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Dissertation introduction

Background and context of the research

Proteins, composed of amino acid chains linked by peptide bonds, play pivotal roles
in the human body. Beyond serving as structural components of cells, they participate
in nearly all biological processes, from catalyzing metabolic reactions to regulating the
immune response. For instance, proteins help form immune serum (antibodies), which
defends the body against infections and pathogens. Due to these critical functions,
protein testing has become an essential tool in diagnosing and treating various diseases,
particularly cancers.

Currently, several immunoassay-based techniques, such as immunohistochemistry
(IHC), enzyme-linked immunosorbent assay (ELISA), and flow cytometry, are used
to detect and quantify proteins in clinical settings. These methods, relying on opti-
cal measurement, provide high accuracy and specificity and are widely implemented
in clinical and research laboratories. However, traditional techniques face challenges
such as detection sensitivity limits, extended processing times, and the need for skilled
operators, limiting their feasibility for point-of-care testing (POCT) applications. Con-
sequently, researchers are increasingly focusing on the development of more adaptable
and automated solutions.

Emerging microfluidic and biosensing technologies offer potential solutions to these
challenges, with several advantages such as enhanced sensitivity, reduced sample vol-
ume, and streamlined workflows. Microfluidic channels, in particular, allow precise
sample manipulation and can isolate, concentrate, and analyze biological markers in

small volumes, providing an ideal foundation for POCT systems. By integrating biosen-



sors with microfluidic platforms, these systems could effectively replace conventional,
lab-bound techniques.

In this study, an automated POCT system that combines biosensors with a mi-
crofluidic chip was developed to detect and quantify protein concentration the the
solution, offering preliminary diagnostic insights. This system minimizes user inter-
vention while offering rapid, reliable, and accessible diagnostic results, representing a

significant advancement in early disease detection and monitoring.

Objective and significance of the research

This dissertation focuses on developing a protein enrichment and detection system,
designed to integrate with a microfluidic platform for efficient preconcentration and
detection of proteins using minimal volumes and short experiment times. The research
objective is to investigate, design, and conduct experiments on the proposed system,
utilizing a microfluidic chip based on electrochemical immunosensor principles. The
chip detects target proteins in solution by monitoring changes in fluorescence and
electrical signals. These output signals are recorded, processed, and displayed, offering

a streamlined approach to protein detection and analysis.

Scientific and practical significance

This research sits at the intersection of multiple fields, including electronics, control
systems, microfluidics, physics, biology, and microfabrication. The proposed system
aims to detect the presence of specific proteins and quantify their concentrations in
solutions. Successfully implementing this system would provide a cost-effective alter-
native to high-end commercial equipment, enabling rapid protein detection without
the need for extensive laboratory infrastructure. Additionally, the system offers on-site
detection and quantification, requiring only a short processing time, minimal sample

volume, and a straightforward operational process.



Methods and scope of the study

To achieve the specific objectives, this dissertation encompasses several key research
components: a comprehensive literature review, system modeling, structural analysis,
fabrication processes, and experimental measurements to evaluate system performance.
Specifically, the work involves designing a microfluidic structure integrated with precon-
centration units and sensing electrodes, as well as modeling and analyzing the system’s
operation. Additionally, the study focuses on control circuit design, protein precon-
centration within the microchannel, and signal processing circuits to accurately detect

protein presence in the sensor region.

Overview of the dissertation structure

The dissertation consists of 5 main chapters. In Chapter 1, an overview of protein and
the role of protein in the human is presented. Then, a review of protein immunoassay
methods is provided. Finally, protein preconcentration principles and methods and the
theory of ion polarization in nanofluidic channels are given.

Chapter 2 details the development of a microfluidic chip for protein preconcen-
tration using a dual-gate structure and ion-selective nanomembrane. First, a precon-
centrator is designed and modeled to analyze the operation of the structure. Then,
the chip fabrication process is outlined, employing photolithography and soft lithogra-
phy techniques. Finally, experiments are conducted to evaluate the functionality and
performance of the proposed chip.

Chapter 3 describes the development of immunosensors through the electrode sur-
face functionalization process, applied to both gold and carbon electrodes. Fluorescence
and electrical measurements are then conducted to detect protein captured on the elec-
trode surface. Additionally, a performance comparison between sensors based on two-
electrode and three-electrode configurations is presented, highlighting the strengths
and limitations of each configuration in terms of sensitivity and detection accuracy.

Chapter 4 presents the development of a pre-concentration control system and an



electrochemical measurement circuit. First, the system’s design and block diagram
are introduced to outline its functional components and workflow. Following this, the
embedded algorithms and graphical user interface (GUI) are described, detailing their
roles in system operation and user interaction. Finally, experimental tests are conducted
to evaluate the system’s performance, verifying its effectiveness in pre-concentration
control and electrochemical measurement.

Chapter 5 presents the development of an integrated microfluidic chip for protein
concentration and detection. First, the chip design is introduced, providing an overview
of its operation and functional layout. Following this, the fabrication processes for the
electrode and microchannel structures are presented. Finally, a series of experiments
are conducted to evaluate and verify the chip’s performance, assessing its efficiency in
protein concentration and detection.

Finally, the author concludes the research and suggests directions for future studies.



Chapter 1

Overview

1.1 Introduction of protein and the role of protein

in the body

1.1.1 Protein

Protein, also known as polypeptides, is a vital biological molecule composed of multiple
amino acids linked by covalent peptide bonds. Proteins play essential roles in cellular
processes, including participation in metabolic reactions, DNA replication, response
to stimuli, and the transport of molecules from one location to another [T107, [3] [116].
Proteins are found throughout the body, from large structures like muscles, skin, and
bones to microscopic components such as tissues and cells. Their functions in the human
body are incredibly diverse, with at least 10,000 different types of proteins contribut-
ing to human structure and sustaining bodily functions. This diversity primarily arises
from the sequence of amino acids, which is directed by the nucleotide sequence of corre-
sponding genes, and from the way protein molecules fold into specific three-dimensional
structures that enable specialized functions.

Proteins are large biological molecules composed of amino acid chains. Amino acids
are linked by peptide bonds to form polypeptide chains, which, in turn, self-assemble
into complete proteins. Each protein possesses a unique amino acid sequence, consistent

across all molecules of that protein. To date, thousands of distinct proteins have been



identified, each defined by its specific sequence of amino acids. The core structure
of the polypeptide chain, known as the polypeptide backbone, comprises a repetitive
sequence of atoms. Attached to this backbone are the side chains of the amino acids,

which do not participate in peptide bonding.
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Figure 1.1: Four levels of protein structure [114]

These side chains, of which there are 20 distinct types, confer unique properties to
each amino acid [3]. The amino acid sequence determines the unique three-dimensional
structure and specific function of each protein. Figure [1.1] illustrates the four levels of
protein structure in space. The primary structure is the simplest level, where amino
acids are connected by peptide bonds, forming a polypeptide chain. The primary struc-
ture dictates interactions within the polypeptide chain, which ultimately shapes the
protein’s structure and properties [116], 64].

The secondary structure of proteins involves the regular spatial arrangement of
polypeptide chains. Polypeptide chains often coil into a-helices or form [-sheets, struc-
tures stabilized by hydrogen bonds between amino acids. This structure influences the
protein’s shape; for example, fibrous proteins like keratin and collagen commonly con-

tain abundant a-helices, while globular proteins tend to have more [-sheets.



The tertiary structure is the folding of a-helix and (-sheets into unique three-
dimensional configurations specific to each protein type. This spatial structure deter-
mines the protein’s activity and function, governed by the properties of the R groups
in the polypeptide chains. The quaternary structure consists of multiple polypeptide
chains interacting to form the protein’s final structure. The quaternary structure of
these polypeptide chains is stabilized by weak interactions, such as hydrogen bonds.

The diversity of protein structures enables them to participate in a wide range of
biological processes, from cellular architecture to metabolism and signal transduction.
Studies of protein structure and function are crucial for understanding these biological
processes and provide a foundation for research and therapeutic strategies in disease
treatment. Amino acids are organic compounds containing an amino group (-NHs) and
a carboxylic acid group (-COOH) attached to the same carbon atom. Each amino acid
has a unique R group, contributing to the diversity of amino acids. In nature, approx-
imately 20 types of amino acids are found in proteins and other biological molecules.
These amino acids are classified into two main groups: basic amino acids and acidic
amino acids. Basic amino acids have R groups with alkaline properties, while acidic
amino acids have R groups with acidic properties. Amino acids are further categorized
based on the nature of their R groups, which may include alkyl, aromatic, hydroxyl,
or sulfur-containing groups.

Amino acids are the building blocks of polypeptide chains, connected through pep-
tide bonds to form proteins. This diversity allows for the formation of numerous proteins
with various properties and functions, forming the basis for the diversity of biological
processes. A peptide bond is a chemical link between two amino acid molecules, where
the carboxyl group (-COOH) of one amino acid joins with another amino group (-NHy),
creating a peptide linkage (-CO-NH-) and releasing a molecule of water. When amino
acids are connected through peptide bonds, their R groups extend outward, forming
the "wings" of the new polypeptide chain. These chains can then fold together to form
more complex protein structures. Peptide bonds are essential to protein structure as
they link amino acids into polypeptide chains, forming the foundation of protein archi-

tecture. The variety of amino acids and peptide bonds enables the formation of proteins



with diverse properties and functions. Figure [1.2] The formation of protein structures

[21] illustrates the structure of amino acids linking to form proteins via peptide bonds.
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Figure 1.2: The formation of protein structures [21]

1.1.2 The role of protein in the body

Proteins play an indispensable role in sustaining life and human bodily functions,
directly impacting numerous aspects of normal physiology. Accounting for up to 50%
of the cell’s total dry mass, proteins serve not only as crucial structural components but
also actively participate in the maintenance, repair, and growth of the body. Protein
deficiency can lead to various health issues, including malnutrition, weakened immunity,
stunted growth, and a frail physical condition [60].

In the body, proteins perform a multitude of essential functions. They form the
structural components of the cellular framework, participating in all cellular processes
and helping to maintain cell shape and function. Certain fibrous proteins provide rigid-
ity to tissues and cells. Keratin, for example, is a structural protein found in the skin,
hair, and nails, while collagen, the most abundant protein in the human body, is a
key structural component of bones, tendons, ligaments, and skin. Proteins also sup-
port body growth through muscle formation, cell renewal, and division. Additionally,

proteins are vital for the transport of oxygen and nutrients throughout the body. Most



nutrients are transported from the site of absorption in digestion to the bloodstream,
then delivered to tissues and cells by proteins. Hemoglobin, a transport protein, carries
oxygen from the lungs to other cells, ensuring cellular function [38].

Proteins also play a crucial role in protecting the body. White blood cells, largely
composed of proteins, defend against harmful agents entering the body. The immune
system produces various proteins, such as interferons, to combat viruses and other
pathogens. This protective role becomes evident when the body’s ability to synthesize
and absorb protein decreases, leading to a weakened immune system and increased
susceptibility to illness. Additionally, proteins act as signaling units. Some proteins
function as hormones, serving as messengers that facilitate communication between
cells, tissues, and muscles. Common examples of protein hormones include insulin,
glucagon, and human growth hormone (hGH).

Additionally, proteins provide a substantial amount of energy for the body, account-
ing for approximately 10-15% of the basic diet and supporting cellular function and
vitality. Proteins also play a role in pH balance, helping maintain circulatory stabil-
ity and regulate water levels in the body. In summary, the role of proteins in human
health is indispensable, making a crucial contribution to life and normal bodily func-
tion. Consequently, protein levels in the body can reflect overall health status and are
often indicative of abnormalities related to liver, kidney, and joint diseases. Early de-
tection of abnormal protein levels through testing can guide physicians toward accurate

diagnoses and timely interventions.

1.1.3 Protein is a biomarker for disease detection

In medicine and biological research, proteins are regarded as essential biomarkers, aid-
ing in the identification and diagnosis of various diseases as well as in monitoring their
progression. Biomarkers are biological indicators used to detect or track a biological
process, disease state, or body response to treatment. A biomarker can be a molecule,
cell, gene, enzyme, or hormone. They provide critical information about an individ-
ual’s health status and support disease diagnosis, staging, and evaluation of treatment

effectiveness. Figure shows some types of biomarkers for cancer detection.
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Proteins are widely used as biomarkers due to several advantages. Firstly, they ex-
hibit high specificity in detecting diseases. Certain proteins are only present in specific
tissues or cells, allowing for precise information about disease conditions. For exam-
ple, Prostate-Specific Antigen (PSA) serves as a biomarker for prostate cancer [125].
Secondly, proteins can be easily detected through various technologies. Modern technol-
ogy enables the sensitive detection and quantification of proteins. Techniques such as
Enzyme-Linked Immunosorbent Assay, western blotting, and mass spectrometry allow
for the identification and measurement of specific proteins in biological samples [132].
Thirdly, many proteins are directly linked to pathological processes, such as enzymes
involved in cancer progression or inflammatory proteins associated with autoimmune
diseases [31]. Fourth, proteins can be used to monitor treatment progress. Changes in
the concentration of certain proteins in blood or other tissues can reflect treatment
effectiveness. For instance, levels of C-reactive protein (CRP) may decrease when pa-
tients respond well to anti-inflammatory therapy [95].

Notably, proteins aid in the early detection of various cancers. For instance, elevated

11



levels of the protein CA-125 may indicate ovarian cancer [9]. Some proteins can help
determine the stage and severity of cancer. For example, HER2/neu protein levels can
assist in staging and treatment selection for breast cancer [I11]. By tracking changes in
protein levels during treatment, doctors can assess treatment effectiveness and adjust

treatment plans if necessary [22].

1.2 Protein immunoassay methods

Protein testing primarily relies on immunoassays with various techniques, including
immunohistochemistry (IHC) [144] 133], ELISA [I33] 117], and flow cytometry [28],
as illustrated in Figure [I.4 The techniques listed above are widely used in biological
testing and disease diagnostics at medical centers, describing commonly used methods

as well as those currently under development for protein analysis.
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Figure 1.4: Protein assay methods based on immunoassay methods

Protein biomarkers are valuable indicators for monitoring tumor progression and

serve as markers in disease detection assays. ELISA is considered a standardized
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method for quantifying proteins in solution, where target proteins are captured on a
surface and labeled with enzymes that produce a color change, allowing detection. How-
ever, this method requires a high concentration of the target protein. At low concentra-
tions, colorimetric detection and optical systems are inadequate. In such cases, protein
biomarkers need to be concentrated to increase their levels above the detection limits
of sensors. Moreover, sensors must exhibit high sensitivity and reliability. In hospitals
and medical facilities, tumor markers are identified using traditional analytical methods
such as ELISA, polymerase chain reaction (PCR), and fluorescence-labeled immunoas-
says. These methods provide accurate and selective results but require lengthy analysis

times, expensive reagents, single-marker analysis, and specialized equipment [T13].

1.2.1 Immunohistochemistry

Immunohistochemistry is a technique that utilizes antibodies to detect specific proteins
in tissue samples. This method is a crucial tool in biological research and disease
diagnosis, particularly in oncology [49]. Immunohistochemistry relies on the antigen-
antibody binding principle, where antibodies are used to recognize and attach to specific
antigens (proteins or peptides) in tissue samples. After the primary antibody binds to
the target antigen, a label, such as an enzyme, fluorochrome, or luminescent marker,
is introduced for detection and observation under a microscope.

The process begins with tissue preparation, where thin sections of tissue are cut
and mounted on slides. The tissue is then fixed using formalin or other fixatives to
preserve its structure and protein integrity. Next, endogenous enzymes within the tis-
sue, which could cause nonspecific reactions, are inactivated to avoid interference. The
tissue sample undergoes an antigen retrieval step, commonly involving heat or enzy-
matic treatment, to expose the antigens and improve antibody access. Following this,
a primary antibody specific to the target antigen is applied, binding to the antigen
if present. Subsequently, a secondary antibody, linked to a detectable label, is added
to bind to the primary antibody. The label is then visualized using various detection
methods depending on its type, with the final results observed under a microscope [66].

Figure shows the detailed protocol of immunohistochemistry.

13



f ]

f ( Dewaxing H202 closed ;
/ Jlla' - = endogenous peroxidasea [—¥ Antigen Retrieval
i

Add secondary antibo Add primary antibody

W

j / i i [

|- By W

] L =" J i - |'l
,.L-ﬂ

W

" L]
2
b —
“
Add substrate for
color development = — -
T e

I|l I"

I|l I"

! /

Figure 1.5: Immunohistochemical protocol (Source: internet)

Immunohistochemistry has significant applications in medicine and research. It al-
lows for identifying and localizing cancer-related proteins within tissue samples, aiding
in cancer diagnosis and classification. For example, overexpression of the HER2/neu
protein detected via [HC can indicate a specific breast cancer subtype and guide treat-
ment choices [I1I]. THC also helps determine cells’ origin in tumors with unknown
origins by detecting tissue-specific markers. Additionally, IHC is a valuable tool in
studying the biological mechanisms of diseases, allowing researchers to assess protein
expression and localization within tissues. Moreover, IHC can aid in evaluating patient
prognosis and monitoring treatment efficacy. For instance, the expression of the Ki-67
protein is used to assess cell proliferation in cancer and to help predict disease [23].

Currently, THC techniques are widely applied in biopsy testing. After sampling,
tissue specimens are tested using immunoassays in which antibodies labeled with fluo-
rescent or chromogenic agents are employed to identify target proteins. Following the
dyeing process, image analysis software is utilized to measure the area of the stained

region and signal intensity, providing further insights into the expression level of pro-
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teins within the tissue. However, this method faces limitations when detecting proteins
at very low concentrations, which reduces detection accuracy. Additionally, the optical
signal intensity requires normalization to ensure consistency, yet such standardization
poses challenges in practical applications.

Although quantitative image processing software is available, it has not been widely
adopted and often lacks standardized application in clinical diagnostics. These tools are
primarily used to differentiate specific target regions from other tissue areas rather than
accurately quantify protein concentration [47] 121} [11]. Consequently, in IHC, the limit
of detection (LOD) is commonly defined based on the percentage of the target area

rather than by measuring the actual protein concentration within the tissue sample.

1.2.2 Immunoaffinity Chromatography

Immunoaffinity chromatography (IAC) is a highly specific and powerful technique
widely applied in biochemistry and biotechnology to purify or isolate proteins, peptides,
and other biomolecules that exhibit binding affinity to a specific antibody. The tech-
nique utilizes the selective interaction between an antigen and an antibody, enabling
the effective separation of target molecules from complex mixtures. The principle of
immunoaffinity chromatography is based on antigen-antibody interactions, where the
antibody is immobilized on the chromatographic column substrate and serves to se-
lectively bind the target antigen, such as a particular protein in the sample. When
the sample is introduced to the column, target antigens bind specifically to the anti-
body, while non-specific components are washed out. The bound target antigen is then
eluted by adjusting conditions—such as pH, ionic strength, or by introducing a specific
solvent—to disrupt the antigen-antibody interaction, as illustrated in Figure [I.6]
Immunoaffinity chromatography involves five main steps, including chromatographic
column preparation, sample loading, column washing, antigen elution, and antigen
analysis, as depicted in Figure 7. In the initial step, a specific antibody is immobilized
onto a matrix to prepare the chromatographic column. This immobilized antibody is

configured to selectively recognize and bind the target antigen in the sample.
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Figure 1.6: Operating model of Immunoaffinity chromatography [136]

In the sample loading phase, the sample containing the target antigen is introduced
onto the column. Here, the target antigens selectively bind to the immobilized antibod-
ies, while unbound components are washed through the column and discarded. In the
third step, a suitable buffer solution is applied to wash the column, removing residual
non-specific substances without eluting the target antigen. The target antigen is subse-
quently eluted from the column by adjusting specific environmental conditions, such as
pH, salt concentration, or by introducing a specialized solvent, to disrupt the antigen-
antibody interaction. Finally, after elution, the isolated target antigen is collected for
further analysis using advanced methods such as electrophoresis, mass spectrometry,
or other molecular biology techniques.

