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ABSTRACT

Dopamine, also known as 4-(2-aminoethyl) benzene-1,2-diol (DA), is a neurotransmitter produced
by brain neurons. It serves a crucial role in transmitting neurological signals. Dopamine exerts a
substantial influence on various physiological systems in the human body, including the
metabolism, central neurological system, renal system, and hormonal system.! Insufficient levels
of dopamine can lead to many neurological disorders, such as Parkinson's disease and
schizophrenia, and a high level of dopamine excretion is a biomarker for the electrochemical
detection of DA. This work explores the deposition of Saccharide carbon dots (namely lactose,
glucose, and galactose) onto the surface of a glassy carbon electrode. This is followed by the
deposition of a 2 wt% Nafion solution. The purpose of this process is to detect dopamine within
two concentration ranges: 0.01mM — 0.1mM and 0.1mM — 1Mm. Cyclic voltammetry was
employed to measure the relationship between current and concentration. At a concentration of
1mM, the lactose carbon dot exhibits the highest oxidation peak height, followed by glucose and
then galactose. Studies on the selectivity betweendopamine and the two other analytes—d-glucose
and uric acid—that could obstruct neuroblastoma screening mechanisms during excretion were
conducted. The results indicate that lactose CDs' reaction to GCE was largely selective for
dopamine at the oxidation potential, with little to no response to either of the other analytes. The
average size of the carbon dots, with a diameter of (156 + 7) nm, was determined using scanning
electron microscopy. This result provides an understanding of the uniformity of the carbon dots,
with a diameter greater than the average size of carbon dots (>10nm), this also explains the

discrepancy between the Raman results from Chusuei et al. and the behavior of carbon dots.?
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CHAPTER 1

INTRODUCTION

Allotropes refer to distinct forms of an element that exist in the same physical state (solid, liquid,
or gas) and exhibit varying physical and occasionally chemical characteristics. They display a wide
spectrum of physical and chemical properties because of their complex structures and chemical
relationships. Carbon is particularly fascinating among the several allotropic elements because of
its extensive array of practical uses.: Carbon nanoparticles are 100,000 times smaller than human

hair and have diameters of less than 100 nm. 2.

The use of carbon nanomaterials as sensors, electrodes, supercapacitors, batteries, and

electronics has been made possible by features like as electrochemical activity, conductivity,
surface area, and ease of functionalization :. Carbon nanomaterials are can be categorized as carbon
nanotubes, which are one dimensional nanomaterials that consist of sp. hybridized carbon.
Additionally, it is divided into single and multi-wall carbon nanotubes. Single-walled CNTs are
formed of a single cylindrical graphene sheet with hemi fullerene caps covering the ends. While
multiwalled CNTs are more complex than single-walled ones, tubes are stacked over one another
successively with an increase in diameter. «+ Graphene is a nanomaterial consisting of sp. carbon
atoms organized in a two-dimensional honeycomb lattice structure. It is acknowledged for its
ability to transfer electrons, conductive properties, expansive surface area, and compatibility with

living organisms.:


https://www.zotero.org/google-docs/?TDRXNh
https://www.zotero.org/google-docs/?rWJfsR
https://www.zotero.org/google-docs/?ul13zT
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https://www.zotero.org/google-docs/?X3EHPK

CARBON DOTS

The initial study on the synthesis of carbon dots revealed the serendipitous identification of
luminous carbon nanoparticles by an unconventional manufacturing method. The particles were
a secondary result of the production of carbon nanotubes through the synthesis of arc-discharged
soot.c During the purification process of single-walled carbon nanotubes (SWCNTS), two primary
impurities were separated and examined. Itwas discovered that fluorescent carbon impurities have
remarkable size-dependent emissive capabilities, which, upon surface functionalization, were
increased even more.” Carbon-dot production was thought to occur through the fragmentation of

carbon nanotubes, aided by electrolyte molecules entering "defect areas™ on the nanotubes' surface.

The CDs are nanoscale particles that are predominantly spherical in shape, with diameters
smaller than 10 nm. They consist of a carbon core that is often surface-functionalized and contains
sp2 and sps hybridized carbon entities. These carbon entities facilitate various interactions with
neighboring molecules and electromagnetic waves.: A system with such low dimensions exhibits
quantum confinement along with unique properties as enhanced band gap and quantum yields,

photostability, quantum size effects, better water solubility, biocompatibility, and non-toxicity.

The simplicity of synthesis, cost-effectiveness, and safety of CDsas nano-catalysts are particularly
appealing. These factors, along with their great solubility in water, may enable their application
even in biological or quasi-biological conditions ». The surface features and potential applications
of carbon dots exhibit significant variation, contingent upon the precursor chemicals and synthesis
methodologies employed. CDs possess a strong attraction to the receptors of their precursor
molecules in biological systems, rendering them well-suited as substitutes for targeted drug

delivery methods.»
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Fig 1. Image showing the structure of CDs =

SYNTHESIS OF CARBON DOTS

Gaining knowledge about the manufacturing, composition, and characteristics of nanomaterials is
the initial stage in manipulating them for applications. Carbon dots have been generated by two
separate procedures known as top-down and bottom-up synthesis. The top-down technique entails
the transformation of bigger precursor molecules, often graphite, into CDs. This approach
commonly employs laser ablation, arc discharge, and electrochemical approaches.= On the other
hand, bottom-up approaches involve simpler molecular precursors polymerized into CDs.
Solvothermal and microwave synthesis, high thermal decomposition, and hydrothermal

carbonization are a few bottom-up strategies. =


https://www.zotero.org/google-docs/?L0u5In
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The various synthesis methods for carbon dots are depicted below:

