was monitored using cyclic
voltammetry (CV) and chronoamperometry (CA). Optimization of the sensor was obtained via
adjustment of stirring time, pH and deposition loading of the composite onto the glassy carbon
electrode (GCE) surface. The sensitivity of HVA was studied in the dynamic range of 5 uM to
1000 pM under CV and 10 uM to 2.3 mM with the LOD of (0.5789+0.1978) uM under CA at pH

7, applicable for neuroblastoma screening and inhibition of aldehyde reductase.

7.1 Introduction
Homovanillic acid (HVA, 4-hdroxy-3-methoxyphenyl acetic acid), catecholamine

metabolite is generally excreted in urine. Normal physiological urinary concentrations of HVA
present in the range from 8.2 to 42 umol.L™t. The higher secretion of HVA is associated with
presence of neuroblastoma and pheochromocytoma tumors [196, 197]. A pediatric neuroblastic
tumor arising in the sympathetic nervous system from neural-crest cells indicates the
neuroblastoma (NB). It is considered as the very common solid cancer of young children. The
report shows that one child in 10,000 develops NB prior to the age of 15. Mainly 50% of cases are
observed before the age of 2 years [198]. A rapid treatment at the first sign of NB and diagnosis
for affected people with stage | is the best option compared to that of patients with stages (1), (111)

or (IV). Survival rate with 90% is observed with patients of stage (1) or (1) [184]. Therefore, an
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early treatment is necessary to inhibit malignancy and mortality in metastatic or repeated phase of
the disease. Except tumors, an unusual excretion level of HVA shows other diseases, such as

parkinson’s diseases [199], suicide attempts [200], schizophrenia [201], depression [202].

The quantification of HVA biomarker in urine samples can be carried out with selective
and sensitive process. HPLC with amperometric [203], most sensitive MS detection [204] have
been used for determinantion of HVA. In addition, GC-MS [205], immunoassays [206], capillary
electrophoresis [207] have been explained. Although these are common methods for the
quantification of HVA in urine in clinical laboratories, they generally require expensive
instrumentation, time-consuming process and complex sample pre-treatment. Therefore,
electrochemical methods offer a simple, cost effective and rapid way of quantification without
using expensive instrumentation [184]. The normal urine pH observed to be slightly acidic or basic
in the range from pH =4.5 to 8.5 [208]. Khamlichi et al. [184] developed an L-leucine modified
sol-gel carbon electrode for HVA quantification in the 0.4-to-100 pM concentration range in urine.

At concentrations at 1 uM and higher, monitoring HVA concentrations is important for
applications for inhibiting aldehyde reductase. At concentrations 100 UM — 1 mM, HVA is known
to result in uncompetitive inhibition of aldehyde reductase. There are some researchers to have
interest on aldehyde reductase. The crucial part of aldehyde reductase from brain tissue is possibly
for the metabolism of aldehydes obtained by deamination of the neurotransmitter biogenic amines
[209]. We have designed the sensor by using solely non-perishable materials for the electrocatalyst

surface to monitor HVA, producing it more amenable for industrial scale-up.
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In this study, after successfully tethering Prussian blue (PB) on the surface of ZnO/COOH-
MWNTs, we explore, for the first time, the utility of a PB/ZnO/COOH-MWNT composite for

assaying HVA using cyclic voltammetry and chronoamperomertry.

7.2 Results and Discussion
In the CV of the 1 mM HVA solution in PBS, the 5-pL composite of PB/ZnO/COOH-
MWNTSs showed the optimum sensitivity with selectivity for HVA due to the proper loading of

the composite as shown in Figure 7.1.

10 pL Composite

5 uL Composite
6.5 pL. Composite

-200

2.5 L. Composite

Current,pA
o

200}

Potential, V

Figure 7.1: Effect of various loading of the composite,
PB/ZnO/COOH-MWNTs with HVA under CV at pH 7.0 with 50 mV-s™

The electrochemical response of Nafion™/PB/ZnO/COOH-MWNTs/GCE surface with HVA was
studied as control experiments. As shown in Figure 7.2, point e, there was no electrochemical
behavior to HVA on bare GCE at given potential in PBS (pH 7.0) solution. The cathodic and
anodic current peaks were observed at 0.0764 V and 0.3604 V, respectively, which had a
pronounced electrochemical response when GCE was modified with PB/ZnO/COOH-MWNTS as
shown in Figure 7.2a. Electrochemically controlled experiments were performed using