IAC can be employed to purify target proteins from complex mixtures, such as cell
culture supernatants or serum, achieving both high purity and efficiency. This tech-
nique is also applicable for separating and analyzing antigens or antibodies in biological
samples, thereby supporting disease diagnostics and biological research. Additionally,
[AC can be combined with other methods, such as ELISA, to detect and quantify
proteins, peptides, or other small molecules within biological samples. It is also valu-
able for studying protein interactions, allowing for the identification and analysis of

protein-antibody complexes or other molecular interactions. The LOD of this tech-
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nique generally ranges from 9 to 800 pg/mL (ppm) [74]. A primary requirement for
antibodies used in TAC is a very high affinity for the target protein, providing IAC with
high specificity and separation efficiency [136]. However, this stringent requirement for
highly selective, high-affinity antibodies, as well as the need for an effective elution
solution, presents a limitation of this method. Additionally, the rigorous conditions
required to maintain antibody stability within the chromatography column often pose

challenges for users.
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Figure 1.7: Immunoaffinity chromatography process [7]

1.2.3 High-performance liquid chromatography combined mass

spectrometry

High-performance liquid chromatography (HPLC) coupled with mass spectrometry

(MS) is a powerful analytical technology widely used in fields such as analytical chem-
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istry, pharmaceuticals, biology, and environmental science. The combination of HPLC
and MS enables the separation, identification, and quantification of compounds with
high sensitivity and accuracy. HPLC is an advanced liquid chromatography technique
that uses a high-pressure pump to push a solvent containing the sample through a chro-
matography column packed with a stationary phase capable of separating the sample
components based on their physicochemical properties, such as polarity, molecular size,
or chemical interactions. Different components of the sample travel through the column
at varying speeds, resulting in their separation as they exit the column. Mass spectrom-
etry is an analytical technique used to measure the molecular masses of compounds. In
MS, the sample separated by HPLC is ionized, converting it into charged ions. These
ions are then analyzed based on their mass-to-charge ratio (m/z) in a mass spectrome-
ter. The result is a mass spectrum that allows for the identification and quantification
of the compounds [152].

The HPLC-MS technique involves a five-step process, including sample preparation,
chromatography (HPLC), sample transfer to mass spectrometry (MS), mass spectrum
analysis, and data processing (Figure . Firstly, the sample to be analyzed is pre-
pared and dissolved in an appropriate solvent for injection into the HPLC system. The
sample is then pumped through the HPLC column, where its components are sepa-
rated based on interactions with the stationary and mobile phases. After separation,
the components are transferred directly into the MS system. Ionization techniques such
as electrospray ionization (ESI) or atmospheric pressure chemical ionization (APCI)
are commonly used to generate ions from the sample. These ions are analyzed in the
mass spectrometer to determine their mass-to-charge ratio (m/z), enabling the identi-
fication and quantification of the compounds. Finally, the data obtained from HPLC
and MS are processed to generate a mass spectrum, which facilitates the identification
of molecular structures and the quantification of substances in the sample.

HPLC-MS is applied in various fields, including pharmaceutical analysis, biological
analysis, environmental research, and food analysis. In pharmaceutical analysis, HPLC-
MS is a crucial tool for drug analysis and quality control, helping identify active in-

gredients, impurities, and degradation products in drug samples. In biological sciences,
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HPLC-MS is utilized to analyze proteins, peptides, lipids, and other biomolecules. It
enables the study of protein interactions, metabolite profiling, and the identification
of biomolecules in complex samples. In environmental research, HPLC-MS aids in de-
tecting and quantifying pollutants, pesticides, and persistent organic compounds in the
environment. For food analysis applications, HPLC-MS is used to evaluate food quality
and safety by detecting additives, preservatives, and contaminants. The detection limit

of this technique typically ranges from 0.02 to 0.9 pg/mL [11§].

100pL Plasma + 300uL Acetonitril

TDM and pharmacokinetic study

Centrifugation
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Figure 1.8: Steps of High-Performance Liquid Chromatography (HPLC) combined
with Mass Spectrometry (MS) [152]

For protein analysis, performing HPLC to separate proteins often requires running
calibration standards first to accurately determine the peak positions associated with
the sample before analyzing the sample solution. This technique can also be used for
quantification when peak intensity is calibrated for each standard sample or when com-

bined with mass spectrometry, necessitating technical training for operators. Although
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HPLC provides highly accurate results, designing a compatible chromatography column

system and concentration detection system poses a significant challenge.

1.2.4 Enzyme-Linked Immunosorbent Assay

Enzyme-Linked Immunosorbent Assay is a widely used and essential technique in
molecular biology and medicine for detecting and quantifying antigens, antibodies,
proteins, and other biomolecules in biological samples. This technique plays a vital

role in disease diagnosis, scientific research, and quality control in the food and phar-
maceutical industries [119] 53] [94].
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Figure 1.9: ELISA protocol (Source: Sigmaaldrich)

ELISA relies on the specific interaction between an antigen and an antibody. During
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the assay, the antigen or antibody is immobilized on the surface of a microplate well.
The biological sample containing the target antigen or antibody is then added, followed
by the addition of a secondary antibody conjugated with an enzyme to detect the
antigen-antibody complex, as shown in Figure [1.9} Upon addition of an appropriate
substrate, the enzyme catalyzes a reaction that generates a color signal, with the color
intensity directly proportional to the concentration of the target molecule in the sample
32, 19].

The ELISA technique is classified into four main types, including direct ELISA,
indirect ELISA, sandwich ELISA, and competitive ELISA, as shown in Figure [I.10]
In direct ELISA, the antigen is directly immobilized onto the microplate well, and
an enzyme-conjugated antibody is added to detect the antigen. This method is often
used for qualitative ELISA and is less commonly applied for quantitative analysis.
Its main advantage is that it requires only a single incubation step, which saves time
and minimizes the need to control various conditions during the procedure (such as
temperature and buffer changes for each incubation, and timing). However, it has the
drawback of high background staining due to the nonspecific binding of the antibody
to the solid surface and the proteins immobilized on it. Additionally, labeling each type
of antibody for each antigen can be costly, especially when diagnosing a large number

of different antigens.
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Figure 1.10: Classification of ELISA methods [57]

In indirect ELISA, the antigen is immobilized onto the microplate well. Then, a

primary antibody is added to recognize the antigen. A secondary antibody conjugated
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with an enzyme is then added to detect the primary antibody. This method offers
higher sensitivity because multiple secondary antibodies can bind to each primary
antibody [62]. However, its drawback is the increased number of procedural steps, which
necessitates additional control of conditions and prolongs the assay process, extending
the diagnostic time.

Sandwich ELISA employs two specific antibodies to ’'sandwich’ the antigen. A cap-
ture antibody is immobilized onto the microplate well, followed by the addition of the
antigen and then a detection antibody. This method provides high specificity and sen-
sitivity, making it suitable for analyzing complex samples [98]. For competitive ELISA,
it is used to detect small molecules or antigens present in very low concentrations.
Competitive ELISA is particularly effective for quantifying trace elements in samples.
It involves adding a known amount of antigen (the competing antigen) similar to the
target antigen in the sample, which competes for binding to a specific antibody im-
mobilized on a solid surface. The quantity of competing antigen is measured via the
enzyme activity linked to it. A higher presence of competing antigen indicates a lower
concentration of the target antigen in the sample, and vice versa. Thus, the color signal
intensity is inversely proportional to the antigen concentration in the sample [142].

The biological sample for ELISA testing typically involves venous blood, collected
in clean test tubes, either with or without anticoagulants (Heparin/EDTA), depending
on the specific requirements of the assay. Each blood sample is placed in individu-
ally labeled test tubes with barcodes and complete identification details, secured with
tightly sealed caps. Samples are then placed in secure containers and transported to
the laboratory as soon as possible. Typically, blood samples for ELISA tests remain
stable at room temperature (20-25 °C) for up to 12 hours or between 2-8 °C for 24-48
hours. At the laboratory, the samples are sorted according to the specific tests required
and assigned unique codes to prevent cross-contamination or sample misidentification.

The ELISA testing procedure consists of seven steps. Firstly, patient samples, along
with positive and negative controls, are added to plastic wells pre-coated with the
specific antigen or antibody. Incubation is conducted at room temperature or 37 °C

for a duration specified by the manufacturer. In the second step, the wells are washed

22



with PBS-Tween 20 buffer solution and blotted dry. The third step involves adding a

conjugate to each well, followed by incubation at room temperature or 37 °C as per
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Figure 1.11: The ELISA testing procedure using conventional ELISA and Invitrogen
instant ELISA kits (Source: Thermofisher)

The fourth step repeats the washing process with PBS-Tween 20 and blotting the
wells dry. In fifth step, a substrate is added to each well, allowing color development (15-
30 minutes). In the sixth step, a stopping solution is added to terminate the reaction. Fi-
nally, results are read using an automated ELISA reader. Figure shows the ELISA
testing procedure using conventional ELISA and Invitrogen instant ELISA kits. The
ELISA method is currently widely used in healthcare facilities due to its advantages,
including lower cost and ease of implementation, which facilitate rapid sample testing.
However, ELISA testing requires relatively large sample volumes, typically at least
several tens of microliters, and has limited sensitivity for detecting low-concentration
proteins. The washing steps in ELISA are crucial to remove non-specifically bound
substances, preventing false-positive results. However, this also adds complexity to the
procedure, requiring a high level of technical skill [20].

Results from ELISA performed on equipment from major companies, such as Life
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Technology, Abcam, eBiosensor, Enzolife Sciences, and Thermo Scientific, report a
minimum limit of detection ranging from 2 to 8 pg/mL [149]. Compared to commonly
used measurement techniques, the application of micro-nano technology has been ex-
plored in two main directions to enhance sensor sensitivity: (i) employing nanoma-
terials as biomarkers or porous electrodes, and (ii) designing micro-electromechanical
systems (MEMS) for measurements. Figure [1.12] presents an overview of LODs pub-
lished in studies utilizing micro-nano technology over time. From 2008 onward, LODs
have steadily decreased, with each year showing an approximate reduction by one order
of magnitude. Beginning in 2012, published LOD values have reached the sensitivity
threshold of the HPLC method. By 2017, detection limits fell below the threshold
achieved by HPLC.
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Figure 1.12: Investigation of some critical limits of measurement (LOD) on applied

studies of nanomaterials () [97, [70), 149] and on microelectromechanical systems

(MEMS) (o) [69, 8, 105], 134, 150] compared with commonly used methods such as
IAC [74], HPLC [I18] and ELISA, respectively [149].

Although detection signals are all electrical, MicroElectroMechanical Systems (MEMS)
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technology is still developing somewhat independently from the application of nano-
materials. This may be due to the complexity of designing nano-structured electrodes
on microfluidic channels. Additionally, the specific nature of antigen-antibody binding,
where each protein target can only pair with a single antibody immobilized on the
electrode surface within the microchannel, limits the use of nanoparticles for signal en-
hancement in electrical measurements within microchannels. This mechanism is similar
to that of ELISA, where enzymes are replaced by nanoparticles.

ELISA is widely applied in medical diagnostics, biological research, the food in-
dustry, and pharmaceutical development. ELISA plays a crucial role in diagnosing
diseases such as HIV, hepatitis, and other infectious diseases. Its high sensitivity and
specificity allow for the accurate detection of antigens and antibodies, facilitating dis-
ease progression monitoring and evaluation of treatment effectiveness [I], 36, 131]. In
scientific research, ELISA is used to measure cytokines, hormones, and other proteins
in biological samples, providing essential insights into physiological and pathological
processes in the body [18, [61]. Additionally, ELISA is employed to ensure food quality
and safety by detecting allergens, preservatives, and contaminants. This contributes
to consumer health protection and compliance with food safety regulations [54]. Fur-
thermore, ELISA plays an important role in pharmaceutical development, especially in
evaluating immune responses to biologic therapies and assessing product quality. This
technique aids in determining the efficacy and safety of biological products before they

are brought to market [98] [35].

1.2.5 Protein microarrays

Protein microarrays are an advanced technology that enables the simultaneous analysis
of numerous proteins and their interactions in a single experiment. This technology is
widely utilized in fields such as biological research, medicine, and biomarker discovery,
owing to its capability to identify and quantify proteins in complex samples [24].
Protein microarrays are constructed by immobilizing proteins or antibodies on a
solid surface, such as glass or nitrocellulose. When a biological sample, such as serum,

is introduced to the microarray, the proteins or antibodies in the sample interact with
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the molecules on the microarray, allowing for the detection and analysis of target
proteins . Detection is typically achieved through fluorescent or luminescent sig-
nals, enabling the identification of protein-protein interactions or interactions with
other molecules [29]. Protein microarrays are classified into three types: functional
microarrays, antibody microarrays, and capture microarrays. Functional microarrays
contain proteins with intact functions, aiding in the study of protein-protein or enzyme-
substrate interactions. This type of microarray is highly useful in investigating cellular
signaling networks and drug development [104]. Antibody microarrays are employed to
detect antigens in biological samples and hold particular value in disease diagnosis and
immunology research [109]. Capture protein microarrays use immobilized proteins or
other molecules on the array to capture target proteins from biological samples. This
type is commonly used to study interactions between proteins and other molecules,

such as DNA or drugs [67].
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Figure 1.13: Protein microarray technology principle [72]

1.2.6 Lab-on-chip system

The techniques mentioned above are widely applied in medical centers and hospitals,
playing a vital role in testing and disease treatment through analyses of urine, blood,

and cell biopsy samples. However, to enhance disease detection capabilities, it is nec-
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essary to detect proteins at lower concentrations with smaller sample volumes and to
reduce testing time. Increasing automation to simplify operations is also a key objective.
Finally, reducing costs and improving convenience in testing processes are additional

goals that need to be addressed.
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Figure 1.14: Example of Lab-on-a-chip system [100]

To meet these demands, research into biochips (Lab-on-a-Chip) based on microflu-
idic chip platforms is being actively explored to develop compact testing devices that
fulfill the requirements of diagnostic applications. Lab-on-a-Chip (LOC) is a technol-
ogy that integrates multiple functions of a traditional laboratory into a compact device,
typically only a few centimeters in size (Figure . LOC allows for biological and
chemical analyses on a microchip, which is capable of processing samples and perform-
ing analyses on a micro- and nano-liter scale. This technology is revolutionizing fields
such as molecular biology, medicine, and analytical chemistry by minimizing sample
and reagent volumes, reducing processing time, and enhancing the accuracy and au-
tomation of experiments [120, [10].

A typical LOC includes a network of microchannels, known as microfluidics, fab-
ricated onto a microchip made from materials like glass, silicon, or polymer. These
channels enable precise control over fluid flow, allowing biological, chemical, or physical

processes like mixing, reaction, or sample separation to occur on a miniature scale. Inte-
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grated sensors on the chip detect and analyze results, including signals such as fluores-
cence, electrochemical signals, or mass spectrometry [71]. Microfluidic-based bioassays
with advantages such as small sample requirements and automation are increasingly
being developed for biological applications. These microfluidic chips can incorporate
established methods like ELISA,| immunohistochemistry, or flow cytometry by scaling
down into micro-sized channels.

One significant advantage of microfluidics is that it allows for the separation and
concentration of biological targets with minimal sample volume. The process can be au-
tomated, simplifying procedures for operators. Due to their compact size, microfluidic-
based biochips present a promising research direction in the development of portable
diagnostic devices that meet the demands of disease detection and on-site monitoring
[].
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Figure 1.15: Lab-on-a-chip devices for point-of-care applications [12]

Typically, a biosensor chip is integrated with one or more functions, such as concen-
trating, separating biological entities, selecting, and detecting targets. Biological enti-
ties with different physical properties, such as particle size, electric charge, or suscep-
tibility to electromagnetic fields, are utilized in particle concentrating and separation
methods. Microfluidic structures are commonly fabricated from PDMS (polydimethyl-
siloxane). Due to the advantages of micro-scale structures, testing requires only a small

sample volume of just a few microliters, which is sufficient for diagnostic analysis [4] [10].
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Figure [1.15/shows a LOC device for point-of-care applications comprising a number of
passive or active structures. Depending on the application, such chips are designed to
include integrated features for handling sample liquids and reagents. These may en-
compass on-chip reagent storage, channels or chambers for precise mixing, separation,
or filtering of fluids, and specialized structures to facilitate analytical readouts. Addi-
tionally, storage areas for used reagents and waste liquids are typically incorporated
to maintain a clean and efficient workflow within the chip. These features contribute

to a self-contained microfluidic platform, enabling streamlined and automated sample

—\( \ﬁ(/ \W(/ Anti-SOX-2/PDMS

™ l SOX-2
YYY
)?l HRP-Anti-SOX-2 I
C H,0+Q D
AE: Auxiliary electrode. H,0,+C
RE: ReferenZe eIeZtrode. \(/ \j(/ \1?/
WE: Working electrode. +0.1V

Figure 1.16: The electrochemical microfluidic chip for SOX-2 detection [10§]

processing and analysis [12].

For protein detection, LOC systems or microfluidic chips are often developed based
on antibody-antigen interactions, combining microfluidic technology with various de-
tection techniques such as fluorescence, chemiluminescence, surface-enhanced Raman
spectroscopy (SERS), and electrochemical methods [I41]. Among them, the integration
of microfluidic technology with electrochemical methods is particularly promising due
to its low detection limit, rapid response, and simple assay process. Regiart et al. de-
veloped an electrochemical microfluidic chip to detect SOX-2 cancer biomarkers [10§].
The chip was divided into two main parts: a polydimethylsiloxane (PDMS) device with

microchannels and a glass substrate with electrodes, as shown in Figure[1.16] The gold
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electrode surface was modified using the dynamic hydrogen bubble template (DHBT)
method, which leverages the simultaneous production of hydrogen bubbles to form a
nanoporous gold (NPAu) layer. Then, Zhang et al. proposed a miniaturized electro-
chemical microfluidic chip for the detection of interleukin-6 (IL-6) [I51]. In the design,
the gold electrode was integrated within a microfluidic chamber, and its surface was
modified with graphene and gold nanoparticles to enhance the surface area and facili-
tate electron transfer, as shown in Figure|l.17, Besides, magnetic beads were employed

to enrich IL-6 on the electrode surface.
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Figure 1.17: The design of a microfluidic chip for interleukin-6 detection [I51]

1.3 Protein preconcentration and protein precon-

centration methods

As mentioned above, proteins are large biomolecules and macromolecules that comprise
one or more long chains of amino acid residues. Protein plays an important role in the
human body. Protein is also a tumor marker used to diagnose cancer [75]. Protein tests
are mainly based on immunoassay methods, such as IHC, ELISA, and flow cytometry
[133, 28, 103, [73]. These methods are commonly used in hospitals and health facili-

ties. However, they have the disadvantages of the LOD, processing time, and expensive
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equipment. Recently, research groups have been focusing on developing LOC systems
based on the microfluidic structure to address the disadvantages of conventional meth-
ods [55]. One of the most significant advantages of microfluidic channels comprises
biological object separation and concentration with a tiny sample volume [120] [10].
With compact size, the bio-chip based on microfluidic channel structures opens up a
promising research direction in the development of compact testing devices that still
meet the problem of on-site disease detection and monitoring [99, 37, 56]. A normal
bio-chip is integrated with one or several functions, including protein separation, con-
centration, and detection. The preconcentration process of low-concentration proteins
plays a crucial role in increasing the sensitivity and accuracy of biochemical analy-
ses. Because there is a huge number of protein types in a small sample, the protein
concentration can be lower than the LOD of the conventional biosensors after several
separation steps in the protein detection process [5]. Therefore, the proteins need to be
sorted out and enriched in a particular channel region to address these problems.