Top-down synthesis

The top-down approach involves the conversion of massive precursors into nanoparticles, namely
CDs, using physical, chemical, or electrical means. Considerable research utilizing top-down
methodologies first concentrated on bigger carbon-based materials, such as carbon nanotubes

(CNTs) or graphite.« The following sections outline several frequently used top-down

methodologies:

Laser Ablation

Laser ablation is the technique of aiming a laser at a solid target that is enclosed by a surrounding
material. This process leads to the elimination and transformation of surface atoms, together with
the interaction of energetic atoms and molecules within the medium. As a result, a plasma plume
consisting of ions, electrons, and high-energy particles is created.= The production of CDs is
influenced by the properties of the desired outcome and the material being utilized, together with
the specifications of the laser employed, including its wavelength, fluence, pulse duration, and
intensity. This feature allows users great flexibility in designing customized CDs.* The utilization
of a low-pressure vapor medium is advantageous as it facilitates the generation of smaller
nanoparticles while minimizing the likelihood of aggregation. Inaddition, laser ablation allows for

the creation of specific carbon allotropes and nanocrystal structures.=

Compared to hydrothermal approaches, laser ablation has the advantage of synthesizing CDs

in a relatively short period of time (1 ms) and a higher likelihood of obtaining intrinsically bright
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CDs. Nevertheless, there are still obstacles to overcome in effectively controlling the range of
particle sizes and crystal structures. Additionally, there are considerable energy demandsand post-

processing necessities that may potentially diminish the overall production output.:=

Arc discharge

Arc discharge is a commonly employed technique for producing a wide range of carbon
nanostructures, such as multi-walled carbon nanotubes, carbon nano-onions, and few-layer
graphene. Various investigations have established the usefulness of carbon dots in their synthesis.
Carbon quantum dots were produced using a process of submerging arc discharge in water. The
process entailed creating an electric discharge by connecting and positioning two graphite

electrodes in distilled water, maintaining a tiny distance between them.=

Three distinct products were identified: a solid substance consisting of CNOs and MWCNTSs, a
mixture of floating materials containing CNOs and MWCNTSs, and a liquid suspension enriched
with CDs and graphene oxide that may be subsequently filtered. Consequently, the synthesis and
functionalization processes might be interconnected. The drawbacks of this technology encompass
difficulties in separating the many types of nanostructures produced, substantial energy

requirements, and the necessity for specialized equipment.=

Electrochemical methods

Electrochemical methods involve producing carbon dots (CDs) by applying voltage to a solution
containing electrodes.  Solutions are often supplemented with electrolytes to enhance their
conductivity. Solutions are often supplemented with electrolytes to enhance conductivity.» An

effective method is electrochemical exfoliation, which utilizes graphite and NaCl as electrodes and


https://www.zotero.org/google-docs/?o0j4Ok
https://www.zotero.org/google-docs/?eQk7gZ
https://www.zotero.org/google-docs/?ROV6vs
https://www.zotero.org/google-docs/?EeKUlF
https://www.zotero.org/google-docs/?Qgz8FZ

electrolytes. An electric field induced the formation of hydroxyl ions from water, subsequently
leading to the oxidation of the graphite anode. The presence of anions in the solution led to

intercalation and exfoliation, leading to the formation of carbon nanosheets. Their breakdown into

carbon dots was facilitated by a magnetic stirring mechanism.=

Electrochemical procedures are frequently employed because they offer consistent results, have
the potential for large-scale manufacturing, need simple equipment and maintenance, and provide

a broader range of precursor options=.

Bottom-up synthesis

In recent years, bottom-up approaches for synthesizing CDs from smaller molecules have gained
popularity due to their environmental simplicity, ability to incorporate multiple readily available
natural molecules, simplicity and cost-effectiveness, ease of functionalization, and enhanced
flexibility and control. This has facilitated the development of clearly defined CDs tailored to

certain purposes. =

The predominant methods utilized are solvothermal, hydrothermal, and microwave synthesis.

Solvothermal synthesis

In recent years, bottom-up approaches for synthesizing CDs from smaller molecules have gained
popularity due to their environmentally friendly characteristics, utilization of multiple easily
accessible natural molecules, simplicity and cost-effectiveness, ease of functionalization, and
enhanced flexibility and control. This has enabled the development of precisely defined CDs

customized for certain uses. After synthesis, the CDs undergo several purification procedures,


https://www.zotero.org/google-docs/?fIcjz2
https://www.zotero.org/google-docs/?FIK9aN
https://www.zotero.org/google-docs/?os7iEd

such as washing, centrifugation, and drying.= The size and morphology of CDs can be effectively

regulated by manipulating the temperature and pressure during solvothermal synthesis.

However, when this technology is applied on a wider scale, issues related to the transfer of heat
become apparent. Conventionally, the reaction vessel is heated through conduction. To enhance
the effectiveness of solvothermal synthesis, it is necessary to maintain elevated internal pressure
and temperature inside the autoclave, resulting in the solvent reaching a state of supercritical

fluidity.=

Bottom-up

Fig. 2: Various synthesis methods of carbon dots.=
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Hydrothermal synthesis

Hydrothermal synthesis has been extensively utilized to produce carbon dots. The size of carbon
dotsis typically controlled by adjusting precursor quantities, processing temperatures, and reaction
periods. = While carbonization and polymerization significantly influence the average size of
carbon dots, these processes cannot be directly observed within the black box/hydrothermal

reactor.”