ZnO/COOH-MWNTs and PB in which our composite (PB/ZnO/COOH-MWNTS) shows the
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better results as shown in Figure 7.2a. The increase is attributed to the proper attachment of PB,

on the surface of ZnO/COOH-MWNTSs.
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Figure 7.2: Analysis of homovanillic acid under CV at pH 7.0 with 50 mV-s™ scan rate using (a)
PB/ZnO/COOH-MWNTSs with 1 mM HVA, (b) PB/ZnO/COOH-MWNTSs with PBS

only, (C) ZnO/COOH-MWNTSs with 1 mM HVA, (d) PB with 1 mM HVA, and (e)
GCE with 1 mM HVA

Symmetric peak shapes in the CVs at various pH conditions denoted quasi-reversible redox
processes. During CV, HVA is oxidized to HVA radical cation and HVA radical cation is reduced
back to HVA via an electron process [184]. Figure 7.3 shows the amperometric response of the
Nafion™/PB/ZnO/COOH-MWNTSs/GCE as a function of pH in 1 mM HVA at reduction and
oxidation potentials of 0.0734 V and +0.3604 V, respectively; the corresponding CVs of 1 mM
HVA are shown in Figure 4. The cathodic and anodic currents are maximized at pH 7.0 for both
oxidation and reduction potentials. Figure 7.4 shows that our sensor is capable of detecting HVA
at various pH conditions. The optimum detection response of HVA was observed from pH 6.0 to

8.0. The highest electrocatalytic activity of our sensor with HVA was observed at pH 7.0 at

oxidation potential.
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Figure 7.3: Effect of pH in the measurement of 1 mM H20- at 50 mV-s™ using PB/ZnO/COOH
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Figure 7.4: A plot of pH vs current to show optimum pH response for highest electrocatalytic

activity at pH 7.0 using CVs at reduction and oxidation potential of 0.0734 V and
+0.3604 V, respectively

109



o 0
/\( 1st oxidation @
_E‘
-
OH
HO —f OH
OCH;

| +|i- . HO
Ind reduction I <2>
Homovanillic Acid Radical Cation
A
-H' +H"
/\(0 2nd oxidation '
— =g
g OH e
o 1st reduction
O Ea = =

Homovanillic Acid Quinone oc fls 4
@) Radical
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7.2.1 Using CV peak height and CA to quantify HVA

The electrocatalytic behavior of PB/ZnO/COOH-MWNTs due to the effect of
concentration was studied for the quantification of HVA under CV at pH 7.0. The CV of HVA
shows the oxidation peak at +0.3604 V related with structure 2 as shown in Scheme 7.1 against
Ag/AgCI (3.5 M KCI). Figure 7.5 explains how the current response was monitored at various
concentrations of HVA. Using various concentrations in the range from 5 uM to 1 mM, the CV
current responses for such concentrations were observed to be linear. The plot of peak current in
MA versus concentration in UM of HVA shows a linear correlation between them. In this analysis,
the range of concentration is explained by the equation of linear regression, Ipc (LA) = 0.00989
[HVA] (UM) + 114.4 with the correlation coefficient value (R?) of 0.9906. Extra peaks at 0.0764
V, 0.8236 V, and 0.5365 V represent structure 1, structure 4, and structure 3, respectively, in the

CV as the molecule of HVA undergoes various species as shown in Scheme 7.1. There is a change
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in slope in the lower concentration of HVA in the calibration curve under CA analysis. A quadratic
relationship of HVA in the range from 5 uM to 100 uM was observed as shown in the inset of
calibration curve of HVA in Figure 7.5. This relationship follows the regression equation lga) = -
(9.5 x 10°) [HVAJ? + 0.0314 [HVA] + 113.9, with R? = 0.9318. In addition, the error bar is
relatively larger. Further investigation is required for the analysis of HVA in its lower

concentration range. However, the change in slope is not pronounced in the CA data (vide infra).
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Figure 7.5: CV for the effect of different concentrations of HVA at pH 7.0 with 50 mV-s™ scan
rate and its calibration curve