Although polymerase chain reaction (PCR) is a powerful and widely used tech-
nique for the exponential amplification of specific DNA or RNA sequences, it is not
directly applicable to the amplification of proteins. This is primarily due to the inherent
complexity of proteins, which are composed of intricate three-dimensional structures
formed by amino acid sequences. Unlike nucleic acids, proteins do not have a simple,
linear sequence that can be easily amplified through a process like PCR. The ampli-
fication of proteins presents additional challenges, such as the need to preserve their
functional structure and the difficulty in replicating the diverse chemical modifications
that proteins undergo.

To address these challenges, various methods have been developed to enrich or am-
plify specific proteins from complex biological samples, including electrokinetic trap-
ping [76], 14, ©63], field amplification stacking (FAS) [143], isotachophoresis [20] [68]
isoelectric focusing [I15], micellar electrokinetic sweeping [I5] and chromatographic
preconcentration [92]. These techniques are designed to regulate and enhance the local
concentration of proteins near the biosensor surface, enabling the detection of even

low-abundance biomarkers.
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1.3.1 Field amplification stacking

The FAS method uses enhanced electric fields to concentrate biological molecules, as
shown in Figure [I.I8 When the electric field is amplified in a specific region, the
biological molecules are drawn toward this area and concentrated. This technique is
particularly useful for concentrating molecules with low charge and for high-sensitivity
bioanalytical applications. In FAS, a sample with a low analyte concentration is placed
in a region with lower conductivity than the buffer solution. Upon applying an electric
field, ions in the sample move more quickly through the low-conductivity region due to
the conductivity gradient. As the analytes enter the higher-conductivity buffer region,
their migration velocity suddenly decreases, leading to ion concentration at the bound-
ary between regions with differing potentials. This effect “compresses” the analytes at a
single point, significantly enhancing their detectability post-separation. FAS enhances
detection the sensitivity of the system by exploiting differences in ion migration ve-
locity across regions with varying electric fields, thereby concentrating analytes into
a smaller region for improved analysis in techniques such as capillary electrophoresis

(CE), and mass spectrometry.
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Figure 1.18: Field Amplification Stacking method [65]

32



1.3.2 Isotachophoresis

Isotachophoresis (ITP) is a technique for separating ions based on differences in their
electrophoretic mobility, as shown in Figure This technique is commonly used to
separate and concentrate ions within complex samples. ITP can achieve high concen-
tration efficiency in a short time, enhancing the sensitivity of bioassays. In I'TP, the
sample is placed between two buffer solutions, a leading electrolyte (LE) and a ter-
minating electrolyte (TE) within a capillary or microchannel. The leading electrolyte
contains ions with higher electrophoretic mobility, while the terminating electrolyte
contains ions with lower mobility. Under an applied electric field, ions migrate at dif-
ferent speeds depending on their mobility. However, ITP establishes conditions where
all ions reach the same velocity. The ions arrange into distinct zones, with the highest-
mobility ions following the leading electrolyte and the lowest-mobility ions preceding
the terminating electrolyte. Because the ions move at the same velocity, the boundaries
between different ion types become clearly defined. This effect makes I'TP particularly

effective for separating and analyzing analytes at low concentrations.
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1.3.3 Isoelectric focusing

Isoelectric focusing (IEF) is a method for separating and concentrating molecules based
on their isoelectric point (pl), as illustrated in Figure . When an electric field is
applied, molecules migrate to the location with a pH that corresponds to their pl
and stop moving there. This technique is commonly used to concentrate and separate
proteins in biological applications. In IEF, molecules are separated by applying an
electric field across a pH gradient within a gel or capillary. The main steps of the
process include creating a pH gradient, protein migration in the electric field, focusing

at the isoelectric point, and separation based on pl.

Isoelectric Focusing of Proteins

Figure 1.20: Principle of isoelectric focusing. Two proteins with varying isoelectric
points will migrate in the presence of a pH gradient and electric field until the net

charge of a protein is zero, in which migration will cease [96]

First, a stable pH gradient is established in the medium (such as polyacrylamide gel
or capillary) using ampholytes—small molecules that create a pH range from acidic to
basic. When the protein sample is introduced and an electric field is applied, proteins
move through the medium based on their net charge. Positively charged proteins move
toward the cathode (negative electrode), while negatively charged proteins move toward

the anode (positive electrode). As proteins migrate, they encounter different pH regions
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in the gradient. Each protein stops moving and focuses when it reaches the pH matching
its pl. At this pH, the protein has no net charge and is no longer influenced by the
electric field, so it remains at that position. Proteins with different isoelectric points
(pl) accumulate at specific positions along the gradient, enabling their separation based

on pl differences.

1.3.4 Micellar electrokinetic sweeping
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Figure 1.21: Schematic of the sweeping-MEKC method using a polymer solution. (A)
The samples (in deionized water) are hydrodynamically injected for 90 s once the
capillary is filled with tetraborate buffer containing sodium dodecyl sulfate (SDS),
(B) the SDS micelles sweep the analytes present in the sample zone once a positive

high voltage is applied, and both the SDS micelles and analytes migrate against EOF

and enter the PEO zone during stacking, and (C) the analytes are stacked in a
narrow band, migrate into the poly(ethylene oxide) (PEO) zone and are separated by
MEKC [130]

This method combines electrophoresis and micellar sweeping to concentrate biological

molecules. It enables the separation and concentration of small molecules and can
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be applied to a wide range of samples, including complex biological ones. When an
electric field is applied, micelles act as a "mobile stationary phase," concentrating and
transporting analytes according to three principles, including micellar electrokinetic
chromatography (MEKC), sweeping and micellar electrokinetic sweeping.

In MEKC, micelles create a separation environment by absorbing or encapsulating
analytes through hydrophobic and electrostatic interactions. The analytes interact with
the micelles and move with them under the influence of the electric field, resulting in
separation based on the interaction between the analytes and micelles. The sweeping
process is a preconcentration technique where low-concentration analytes are concen-
trated into a narrow zone within the capillary prior to separation. This is achieved
by creating a migration velocity difference between the background solution and the
analytes. In micellar electrokinetic sweeping, sweeping and MEKC are integrated (see
Figure . Low-concentration analytes are introduced into the capillary, followed
by the injection of a micellar solution driven by the electric field. As the micelles en-
counter the analytes, they absorb or interact with them, concentrating the analytes
into a narrow zone. This process increases analyte concentration at a specific location

before separation, enhancing measurement sensitivity.

1.3.5 Chromatographic preconcentration

Chromatographic concentration methods use chromatographic columns to concentrate
and separate biological molecules based on their interactions with the column pack-
ing material. This technique is commonly employed in chemical and biological analysis
applications that require high sensitivity and reproducibility. Chromatographic concen-
tration works by trapping and concentrating the analyte in a small region within the
column or a similar environment before separation and detection. Low-concentration
analytes are concentrated at a specific location in the system and are subsequently
separated in the usual manner. The process consists of three main steps. Firstly, the
analyte is passed through a trapping stage in the column or similar device, where it
is retained by physical or chemical interactions, such as adsorption or affinity to the

stationary phase. After the analyte has been concentrated, a change in conditions (e.g.,
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temperature or solvent gradient) is applied to release the analyte and introduce it into
the separation process. After concentration and release, the analyte is separated using
standard chromatographic methods and detected using techniques such as UV-Vis, MS,

or fluorescence detection.

1.3.6 Electrokinetic trapping

The methods mentioned above have several disadvantages, including the need for spe-

cialized equipment, time-consuming procedures, high costs, and reproducibility issues.
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Figure 1.22: (a) Image of a microfluidic system using ion concentration polarization
to deplete and concentrate biological particles; (b) Mechanism of ion concentration

polarization using nanochannels; (c¢) Concentration of biological particles [147]

Electrokinetic trapping is a widely applied technique for concentrating charged
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molecules. Electrokinetic trapping offers several advantages, including high sensitivity,
low detection limits, rapid and real-time preconcentration. Notably, it can be eas-
ily integrated into lab-on-a-chip devices, enabling portable and miniaturized analyt-
ical systems while reducing sample and reagent consumption. This method utilizes
nanoporous ion-selective membranes to create ion concentration polarization (ICP)
at nano-interfaces. The ICP phenomenon generates ion depletion and ion enrichment
zones, allowing the concentration of biological molecules at specific locations within the
microchannel, as shown in Figure ICP phenomenon occurs at the macro/micro—nano
interface of the nanofluidic structures due to strong concentration gradients of ionic
species generated through a perm-selective ion current [46, 137, [30, 138, [122]. Under the
impact of ICP, the ion depletion zone and the ion enrichment zone are formed on the
anodic side and cathodic side of the junction, respectively. For nanofluidic channels, the
suitable dimensions for ion perm-selectivity were reported ranging from 10 nm to 100
nm [139, 43, 34], 25]. The optimal nanochannel size for this effect typically ranges from
10 nm to 100 nm. These channels can be fabricated through various methods, including
electrical breakdown, nanoparticle deposition, and the use of Nafion membranes.
Jeong et al. proposed a method using the junction-gap electrical breakdown between
two PDMS microchannels to fabricate nanofractures [40]. Nanogaps were created by
applying a high direct-current voltage of up to 1 kV between microchannels. The results
showed that a concentration factor of 104 was obtained within 1 hour. Similarly, Hui
Yu et al. also developed a disposable microfluidic device for rapid protein concentration
with a concentration factor ranging from 103 to 10° utilizing the structure of two printed

V-shaped microchannels, as shown in Figure [148]

Figure 1.23: Mechanism of nanochannel formation using high voltage [148]
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Chun-Ping et al. proposed a method for nano-fracture formation employing nanopar-
ticle deposition at the junction gap between microchannels to reduce the required
electric breakdown voltage [41], 135]. Proteins were concentrated with the pre-
concentration factor of 1.5x104 after 60 minutes. However, while effective, this method
comes with certain limitations. A primary issue is the inconsistent bonding strength
between the glass substrate and the PDMS microchannel substrate, which can lead
to variable results across different experiments. Another limitation is the restricted
perm-selectivity of the nano-junctions, which may limit the efficiency and applicabil-
ity of this method in certain experimental conditions. To overcome these challenges,
researchers have explored the use of Nafion, a perfluorinated ionomer known for its
robust ion-selective properties, to create a more stable and effective ion-selective mem-
brane within a planar microfluidic structure. This Nafion membrane can be integrated
into microfluidic devices to enable the preconcentration of microbeads and proteins
with improved performance and reproducibility [42), 58, [45] [13] 27]. The use of Nafion
addresses the limitations associated with nanoparticle deposition by offering a stable
membrane with high ion selectivity that can withstand the bonding process to glass
substrates more reliably than PDMS-glass interfaces.

In addition to offering improved selectivity and robustness, the fabrication of ion-
selective membranes using Nafion is also simpler and more accessible than the high-
voltage electrical breakdown method. Two principal techniques, microflow patterning
and microstamping, have been developed and optimized for depositing Nafion mem-
branes onto glass substrates in microfluidic devices [59} 44] [123], 50]. Microflow pattern-
ing allows for controlled deposition of Nafion by directing a flow of the Nafion solution
over the desired area, which facilitates precise pattern formation and minimal material
waste. Microstamping, on the other hand, involves creating predefined patterns on a
stamp, which is then coated with Nafion solution and pressed onto the glass substrate,
transferring the ion-selective layer. Both techniques offer distinct advantages in terms
of pattern precision and reproducibility, making them valuable for the integration of

Nafion membranes in microfluidic systems for biomolecule concentration and analysis.
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Figure 1.24: Nanoparticle attachment mechanism for on-chip nanofracture formation

a8l

1.4 Electrostatic interaction and ion concentration
polarization in nanofluidic channels

When a solid surface is exposed to an aqueous solution, specific electric charges develop
at the liquid-solid interface. This surface charge refers to the electric charge that forms
on any surface in contact with a polar fluid, such as water. Various processes contribute
to surface charging, including ion adsorption, ion association or dissociation, and the
influence of external electric fields [106]. Surface charge formation is commonly observed
when an oxide or hydroxide surface is immersed in an aqueous environment, primarily
due to protonation or deprotonation reactions. For example, the interface between a
silica surface and water typically acquires a negative charge at pH values > 2, resulting

from the dissociation of silanol groups.
SiOH = SiO~ + H* (1.1)
The binding and release of protons from silanol groups are strongly affected by
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the electrolyte’s pH level. Under alkaline conditions, deprotonation of initially neutral
surface groups drives the equilibrium to the right in the associated reaction, resulting
in a negatively charged silica surface. There is a specific pH at which the surface has
no net charge, known as the pl, which for SiO, ranges between 1.7 and 3.5 [93]. The
resulting electrostatic forces of attraction and repulsion among ions, due to the surface
charge, lead to various significant physical phenomena in nanofluidic systems.

The electric double layer (EDL) plays an increasingly significant role in determin-
ing physical properties such as ion selectivity, viscosity, and proton mobility within a
nanofluidic channel. When a solid surface contacts a liquid electrolyte, it acquires a
surface charge, attracting a layer of oppositely charged ions (counterions) at the inter-
face. This initial layer, known as the Stern layer, is closely bound to the surface [124].
To maintain electroneutrality, additional counterions form a secondary, more diffuse
layer, creating the complete EDL structure, which consists of the immobile Stern layer
and a mobile diffuse layer [2]. The structure of the EDL is illustrated in Figure [L.25]

The first model for EDL was introduced by Hermann von Helmholtz, who proposed
that surface charge is neutralized by a layer of counterions located a fixed distance d

from the surface, as illustrated in Figure [1.26] (a).

diffuse layer

~ Stern layer

il w

Figure 1.25: Illustration of electrical double layer consisting of a Stern layer and

diffuse layer at the solid interface [2]

In this model, the surface potential 1) decreases linearly from the charged surface
to the counterions. Although Helmholtz’s model was pivotal in explaining solid-liquid
interactions, it lacked key considerations, such as ion diffusion and adsorption. To
address these limitations, the Gouy-Chapman model was later developed, suggesting

that counterions form a diffuse layer at the liquid-solid interface rather than being
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fixed. As shown in Figure[1.26] (b), counterions in this diffuse layer follow a Boltzmann

distribution (1.2} where v is the electric potential, kT represents the thermal energy,

and z is the ionic charge. The Gouy-Chapman model predicted an exponential drop in

the electric potential perpendicular to the charged plane. However, further refinements

were needed to improve accuracy in predicting EDL thickness.
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Figure 1.26: Models of the electrical double layer at a positively charged surface. (a)

In the Helmholtz model, the charge is stored solely at the electrode surface within a

fixed double layer distance d. (b) The Gouy-Chapman model introduces a diffuse

layer of ions but omits the Helmholtz region. (¢) The Stern model combines both,

showing charge stored in the Helmholtz region as well as within a diffuse layer. Here,

o represents the electrode potential, while ¢ denotes the potential at the

electrode/electrolyte interface [106]

The Gouy-Chapman-Stern model advanced the understanding of counterion distri-

bution by proposing a two-tiered structure, adding a layer known as the Stern layer,

which remains closely bound to the charged surface. This Stern layer can be further

divided into two sublayers: the inner Helmholtz plane (IHP) and the outer Helmholtz

plane (OHP), as shown in Figure [1.26] (¢). In the IHP, counterions are unhydrated,
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while in the OHP, they are hydrated. Additionally, this model introduces the concept

of a slip plane, which separates the immobile Stern layer from the mobile diffuse layer.
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Figure 1.27: (a) Illustration of the charge distribution at the surface/liquid interface
of a particle according to Gouy-Chapman-Stern model. (b) the potential drops as the
distance from the particle surface increases. The zeta potential (¢) is measured at the

interface between the Stern’s and diffuse layer [33]

Figure provides a detailed view of the distinct layers in the Gouy-Chapman-
Stern model and illustrates the potential distribution across the solid-liquid interface.
The potential generated by the surface charge, represented as 1)y, dissipates in two
stages. Firstly, the potential drops across the Stern layer, with thickness 9, from 1y to
1s. The remaining potential drop occurs across the diffuse layer, with 5, often referred
to as the zeta potential (().

The Debye length is a characteristic length representing the distance in the bulk

solution from the Stern layer, where the magnitude of the zeta potential decreases to
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approximately 36.8% of its original value. It can be expressed as Equation where
¢ is the dielectric constant, kp is the Boltzmann constant, 7" is the temperature, e is
the elementary charge, N, is Avogadro’s number, and c is the ionic strength of the
electrolyte. The Debye length depends on electrolyte concentration rather than the
zeta potential (¢). Within the Debye length, the electric potential at a distance = from
the interface between the Stern and diffuse layers can be described by Equation [1.4]

e | |

Electric lonic
Potential Concentration

b ®  ® @ d fN\ |

Distance

Distance

Nanochannel

Figure 1.28: Schematic representation of the electric double layer (EDL) in
microchannels and nanochannels. (a) In a microchannel, the Debye length is typically
much smaller than the channel dimensions, resulting in a largely neutral solution
across most of the channel. (b) In a nanochannel, when the Debye length is greater
than the channel dimensions, the solution becomes charged. (c¢) The electric potential
in the microchannel decays rapidly to reach bulk conditions beyond the Debye length.
(d) In the nanochannel, however, the electric potential at the channel center is still
influenced by the surface charge and does not reach the bulk potential. (e) In the
microchannel, the concentrations of cations (orange) and anions (blue) are equal to
the bulk concentrations. (f) In the nanochannel, the counterion concentration

(orange) is significantly higher than that of coions (blue) [4§]
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The boundary where the Debye length terminates is defined at z=M\p, at which point
the electric potential is 36.8% of the zeta potential (¢). The zeta potential is directly
proportional to the surface charge density; therefore, an increase in ( corresponds to a
higher electric potential at the outer edge of the Debye length.

When the critical dimension of a channel approaches the Debye length, the electro-
static effects generated by surface charge begin to significantly affect ion distribution
across the channel [48]. Figure [L.28] (a) illustrates a typical microchannel, where the
Debye length is negligible in comparison to the channel size. In contrast, Figure [1.2§]
(b) demonstrates that the EDL occupies a substantial portion across the cross-section
of a nanofluidic channel.