The sizes of carbon dots derived from the hydrothermal treatment of sucrose precursor were
notably influenced by the decomposition and polymerization processes, as explained.= During the
process of decomposition, the sucrose molecules in a water solution undergo hydrolysis, leading
to the creation of fructose and glucose. Subsequently, these molecules undergo further degradation
into smaller organic entities, including furfurals and weak acids.» Following that, these organic
compounds undergo the process of polymerization, leading to the formation of larger molecules

that ultimately give birth to the production of the CQDs within the hydrothermal reactor.»

Hydrothermal synthesis is a type of solvothermal synthesis that uses distilled water as the solvent
and produces powder-like, extremely crystalline nanoparticles. A combination of precursors is

placed into a stainless-steel autoclave walled with Teflon, just like in solvothermal synthesis.=

Hydrothermal synthesis has the disadvantage of having poorer yields and longer reaction periods
than co-precipitation techniques. Homogeneous heat transfer and pressure maintenance within
reaction vessels, like the solvothermal technique, create obstacles in scaled-up synthesis
applications. Nonetheless, due to its flexibility and 'green' character, this technology is still

commonly utilized.»
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The main material, referred to as saccharide carbon dot, was synthesized using hydrothermal
treatment employing D-glucose, D-galactose, and D-lactose as carbon sources. Dr. Roger M.
Leblanc, a renowned researcher associated with the Department of Chemistry at the University of
Miami in Florida, developed the saccharide carbon dots used in this study. The process of
preparing the CDs starts by inserting a volume of 20 mL of a saccharide solution with a
concentration of 0.3 M into a reactor coated with Teflon. This reactor is then positioned within a
muffle furnace. After being heated to 200 °C for 30 minutes, the reactor underwent a subsequent
5-hour period during which the temperature remained constant at 200 °C. After subjecting the
mixture to centrifugation at a speed of 9000 revolutions per minute for a duration of 20 minutes, a
substantial, dark-colored solid mass was obtained. The remaining liquid portion, known as the
supernatant, was subsequently passed through a filter with a pore size of 0.2 micrometers to
eliminate any insoluble particles. The pH of the solution was manipulated and subjected to dialysis
for a duration of three days using deionized water. The dialysis procedure was conducted
employing adialysis membrane witha molecular weight cut-off (MWCOQO) of 1 kDa. Subsequently,

the resulting sample was subjected to lyophilization, resulting in the formation of a solid product.=

Neuroblastoma

Neuroblastoma is the prevailing non-brain solid tumor in children below theage of five. Afterroad
accidents, neuroblastoma is the leading cause of fatalities among society’s youngest members.
Neuroblastoma has a fatality rate of at least 15%.= Dopamine, a type of catecholamine metabolite,
is utilized as a diagnostic tool in the identification of neuroblastoma. It is also employed in clinical
diagnosis and early detection through screening programs.= A urinalysis (urine test) may also be

done to help check kidney function and detect urinary dopamine levels.


https://www.zotero.org/google-docs/?FXY51S
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Detecting biomarkers for cancer in earlier stages increases the potential for a positive prognosis.
Therefore, the aim of this research is to develop an easily utilized test and analytical technique to

detect one of the common biomarkers for neuroblastoma: dopamine.

10
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Dopamine

Dopamine, scientifically referred to as 4-(2-aminoethyl) benzene-1,2-diol (DA), is a type of
neurotransmitter that is synthesized by neurons in the brain. It serves a crucial role in transmitting
neurological signals.=» Dopamine exerts a substantial influence on various physiological systems
in the human body, including the metabolism, central neurological system, renal system, and
hormonal system. Insufficient levels of dopamine can lead to many neurological disorders, such
as Parkinson's disease and schizophrenia.= Dopamine levels in different human biofluids exhibit
physiological variations. As per the Human Metabolome Database, the blood content of Dopamine
is below 130 picomolar (pM), however it is 5 nanomolar (nM) in human cerebrospinal fluid and

urine.

HO NH, 0 NH,
2¢ + oW
HO 0
Dopamine Dopamine-o-quinone

Figure 4: Dopamine / Dopamine-o-quinone redox =

As a result, the detection and quantification of dopamine in vivo and in vitro are important topics
in medical practice. For the dopamine assay, several techniques have been used, including
electrochemical analysis, liquid chromatography, and spectroscopic fluorescence. Electrochemical
analysis has garnered significant interest due to its exceptional sensitivity, rapid response,

affordability, and user-friendly nature.»

12
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ELECTROCHEMICAL TECHNIQUES AND ANALYSIS

Electrochemical method

Electrochemical techniques are extensively utilized in various applications dueto their exceptional
selectivity, accuracy, and precision. Voltammetry is the primary electrochemical technique

employed to quantify the resultant electric current.