Figure 7.6 shows a typical current-time curve of CA at the Nafion/PB/ZnO/COOH-
MWNTs modified electrodes for successive addition of various concentrations of HVA in PBS of
pH 7.0 at +0.3604 V. Within 4 sec, the sensor arrived at a steady-state current. It was determined
that HVA concentration can be detected as low as 10 pM with the detection limit of
(0.5789+0.1978) uM. Figure 7.6 also exhibits a linear relationship between current vs
concentration with correlation coefficient, R? = 0.9942 for HVA concentrations from 10 pM to 2.3
mM. This higher range of concentration of HVA is useful for aldehyde reductase inhibition study

as explained above.
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Figure 7.6: CA for the effect of different concentrations of HVA at pH 7.0 at 0.3604 V with 50
mV:-s! scan rate and its calibration curve

7.3 Randles-Sevcik Analysis

Cyclic voltammograms of 1 mM HVA at pH 7.0 was shown in Figure 7.7. This CV was
observed at different scan of 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 and 110 mV-s* using
PB/ZnO/COOH-MWNTSs/GCE electrode. The electrocatalytic reduction of HVA due to the effect
of the potential by Nafion/PB/ZnO/COOH-MWNTs/GCE was investigated by cyclic
voltammetry. The peak potential for the catalytically reduced HVA moves to increasingly negative
potential with becoming scan rate larger. However, with the scan rates, the peak current (Ipc) of
reduction for HVA increased linearly which indicates that the reduction reaction was diffusion
controlled. The relationship between the scan rate and I, was observed to have a good linear
connection over the range of 10 — 110 mV-s ™ as shown in Figure 7.8. A correlation coefficient (R?)

of 0.9999 was obtained for the linear regression equation,

e (LA) = 38.35 VY2 (V-s1) -B0.73. .o (1)
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under reduction potential. Similarly, a correlation coefficient (R?) of 0.9910 was received for the

linear regression equation,
lpe (MA) = 12.09 VY2 (V-s1) 49,190 ... )

under oxidation potential. Hence, the reaction of HVA with the electrode surface of
Nafion/PB/ZnO/COOH-MWNTs/GCE shows good correlation with the expression of Randles-
Sevcik Analysis as the Ipc increases linearly as a function of the square root of scan rate. Randles-
Sevcik Analysis equation explains the scan rate effect on the peak current in the CV. It is diffusion
controlled reaction because reaction that takes place so quickly that the reaction rate is the transport
of the reactant through the medium. It is the spontaneous transfer of electroactive species from

regions of higher concentration to the regions of lower concentration.
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Figure 7.7: CV of 1 mM HVA at pH 7.0 on Nafion/PB/ZnO/COOH-MWNTSs/GCE at various
scan rates; (a) 10, (b) 20, (c) 30, (d) 40, (e) 50, (f) 60, (g) 70, (h) 80, (i) 90, (j) 100, (k)
110 mV-s™
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Figure 7.8: Plot of lpc Vs V2 at reduction and oxidation potentials

Figure 7.9 shows the chronoamperometric responses of the Nafion/PB/ZnO/COOH-
MWNTSs/GCE at +0.3604 V (HVA'’s determined oxidation potential) versus Ag/AgCl upon
sequential additions of 0.3 mM UA, Cys, H20,, LA, FA, Glu, AA, APAP. These analytes were
added at various time points, denoted by the arrows in Figure 8. Nafion/PB/ZnO/COOH-MWNTSs
could selectively detect HVA in the presence of all of these potentially interfering analytes. No
detectable current response is observed, showing that PB/ZnO/COOH-MWNTSs sensor is selective

to only HVA.
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Figure 7.9: CV and CA selectivity study of HVA at 0.3604 V with pH 7.0

7.4 Conclusions
PB/ZnO/COOH-MWNTs composite demonstrated high catalytic activity toward the

oxidation of HVA in the 5 uM to 1 mM range under CV and 10 uM to 2.3 mM under CA. The
potential application of the sensor for selective determination of HVA was studied in the presence
of H20, glutathione, dopamine, and acetaminophen. The good selectivity and sensitivity of HVA
in presence of interfering analytes at pH 7.0 is relevant for urinalysis to screen for neuroblastoma.

The higher concentration of HVA is presented for the application in aldehyde reductase inhibitors.