Figures [1.28] (¢) and (d) show the electric potential distribution within the cross-
sections of a microchannel and a nanochannel, respectively. As the Debye length be-
comes comparable to the height of the nanochannel, a higher concentration of counteri-
ons than coions is needed within the channel to maintain electroneutrality. Figures|1.28
(e) and (f) depict the concentration profiles within the cross-sections of a microchan-
nel and a nanochannel, respectively. Due to their high surface area-to-volume ratio,
nanochannels with a sufficiently large Debye length can have the EDL occupy most of
the channel volume. As a result, nanochannels can preferentially transport counterions
(opposite to the surface charge), leading to unique physical effects such as ICP.

As mentioned above, the surface charge-induced EDL has been shown to regulate ion
transport within nanochannels, particularly at low ionic strengths. When the electrolyte
concentration exceeds a certain threshold, EDLs can overlap, causing the nanofluidic
channel to become permselective. Under a constant voltage bias applied across the
nanochannel, counterions are selectively transported from the anodic to the cathodic

side, as illustrated in Figure [1.29]
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Figure 1.29: The asymmetric concentration profile of ions across an ion-selective
membrane results from the preferential transport of counterions, which generates a
concentration polarization on either side of the membrane. This polarization arises as
counterions are selectively transported, leading to ion enrichment on one side and

depletion on the other [44]

Conversely, coions are prevented from entering the nanochannel from the cathodic
to anodic side. This selective ion transport creates an asymmetry in ionic concentra-
tions, leading to ion depletion on the cathodic side and enrichment on the anodic
side to maintain electroneutrality. This asymmetric concentration distribution, shown
in Figure [1.29] results in a phenomenon called ICP. As ion concentrations approach
zero in the depletion zone, the system reaches a diffusion-limited current. ICP has
been applied in various innovative lab-on-chip applications. For example, it has been
used in microfluidic platforms to concentrate biomolecules [44] and in technologies for

desalination [51] and biomolecule separation [39].
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Figure 1.30: Diagram of a typical current-voltage curve for a cation-exchange
membrane, showing three distinct regions: I (linear region), II (limiting region), and

IIT (overlimiting region [47]

The characteristics of ICP were first observed in permselective membranes [47],
where current density reaches a saturation point beyond a specific voltage threshold,
introducing a limiting resistance regime in the current-voltage (I-V) curve. Figure [1.30)
illustrates this behavior, showing three distinct regions in the I-V profile: the ohmic
region (I), where current increases linearly with voltage; the limiting current regime
(IT), where current plateaus due to transport limitations; and the over-limiting current
regime (III), where current increases once more.

In the limiting regime, ion transport occurs primarily through diffusion, and a dif-
fuse layer forms at the nanochannel entrance as ICP initiates. Later theoretical devel-
opments proposed that, as counterions continue to deplete, a space charge layer (SCL),
larger than the EDL, can emerge at the nanochannel entrance of the permselective
system [I45]. Figure [1.31] (a) shows the ion concentration profile along the nanochan-
nel after the onset of the limiting current regime, while Figure [L.31] (b) illustrates the
aggregation of the diffuse layer (DL), SCL, and EDL, collectively known as the con-
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centration polarization layer (CPL). Following the formation of the SCL, ion currents
exceed those in the limiting resistance regime, producing what is termed over-limiting

current (OLC) [112, [146].
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Figure 1.31: (a) Numerical simulation results illustrating the concentration
distribution for ion concentration polarization (ICP) in a permselective membrane (0
< x < L), with a membrane thickness of L, during the limiting current regime. (b) A
zoomed-in view of the region highlighted by the dashed rectangle in (a), showing the
ion concentration profiles on the anodic side of the membrane for ICP, along with the

various layers of the concentration polarization layer (CPL) [2]

1.5 Conclusion

This chapter presented the overview of protein, the role of protein in the body and
protein pre-concentration and detection methods. Proteins are composed of amino acids
linked by peptide bonds and play vital roles in the human body, functioning as both
structural components of cells and active participants in nearly all biological processes.
Beyond their structural and functional roles, proteins are essential biomarkers widely
used for the identification, diagnosis, and monitoring of disease progression.
Currently, several methods are available for protein testing, primarily through im-
munoassays, which include techniques such as IHC, ELISA, flow cytometry, protein
microarrays, and LOC systems. Each method has its own advantages and limitations.
ELISA remains a common method in hospitals and medical facilities, valued for its ro-

bustness and reliability. However, LOC-based technologies are gaining attention from
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researchers aiming to develop alternatives to traditional methods, owing to their poten-
tial for miniaturization, automation, and rapid analysis. In domestic research, numerous
teams are focusing on the development of immunology-based biosensors and microflu-
idic chips, which are LOC-based platforms. These efforts have shown promising results,
highlighting a growing interest and investment in advanced, sensitive protein-detection
technologies within the field.

Protein preconcentration is an essential step in biosensing and biomarker analysis,
especially when target proteins are present at low concentrations. Effective preconcen-
tration techniques can improve detection sensitivity by increasing the local concentra-
tion of proteins near the biosensor surface, making even low-abundance biomarkers de-
tectable. There are some methods for protein preconcentration, including electrokinetic
trapping, FAS, isotachophoresis, isoelectric focusing, micellar electrokinetic sweeping
and chromatographic preconcentration. Among them, the electrokinetic trapping is the
most popular. This method uses ICP effect to create protein depletion and enrichment
zones. The combination of a biosensor and pre-concentrator inside a microfluidic chip
is a potential direction to develop a protein point-of-care testing system for biomedical

diagnostics.
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Figure 1.32: The proposed protein preconcentration and detection system
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In this study, a protein preconcentration and detection system is developed. The
system consists of a microfluidic chip and a control and data acquisition system, as
shown in Figure|l.32| The microfluidic chip integrates a protein preconcentrator and an
electrochemical immunosensor. The development of the protein preconcentrator using
a dual-gate structure and ion-selective nanomembrane is presented in Chapter 2, while
the development of the immunosensor for protein detection is introduced in Chapter
3. The result of the combination between them for protein enrichment and detection
is presented in Chapter 5. Finally, the development of the control and data acquisition

system is provided in Chapter 4.
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Chapter 2

Development of a microfluidic chip
for protein preconcentration using
dual gate structure and

ion-selective nanomembrane

In this chapter, the development of a microfluidic chip for protein preconcentration
using a dual-gate structure and an ion-selective nanomembrane is described. First, a
preconcentrator is designed and modeled to analyze the structure’s operation. Then,
the chip fabrication process is outlined, utilizing photolithography and soft lithography
techniques. Finally, experiments are conducted to assess the functionality and perfor-

mance of the proposed chip.

2.1 Materials and apparatuses

Bovine serum albumin - fluorescein isothiocyanate conjugate (BSA-FITC) used as a
sample protein to evaluate the performance of the proposed preconcentration structure
was purchased from Sigma-Aldrich Chemical Co (St.Louis, MO, USA). Polydimethyl-
siloxane (SYLGARD™™ 182, Dow Corning, USA) was utilized to fabricate the proposed

microfluidic chip. Microscope glass was used as the substrate of the microfluidic chip
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purchased from Duran Group (Germany). The Nafion solution (Nafion?™ 117, Sigma-
Aldrich) was employed to fabricate the ion-selective membrane. 1X Phosphate-Buffered
Saline (PBS) with a pH of 7.4 was employed to dilute the BSA protein solution. The
microscope glass was then deposited a thin gold film layer by a standard sputtering
coating process. S1813 photoresist and MP 315 developer were used to fabricate the
gold electrode purchased from Shipley MicroChem Co., Ltd. (Westborough, MA, USA).
AuR-1091 and TIR-8051B chemicals were used to remove the gold and titanium, re-
spectively, purchased from AppliChem Technology Co., Ltd. (Miaoli County, Taiwan).

Some apparatuses were used to fabricate microfluidic chips and investigate the
working modes of the preconcentrator. The 3D printing machine (Object 500 Connex
3, Stratasys, USA) was used to fabricate the mold of the chip. An inverted fluores-
cence microscope IX 71 (Olympus, Melville, NY, USA) equipped with a Phantom VEO
710L high-speed camera (Ametek, USA) was employed for fluorescence imaging using
Phantom Camera Control software (PCC). A direct-current voltage supply (TP3H-
1S, Twintex) was employed to generate the applied voltage in the preconcentration
progress. Besides, a commercial precision impedance analyzer (6630 LCR Meter, Mi-
crotest Coporation, New Taipei City, Taiwan) was utilized to measure the impedance

of concentration zone.

2.2 Chip design and operational principle

The proposed preconcentration structure was designed with a dual-gate configuration,
including three micro-channels of a main channel in the middle and two symmetrical
sub-channels, as shown in Figure (a). The sub-channels were electrically connected
to the main channel through an ion-selective membrane formed from the Nafion solu-
tion. The term gate represents the nanomembrane (nanojunction) between the main
channel and the sub-channel. The dual gate represents using two nanomembranes to
connect the main channel to the sub-channels. In this design, the microchannels were
designed with a width of 50 pm and a height of 40 nm. The distance between the main

channel and sub-channels was 150 pm. The main channel was filled with the protein
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solution through inlet 1, while the sub-channels were filled with PBS solution through
inlet 2 and inlet 3. The dual gate structure allows symmetrically forming the deple-
tion region at both sides of the main channel faster and more stable than the single
gate structure, which employs only one single sub-channel parallel to the main channel
[52]. The proposed structure can be modeled as an N-channel Junction Field Effect
Transistor (JFET), a common semiconductor device in electronic circuits (Figure
(b)). Here, the main channel was represented as n-type semiconductor with Drain and
Source terminals at its two ends, while gate terminals were the nanomembranes, as

mentioned above.

OGate
Sub-channel 7
Inlet 2
ne_> \l—X o f /
.Gap;150 Hm—> Nafion membrane (Gate) \I/ . O L ® O
7 Raleles > Sample channel Source N-channel JFET Drain
Inlet 1
Inlet3 — T T — 1
Sub-channel
PDMS
Glass 1) Gate

@ (b)

Figure 2.1: (a) Design of protein preconcentration chip with a dual-gate structure; (b)

Equivalence diagram of the structure as an N-channel JFET component

The proposed preconcentration procedure includes depletion and enrichment modes,
as shown in Figures (a) and (b). At first, the main channel and the sub-channels
were filled with the protein and the buffer solution, respectively. The concentration of
protein was considered uniform distribution in the whole main channel. In the depletion
mode, V4 and 0 V voltages were applied to inlets of both the main channel and sub-
channels, respectively, aiming to create a voltage difference between the channels, as
shown in Figure (a). This configuration forms two external electric fields (Ey) in
opposite directions through the planar Nafion ion-selective membranes and initiates
the ion concentration polarization. Under the ion concentration polarization effect, the
negatively charged protein molecules and anions in the buffer solution were repelled

from the middle region of the main channel near the Nafion membrane and moved
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toward the terminals of the main channel, where the higher voltage was applied (V+),
while the cations in the solution passed the ion-selective membrane and moved to the
sub-channels, where the lower voltage was applied (GND). This phenomenon caused
the depletion zone with the disappearance of protein molecules and ions from the
middle region of the main channel near the Nafion membrane’s position. This mode
was quite similar to the operation of N-channel JFET in the case that the Drain
and Source terminals were applied a positive voltage, while the Gate terminals were
both grounded or the voltage difference between them was less than zero (Vgs < 0).
The two PN junctions became reverse bias, forming and expanding the depletion zone
in the junctions (yellow areas in Figure (a)). The depletion regions extending to
the channel were equal in thickness and symmetrical. If the value of Vg was large
enough, the depletion regions would touch each other and block the channel (pinch-off
condition). Besides, the voltage between the Drain and Source terminals (Vpg) was
equal to zero, so there was no current flowing through the transistor, or the transistor
was in cut-off mode.

In the enrichment mode, the voltages applied to the two ends of the main channel
were adjusted to create a voltage difference between the two sides of the main channel,
leading to the formation of a tangential electric field (Er) along the main channel,
as shown in Figure (b). Under the influence of the tangential electric field, the
sample fluids, including proteins and ions, were pushed toward the depletion region
along the main channel by the influence of the electroosmotic flow force (EOF). The
iso-electric point of BSA is at a pH of 4.5 — 5.0, resulting in the negative charge of
BSA molecules in PBS 1X solution at pH 7.4. As a consequence, proteins accumulated
in front of the depletion zone at the higher voltage (V 4 +) side in the main channel.
This zone was known as the electro-kinetically trapping zone or concentration zone.
By contrast, on the lower-voltage side of the ion-selective membrane, proteins were
pushed toward the reservoir, where a slightly lower voltage was applied (V+). However,
these results were different from those on N-channel JFET. In this case, the voltage
of the Drain terminal was higher than the Source voltage while the Gate terminals

were still grounded. This results in the junction region near the Drain terminal being
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more reverse-biased than the region near the Source terminal. Therefore, the depletion
was extended towards the Drain terminal, where a slightly higher voltage was applied
(V + +). Furthermore, the operating point and the depletion size depended on the
Vps and Vg values. The depletion regions could not block the channel, and there was
still current flowing through the channel when the transistor operated at the ohmic or

saturation modes.
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Figure 2.2: Operation principle of proposed preconcentrator with two modes:

depletion (a) and enrichment (b)

2.3 Chip fabrication

The fabrication process of the proposed chip consisted of 12 steps combining the soft-
lithography technique and the micro-flow patterning technique, as shown in Figure [2.3]
At first, the surface of microscope glass slides with the dimensions of 26 mm x 76 mm

(width x length) was cleaned with acetone and isopropanol solution in an ultrasonic
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cleaner before being dried using nitrogen gas. Consequently, a layer of dry film was
placed on top of the cleaned glass and fixed using a laminator at 120°C, as shown in
Figure [2.3. Then, a mask with the printed channel structure was placed on top of the
dry film. With a positive mask style, the film area below the channels was exposed to
UV light for 20 seconds (Figure[2.3](b)). The patterned microchannel mold was realized
by dipping the exposed glass substrate in the developer solution (Na;CO3 0.1 mM), as
shown in Figure (c). Following this, the glass substrate with the single channel mold
was placed in a 3D-printed rectangular mold, and the mixture of PDMS pre-polymer
with a curing agent at a weight ratio of 10:1 was poured inside the 3D-printed mold to
form the single microfluidic channel substrate (Figure (d)).

Then, the mold with the PDMS mixture was placed in a vacuum chamber for
15 minutes to remove air bubbles in the PDMS solution and was hardened in the
oven at 70°C for 1 hour before being peeled off from the mold, as shown in Figure
(e). The inlets of the microfluidic structure were created at the two ends of the
channel for filling the solution and electrode connection, as shown in Figure (f). As
a result, a PDMS microfluidic channel was successfully fabricated based on the soft-
lithography technique with dry film. Although this approach exhibited a limitation
on the dependence of the channel depth on the dry film thickness, it is still a simple
microfluidic chip fabrication method without the requirement of a clean room. In this
study, two PDMS microchannel structures were fabricated, including a single straight
channel for creating the Nafion membrane (Figure[2.3|(f)) and a three-channel structure
for the preconcentration chip (Figure (j)). The microflow patterning method was
employed to create the Nafion membrane. Firstly, the single-channel PDMS substrate
with a height of 40 pm and a width of 50 pm was placed on the cleaned glass. Then, 3
nl of Nafion solution was filled into the channel through the inlet of the main channel,
as shown in Figure (g). With properties like good water uptake (=~ 27%) and ionic
conductivity (1.23 x 1072Q"tem™!), it was straightforward to flow the Nafion solution
into the microchannel for surface patterning. After that, the pipette was directly used
to generate a negative pressure applied on one end of the channel to suck the liquid resin

completely in the micro-channel, as shown in Figure (h). After being sucked, the
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thin layer of Nafion membrane remained on the surface of the glass slide, and the chip
was then heated at 95°C for 10 minutes to achieve the cured ion-selective membrane in

a stripe shape on the glass, as shown in Figure (). The thickness of the membrane

mainly depends on the magnitude of applied negative pressure.
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Figure 2.3: Fabrication process of the proposed structure using soft-lithography and

micro-flow patterning techniques

Following the formation of the Nafion membrane on the glass slide, the PDMS
substrate with three micro-channels was bonded on the patterned glass substrate using
the standard oxygen plasma bonding technique, as shown in Figures (j) and (k).
Finally, the assembled device was heated on a hot plate at 90°C for 2 hours to enhance

bonding performance, as shown in Figure (1)
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2.4 Experimental setup

An inverted microscope system integrated with a high-speed camera was used to ob-
serve and record the fluorescence image of the microfluidic channel. A personal com-
puter coupled with PCC software from Vision Research Company was connected to a
high-speed camera for data acquisition and analysis, as shown in Figure [2.4]

After being filled with proteins and the buffer solution, the fabricated microfluidic
chip was placed on the inverted microscope system and connected to the direct-current
voltage supply to apply the electrical voltage to microchannels through the copper
electrodes. The experiments were conducted at room temperature and in low-light
conditions to ensure the protein’s functional activity and the conjugated fluorescence

molecules.
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Figure 2.4: Experimental setup for protein pre-concentration
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2.5 Results and Discussions

2.5.1 Depletion mode operation

The protein sample was first prepared by diluting the BSA-FITC in PBS 1X, pH
7.4 solution. In this experiment, the protein concentration of 50 pM was utilized to
investigate the depletion progress of the proposed structure. 5 ul of prepared protein
sample was injected into the main channel by the pipette, while the sub-channels were
filled with PBS 1X solution. Consequently, the preconcentration chip was placed on
the microscope and connected to the voltage supply via copper electrodes. Initially, the
BSA protein molecules were evenly distributed throughout the main channel, which
was observed by the uniform intensity of the fluorescence signal, as shown in Figure
(a). The slight difference in brightness in the obtained image was solely due to
the irregularity of the fluorescent excitation lamp’s light beam. Afterward, a voltage
difference of 50 V was applied between the main channel and the two sub-channels from
the direct-current voltage supply. The experimental results show that the fluorescence
signal at the middle region of the main channel, where the Nafion membrane was
patterned for electrical connection between the sub-channels and the main channel,
decreased significantly, called the depletion zone. In contrast, the fluorescence intensity
of the region at the two ends of the channel was enhanced, as shown in Figure (b).
This can be explained that the BSA protein molecules and anions were repelled from
the depletion region and moved to the two ends of the main channel due to the impact of

electrophoresis force (EPF). The velocity of molecules was represented by the following

Equation 2.1]

_ Ly
f
Where v is the velocity of the molecules (m/s), E is the electric field (V/m), ¢ is

v (2.1)

the net charge on the molecules, and f is the frictional coefficient, which depends on
the mass and shape of the molecules. By contrast, cations moved to the sub-channels

through the ion-selective membrane to create an ion depletion zone. In addition, the
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results also demonstrate that the depletion region was formed on both sides of the

main channel because of the advantage of the dual-gate structure utilization.
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Figure 2.5: Depletion zone concentration result. (a) Before applying voltages; (b)
After 20 seconds of applying a voltage of 50 V at the two ends of the main channel

and 0 V at the two ends of each sub-channel

2.5.2 Enrichment mode operation

In the enrichment mode, the applied voltage on one end of the main channel was
lowered to a voltage of 40 V in order to create the voltage difference between the two
ends of the main channel. Figure demonstrates the fluorescence image of the main
channel during the protein concentration progress. The experimental results show that
the higher voltage region of the main channel in front of the depletion zone exhibited
a higher fluorescence signal intensity. In comparison, the lower voltage region of the
channel demonstrated a decrease in the fluorescence signal, as shown in Figure [2.6]
By applying a voltage difference between the two ends of the main channel, the EOF
flow appeared and drove both proteins and ions along the electric field direction Er,

from the higher voltage region to the lower voltage region along the main channel. On

60



the higher voltage side, the proteins were affected by two opposing forces consisting of
EOF and EPF. When the electroosmotic force was in balance with the electrophoresis
force, a stable concentration region of proteins was formed at a distance Ad from the
Nafion membrane, called the protein concentration zone. On the lower voltage side, the
two forces were in the same direction toward the lower voltage region along the main

channel, so proteins were pushed to the lower voltage reservoir.