Cyclic Voltammetry

Cyclic voltammetry (CV) is a very efficient and adaptable electroanalytical technique that is often
used for preliminary electrochemical investigations. CV was employed in the domains of
electrochemistry, inorganic chemistry, organic chemistry, and biochemistry dueto its convenience
in measurement.« Cyclic voltammetry (CV) is a technique employed to investigate electrochemical
processes occurring on an electrode surface. It is known for its ability to rapidly provide valuable
insights into the thermodynamics of redox reactions.« The voltammogram in the cyclic
voltammetry experiment is acquired using a potentiostat. A voltammogram is a graphical
representation of the relationship between the electric current (1) and the electric potential (E). The
present measured value is a consequence of the redox reaction of the analyte, which is
characteristic of electrochemical reactions. A voltammogram exhibits a curve that signifies a redox
cycle. The voltammogram displays a current scale on the y-axis, ranging from -y to +y. The
positive values correspond to oxidation, while the negative values correspond to reduction. Three
different electrodes and an electrochemical cell were used in the cyclic voltammetry studies. A
platinum wire counter electrode was employed to commence the current flow at the onset of the

analyte's redox reaction. The Ag/AgCl reference electrode, with a concentration of 3.5 M AgCl,

13
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served as a benchmark to evaluate the potential of other electrodes. The working electrode is a
freshly produced Nafion/Saccharide/GCE. When the analyte undergoes a redox reaction, this

working electrode serves as a conduit for the flow of electrons.

Chronoamperometry

Chronoamperometry is a method in which a constant voltage is provided to the working electrode
(compared to the reference electrode) and the current flowing through the electrode is measured
over a period of time. The current-time response consists of two distinct components: the current
resulting from the charging of the double layer and the current arising from the electron transfer
mechanism involving the electroactive species.z High charging currents are generated by
chronoamperometry, but they diminish exponentially with time, just like any RC circuit would.
Compared to other amperometry techniques, the enhanced signal-to-noise ratio of CA is a
consequence of integrating the current over a longer time interval.43 This method can also be
employed to quantify the spread of an electroactive substance. When the working electrode takes
the form of a flat electrode, the diffusion coefficient can be determined by analyzing the inclination
of the linear regression line obtained from a plot of current versus time, commonly referred to as

a Cottrell plot. The Cottrell equation provides the mathematical expression for this linear diffusion.

nFADY/2¢C
I(t) = ,:——1/2 = kt~1/2

14
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Analytical Techniques

Nanomaterial characterization has emerged as a crucial component of nanotechnology throughout
the past decade. Diverse methodologies have been employed to analyze and investigate these
nanomaterials, including Raman spectroscopy and scanning electron microscopy (SEM). The
identification of the dopamine nanocomposite synthesized in this investigation was conducted

utilizing these analytical methodologies.

Raman spectroscopy

Raman spectroscopy is a quick, non-destructive, and high-resolution method for characterizing the
lattice structure and the electronic, optical, and phonon characteristics of carbon materials, such as
three-dimensional diamond and graphite, two-dimensional graphene, one-dimensional carbon

nanotubes, and carbon dots.«

Raman spectroscopy is employed to analyze the diamond bands of carbon dots, and the ratio of
the intensity between the D and G bands in Raman scattering is frequently utilized to evaluate the
level of defectsin carbon materials. The carbon dotswith larger ratios of sp2-sp® hybridized carbon
have a positive correlation with increased electrochemical sensitivity, as determined by the

measured Raman (Ic/Ip) intensities. «

Peaks in the Raman spectrum represent the wavelength and intensity position of the Raman scatter
light. Each peak corresponds to a distinct vibration of a chemical bond, including single bonds
such as C-C, C=C, N-O, and C-H, as well as groups of bonds such as benzene ring, lattice chain,

and polymer chain vibrations.« The D band is known as the disordered band because it is related

15
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with the vibrational state of an sp® hybridized carbon atom, whereas the G band is known as the

graphitic band because it is associated with the vibrational state of a sp2 hybridized carbon atom.=

Scanning electron microscopy

Several microscopy techniques have been introduced in recent decades to investigate the
attachment and structure of cells on different biomaterials. Scanning electron microscopy (SEM)
is widely acknowledged as the most feasible choice for visualizing and analyzing the three-
dimensional architecture of objects in the realm of electron microscopy technologies.« It is
indisputable that scanning electron microscopy possesses an unparalleled spectrum of capabilities,
making it unrivaled by any other instrument. The organic chemicals are polymerized to make
bigger molecules, which is what happens in the hydrothermal reactor to make the carbon quantum
dots.«

Scanning electron microscopy is commonly employed to examine large samples with a resolution
of around 1 nm, encompassing the micrometer dimensions of whole cells to labeled molecules.
The device operates by employing an accelerated electron beam with a wavelength that is 100,000
times smaller than that of light photons. This enhances the magnification capability of light
microscopes (200 nm) by a factor of 1000 (0.2 nm).=

A focused ion beam column, also known as a FIB column, is a feature that can be found in many
types of SEM. This feature makes it possible to extract electron-transparent samples from precise

regions inside bulk materials.
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Fig 5: Image showing Hitachi S-3400 N scanning electron microscope

When used in conjunction with a FIB and a transmission detector, the SEM and its numerous
detectors provide a sophisticated combination of tools for sample preparation, imaging, diffraction,

and analysis, with practical length scales ranging from nanometers to several centimeters.=
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CHAPTER 11

EXPERIMENTAL METHODOLOGY

In this research, Carbon dots were synthesized or developed to detect dopamine by various
electrochemical techniques and analytical techniques such as cyclic voltammetry,
chronoamperometry, scanning electron microscopy, etc. The glassy carbon electrode used in my
research has a dimension of 5mm, and the saccharides (D-lactose, D-glucose, and D-galactose)

were used as carbon sources, which were provided to us by the chemistry department at the

University of Miami.