A cost-effective H20.-sensor has been established to monitor H,O, sensitively and
selectively. Zinc oxide nanoparticles, carbon nanotubes and Prussian Blue are earth rich materials
which are characterized and used for the design of the electrochemical sensing composites. ZnO
nanoparticles were synthesized using reflux process at the initial part of the project. Such pure
synthesized ZnO nanoparticles were characterized by TEM and EDX. PB/ZnO/COOH-MWNTSs
was fabricated with the help of ultrasonication and PZC concept. This fabrication route shows an

excellent strategy for designing electrochemical sensors. The cytotoxicity study of
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PB/ZnO/COOH-MWNTs was done via Alamar Blue Assay shows its biocompatibility.
PB/ZnO/COOH-MWNTs is able to accurately monitor H2O> in cancer cell lines compared to the
conventional ELISA technique.

A CV method was used to analyze the efficiency of designed electrochemical sensors. This

sensor exhibits higher current signal at low overpotential (-0.004 V vs Ag/AgCl) to determine
H>02 when PB was successfully attached on the surface of ZnO/COOH-MWNTSs.
A CA method was used to analyze the sensitivity and selectivity of the developed sensor. This
sensor showed a detection limit of 0.019 uM of H2O.. The selectivity of the sensor was examined
in the presence of interfering analytes such as UA, AA, APAP, FA and Glu. The designed sensor
is able to detect H202 only at reduction potential (-0.004 V). This is the potential application of
the sensor for selective detection of H2O in physiological conditions. Under the designed CA
detection method, Standard addition method was combined to further monitor H2O: in the ex-situ
condition of BT20 and 4T1 cancer cell lines. Overall, the sensor using PB/ZnO/COOH-MWNTSs
composite modified GCE under CA provides a rapid, facile, sensitive and selective
electrochemical sensor to detect H202. This sensor was observed to be able to determine H20> as
low as 1 uM quantitatively.

The relationship between apoptosis and oxidative stress of BT20 cells is established to
understand the mechanism of the death of cancer cells. This sensor appears as the versatile sensor

since it is also capable to study glutathione, dopamine, and homovanillic acid.
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Appendix A: Experimental Set up for maintenance of live cell culture

For the maintenance of live cells, the electrochemical cell is autoclaved to make it sterile.
The volume of 2 mL of A 549 cells with 10° cells/mL is transferred into the electrochemical cells.
The temperature is maintained at 37° C using heat plate and temperature monitoring device
whereas 5% CO: is maintained using pressurized device. The experimental setup for monitoring
H20, in CCCP treated live cells at various time points is shown in Scheme Al.
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Scheme Al: Experimental set up of H.O2 monitoring in CCCP treated A 549 cancer cells.
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Appendix B: A study of GSH and H202 under SAM CA method

The standard addition method under chronoamperometry was applied to detect GSH in

BT20 cells using various concentrations of CCCP. The raw results are shown below:
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Figure B1: GSH analysis under SAM CA method using various concentrations of CCCP treated
BT20 cells
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Appendix C: Electroactive surface area of PB/ZnO/COOH-MWNTs and ZnO/COOH-MWNTSs
in comparison

For quasi-reversible and irreversible processes in CV, the peak current is given by
Randles-Sevcik expression,

Ip=(2.69 x 10°) n (na)? ACDY2 V2
Where Iy, a, n, A, D, C and V represent the peak current in amps, transfer coefficient, the number
of electrons, the electrode area (cm?), the diffusion coefficient (cm?s™?), the concentration in mol
cm and the scan rate in V's, respectively. In this analysis, all parameters excluding the electrode
surface areas were not altered. We compared the electroactive surface areas between ZnO/COOH-
MWNTs and PB/ZnO/COOH-MWNTSs towards the reduction of H>O».

For ZnO/COOH-MWNTs,

lp=0.125 x 10° A = (2.69 x 10%) n (na))*? Aznorcoor-mwntsCDY2 VY2 (D)
For PB/ZnO/COOH-MWNTs

lp = 0.430 x 10° A = (2.69 x 10°) n (na))*? Apg/znoicoor-mwntsCDY2 VY2 2)

Comparing equations (1) and (2),

0.430

ApB/zn0/cOOH-MWNTs/AZn0/COOH-MWNTs= YT 3.44

This result indicate the significant impact of incorporating PB on the surface of ZnO/COOH-
MWNTs for enhancing the electroactive surface area of the resulting nanocomposites.
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