= 50 pm

Measurement window

Nafion membrane

Figure 2.6: Protein preconcentration results, proteins were accumulated in the

concentration zone

In this study, five BSA protein concentrations were used to quantitatively evaluate
the proposed chip’s preconcentration factor and speed. Besides, ten different protein
concentrations ranging from 0.5 pM to 150 pM were filled into the main channel,
and fluorescence measurement was implemented to achieve the fluorescence intensity
of the reference protein concentrations. The fluorescence intensity measurements were
performed on ImagelJ software, a Java-based image processing program developed by

the National Institutes of Health and the Laboratory for Optical and Computational
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Instrumentation (LOCI, University of Wisconsin). Fluorescence intensity was repre-

sented by the mean value of a square measurement window located within the protein

concentration region, as shown in [2.6, The dimensions of this measurement window

were 50 pm x 50 pm, and its position adjacent to the end of the depletion region at a

distance of Ad + 50 pm from the Nafion membrane, providing specific context for the

data analysis. This information allows the accurate interpretation and comparison of

the fluorescence intensity results.

Here, the preconcentration factor (PF) is defined as the ratio of the protein con-

centration after being concentrated (C.) and the protein concentration of the initial

solution (C):

Ce
PF = — 2.2
c, (2.2)
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Figure 2.7: The protein concentration increases over time in the concentration zone

The experimental results indicated that the protein preconcentration speed at the

high initial concentration group, including 25 pM and 30 uM, was much faster than the

lower initial concentrations, as shown in Figure[2.7, At the higher concentration group,
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the intensity increased sharply right after applying the voltage and reached the satura-
tion values after approximately two minutes. In the case of the protein concentration of
30 pM, the concentration rose to the reference intensity of 150 nM, i.e., the PF is about
5 after 80 seconds. For the lower concentration group, the period for protein preconcen-
tration was markedly lower. There was a slight increase in intensity in the early stage,
while the intensity grew significantly in the later stage. At an initial concentration of
10 pM, the fluorescence intensity increased slightly from 59 A.U to 65 A.U in the first
6 minutes. However, it rose strongly and reached 170 A.U in the next 2 minutes. The
corresponding PF was approximately 7.5 after 7.5 minutes. In addition, for the initial
concentrations of 1 pM and 5 pM, the preconcentration factors were around 28 and 15
after 19.5 minutes and 14 minutes, respectively. The results were acceptable compared
with previous studies in the high initial protein concentration range. The low protein
concentration samples can be carried out to further evaluate the performance of the

proposed chip in the subsequent research.

2.5.3 Preconcentration operation

In this study, a BSA protein solution at a concentration of 10 pM was used to examine
the preservation of proteins with two distinct structures featuring main channel widths
of 50 pm and 100 pm. After that, voltages were applied to the channels to concentrate
proteins at the specified zone, as mentioned above. Once the fluorescence intensity of
the concentration zone reached a stable level, indicating that the protein concentration
had saturated during the manipulation process, the electrodes were then disconnected
from the power supply. The results show that the fluorescence intensity of the concen-
tration zone gradually decreased after the voltage disconnection, as shown in Figure
2.8

The discontinuation of applied voltage resulted in the disappearance of the external
electric field, eliminating the electrical force acting on the proteins. Concequently, the
proteins diffused back into the solution through the main channel. The duration of this
process can vary depending on the width of the channel, ranging from approximately

1 to 3 minutes. Eventually, the protein concentration at the specified zone could be

63



either larger or smaller than the original concentration of 10 pM due to the non-specific
binding of proteins at the concentration zone, or proteins being trapped and retained
at the lower voltage terminal of the main channel. The integration of microelectrodes
into the channel to facilitate the detection and recognition of the protein concentration
zone through electrical measurement techniques is a promising approach, especially
for non-fluorescently labeled proteins. The utilization of electrical impedance measure-
ment can take advantage of the fact that proteins are negatively charged, leading to a
decrease in impedance in the protein concentration zone. To ensure accurate electrical
measurements, the voltage maintaining the concentration zone must be disconnected
to prevent any interference. Since the protein will be diffused into the surrounding
area after the voltage is disconnected, conducting electrical measurements promptly is

crucial to accurately detect and recognize the protein concentration zone.
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Figure 2.8: The fluorescence intensity of the concentration zone was reduced

according to the disruption of the applied voltage

In the enrichment mode, the proteins were influenced by two opposing forces: EOF

and EPF. The position of the concentration region can be adjusted by altering the
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voltage difference between the two terminals of the main channel. This adjustment
influences the EOF and EPF within the channel. As described in the previous study
conducted by Nhu et al., changes in the voltage difference can manipulate the behavior
of these flows, thereby causing the concentration region to either move closer to or

further away from the Nafion membrane [76].
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Figure 2.9: Manipulation of protein concentration zone at the two sides of the main
channel by the voltage difference alternation; (a) Concentration zone is on the left of

the main channel; (b) Concentration zone is on the right of the main channel

In this study, as the next step of the investigation process with the initial protein
concentration of 50 pM, after the proteins were enriched at the concentration zone of the
main channel with the higher voltage terminal of 50 V and the lower voltage terminal
of 40 V (Figure (a)), the polarity of the applied voltages was reversed. The results
indicate that the protein concentration zone disappeared on the lower voltage side of
the main channel, while the concentration zone gradually formed on the higher voltage
side of the main channel, i.e., the right side in Figure (b). A new concentration
zone formed in approximately 38 seconds when the voltage was reversed under the
condition of an initial protein concentration of 50 pM. This can be explained by the
change in the polarization of the voltages, which altered the direction of the electrical

field and the EOF flow. Consequently, the proteins in the concentration zone of the
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right-side terminal of the main channel were pushed toward the Nafion nanomembrane
and concentrated in front of the depletion zone. On the left side, the proteins moved
to the lower voltage region under the effect of the EOF and the EPF. The research
results also indicate the potential to create two preconcentrators in a chip, allowing

the manipulation of multiple types of proteins in the same microfluidic structure.

2.5.4 Investigation of protein concentration zone impedance
change

Two gold micro—electrodes were integrated into the main channel to measure the
impedance of the protein sample after the pre—concentration stage. The width of each
electrode and the distance between them are both 30 pm. The micro—electrodes were
fabricated utilizing the soft photolithography technique. The electrode fabrication pro-
cess was divided into 6 steps, as shown in Figure (a).
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Figure 2.10: (a) The gold electrode fabrication process using photolithography
technique; (b) The actual image of the electrode under the microscope; (¢) The
change of fluorescence signal of electrode area before and after protein

pre-concentration in the main channel

Firstly, the clean gold-sputtered glass was coated with an S1813 photoresist layer
using a spin coater. Subsequently, the gold-sputtered glass was placed on a hot plate

machine at the temperature of 90 °C for 2 minutes to dry the photoresist layer. In
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the second step, a mask with the printed electrode structure was placed on top of the
photoresist layer and both were exposed to UV light for 30 seconds. Following this, the
glass was immersed in MP 351 developer solution to remove photoresist areas exposed
to UV light and retain the desired electrode-shaped photoresist layer on the glass
substrate, as depicted in step 3 of Figure (a). After that, exposed gold and titanium
areas were corroded by AuR-1091 and TIR-8051B chemicals, respectively (steps 4 and
5 in Figure (a)). Finally, the covering photoresist layer was removed by acetone
solution and the gold electrodes were clearly visible on the glass (step 6 in Figure
(a)). Figure (b) shows the actual image of the gold electrode observed under the
microscope. The microscope with the gold electrode was then used as a substrate to
fabricate the microfluidic chip as mentioned above. The Nafion ion-selective membrane
was printed on the glass substrate using the micro-flow patterning method. After the
electrodes and Nafion membrane were fabricated on the glass substrate, the PDMS
chip was bonded on the substrate integrated the gold electrodes through the oxygen
plasma treatment technique. The bonding process was performed under the microscope
to ensure the electrode and Nafion membrane were in the desired position.

The concentration zone impedance change was investigated with the initial protein
concentration of 5 pM. Initially, the main channel was filled with 5 pM BSA-FITC
solution. The color of the main channel and the electrode region were quite dark due
to the initial low protein concentration, as shown in Figure (c). After applying the
potentials to the ends of micro-channels, proteins were manipulated and concentrated
at the sensing electrode area, as shown in Figure m (¢). The impedance between two
electrodes was measured before and after the protein pre-concentration process. The
parameters of the impedance analyzer were set up, including the voltage of 10 mV, and
the frequency ranged from 10 kHz to 100 kHz.

The experimental results show the impedance has been decreased significantly after
pre-concentrating protein to the sensing area, as shown in Figure (a). The two
impedance curves are clearly separated in the frequency range from 10 kHz to 100
kHz. Besides, the impedance at high frequency range is lower and more stable than low

frequency range. These change in the impedance can be explained by the simplified
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Randles, as illustrated in Figure (b). Rs represents the resistance of the protein
solution, while R, and Cg were the charge transfer resistance and the double-layer

capacitance between the gold electrode surface and the protein solution, respectively.
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Figure 2.11: (a) The change of impedance between two electrodes before and after
protein pre-concentration; (b) The simplified Randles model was used to explain the

impedance change of concentration zone

At the low frequency, the impedance of the double layer capacitance, so the total
impedance was high. In contrast, the influence of Cy diminished at higher frequen-
cies, resulting in a decrease in the total impedance. Furthermore, during protein pre-

concentration, proteins, which act as negative ion, along with anions from the buffer

68



solution, migrated toward the electrode area. This enrichment of ions at the electrode
area contributed to an increase in solution conductance within the main channel sur-
rounding the electrode, consequently resulting in a decrease in solution resistance, Rg.
At the high frequencies, the total impedance is mainly contributed by the resistance
of the solution. With the achieved results, the position of the concentration zone can
be recognized through impedance measurements conducted on the integrated electrode

within the channel.

2.6 Conclusion

This chapter presented the development and experimental validation of a microflu-
idic structure with a dual-gate configuration for protein-preconcentrating applications.
The fabrication of the proposed structure was achieved through soft-lithography and
micro-flow patterning techniques. The performance of the microfluidic chip was rigor-
ously assessed in the context of protein enrichment. The experimental analysis, utiliz-
ing varying concentrations of BSA protein, demonstrated a preconcentration factor of
28 after 19.5 minutes for an initial protein concentration of 1 pM. Upon removal of
the applied voltage, the concentrated protein zone was transiently maintained before
gradual dispersion and even distribution throughout the main channel. In addition,
manipulation of the concentration zone was effectively achieved by varying the voltage
difference across the main channel. These results unequivocally confirm the efficacy
and feasibility of the proposed dual-gate structure, showcasing its potential in manip-
ulating, concentrating, and enriching proteins within designated regions. Moreover, a
two gold-electrode configuration was integrated inside the main channel of the pre-
concentrator for impedance measurement purposes. The impedance of the concentra-
tion zone decreased considerably after the protein pre-concentration. The results have
been explained by the simplified Randles model. The achieved results clearly indicate
that the efficiency and position of the protein concentration zone can be reliably deter-
mined by the impedance measurement. This innovative approach not only underscores

the simplicity of its fabrication technique but also highlights its significant implica-
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tions for advancing lab-on-chip systems in protein enrichment and detection. In the
future, the proposed microfluidic chip is potential for distinguishing various types of
proteins based on their conductivity differences. In addition, the gold electrode surface
can be functionalized to detect and quantify the protein concentration through specific
bonds between antibodies and antigens. The research findings have been published in

high-impact journals and presented at prominent international conferences [77, [78), [76].
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Chapter 3

Electrode surface functionalization
and development of protein

detection 1immunosensors

This chapter describes the functionalization process of gold and carbon electrode sur-
faces for the attachment of antibodies, facilitating the development of immunosensors
for protein detection. The experiments are conducted using commercially available
screen-printed electrodes. Various parameters, including incubation time, electrode
type, and thiol species, are systematically evaluated. Additionally, the performance
of immunosensors employing both two-electrode and three-electrode configurations is
compared. Finally, proteins captured on the electrode surface are detected using both

fluorescence and electrochemical measurement techniques

3.1 Materials and apparatuses

11-Mercaptoundecanoic acid (11-MUA, 95%) and HS-PEGT7500-COOH (7500 mol.g™!)
were used to create a self-assembled monolayer on the gold electrodes. N — (3 —
Dimethylaminopropyl) — N — ethylcarbodiimidehydrochloride (EDC, 98%) and N -
Hydroxysuccinimide (NHS, 98%) were mixed to activate the carboxyl acid terminated

group of the self-assembled monolayer (SAM). Bovine serum albumin—fluorescein isoth-
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iocyanate conjugate and anti-albumin antibody (anti-BSA) were used as the antigen-
antibody pair to assess the performance of the functionalization process. Three types
of gold electrodes were employed in the experiments: the sputtered gold electrode cre-
ated by sputtering titanium and gold on a glass slide with a gold layer thickness of
20 nm, the screen-printed gold electrodes and screen-printed carbon electrodes (ER-N
DEP chip, Biodevice Technology, Ltd, Japan). Aniline, chloroauric acid (HAuCly) were
used to modify the carbon electrode surface and purchased from Sigma-Aldrich (St.
Louis, Missouri, USA). Apart from HS-PEG7500-COOH, BSA-FITC, and anti-BSA,
the remaining chemicals used in the experiment can cause skin irritation upon direct
contact. Therefore, it is essential to wear laboratory gloves and protective equipment
during the experiment.

An inverted microscope system (CKX41, Olympus, Melville, NY, USA) was em-
ployed to observe the fluorescence signal on the electrode surface. Cyclic voltammetry
(CV) measurements were performed by the wireless potentiostat device (ECWP100plus,
Zensor R and D, Taichung City, Taiwan) and pStat 200 Bipotentiostat (Metrohm
DropSens, Oviedo, Spain), while electrochemical impedance spectroscopy (EIS) mea-
surements were performed by PalmSens4 (PalmSens BV, 3995 GA Houten, Nether-

lands). Both measurements were used to detect and quantify the protein concentration.

3.2 The structure of commercial screen-printed elec

trode

There are three electrodes in a screen-printed gold electrode used in the experiments,
including working, counter and reference, as shown in Figure (a). The working
electrode was made of gold or carbon material, while the counter and reference elec-
trodes were carbon and Ag/AgCl, respectively. The working electrode is modified to
immobilize biomolecules and it is where the reactions occur. The working electrode
is designed to be small in size, making it suitable for handling small-volume samples.
Before the surface modification, the electrode was cleaned by the isopropyl alcohol so-

lution (IPA), deionized water (DI) and dried by nitrogen to remove a dust layer on the
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electrode surface, as shown in Figure (b). After cleaning, the electrode was placed

inside an Eppendorf tube and stored at room temperature.
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Figure 3.1: (a) Actual image of a screen-printed gold electrode used in the
experiments, including working, counter and reference electrodes; (b) Electrode

cleaning process

3.3 Gold electrode surface functionalization process

11-MUA is a commonly used type of SAM in research on electrode surface functionality
and biosensors. It has the molecular formula of HS(CHj);0COOH, featuring a thiol
group (-S-H) at one head and a carboxyl functional group (-COOH) at the other, which
allows it to form a nanomembrane-like layer capable of bonding with gold electrodes and
antibodies. This facilitates the immobilization of antibodies on the electrode surface.
In comparison with other SAM types, 11-MUA exhibits several advantages, including
its affordability, ease of storage at room temperature, and its ability to bond quickly
with antibodies due to its concise structure.

The screen-printed gold electrode surface functionality process was divided into five
main steps, as shown in Figure[3.2] The screen-printed gold electrode included working,
counter, and reference of gold material, carbon, and Ag/AgCl, respectively. During the
SAM layer formation stage, a 5 mM 11-MUA and 4 pM HS-PEG7500-COOH solutions
were prepared in ethanol and PBS 1X, respectively. The cleaned electrode was then
incubated in 1 ml of the 11-MUA solution for 16 — 60 hours, depending on the specific
experiments. Meanwhile, the electrode was immersed in a 4 pM HS-PEG7500-COOH
solution for 12 hours, following the procedure described in our previous publication
[102]. During incubation, the thiol group (-S-H) of 11-MUA and HS-PEG7500-COOH
reacted with the gold electrode to create a stable Au-S bond on the gold surface.
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This resulted in the generation of carboxyl (-COOH) groups on the electrode surface,
where the hydrogen atom in the thiol group of SAM was replaced by the gold atom
on the electrode surface. To prevent ethanol evaporation, the incubation process was
conducted inside an Eppendorf tube, tightly closed with the cap-covered parafilm.
After incubation, the electrode was removed and washed with ethanol and DI water.
The electrode was then placed in a Petri dish with a damp cloth at the bottom to
maintain humidity and prevent solution evaporation from its surface.

In the second stage, EDC and NHS were dissolved in PBS 1X solution to create so-
lutions with concentrations of 0.4 M and 0.2 M, respectively. Subsequently, EDC/NHS
solution was prepared by mixing these two solutions in a 1:1 volume ratio. Then, 5 pl
of the EDC/NHS solution was dripped onto the electrode surface and incubated for ap-
proximately 30 minutes to activate the carboxyl (-COOH) group of 11-MUA forming
NHS ester groups. These ester groups allowed efficient conjugation to the antibody’s
amine group (NH2). Afterward, the electrode was gently washed with PBS 1X solution

to remove any residual EDC/NHS solution from the surface.
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Figure 3.2: The screen-printed gold electrode surface functionality process for

immobilizing anti-BSA and detection of BSA

During the anti-BSA immobilization stage, a 0.5 pM anti-BSA solution was pre-
pared by mixing anti-BSA with PBS 1X (pH 7.4). Then, 5 pl of the 0.5 pM anti-BSA
solution was added to the electrode and incubated for 2 hours at room temperature. Af-

ter that, the electrode was washed with PBS 1X solution to remove unbound molecules.
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During the incubation of anti-BSA, the NHS ester groups covalently coupled with the
amine group (NHj) of anti-BSA, forming stable amide bonds. In order to prevent the
nonspecific bonds between antigens and residual ester groups, 1 pM biotin solution was
used to block the electrode surface. Finally, 5 pl of BSA-FITC 5 pM protein solution
was dripped onto the gold electrode surface to bind to anti-BSA specifically. After
each step in the process, the electrode was gently washed with PBS 1X solution to
remove unbound biomolecules. The incubation process of BSA-FITC was carried out
for 2 hours at 4 °C and under low light conditions.