Different instruments used for analysis

Instruments used in this research for different analysis purposes:

o

Digital analytical balance (Mettler AE-163, New Jersey, USA)

b. Ultrasonic cleaner (Sharpertek Stamina XPTM, WI, USA)

C. Water de-ionizer (ELGA, High Wycombe, UK)

d. pH meter (Thermo electron corporation, Orion 230 A+, MA, USA)

e. Oven (Thelco Laboratory, CA, USA)

f. Magnetic Stirrer (Fisher Scientific, MA, USA)

g. WaveNano USB potentiostat (Pine instrument, Raleigh, NC, USA)

h. Scanning Electron Microscopy, SEM (Hitachi H-7650, Krefeld, Germany)

I Raman Spectroscopy (Enwave Optronics, Inc., Model-uSense-1-785, Irvine, CA, USA)
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Chemicals and Materials

Glassy Carbon Electrode (Pine Instruments, Raleigh, North Carolina, USA)
Dopamine (Sigma-Aldrich, St. Louis, MO, USA)

Glucose (Sigma-Aldrich, St. Louis, MO, USA)

Uric acid (Sigma-Aldrich, St. Louis, MO, USA)

Nafion (lon Power, Inc, New Castle, Delaware, USA)

Absolute anhydrous isopropyl alcohol (AAEA) (Pharmaco-AAPER, Brookfield, CT)
Nafion (lon Power, New Castle, Delaware, USA)

1:1 mixture of HNOs:H2O (Fisher Scientific, Pittsburg, USA)

MicropolishTM Alumina, 0.05um (Lake Bluff, IL, USA)

Micropolish™ Alumina, 1.00um (Lake Bluff, IL, USA)

Phosphate Buffer Solution (PBS), pH 7.00 (Sigma-Aldrich, St. Louis, MO, USA)

Saccharide Carbon Dots (D-lactose, D-sucrose, and D-galactose):
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Working Electrode

Fig 6: An instrumental setup inside the Faraday cage for CV experiments.
The electrochemical cell used during cyclic voltammetry experiments

a. Working electrode, D-lactose-CDs/GCE
b. Counter electrode, a Platinum wire,

C. Reference electrode, Ag/AgCl (3.5 M KCI)
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Synthesis and Preparation of saccharide carbon dots

The principal material, known as saccharide carbon dot, was produced through hydrothermal
treatment utilizing D-glucose, D-galactose, and D-lactose as carbon sources. Dr. Roger M.
Leblanc, a distinguished researcher affiliated with the Department of Chemistry at the University
of Miami in Florida, created the saccharide carbon dots utilized in this study. The preparation of
the CDs commences with the introduction of a 20 mL volume of a saccharide solution, having a
concentration of 0.3 M, into a Teflon-coated reactor. Subsequently, the reactor is placed within a
muffle furnace. Following a 30-minute heating process at 200 °C, the reactor experienced a
further 5-hour period with a constant temperature of 200 °C. Following centrifugation of the
mixture at a rate of 9000 revolutions per minute for a period of 20 minutes, a significant, dark-
colored solid mass was acquired. The residual liquid component, referred to as the supernatant,
was then filtered using a 0.2 millimeter pore size filter to remove any insoluble particles. The
solution's pH was adjusted and then dialyzed for a period of three days using deionized water. The
dialysis technique was performed using a dialysis membrane with a molecular weight cut-off
(MWCO) of 1 kDa. Afterwards, the obtained sample underwent lyophilization, leading to the

production of a solid product.=
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Attaching the Saccharide carbon dots (D-lactose, D-glucose, and D-galactose) with a

glassy carbon electrode for electrochemical sensing

A suspension of saccharide carbon dots was generated by combining 0.5 mg of CDs with 1 mL of
absolute anhydrous ethanol (Pharmaco-AAPER, Brookfield, CT, USA) in an Eppendorf tube. The
colloidal CD suspensions were prepared by subjecting them to sonication for a duration of 5
minutes. The saccharide carbon dots were employed for the modification of the working electrode
of the GCE. Prior to alteration, the surface of the glassy carbon electrode (GCE) was polished
using alumina slurries with diameters of 1.0 um and 0.05 pum for approximately 3-5 minutes in
succession. Subsequently, the GCE surface had a thorough rinsing with ultrapure water and was
subjected to 5 minutes of sonication during each polishing phase. Inaddition, the electrode surface
was subjected to sonication using a concentrated mixture of HNOs:H2O fora duration of 5 minutes
in order to activate the surface. Subsequently, the GCE surface was desiccated with Kim wipes at
ambient temperature. A 10-uL portion of the saccharide CDs suspension was placed on the 5mm-
diameter electrode that had just been polished, and then left to dry at room temperature. An
additional 10-microliter droplet of Nafion, a binder with a weight percentage of 2%, was added to
the modified GCE surface to cover and secure the CDs onto the electrode surface. The altered
GCE was subsequently dehydrated in an oven for a duration of 30 to 40 minutes at a temperature

of 40 °C. Ultimately, the GCE electrode was adapted to specifically detect dopamine.

Electrochemical study of Dopamine using the Polished modified Saccharide GCE

An experiment was carried out to examine the electrochemical properties of dopamine utilizing a
refined and altered saccharide glassy carbon electrode (GCE). The effort involved the utilization

of cyclic voltammetry (CV) and chronoamperometry techniques. The experiment took place inside
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a custom-built Faraday cage made of a copper grid with a mesh size of 10 and a diameter of 0.025
inches. The cage was designed with the intention of minimizing external interference, namely
disruptions occurring at a frequency of 60 Hz.. The Wavenano potentiostat electrochemical
software, developed by Pine Instruments Company in Raleigh, NC, USA, was utilized for data
acquisition and analysis. The experimental setup included a 3-electrode cell configuration for the
measurements. The setup consisted of a reference electrode consisting of Ag/AgCI1 (3.5 M KCI), a
counter electrode constructed of platinum wire, and a glucose-modified glassy carbon electrode
(GCE). The measurements were conducted in a controlled environment of an inert N2 atmosphere
at ambient temperature, namely 22 °C. The entire setup was contained within a custom-built
Faraday cage. The potential range was established as -0.10 to+0.10 V, witha scan rate of 50 mV/s.
The peak potential corresponding to a certain analyte was chosen from the results obtained in the
cyclic voltammetry experiment. The concentration of the analyte, dopamine HCI, spans from 0.01

mM to 0.1 mM and from 0.1 mM to 1 mM.

Additionally, a comparative analysis was conducted on the cyclic voltammetry of two distinct
analytes: D-glucose and uric acid, both at a concentration of 1 mM. The resulting peak heights of

these concentrations were then compared to those of dopamine HCI, both at a concentration of 1

mM.
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CHAPTER Il

RESULTS AND DISCUSSION

Chronoamperometry

Based on the results of the electroanalysis 2021 paper, a chronoamperometry experiment was
attempted for dopamine detection at concentrations ranging from 0.01mM to 1mM. The waveNano
potentiostat was adjusted to a potential of +0.5824 V in order to conduct chronoamperometric
measurements of the oxidation peak. However, this did not work as the lactose glassy carbon
electrode composite did not show a good signal at the potential of +0.5824 with a scan rate of 50

m.Vs™.

Cyclic Voltammetry

The cyclic voltammetry technique was used to study the electrocatalytic behavior of the
Nafion/Saccharide GCE composite towards dopamine (DA). This explains the redox reaction that
occurs betweenthe dopamine and the surface of the working electrode, a 5 mm diam glassy carbon
electrode doped with a suspension of the carbon dots and 2wt% Nafion was used. Below are the
CVs of the three composites of saccharide carbon dots (glucose, galactose, lactose) in a 1 mm

concentration of Dopamine solution at pH 7.0.

24



Cyclic Voltammogram
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Fig 8: A cyclic voltammogram of 1mM dopamine using Galactose carbon dots
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Cyclic Voltammogram
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Fig 9: A cyclic voltammogram of 1ImM dopamine using Glucose carbon dots.
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Fig 10: A cyclic voltammogram of 1mM dopamine using Lactose carbon dots
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The figures above show CVsat 50 mVs: of ImM DA.Hclin PBS =7.0 using carbon dots prepared
from Galactose, Lactose, and Glucose. The CV line shape indicates a quarsireversible redoxtaking
place with two reduction peaks and one oxidation peak for all of the three carbon dots used. For
the saccharide carbon dots, the Lactose CDs have the highest intensity followed by Glucose CDs
and then Galactose CDs with maximum oxidation peaks set to be 23.0, 17.4, and 6.2 PA

respectively.

CV current measurement for 1mM Dopamine HCI

CARBON DOTS Lactose Galactos | Glucose
e
CURRENT 23.2 6.20 17.7
23.2 6.20 18.2
22.6 6.20 17.4
MEAN 23.0 6.20 17.8
STANDARD DEVIATION | 0.35 0 0.400
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*
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Fig 10: Stack plot for the Gal, Glu, and Lac CDs [1mM Dopamine, PBS (pH 7)]

This shows the stack plot for the three saccharide carbon dots. From the plot, Lactose CDs has the
highest sensitivity to 1mM dopamine. This comes from measuring the peak current from baseline.
The oxidation peaks were the most pronounced for the lactose carbon dots composite applied to

the working electrode, with loading for all three carbon dots identified.
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Fig 11: Stack plot of 0.1mM — 1.0mM of Dopamine using Galactose CDs

The stack plot above shows the Cyclic voltammetry response of Galactose CDs under different
concentrations of dopamine hydrochloride from 0.1mM - 1.0mM. From the plot, 1.0mM elicit the
highest current sensitivity. Also, these CVs indicate the increase in peak current as the

concentration of DA increases from 0.1mM to 1.0Mm
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3.3 Electrocatalytic Study of various CVs of Lactose CDs ranging from 0.01pm - 0.1pm and

0.1pm - 1pm 0f DA-HCI

The Nafion/Saccharide GCE composite was used as the working electrode to carry out all the CV

experiments for various concentration of dopamine under pH 7.0. The two figures below show the

overlay of two concentration ranges from the cyclic voltammogram. These CVs show that the

concentration is directly proportional to the peak current. As the concentration increases

from 0.0lpm - 0.1pm and 0.1um - 1pum the peak current also increases with 1um having the

highest peak current.
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Fig 12: Stack plot of cyclic voltammogram of 0.01mM - 0.1mM Dopamine HCI on Lactose CDs
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Fig 13:

CURRENT (pA)

=P -

10 =

1.0 05 . 0.0 0.5 1.0
POTENTIAL (V)

Stack plot of cyclic voltammogram of 0.1mM - 1mM Dopamine HCI on Lactose CDs
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3.4 Linear calibration plot for the Saccharide carbon dots