Various protein concentrations were prepared by dissolving the proteins in PBS 1X
solution. BSA-FITC molecules were captured on the electrode surface through the spe-
cific bond between anti-BSA and BSA, while unbound molecules were removed using
PBS 1X solution. There were no non-specific interactions between the self-assembled
monolayer (SAM) and the target (BSA) because several controls were implemented
in the experimental design. Firstly, rigorous washing steps were employed after each
stage of the SAM and BSA interaction. This ensured the removal of any weakly bound
molecules, minimizing non-specific interactions. Secondly, blank experiments were con-
ducted where the SAM was exposed to various proteins other than BSA, and the re-
sponse was monitored. The consistent lack of response in these cases further supports
the specificity of the BSA interaction.

To confirm the specificity of the immunosensor, experiments were performed involv-
ing successive additions of BSA-FITC directly onto the surface without the presence
of antibodies (Gold/11-MUA). This approach was taken to assess any non-specific in-
teractions of the fabricated immunosensor. The absence of significant signal change in
these experiments indicates the high specificity of the immunosensor for BSA-FITC.

Experiments were also conducted similarly on the sputtered gold electrode created
by sputtering titanium and gold on a glass slide with a gold layer thickness of 20 nm. Be-
fore the surface modification, a standard procedure was applied to clean the sputtered
gold electrode on the glass slides. The gold electrode was immersed in acetone, IPA,
and subjected to ultrasonic shaking for approximately 5 minutes, followed by rinsing

with DI water and drying with nitrogen airflow. Acetone and IPA are strong cleaning
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agents combined with ultrasonic vibration to completely remove dirt on the electrode
surface. Since acetone evaporated quickly, the electrode was promptly transferred from
the acetone beaker to the IPA beaker to prevent acetone evaporation, which could lead
to a dust layer on the electrode surface. After cleaning, the electrodes were stored at

room temperature.

3.4 Carbon electrode surface functionalization pro-
cess

As mentioned above, there were three components in the screen-printed carbon elec-
trode, including working, counter and reference electrodes. The working and counter
electrodes were carbon, while the reference electrode was Ag/AgCl. Before being mod-
ified, The electrode was immersed in isopropyl IPA and sonicated for five minutes to
clean the electrode surface. The electrode was rinsed with DI water and dried with
nitrogen. The electrode was stored in an Eppendorf tube to prevent dust formation
until functionalization.

The modified process included the formation of a conducting polymer layer on the
carbon electrode (CE) with aniline, gold nanoparticle coating, the formation of a self-
assembled monolayer using 11-MUA acid, the carboxyl group activation, and protein
immobilization as shown in Figure[3.3] The electrode was subjected to electrolysis using
cyclic voltammetry in 0.1 M aniline and 0.5 M HySO, to form a polyaniline film on the
surface. The applied voltage ranged from -0.2 V to 1.0 V with a scan rate of 50 mV /s for
10 cycles. Electrochemical deposition was used to reduce gold nanoparticles onto the
electrode surface under an applied potential. This method facilitated precise control
over the size, shape, and density of AuNPs by adjusting the potential, deposition time,
and electrolyte composition. The electrode was electrolyzed in 0.2 mM HAuCl, and
0.5 M H550,. The applied voltage ranged from -0.4 V to 1.2 V at a scan rate of 50
mV /s for 20 cycles.

The following steps involved the functionalization of gold nanoparticles to en-

able protein immobilization. The 11-MUA solution was prepared in ethanol, while
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EDC/NHS and BSA solutions were prepared in PBS 1X solution. The electrode was
immersed in a 5 mM 11-MUA solution for 24 hours to create a SAM layer on the
gold nanoparticle surface. SAM is a layer with a thickness of a few nanometers. In
11-MUA, the head contains a thiol group (S-H), allowing the formation of stable bonds
on the gold nanoparticle surface. Next, the electrode was gently washed with ethanol

to remove unbound molecules.
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Figure 3.3: Carbon electrode functionalization using aniline and gold nanoparticles.
Definitions: PANI: polyaniline; SAM: self-assembled monolayer; EDC:
N-(3-dimethylaminopropyl)-N'-ethyl carbodiimide hydrochloride; NHS:

N-hydroxysuccinimide; BSA—FITC: bovine serum albumin—fluorescein isothiocyanate

conjugate

The electrode was subsequently incubated with the EDC and NHS solution for 30
minutes to activate the carboxyl (-COOH) groups and form ester functionalities. These
readily bind to the amine groups (NHj) of antibodies and antigens. In the final step,
the electrode was incubated with 5 pM BSA-FITC for 2 hours at 4 °C. During the
incubation, BSA was captured through the bonds between the amine functionalities of
BSA-FITC and ester groups on the electrode. After each step, the electrode was gently
washed with PBS 1X.
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3.5 Results and discussion for gold electrodes

3.5.1 Results of specific binding performance between differ-

ent electrodes and thiols

Both types of gold electrodes were functionalized by the proposed modification proce-
dure, as mentioned above. The incubation time for 11-MUA and BSA-FITC protein

solution concentrations were 24 hours and 5 pM, respectively.

Figure 3.4: Experimental results demonstrating the proposed gold surface

functionalization procedure on various electrodes at a BSA-FITC concentration of 5
nM; (a) The sputtered gold electrode; (b) The gold screen-printed electrode; (c)
Control result on the sputtered gold electrode without the step of 11-MUA
incubation; (d) Control result on the screen-printed gold electrode without the step of
11-MUA incubation; (e) Control result on the screen-printed gold electrode without

the steps of the carboxyl activation and anti-BSA incubation

Figure [3.4] shows the fluorescence image of the different gold electrodes function-

alized with BSA protein following the proposed procedure. The fluorescence signal
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observed in Figures (a) and (b) confirm the presence of BSA-FITC protein immo-
bilized on the electrode surface. In other words, BSA-FITC protein was specifically
bound to anti-BSA immobilized on both the sputtered and gold screen-printed elec-
trodes. In contrast, the fluorescence signal did not appear on the control electrodes
skipped the step of 11-MUA incubation, as shown in Figures (c) and (d). BSA-
FITC proteins were not successfully immobilized on the control electrodes after clean-
ing. Similar results were also observed on the other control electrodes that skipped the
steps of EDC/NHS and anti-BSA incubation, as shown in Figure (e). The elec-
trode surface only exhibits a background signal level, confirming that no protein was
retained. In other words, there was no non-specific interaction between BSA-FITC and

the carboxyl group of 11-MUA.

(b)

Figure 3.5: (a) The experiment result with HS-PEG7500-COOH functionalization on
the sputtered gold electrode; (b) Control result of HS-PEG7500-COOH without the
step of HS-PEG7500-COOH incubation on the sputtered gold electrode

Additionally, the experiments were conducted using HS-PEG7500-COOH, another
type of SAM used in the electrode surface functionalization process, as shown in Figures
(a) and (b). The results show that a small amount of protein remained on the
electrode surface, while no protein appeared on the control electrode. Comparatively,
11-MUA exhibited a significantly better effect than HS-PEG7500-COOH, which can
be attributed to the fact that the structure of HS-PEG7500-COOH is much longer
than that of 11-MUA, making it more challenging for HS-PEG7500-COOH to directly
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immobilize on the electrode. Many carboxyl radicals may not be favorably positioned

to bind with proteins.

3.5.2 Investigation results of 11-Mercaptoundecanoic acid in-

cubation time

The influence of 11-MUA incubation time on performance was investigated to deter-
mine the optimal value. The experimental procedure was performed on both types of
gold electrodes as described above, with the BSA-FITC concentration of 5 ptM. Four
11-MUA incubation times were implemented: 16, 24, 48, and 60 hours, all conducted at
room temperature. The experimental results on both types of gold electrodes indicated
protein retention in all four cases, but the performance varied among the electrodes.
The fluorescence intensity increased significantly when the 11-MUA incubation time

was extended from 16 to 24 hours for both electrode types, as shown in Figure [3.0]
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Figure 3.6: Investigation results of 11-MUA incubation time on the sputtered gold
electrode and the screen-printed gold electrode using the proposed gold surface

functionalization procedure with a BSA-FITC concentration of 5 ptM

The fluorescence intensity remained stable between 24 and 60 hours of 11-MUA

incubation. This can be explained by the significant influence of 11-MUA incubation
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time on forming the SAM layer. Prolonger incubation time enhances the durability
of the bond between the thiol group and the gold electrode surface, facilitating the
increase in carboxyl radicals for protein binding. The amount of protein retained on

the electrode surface increased gradually as the incubation time approached the limit

point.

3.5.3 Investigation results of BSA protein concentration

The concentration of BSA-FITC protein was also investigated to determine the optimal
value. The experiments were performed according to the proposed functionality process
with five different BSA protein concentrations, including 0.5 pM, 1 pM, 5 uM, 20 pM,
and 50 pM.
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Figure 3.7: Investigation results of various BSA protein concentrations on the
sputtered gold electrode and the screen-printed gold electrode using the proposed

gold surface functionalization procedure, with a 24-hour 11-MUA incubation time.

The electrodes were incubated in a 5 mM 11-MUA solution for 24 hours. The results
showed that proteins were retained at the concentrations of 0.5 uM, 1 pM, 20 pM, and
50 uM with low performance, while a large amount of protein was retained at the

concentration of 5 pM, resulting in the highest fluorescence intensity (Figure|3.7]). This
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indicates that high protein concentrations during incubation lead to worse performance

in capturing the target protein.

3.5.4 Investigation results of electrode surface using Raman

spectroscopy measurements

(d)

(c)
(b)

Raman Intensity (A.U)

(a)

300 600 900 1200 1500 1800
Raman Shift (cm™)

Figure 3.8: Raman spectra corresponding to different stages of the proposed gold
surface functionality process on the screen-printed gold electrode, with a 24-hour
incubation time of 11-MUA and a BSA-FITC concentration of 5 pM; (a) Bare gold
electrode (Au); (b) 11-MUA-functionalized gold electrode (11-MUA/Au; (c)
Anti-BSA /11-MUA-functionalized gold electrode (Anti-BSA/11-MUA/Au); (d)
BSA/Anti-BSA/11-MUA-functionalized gold electrode
(BSA/Anti-BSA/11-MUA /Au)

To further validate the performance of the proposed process, Raman spectroscopy
measurements were conducted at each step of the gold electrode surface functionality
on the screen-printed gold electrode. The results showed the changes in the Raman

signal after each step. The bare electrode exhibited five peaks in the Raman signal
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(Figure (a)), while the 11-MUA/Au electrode displayed only two low peaks at the
Raman shift signals of 137 cm-1 and 156 cm-1 (Figure (b)).

After incubation with anti-BSA, two new peaks emerged at the Raman shift signals
of 885 cm-1 and 1151 cm-1 (Figure[3.8|(c)). Finally, these two peaks disappeared during
the BSA incubation step (Figure[3.8) (d)). These changes confirmed the success of each

step in the gold electrode functionality process.

3.5.5 Investigation results using electrical measurements

The experiments were conducted on the screen-printed gold electrode for the electrical
measurement method. The electrode structure included a working electrode (gold elec-
trode), along with two other carbon and Ag/AgCl electrodes, referred to as counter

and reference electrodes, respectively.
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Figure 3.9: The change of CV signal after each step of gold electrode surface
functionalization process; (1) Bare (Au); (2) 11-MUA/Au; (3)
EDC/NHS/11-MUA /Au; (4) Anti-BSA/EDC/NHS/11-MUA /Au; (5)
BSA/Anti-BSA/EDC/NHS/11-MUA /Au. The inset shows the appearance of a
fluorescent green BSA-FITC signal on the working electrode

This electrode structure allowed for easy evaluation of the proposed process’s per-
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formance using electrical methods, such as EIS and CV. A standard redox solution
containing 5 mM Fe(II) /Fe(III) and 0.1 mM KCI (ferry/ferrocyanide redox) was used
in these two measurements. The CV measurement parameters were configured with a
starting voltage of 600 mV, an ending voltage of -200 mV, and a scan rate of 50 mV/s.

The results indicate the appearance of a fluorescent green BSA-FITC signal on
the working electrode, and significant changes in the CV signal were observed after
each step of the process, as illustrated in Figure [3.9] Specifically, the amplitude of
the reduction peak decreased strongly from 50.4 pA to 6.89 pnA after the step of 11-
MUA incubation. This result shows that a self-assembled monolayer was formed on the
electrode surface, prohibiting the transfer of electrons to reduce Fe3* to Fe?*. Subse-
quently, the amplitude of the reduction peak further decreased to 3.17 pA, confirming
the presence of BSA-FITC protein on the electrode surface. As a consequence, both
fluorescence and CV measurements demonstrated the success of the proposed process.
BSA proteins are specifically bound to anti-BSA and kept on the gold electrode surface.

For the EIS measurement, some parameters were set up, including the frequency
ranging from 0.1 Hz to 200 kHz, and the applied voltage of 10 mV. Besides, the Randles
circuit model was used for EIS measurements to fit the impedance data, with R, repre-
senting the dynamic solution resistance, R, representing the charge transfer resistance
of the immobilized recognition layer, Cy indicating the capacitance measured between
the gold electrode and the electrolyte solution on a double-layer basis. Here, the charge
transfer resistance is a crucial parameter reflecting the electrical resistance linked to
the transfer of charge at the electrode-electrolyte interface. This interface plays a piv-
otal role in electrochemical immunosensors, where the binding of biomolecules, such
as antibodies and antigens, induces alterations in charge transfer kinetics. The results
show that R. changed significantly after each step of the proposed process, as shown
in Figure [3.10 However, the trend is opposite to the amplitude of the reduction peak
observed in the CV measurements. R, increased slightly from 32.92 k) to 37.74 kQ2
after the electrode was incubated with the 11-MUA solution. Then, the charge transfer
resistance increased considerably to 64.01 k k2 and 206.9 k{2 at the steps of anti-BSA

and BSA incubation, respectively. The results reaffirmed the success of the gold elec-
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trode surface functionalization process. The formation of anti-BSA and BSA layers on

the electrode surface leads to the increase of the charge transfer resistance.
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Figure 3.10: The change of EIS signal after each step of the gold electrode surface
functionalization process; (1) Bare (Au); (2) 11-MUA /Au; (3)
EDC/NHS/11-MUA /Au; (4) Anti-BSA/EDC/NHS/11-MUA /Au; (5)
BSA/Anti-BSA/EDC/NHS/11-MUA/Au

By contrast, BSA-FITC proteins were not kept on the control electrode surface that
has not undergone incubation with 11-MUA. Only a dark color was observed on the
working electrode surface, indicating no BSA-FITC proteins were captured (the inset
image in Figure[3.11] (a)). CV signals were almost unchanged after each process step, as
shown in [3.11] (a). Similarly, the charge transfer resistance of the EIS signal exhibited
minimal change, as depicted in m (b). The absence of signal change indicates that
no layer was formed on the gold electrode surface. These results follow the theoretical
predictions that a self-assembled monolayer was not formed, resulting in the absence

of active carboxyl groups capable of binding with Anti-BSA.
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Figure 3.11: The change of CV (a) and EIS (b) signals on the control electrode that
has not undergone incubation with 11-MUA; (1) Bare (Au); (2) EDC/NHS/Au; (3)
Anti-BSA/EDC/NHS/Au; (4) Biotin/Anti-BSA/EDC/NHS/Au; (5)

BSA /Biotin/Anti-BSA/EDC/NHS/Au. The inset shows only a dark color was
observed on the working electrode surface, indicating no BSA-FITC proteins were

captured

Five different BSA protein concentrations were investigated to determine the re-
lationship between the BSA concentration and the amplitude of the reduction peak.
For the CV measurement, the experimental results show that the amplitude of the

reduction peak decreased gradually when the BSA concentration increased, as shown
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in Figure [3.12] (a). The amplitude of the reduction peak decreased from 3.41 pA to 2.7

A as the BSA concentration increased from 0.1 pM to 5 pM.
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Figure 3.12: (a) The change of CV signals at the different BSA concentrations; (b)

The relationship between the amplitude of reduction peak and BSA concentration

The result can be explained that higher protein concentrations lead to the forma-
tion of a thicker protein layer, which hinders the exchange of electrons between the
electrode and the redox solution. This results in a decrease in the redox current. The

formula expressed the relationship between the amplitude of the reduction peak and
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BSA concentration: reductionpeak = —0.209in[BS A]+2.9144(R2 = 0.9123), as shown

in Figure [3.12 (b). As can be seen, the BSA concentration can be quantified based on

the amplitude value of the reduction peak from CV signals.
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Figure 3.13: (a) The change of EIS signals at the different BSA concentrations; (b)

The relationship between the change of the charge transfer resistance (AR.;) and

BSA concentration

For the EIS measurement, the results show that the charge transfer resistance was

proportional to the BSA concentration. When the BSA concentration increased from

0.1 pM to 5 uM, the charge transfer resistance also rose from 132.2 k2 to 206.9 k2,
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respectively, as shown in Figure m (a). At first, there was a slight increase in the
charge transfer resistance at the BSA concentration of 0.5 pM, from 68.19 k2 to 72.29
k2. Subsequently, the charge transfer resistance exhibited a sharp increase at higher
concentrations. These results indicate that more proteins specifically bond and are re-
tained on the electrode at high BSA protein concentrations, leading to the formation of
a thicker protein layer on the electrode. This hindered the exchange of electrons between
the electrode and the solution, significantly affecting the charge transfer resistance. The
relationship between the BSA protein concentration and the charge transfer resistance
was fitted as a logarithm function Rct = 19.948[ BSA] + 168.36( R? = 0.8846), as de-
picted in Figure m (b). Therefore, the BSA concentration can be quantified based

on the change in charge transfer resistance obtained from the EIS measurement.

3.5.6 Performance comparison results between sensors based

on 2-electrode and 3-electrode configurations

The 2-electrode and 3-electrode configuration-based biosensors are modeled into equiv-
alent circuits based on the Randles circuit, as shown in Figure [3.14 The model of
the 2-electrode configuration-based biosensor is depicted in Figure m (a), compris-
ing a series combination of the Randles circuit. The impedance is measured between
the working and counter electrodes over a wide range of frequencies to analyze the
impedance changes associated with the modification of the electrode surface. The bio-
chemical event such as antigen-antibody interactions occurring on the surface of the
electrodes causes the impedance change.

The contact of the solution with the electrode surface results in the formation of a
double-layer capacitance (Cy). Furthermore, a small leakage current could be observed
between the solution and electrodes, contributing to the creation of charge transfer
resistance (R, ). Hence, the surface impedance comprises Cy and R, connected in par-
allel. The model includes two electrodes, resulting in two surface impedances connected
in series through the solution resistance (Rg). In this model, the solution resistance
has a negative effect, reducing the sensitivity of the biosensor. Because Rg is much

larger than the surface impedance, there is only a small change in the total impedance
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when the electrode surface is immobilized with the analyte. Cause of that reason, the

3-electrode configuration-based biosensor is studied to enhance the sensitivity.
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Figure 3.14: The model of electrode in the solution; (a) 2-electrode configuration; (b)

3-electrode configuration

For the 3-electrode configuration-based biosensor, a reference electrode with a sta-
ble and well-known electrode potential is added to maintain a constant voltage (V)
between the reference and working electrodes, as shown in Figure m (b). The current
flowing to the working electrode is measured to determine the surface impedance ac-
curately. The equivalent circuit model of the sensor is illustrated in Figure (b). As
can be seen, the solution resistance (Rg) is very small because the reference electrode is

in close proximity to the working electrode. As a result, the measured impedance pre-
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dominantly comprises the surface impedance component, contributing to the enhanced
sensitivity of the sensor. Through the model, the total impedance (Z) is calculated by
Equation , where Z is the sum of surface resistance (Zsy;fqce) and solution resis-
tance (Rg) and it approximates the surface impedance since the solution impedance is
negligible in this case. The surface impedance is determined based on the impedance of
the double-layer capacitance (Z¢,,) and the charge transfer resistance R, as shown in
Equation [3.2] The impedance of the double-layer capacitance is calculated by Equation

3.3l where w is the angular frequency of the exciting signal to the biosensor.

Z = Zsurface + RS ~ Zsurface (31)
Zsurface = \/ Z%dl + th (32)
Zeny = — (3.3)

“u ™ juCa .

The gold electrode surface functionalization process is similar to the section men-
tioned above and performed on the screen-printed gold electrode. There were five dif-
ferent BSA-FITC protein concentrations used to investigate the performance of both
types of the sensor, including 0.1 uM, 0.5 pM, 1 pM, 2.5 ptM and 5 pM. The measure-
ments were conducted on the same modified electrodes, and a detailed comparison will
be presented. While the performance of the 2-electrode configuration-based biosensor
was evaluated based on the change of impedance at a specific frequency range, the 3-
electrode configuration-based-biosensor employed the Randle model with fitting curves
to estimate alterations in the surface impedance. The electrode was immersed in a solu-
tion containing 5 mM Fe(II) /Fe(III) and 0.1 mM KCI to perform the impedance mea-
surements. In the case of the 2-electrode configuration, working and counter electrodes
were employed, and the reference electrode was not involved during the measurement.

For the 2-electrode configuration-based biosensor, Figure shows the impedance
spectroscopy results corresponding to the different concentrations of BSA protein bind-
ing on the gold electrode surface. The measurement parameters were configured with
an excitation signal magnitude of 50 mV and a frequency range spanning from 10 kHz

to 1 MHz.
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Figure 3.15: Bode plots corresponding to the change of protein concentration from 0.1

M to 5 ptM BSA-FITC binding on the gold electrode

As can be seen, the impedance at the step of biotin incubation shows the lowest
value, ranging from 730 to 660 2. As the concentration of BSA protein increased, a
corresponding rise in impedance was observed. At the BSA concentration of 5 pM, the
impedance reached to 780 2 at 10 kHz and dropped to below 720 € at 1 MHz. At
lower BSA concentrations, the impedance has been observed to decrease with a high
slope. These results can be explained that in the 2-electrode model, total impedance
was contributed by surface impedance (Zguface) and solution resistance (R;) with
the solution resistance being constant. At the low-frequency range, the double-layer
capacitance was high, resulting in an increase in the surface impedance. At the high-
frequency range, the surface impedance reduced, and the total impedance was larger
than the surface impedance, resulting in a small slope of the impedance change.

The total impedance shows an increase corresponding to the rising protein concen-
tration. At a frequency of 1 MHz, the total impedance is observed to increase from
below 670 € to 720 Q with the rising BSA protein concentration from 0.1 to 5 pM.

The total impedance increased across the entire frequency range from 10 kHz to 1
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MHz, correlating with the rising protein concentration binding on the electrode. Fig-
ure [3.16] illustrates the change percentage of total impedance before and after BSA

protein binding at various concentrations.
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Figure 3.16: The change percentage of total impedance by the frequencies from 10 Hz

to 1 MHz before and after BSA protein binding at various concentrations

The results indicate that the total impedance change remained relatively constant
within the frequency range of 100 kHz to 1 MHz. It can be assumed that within this
frequency range, the impedance was primarily affected by the resistance of the sensor
surface, attributed to the interaction between the antibody and antigen. The binding
of proteins to the gold electrode altered the surface geometry, leading to a change in
the total impedance. Although the change percentage of total impedance was small,
the protein concentration was clearly distinguished based on this change.

Figure [3.17] shows the impedance change percentage according to the different pro-
tein concentrations binding on the gold electrodes at the frequency of 300 kHz. For
the fluorescence measurement, the results show fluorescence intensity was proportional
to BSA protein concentration. The blue fluorescence was more obvious at high con-

centrations, indicating that more proteins were specifically bound to anti-BSA on the
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electrode surface.
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Figure 3.17: The relationship between the impedance changes percentage at the
frequency of 300 kHz and different protein concentrations was confirmed by the
fluorescent images of non-anti BSA binding and different concentrations of BSA

binding

Furthermore, experiments were also performed on the control electrode skipped the
step of anti-BSA incubation. In the final step, the electrode was incubated with 5 nM
BSA-FITC solution. The fluorescent image results reveal only black color observed on
the control electrode, in contrast to the clear fluorescent green results on the electrode
with the complete procedure, as shown in Figure 3.17 The sensitivity of 2-electrode
configuration-based sensor is around 12 Q/uM or 1.4 %/nM.

For the 3-electrode configuration-based biosensor, the EIS measurement was con-
ducted on the same electrode to evaluate the performance of the 3-electrode configuration-
based biosensor. Due to the proximity of the reference electrode to the working elec-
trode, the surface impedance can be accurately measured through the EIS measure-
ment. The Randles circuit model was used fitted the impedance data of five protein

concentrations, as shown in Figure|3.18|. Similar to the 2-electrode configuration-based
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sensor, the surface impedance was proportional to the protein concentration. The so-

lution resistance is also much smaller than the surface impedance at the low-frequency

range.
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Figure 3.18: The Nyquist plot of different BSA concentrations, including 0.1 pM, 0.5
pM, 1 pM, 2.5 pM and 5 pM based on Randles circuit model

A PSTrace 5.9 software (PalmSens BV, 3995 GA Houten, Netherlands) was utilized
to calculate Ret corresponding to various BSA concentrations based on the measured
data. Figure [3.19 shows the relationship between the concentration of BSA binding
on the electrodes and the change of Rct before and after protein binding. Rct before
protein binding is estimated to be 75.4 k2. When the BSA concentration increased
from 0.1 pM to 5 pM, the change in the charge transfer resistance became larger, from
13.22 k2 to 20.69 k2. In the concentration range of 1 utM to 5 pM BSA, the sensor
exhibited a sensitivity of approximately 7.2 k{2/pnM, corresponding to 7.5 %/pM within
this measurement range.

As can be seen, the experimental results showed the performance of both 2-electrode
and 3-electrode configuration-based sensors in protein detection. While the 2-electrode

configuration-based sensor measured total impedance at a fixed frequency range to esti-
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mate the concentration of protein binding on gold electrode, the 3-electrode configuration-
based sensor utilized the EIS measurement and Randles circuit model to calculate
Rct, revealing the concentration of BSA protein. Additionally, the results are also fur-
ther confirmed through the fluorescence measurement. In the case of the 2-electrode
configuration-based sensor, the observed increase in total impedance highlighted the
sensor’s capability in protein detection. The sensor demonstrated a sensitivity of 12
Q/uM at a fixed frequency of 300 kHz. Due to the absence of a reference probe in the
2-electrode configuration, the detailed electrical characteristics of surface impedance

could not be precisely investigated.
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Figure 3.19: The relationship between BSA concentration binding on the electrodes

and the change of the charge transfer resistance

To enhance the sensitivity of the 2-electrode configuration sensor based on non-
faradaic method, Tanak et al. has used semiconductor materials as zinc oxide (ZnO)
to transduce physicochemical changes with biomolecular binding in electrochemical
biosensors [127]. Based on those approaches, the biosensor demonstrated the capabil-
ity to detect C-reactive protein (CRP) with a molecular weight of 24 kD. The sensi-
tivity is estimated, showing a roughly 22% increase in total impedance at 10 pg/ml

(approximately 0.42 pM) in whole blood samples. Although this sensor shows high
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sensitivity when incorporating a ZnO layer on the electrodes, the fabrication of the
sensor becomes more intricate, demanding additional facilities. Based on our simple
sensor structure, the sensitivity within the range below 1 pM (BSA protein with a
molecular weight of 66.5 kD) demonstrates a 4 %/pM increase in total impedance.
Through the non-faradaic method, protein detection can be achieved with varying
impedance corresponding to different protein concentrations. With the proposed 3-
electrode configuration-based sensor using the faradaic method, the sensitivity of the
sensor in the range from 1 pM to 5 pM BSA is estimated to be 7.5 %/uM. Below 1
M, the sensitivity is higher, with the Rect increasing by 79.5% after the binding of 0.5
pM BSA.

Despite the identified disadvantage, the 2-electrode configuration-based sensor can
still be employed to detect and quantify the concentration of protein. In contrast, the 3-
electrode configuration is commonly utilized in biosensor development, demonstrating
its advantage of high sensitivity (7.2 k2/pM in this report). However, the challenge re-
mains in minimizing the size of the 3-electrode sensor for integration into microfluidic
channels. In some cases, the 2-electrode configuration is a good candidate for min-
imizing the size of the sensor. The advantages of simple structure and low cost are
important factors that help the sensor become more potential for the immunosensor

and lab-on-a-chip system development.

3.6 Results and discussion for carbon electrodes

3.6.1 Electro-polymerization of aniline on the screen-printed

carbon electrode

CV technique was performed to electro-polymerize aniline on the working electrode.
The cyclic voltammograms for the formation of polyaniline (PANI) film on the working
electrode surface are shown in Figure [3.20] (a). The increased signal peaks at a repeated
potential of 0.29 V indicate that PANI was continuously formed on the carbon electrode

surface. Furthermore, the color of the working electrode was changed from black to blue
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indicating the generation of a conducting emeraldine form of PANI. The relationship
between the oxidation peak current and the number of cycles (times) is displayed in

Figure m (b), represented by the equation:

peakcurrent = 0.7121 * times + 0.3253(R? = 0.9439). (3.4)
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Figure 3.20: (a) Cyclic voltammograms for the electro-polymerization of the PANI
film on the carbon electrode in 0.1 M aniline and 0.5 M H2SO4. The applied voltage
ranged from -0.2 V to 1.0 V at a scan rate of 50 mV/s and 10 cycles. (b) Relationship

between the peak current and the number of cycles

The electro-polymerization process of aniline was represented through Equations

from to[3.11]. At first, aniline reacted with sulfuric acid to form ions in the solution:
CoHsNHy + HySO4 = H3O" + CeHsNH?*T + HSO4™ (3.5)

Where, C¢H5NH, is aniline. HsO" is an oxonium ion, known as hydroni ions or
hydrate proton. Oxonium ions are formed when a water molecule reacts with a hy-
dronium ion or when an acid molecule combines with a water molecule. In this case,
oxonium ions were generated when water molecules act on anilinium ion (CeHzNH?'),
a reaction product between aniline and sulfuric acid. These ions facilitate electrolysis
by providing protons to anilinium and maintaining charge balance in the electrolyte

solution.
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At anode:

Cf6£[5]\f]{3+ — [CGH4NH]. +H+ +e (36)
[CeH,NH]® + H" — [CeH N H** (3.7)
[CsHyNH)*" + [CcHyNH** — (C¢H,;NH),, +2H" (3.8)

Anilinium was converted into radical aniline ([C¢H4;NH]") and released an electron.
The radical aniline was an activated molecule with an unpaired electron on a carbon
atom in the benzene ring. The dot symbol at the end of the molecular formula represents
the removal of this electron from the parent aniline molecule. Then, the radical aniline
combines with H* to make aniline cations and prepares for polyaniline formation.
Finally, aniline cations combine to form polyaniline on the carbon electrode surface, as
shown in Equation

At cathode:

HySO4 — H™ + HSO4~ (3.9)

HSO4™ +2H" +2e~ — SO3™ + 2H,0 (3.10)

Sulfuric acid was electrolyzed into H* and HSO,. Then, H* in the solution com-
bined with HSO, to generate SO? and water, as shown in Equation [3.10] The gen-
eral reaction equation for the electro-polymerize of aniline to polyaniline in 0.5 M
H3S04 solution was shown in Equation [3.11] Aniline was oxidized to form polyaniline
((CeHyN H),,), which n is the number of aniline molecules in the polymer chain. Water
and sulfuric acid act as an electrolyte solution and provide protons to facilitate the

electrolysis process.

2CsHsN Hy + Hy SOy + 2H50 — (CsH N H),, + H30T + HSO4~ (3.11)

3.6.2 Electro-deposition of gold nanoparticles on the electrode

surface

Gold nanoparticles were deposited on the electrode surface by cyclic voltammetry in 0.2
mM HAuCly and 0.5 M H5SO4. The cyclic voltammograms for the deposition of gold

nanoparticles on the carbon electrode are shown in Figure [3.21] During the cathodic
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half-cycle, Au3t was reduced to Au on the PANI surface due to the application of a
negative potential. Meanwhile, Au was oxidized to form Au** and gold oxide during
the anodic half-cycle. The increasing amplitude of the cathodic peak shows that more

Au atoms were produced. Subsequently, Au atoms nucleated into gold nanoparticles

on the PANTI surface.
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Figure 3.21: The cyclic voltammograms for the electro-deposition of gold
nanoparticles on the carbon electrode by electrolyzing in a solution mixture of 0.2
mM HAuCly and 0.5 M HySO, . The applied voltage ranged from -0.4 V to 1.2 V, the
scan rate of 50 mV /s and 20 cycles

The color of the working electrode changed from blue to yellow, indicating the
presence of gold nanoparticles. The surface coverage of gold nano-particles (I') on the
PANI/CE electrode during the deposition was determined based on the charge (Q),
the number of electrons transferred (n = 3) and the area of the electrode surface (A =

0.026 cm?), as shown in Equation with F' = 96,500 C/mol [T01].

Q

r=—_ 12
nFA (3.12)

The quantity of gold on the PANI/CE electrode was determined by [129], as shown
in Equation with M equal to 196.97 g/mol. The total charge after 20 cycles was
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determined using Dropview 200 software to be 2007.39 pC. Therefore, the mass of gold
on the PANI/CE electrode was estimated to be 1.364 pg.

_QxM
 nx F

(3.13)

3.6.3 Investigation results of electrode surface morphology

The electrode morphology was examined using scanning electron microscopy (SEM) as

shown in Figure [3.22

Figure 3.22: Scanning electron micrographs of the (a-b) bare CE; (¢c-d) AuNP/CE;
(e-f) PANI/CE; and (g-h) AuNP/PANI/CE
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The unmodified carbon electrode is quite smooth (Figures [3.22] (a) and (b)), while
the PANI layer exhibits a pod-like shape with an approximate size in the hundred-
nanometer range (Figures (e) and (f)). The size of AuNPs was estimated using
the ImageJ software. The results show that the gold nanoparticles deposited on the
bare electrode and the PANI-modified electrode were 75 nm and 10 nm, respectively
(Figures (c-d) and (g-h)). This result can be explained because PANI acted as
a template for the nucleation and growth of gold nanoparticles on the electrode sur-
face. The PANI matrix provided a confined environment conducive to nanoparticle
growth, thereby limiting their size and promoting uniformity. Moreover, PANI is ad-
sorbed onto the nanoparticle surface, preventing agglomeration and facilitating the
formation of smaller, well-dispersed nanoparticles. Additionally, the presence of con-
ducting polymers on the surface enhanced the dispersion of gold precursor ions and
promoted their interaction with the electrode. This facilitated uniform nucleation and
growth of nanoparticles, resulting in the formation of smaller and more homogeneous

gold nanoparticles.
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Figure 3.23: Raman spectra corresponding to different electrodes; (a) AuNP/CE; (b)
PANI/CE; (c) AuNP/PANI/CE
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Figures (g) and (h) indicate that the gold nanoparticles are anchored on the
PANTI layer. Moreover, the number of gold nanoparticles per unit area increases signif-
icantly compared to electrodes without a polymer layer, thereby enhancing the surface
area of the gold layer for antibody binding. The PANI layer plays a crucial role in
ensuring the uniform distribution of gold nanoparticles on the electrode.

The Raman spectra in Figure [3.23 reveal noteworthy observations. Upon the depo-
sition of gold nanoparticles on the bare and PANI-modified electrodes, the vibrational
modes characteristic of gold are notably absent. Instead, the Raman spectrum exclu-
sively exhibits the vibrational modes of carbon on the bare electrode and the vibrational
mode of PANI on the modified electrode. Specifically, bands from 1100 to 1700 cm™!
are indicative of stretching modes, while those from 400 to 1000 cm ™! provide insights
into the deformation vibrations of the benzene ring [110]. However, the PANI peaks
at 640 and 1341 cm™! exhibit greater enhancement compared to others due to the

surface-enhanced Raman effect.

Figure 3.24: Characterization of electrode surface by fluorescence microscopy: (a) the
fully modified electrode with 5 pM BSA-FITC and (b) the electrode without gold

nanoparticle coating

3.6.4 Electrode surface investigation using fluorescence

After being functionalized and incubated with protein, the electrode was characterized

by fluorescence microscopy. The results show that BSA-FITC proteins were present on
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the electrode surface due to the fluorescent green color on the modified electrode shown
in Figure (a). A clear and uniform fluorescent signal across the electrode indicates
the efficiency of protein immobilization. The amine groups of BSA-FITC were success-
fully bonded with the ester group on the electrode. In contrast, no fluorescent response
appeared on the control electrode without the gold nanoparticle coating as shown in

3.24] (b). These measurements further validate the successful surface functionalization.

3.6.5 Electrode surface investigation using cyclic voltammetry

In this study, carbon was modified by the combination of PANI and gold nanoparti-
cles to enhance the electrochemical sensitivity of the sensor. Cyclic voltammetry was
performed on the AuNP/CE and AuNP/PANI/CE electrodes to compare the electro-

chemical response.
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Figure 3.25: Comparison of cyclic voltammograms at bare carbon CE, AuNP/CE and
AuNP/PANI/CE in 5 mM Fe(II) /Fe(IIl) and 0.1 mM KCI (ferry/ferrocyanide redox).
The applied potential ranged from -0.4 V to +0.6 V at a scan rate of 0.05 V/s

A standard redox solution containing 5 mM Fe(II) /Fe(III) and 0.1 mM KCI (ferry/

ferrocyanide redox) was used in these measurements. The applied potential ranged from
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-0.4 V to 4+0.6 V, and the scan rate was 0.05 V/s. The results in Figure show that
the amplitude of the oxidation peak on both electrodes increased significantly com-
pared to the bare electrode. The amplitude of the oxidation peak increased from 16.94
BA to 23.74 pA for the AuNP/CE electrode and to 33.76 pA for the AuNP/PANI/CE
electrode. The oxidation peak amplitude of the AuNP/PANI/CE electrode was double
that of the bare electrode and substantially higher than that of the AuNP/CE elec-
trode. The results demonstrate that the combination of the PANI layer and the gold
nanoparticles enhanced the electrode contact area and current transmission. Further-
more, the results reveal a significant change in the redox peak potential separation at
the AuNP/PANI/CE electrode compared to the bare and AuNP/CE electrodes, which
were 0.49 V, 0.27 V, and 0.26 V, respectively. This phenomenon is due to the modifi-
cations on the electrode surface morphology and conductivity that results in shifts in
peak potential and an augmentation in peak-peak potential separation.

Cyclic voltammetry was performed to evaluate the success after each step of the
carbon electrode surface functionalization. The setting parameters were the same as
in the above discussion. The cyclic voltammograms changed significantly after each
step as shown in Figure m (a). The amplitude of the oxidation peak increased after
the PANI and gold nanoparticles were incorporated on the electrode. The amplitude
of the oxidation peak was decreased in the subsequent steps. The cyclic voltammetry
amplitude was especially small for the BSA-FITC incubation.