The figure below displays the linear calibration curve for galactose carbon dots at concentrations
ranging from 0.1 mM to 1 mM. This illustrates the efficacy of cyclic voltammetry in detecting a
wide range of concentrations, including galactose, which has the lowest sensitivity. The paper
'‘Graphene defects in saccharide carbon dots govern by electrochemical sensitivity' assessed the
electrochemical sensing properties of Galactose, Lactose, and Glucose carbon dots. The results
indicate that the Galactose carbon dots exhibit the most prominent CV peaks, indicating the highest
sensitivity for detecting acetaminophen. This provides us with a justification to construct a

calibration plot for different concentrations of GalCDs to detect dopamine.
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Fig 14: Linear Calibration plot for 0.1mM — 1mM DA with Galactose carbon dot
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The table below shows the concentration from 0.01mM — 0.1mM of dopamine HCI and the

average current for Lactose CDs.

Average

Concentration Current 1| Current 2| Current 2| current (HA) SD
(mM) (LA) (LA) (HA)

0.01 4.10 3.90 4.10 4.03 0.120
0.02 4.00 4.30 4.20 4.17 0.150
0.03 4.30 4.80 6.00 5.03 0.870
0.04 7.90 9.70 8.90 8.83 0.900
0.05 9.80 9.30 9.90 9.67 0.320
0.06 10.2 10.1 9.80 10.0 0.210
0.07 10.1 10.6 11.2 10.6 0.550
0.08 115 12.0 12.9 121 0.710
0.09 13.8 143 15.3 14.5 0.760
0.1 15.8 15.7 14.6 154 0.670
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The table below shows concentration from 0.1mM — 1mM of dopamine and the average

current

Average SD
Concentration Current 1| Current 2| Current 3| current (HA)
(mM) (LA) (LA) (LA)
0.1 15.8 15.7 14.6 154 0.670
0.2 16.3 17.9 18.3 17.5 1.06
0.3 18.4 18.3 19.1 18.6 0.440
0.4 18.9 18.9 18.6 18.8 0.170
0.5 19.1 18.9 19.1 19.0 0.120
0.6 194 194 194 194 0.000
0.7 20.4 20.3 21.3 20.7 0.550
0.8 21.0 20.9 20.9 20.9 0.0600
0.9 22.1 21.7 21.0 21.6 0.57
1.0 22.3 21.1 23.0 22.1 0.96
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The linear calibration plot and table for 0.01mM - 0.1mM Dopamine HCI with Lactose

carbon dots

15.0 R2 =0.95758
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12,5
<
-
= 100
L
e
e
3 75
5.0
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Fig 15: Current versus concentration plot of 0.01mM - 0.1mM Dopamine HCI with Lactose CDs

Fig 15 shows the current vs concentration plot. there is a linear relationship from 0.01 mM to
0.1mM dopamine concentration. Here, the I, =127 [dopamine] + 2.40 with correlation coefficient

(R2) of 0.957
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RZ = 0.88033

¥ = 16.03037 + 5.9497x
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0.0 0.2 04 0.6 0.8 1.0
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Fig 16: Current versus concentration plot of 0.1mM - 1mM Dopamine HCI with Lactose CDs

Fig 16 shows the current vs. concentration plot. There is a linear relationship from 0.01 mM to 0.1
mM dopamine concentration. Here, the Ipc = 5.95 [dopamine] + 16.0, witha correlation coefficient

(R2) of 0.880.
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The concentration ranges of (0.01mM - 0.1mM) and (0.1mM - 1mM) exhibit distinct slopes of 127
and 5.95, respectively, due to the increasing saturation of the surface sites of lactose carbon dots

on the glassy carbon electrode at higher concentrations.

As we combined the linear plots of 0.01 mM - 0.1 mM and 0.1 mM - 1 mM of dopamine HCI, a

fifth-degree polynomial curve was obtained.
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Fig. 17: Calibration curve in response to current and increasing concentration of dopamine HCI

from (0.01-1) mM.

The least squares fitting of the plot was performed using Origin Pro B.S. This is a plot showing
the analytical range from 0.01 mM to 0.1 mM. This follows a fifth-order polynomial equation,
which is a functional calibration plot. The plot demonstrates that the line becomes increasingly
steep when the concentration reaches 0.1mM. This phenomenon can be explained by the presence

of impurities on the surface of the glassy carbon electrode that accumulate over time during

continuous usage.
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Dopamine detection limit

Dopamine detection limit is the smallest quantity of dopamine concentration that is significantly
different from the blank.

Signal detection limit = ypjank + 3s

Yblank = 7.9 HA

Standard deviation = 0.35 pA

Signal detection limit = 7.9 pA + 3 (0.35 pA) =8.95 9 pA
The minimum detectable concentration = %
m = slope, s =standard deviation

. . 3 (0.35
The minimum detectable concentration = % =0.008 mM

The minimum detectable concentration for dopamine with lactose carbon dots is 0.008 mMM.
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Selectivity study of Lactose carbon dot towards Dopamine, D-glucose, and Uric Acid

Dopamine, which is a catecholamine present in urine, provides the mainstay for biochemical
testing of neuroblastoma. Urinary excretion contains several biological compounds in certain
concentrations that may interfere with the neuroblastoma screening process, with Uric acid and D -
glucose serving as the major interfering analytes. These two analytes were used in a selectivity
study of lactose carbon dots towards dopamine HCI. Fig. below shows that the response of lactose
CDs to GCE was quite selective for dopamine HCI at the oxidation potential, with little or no

current response towards the other two analytes (uric acid and D-glucose).
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glucose towards Lac CDs
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Scanning Electron Microscope (SEM)

In scanning electron microscopy (SEM), the lactose CDs sample is subjected to a high-energy
electron beam. This causes the accumulation of charge, resulting in a picture that provides
information about the shape, surface features, and arrangement of the granules. The scanning
electron microscope (SEM) image in figure 19 reveals that the nanomaterials and composite
consist of lactose carbon dots, which predominantly exhibit a spherical morphology and possess
particle sizes thatare randomly distributed. The particles exhibited a dense arrangement, with only
a limited number of sparsely distributed particles. The density of these particles can be verified by
certain sections of the micrograph following exposure to sonication and application over the glassy
carbon electrode using a 10ul volume. Figure 19 displays the scanning electron microscope (SEM)
image of the glassy carbon electrode (GCE), while Figure 20 presents the histogram illustrating
the distribution of sizes. The ImageJ software was utilized to quantify the diameter of the
nanoparticles, which were subsequently employed to construct a size histogram. The histogram
displays the mean diameter of 156 (£7) nm. The carbon dots exhibited a rather consistent average
size, with little variations in diameter. Their consistent similarity enables the highest level of
dopamine oxidation peak current as a result of their rapid electron transfer capabilities and larger

surface area.
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Fig 19: SEM image of optimized GCE with 10 ul Lac CDs for electrochemical sensing
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Raman spectroscopy

The defect densities of the GalCDs, LacCDs, and GluCDs are ranked in the following order based
on Raman spectroscopy investigations conducted by Chusuei et al.: The GIuCDs have the highest
I/l ratio (0.153), followed by the LacCDs with a ratio of 0.108, and the GalCDs with a ratio of
0.0982.= Kislenko et al. identified that defectsin graphene have the most significant impact on
redox reactions that happen close to the Fermi level and have voltages between -0.2V and +0.3V .#
The defectsis due to the sp® hybridization which is seen as the D band in the raman spectra, the
sp? Carbon entity gives the G-band. Introducing the defects in the graphene creates an electyron

sink which enhance the conductivity and electron signal.

From my experiments, the dopamine detection was seen at an oxidation voltage of 0.25V, The
graphene defect density predicts that GIluCDs would have the highest electrochemical signal, but
the experimental results show otherwise. The disparity from the expected results can be attributed
to the existence of a significant accumulation of carbon dots, as evidenced by the scanning electron
microscopy (SEM) data of the electrode surface. This agglomeration affects the extent to which

faults are exposed to the dopamine analyte.
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CHAPTER IV

CONCLUSIONS

The main objective of this research is to develop an easily utilized test and analytical technique to
detect dopamine, which is a common biomarker for neuroblastoma screening. Dr. Roger M.
Leblanc, a renowned scientist associated with the Department of Chemistry at the University of
Miami in Florida, prepared the carbon dots used in this study. They employed the method of
hydrothermal synthesis. The developed saccharide glassy carbon electrode carbon dots showed
sensitivity and selectivity towards the detection of dopamine; the sensitivity was studied by cyclic
voltammetry experiments. The lactose carbon dots show the greatest sensitivity among the three
carbon dots used, followed by glucose and then galactose carbon dots. The plot of peak current vs
dopamine concentration at 0.01mM - 0.1mM and 0.1mM - 1mM shows a linear relationship, with
the maximum current response found at the 1mM dopamine concentration. The plot of peak current
from 0.0lmM - 1mM dopamine concentration shows a fifth polynomial equation, which is a
functional calibration plot with some constraints as a result of some solutions on the surface of the
electrode. Uric acid and D-glucose were also biological compounds that may interfere with the
neuroblastoma screening process, but they showed little or no response to the lactose carbon dots
in the cyclic voltammetry experiment. Chronoamperometry experiment was also carried out to

detect the lactose carbon dots selectivity towards dopamine, but there was no response.

A scanning electron microscope was used to analyze the surface morphology and distribution of
the saccharide carbon dots on the surface of the glassy carbon electrode. The average sizes of the

carbon dots were relatively uniform.
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This result, along with the corresponding histogram, shows that the lactose carbon dots and glassy
carbon electrode had excellent catalytic behavior towards the oxidation of dopamine. Also, the
dopamine oxidation peak current was higher than that of other analytes (d-glucose and uric acid);
this indicates that the lactose carbon dotscan promote dopamine oxidation on the electrode surface

due to their fast electron transfer capability and higher surface area.

Chusuei et al.'s Raman experiment revealed that glucose carbon dots have the highest 1D/IG ratio,
which indicates a higher density of graphene defects. In contrast, my results show that lactose
carbon dots produce the highest electrochemical signal. This discrepancy can be better understood
by considering the average size of the carbon dots, which are larger than the typical size (>10nm)
measured using a scanning electron microscope. From my experiments, the dopamine detection

was seen at an oxidation voltage of 0.25V, The graphene defect density predicts that GluCDs

would have the highest electrochemical signal, but the experimental results show otherwise.

The disparity from the expected results can be attributed to the existence of a significant
accumulation of carbon dots, as evidenced by the scanning electron microscopy (SEM) data of the
electrode surface. This agglomeration affects the extent to which faults are exposed to the

dopamine analyte.
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