Figure m (b) provides a quantitative comparison of the oxidation peak amplitude
for each step. The oxidation peak amplitude doubled upon the formation of the PANI
and gold nanoparticle composite on the electrode. Subsequently, the peak amplitude
experienced a decrease of approximately 5 pA with the formation of the SAM on the
gold nanoparticles. At this step, the oxidation peak amplitude decreased by nearly 6
times. Lastly, for the BSA incubation, the amplitude was low, approximately 1 pA.
This result occurred because a large quantity of protein covered the electrode surface,

preventing the redox reactions and reducing the peaks.
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Figure 3.26: (a) Cyclic voltammograms after each step of carbon electrode surface
functionalization. (b) Amplitude of the oxidation peak at each step in the
functionalization. Plot identification: (1) bare (CE); (2) AuNP/PANI/CE; (3)
11-MUA/AuNP/PANI/CE; (4) EDC/NHS/11-MUA /AuNP /PANI/CE; and (5)
BSA/NHS/11-MUA/AuNP/PANI/CE

The observation indirectly confirms the effectiveness of anti-BSA binding to the
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electrode. Bovine serum albumin and anti-bovine serum albumin both contain amine
groups that readily bind to ester groups formed after the EDC/NHS incubation. The
increased binding of anti-BSA on the electrode surface is significant for developing
electrochemical immunosensors based on specific antigen-antibody interactions which
facilitates the formation of specific bonds, thereby improving the sensor sensitivity and
performance. Furthermore, the significant changes in peak-peak potential separation
observed after each step also indicate the successful progression of each stage in the
functionalization process.

Temperature and pH affect the performance of functionalization processes. Tem-
perature influences the rate of chemical and biological reactions, while pH changes the
charge properties of the sensor surface, impacting the electrostatic interactions between
the sensor and biomolecules. The literature has shown that room temperature and pH
7.4 are optimal for electrochemical biosensors. Moreover, the formation of the polyani-
line layer and gold nanoparticles on the electrode surface also requires attention. The
formation of layers can be recognized through the change in the color of the electrode
and SEM. To confirm the presence of protein immobilized on the electrode, fluorescence
and electrical measurement methods need to be used. When proteins are not labeled
with color indicators, the electrochemical measurements are critical for assessing the
efficacy of each step. This method provides essential insights into the success of pro-
tein immobilization on the electrode surface, offering a reliable means of confirmation.
Besides, surface investigation methods such as Raman and surface plasmon resonance

may also be utilized for further confirmation.

3.7 Conclusion

This chapter proposed an immunosensor based on the screen-printed gold electrode
to detect and quantify BSA concentration by electrochemical measurements. The sen-
sor was developed by functionalizing the screen-printed gold electrode surface. The
functionalization process included five main steps to attach anti-BSA on the gold elec-

trode and specifically bind to BSA. The effectiveness of this process was examined on
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two types of gold electrodes: sputtered gold electrodes on glass slides and commer-
cial screen-printed gold electrodes. Electrical measurements, Raman spectroscopy, and
fluorescence observations were employed to validate the performance of the process. Ex-
perimental results confirmed the successful specific binding and immobilization of BSA
proteins on the electrode surface, as evidenced by the fluorescent signal. Furthermore, a
gradual decrease in surface impedance of the working electrode was observed after each
step of surface functionalization and protein immobilization. Besides, the influences of
the 11-MUA incubation time and the protein concentration on the performance were
also investigated, revealing that an incubation time of 24 hours and a protein con-
centration of 5 pM resulted in optimal SAM binding. Additionally, The experimental
results confirm that BSA-FITC proteins have been successfully immobilized on the gold
electrode surface, as indicated by fluorescence, CV, and EIS measurements. Further-
more, the control electrode results further confirmed the proposed process’s success.
The results revealed the relationship between BSA concentration and the reduction
peak in the CV signal, as well as with the charge transfer resistance in the EIS signal.
Therefore, the BSA concentration can be determined through the reduction peak of
the CV signal or the charge transfer resistance of the EIS signal.

Furthermore, the performance of 2-electrode and 3-electrode configuration-based
sensors was also compared through experiments for BSA protein detection. The ex-
perimental results confirmed the performance of both sensor configurations. The sen-
sors can detect and quantify various concentrations of BSA protein from 0.1 pM to 5
1M based on impedance measurement methods. The sensitivity of the sensors was 12
Q/pM and 7.2 kQ/pM, respectively. As can be seen, the sensitivity of the 3-electrode
configuration-based sensor was much better than 2-electrode configuration-based sen-
sor the 2-electrode configuration-based sensor. However, the 2-electrode configuration-
based sensor remains a potential candidate for various applications. Notably, this con-
figuration allows for straightforward exploration of miniaturization, making it suitable
for integration into microdevices.

Moreover, a carbon electrode surface functionalization process was successfully de-

veloped for the immobilization of proteins. The process utilized a combination of PANI
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conducting polymer and gold nanoparticles to enhance the electrode contact area and
current transmission. The electrode surface morphology, as well as the presence of PANI
and AuNPs, were verified by SEM and Raman spectroscopy. The results show that gold
nanoparticles were uniformly distributed on the electrode through the PANI film. This
combination facilitated the formation of a nanocomposite on the electrode. The cyclic
voltammograms exhibited a significant increase when PANI film and gold nanoparticles
were incorporated, indicating the enhanced current transmission of the nanocomposite
layer. The presence of BSA on the electrode was verified by fluorescence and cyclic
voltammetry. The PANI layer ensured the uniform distribution of gold nanoparticles,
reducing the particle size and increasing the surface area of the gold on the carbon
electrode surface as well as the protein immobilization. In the future, high-sensitivity
immunosensors may be developed to quantify proteins for disease diagnosis. The re-
search findings have been disseminated through publications in prestigious journals

and presentations at leading conferences [79, [80], 81, [82] [16], 17, R3], 84]
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Chapter 4

Development of a preconcentration
control system and electrochemical

measurement circuit

This chapter details the research and development of an embedded system that in-
tegrates a preconcentrator and an electrochemical measurement circuit for the con-
centration and detection of proteins in a microfluidic chip. The system is fabricated
using multilayer printed circuit board (PCB) and monolithic aluminum processing tech-
niques. Embedded software is developed for the microcontroller, and a graphical user
interface (GUI) is designed to enable user interaction, thereby facilitating the execution
of system functions. Finally, the system is thoroughly evaluated to assess the protein

preconcentration and the accuracy of electrical measurements.

4.1 Materials and apparatuses

Bovine serum albumin—fluorescein isothiocyanate conjugate was purchased from Sigma-
Aldrich Chemical (St. Louis, Missouri, USA). A 1X phosphate-buffered saline solu-
tion was obtained from Sigma-Aldrich Chemical Co (St. Louis, Missouri, USA). Poly-
dimethylsiloxane (SYLGARD™ 182, Dow Corning, USA) was utilized to fabricate the

proposed microfluidic chip. Microscope glass was used as the substrate of the microflu-
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idic chip purchased from Duran Group (Germany). The Nafion solution (Nafion™ 117,
Sigma-Aldrich) was used to fabricate the ion-selective membrane.

The components used in the system include the AD5941 integrated circuit (IC)
procured from Digi-Key Electronics Corp., Minnesota, United States, serving as a
high-precision impedance and electrochemical front-end. The ESP32 Wi-Fi and Blue-
tooth module, acquired from Espressif Systems, Ltd., Shanghai, China, served as the
central processor for measurement configuration and data acquisition. Commercially
printed electrodes, specifically the ER-N DEP Chip from BioDevice Technology, Ltd.,
Ishikawa, Japan, were utilized in the experimental setup. For comparative purposes,
the BDTminiSTAT100 commercial potentiostat and LMP91000 commercial evalua-
tion module, obtained from BioDevice Technology, Ltd., Ishikawa, Japan, and Texas
Instruments Inc., Texas, United States, respectively, were used to perform CV mea-
surements and evaluate device performance. Resistance measurements were carried out
using the D'T4256 digital multimeter from HIOKI E.E. Corp., Nagano, Japan. The de-
vice case was fabricated using the Objet 500 Connex 3 3D printer from Stratasys,
Ltd., Minnesota, United States. The printer utilizes PolyJet Technology to print mod-
els simultaneously with different model materials. An inverted fluorescence microscope
IX 71 (Olympus, Melville, NY, USA) equipped with a Phantom VEO 710L high-speed
camera (Ametek, USA) was employed for fluorescence imaging using Phantom Camera

Control software (PCC).

4.2 Design and fabrication of electrochemical and
impedance measurement circuit

Figure [4.1] shows block diagram of the proposed system, including center processing
block, measurement circuit, sensors, and communication. In the center processing block,
ESP32 Wi-Fi and Bluetooth module was utilized to configure the parameters and
registers of the AD5941 measurement circuit.

Additionally, the ESP32 module received data from the AD5941 via SPI commu-

nication, analyzed and processed the data, and then transmitted it to a PC. The
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incorporation of the ESP32 module facilitated extended wireless communications due

to the built-in Wi-Fi and Bluetooth circuits available on the module.
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Figure 4.1: Block diagram of the proposed system with 4 main blocks, including

processing block, measurement circuit, sensors, and communication

The measurement circuit block primarily consisted of an AD5941 analog integrated
circuit, which performed electrochemical and impedance measurements. The AD5941
facilitated electrochemical-based measurement techniques and supported both 2-wire
and 3-wire impedance measurement configurations. It incorporated a discrete fourier
transform (DFT) hardware block to determine the magnitude and phase of object
impedance. The sensor block primarily consisted of commercial gold-printed electrodes
used in the experiments of this study. These electrodes were directly connected to
the measurement circuit block via connectors. In the system, alongside SPI commu-
nication between the center processing block and the measurement circuit, Universal
Asynchronous Receiver/Transmitter (UART) was employed to transmit data to the

computer. A graphical user interface was developed using the C sharp language, en-
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abling users to select measurements, configure parameters, and receive and display
results. Additionally, the system was powered by two voltage levels: 5V and 3.3V. The
5V voltage was directly obtained from the USB connector, while the 3.3V voltage was
generated as the output of the LM1117 linear voltage regulator.
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Figure 4.2: Image of the system after being manufactured and packaged. (a) Inside
the system; (b) Outside the system; (c¢) Graphical user interface (GUI)

The system circuit was designed and fabricated using a multi-layer printed circuit

board technique. It comprised a measurement circuit based on AD5941 and a mother-
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board intended to connect the ESP32 module to the measurement circuit, as depicted
in Figure (a). After soldering, the circuits were enclosed within a 3D-printed box
fabricated using 3D printing technology, as illustrated in Figure (b). The system
dimensions measured 11 cm x 7.6 cm x 4 cm (length x width x height). USB and con-
nectors were positioned at the edge of the box for easy user access to connect to the
computer and sensor. The graphical user interface (GUI) is depicted in Figure (c),

showcasing parameter configuration options, control panels, and a display screen.

4.3 Design and fabrication of system integrating
preconcentrator and electrochemical measure-
ments

The proposed system executed two primary tasks, including protein pre-concentration
at low concentrations and employing electrochemical measurement techniques for target
protein detection. Figure [4.3| shows the overall design and the block diagram of the
proposed system. The proposed system was divided into five main blocks, including the
central control unit, measurement circuit, voltage controller, bio-chip and graphical user
interface (GUI). The central control module utilized the ESP32 DevKit V1 development
board, was responsible for automating the testing process.

The ESP32 module communicated with the graphical user interface to receive con-
figuration commands and transmit measurement results. Moreover, it interfaced with
the voltage controller and measurement circuit blocks to establish the requisite voltages
for protein pre-concentration and the parameters of electrochemical measurements, re-
spectively. Specifically, the measurement circuit block integrated an AD5941 analog
integrated circuit tailored for conducting electrochemical measurements on the biosen-
sor. This functionality encompasses EIS and CV, thereby offering a comprehensive
analytical framework within the system. The results obtained from the measurements
were transmitted to the central control unit block via the serial peripheral interface

(SPI) communication protocol. Within the voltage controller block, a voltage boost
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circuit module was implemented to convert the 12 V power supply into higher volt-
ages necessary for protein preconcentration. The output voltage was acquired via a
closed-loop controller system. Feedback regarding the voltage output was relayed to
the central control unit block using a 16-bit analog-to-digital converter, employing the

inter-integrated circuit (12C) communication protocol.
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Figure 4.3: System design; (a) Overall design; (b) Block diagram of the proposed system

A ULN2003 motor driver and step motor combination were employed as the ac-
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tuator mechanism to adjust the output voltage. The bio-chip featured both protein
pre-concentration and an integrated biosensor. The pre-concentrator was designed uti-
lizing a dual-gate structure, incorporating three micro-channels and a Nafion membrane
[77], while the biosensor was configured as an electrochemical sensor comprising three

electrodes: working, counter, and reference electrodes.
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Figure 4.4: Actual image of the proposed system after designing and fabricating. (a)
Outside the system; (b) Inside the system

Finally, a graphical user interface was created using the C Sharp language and
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operated on the Windows platform. The Windows operating system was installed on
the Raspberry Pi4 (ARMv8) using the Windows on Raspberry project (WoR). The user
interface software enabled users to configure parameters for both the voltage control
function and the electrochemical measurement function. The system shell was designed
by Solidwork 3D CAD design software (Dassault Systemes SolidWorks Corp., Vélizy,
France).

Following the design phase, the system circuit and shell were fabricated by the
multilayer layer printed circuit board (PCB) and monolithic aluminum processing
techniques, respectively. Two SZ-BT07CCCV-D1 1500W 30A DC-DC boost converter
step-up power supply modules were utilized to provide the voltages for the protein pre-
concentration. The output voltage of the boost converter circuit can be adjusted within
the range of 15V to 90V and was regulated using a potentiometer. This potentiometer
was controlled by a stepper motor mechanism. Figure [4.4] shows the actual images of
the proposed system after designing and fabricating.

The outside of the proposed system included a bio-chip, connector and graphical
user interface, as shown in Figure (a). The bio-chip was connected to the system
circuit via a USB connector. Users could adjust applied voltages, configure parameters,
and observe the results via the screen. Within the system, the internal components
included a measurement circuit incorporating the AD5941, along with a motherboard
facilitating connections among various modules. These modules comprised the power
module, ESP32 module, ULN2003 driver, ADS1115 module, and AD5941 measurement
circuit. The measurement outcomes were transmitted to the Raspberry Pi 4 for display

on the screen, as shown in Figure (b).
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4.4 Embedded algorithm on microprocessor and GUI
for electrochemical and impedance measurement
circuit

Two measurements, including CV and EIS, were built into the program. An embed-
ded algorithm was developed for the ESP32 module to execute these measurements,
outlined in Algorithm [I] Initially, the system established a connection to the PC via
the COM Port at a baud rate of 9600 bps to await information transmission from the
PC. Subsequently, the system read the setting parameters through UART communi-
cation once the serial register received transmitted data. Based on the retrieved data,
the system determined the measurement and its associated parameters. Finally, the
measurement was conducted, and the data was transmitted to the PC. For CV mea-
surement, the current response of a redox-active solution was measured to a linearly
cycled potential sweep. The step in the measurement represented the change of voltage
amplitude applied to V.. The output voltage ranges from 0.2 V to 2.4 V for the
12-bit output of the low-power DAC. Therefore, the least significant bit (LSB) value
of the 12-bit output was 537.2 uV. Moreover, the start voltage and end voltage were

also important parameters in this measurement.

Algorithm 1 Firmware for measurements and data acquisition

Begin serial communication at 9600 bps
while true do
if Serial.Available = true then
Read the setting parameters from UART
Configure the parameters for measurement
Make measurement
Send data to PC
end if

end while

For impedance measurement, the process comprised two steps. Initially, a voltage
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signal was administered to the Roay reference resistor (200 k2) via the RCALO and
RCALT1 pins and the switch matrix within the measurement circuit. Subsequently, the
resultant current Izca; was gauged through the trans-impedance amplifier and 16-bit
ADC. The real (r.) and the imaginary (i.) components of the Impedance were computed
using the DFT hardware accelerators and stored in the data FIFO. In the subsequent
step, the identical voltage signal was applied to the unknown impedance (Z.nknown)
and the process was reiterated to ascertain the real value (r,) and the imaginary value
(1,) of Zynknown. Upon storing all four parameters in the data FIFO, the magnitude
and phase of the unknown impedance were calculated using Equations and [4.2]
respectively [153].

/12 + 2
|Zunkn0um| - \/r2—ﬁ X RTIA (41)

— _ic _
L Z mknown = tan™" —tan™!
Te Tz

(4.2)

On the PC side, an algorithm was developed to read and exhibit the data received
from the ESP32 module via the COM Port, as delineated in Algorithm [2| Initially,

Algorithm 2 Software on PC

Begin serial communication at 9600 bps

Set parameters to sample measurements
Wait for the measurement to complete
if Serial.Available = true then

Read data
end if
Average filter

Display data

the software established communication by opening the COM port on the computer,
operating at a baud rate of 9600 bps. Subsequently, users could define the type of
measurement and its parameters through a GUIL. The program remained in a waiting
state until data from the measurement circuit was transmitted. Upon reception, the

acquired data was read and stored in an array before undergoing averaging to smooth
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the dataset. Finally, the data was depicted graphically on the PC screen. Additionally,

the digital data could be archived on the PC for subsequent processing endeavors.

4.5 Graphical user interface and embedded soft-
ware for system integrating preconcentrator and
electrochemical measurements

The graphic user interface was designed and developed using Visual Studio IDE, a
software development environment provided by Microsoft, based in the USA, employing
the C sharp programming language. GUI included a control panel and a graphing area,
as shown in Figure The control panel contained three functional control groups,

including serial port control, pre-concentration and measurement groups.

23 Electrochemical Potentiostat Serial Port - O X
jmmm——————————— 2 Control

1 -
Automated System for Preconcentration
I
Port ] _g‘ and Detection of Low-Concentration Proteins @
I
I

Fr RS me T T T T = I Pre-concentration uffer channet

N;ﬁ ' 200 pm

!

1

I Gap: 180 pym MNafion membrane ~L N/A
1| @5

i

1 |

i

1 T Sample channel
LR e a | et

RS ————————— et s — @ | T

Detection method cv v | Buffer channel

Parameter config

Start Voitage (mV)

End Voitage (mV)

Step (mV) 10

4 LiLd 4

Repeat Times 2

@ Show all sweeps

Ot O2d Qi
Oa Osn  Oen

Program Control

Current (UA)
(=]
(=2

Measzure Clear AN

Import File Export File

1
I
1
I
1
I
1
I
1
I
1
I
: Show sweep ime MeASUrement
1
1
1
1
1
1
I
1
I
1
1

Figure 4.5: The image of graphical user interface developed using C sharp language
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Within the serial port control group, available ports were automatically scanned to
establish a connection with the ESP32 module. This connection facilitated the trans-
mission of control commands and receipt of results. The pre-concentration control group
provided users with the ability to configure two voltage values applied to the ends of
the micro-channels within the microfluidic chip for protein pre-concentration. Mean-
while, the measurement group allowed users to conduct CV or EIS measurements and
set corresponding parameters for each measurement. Upon pressing the "Apply" but-
ton in the pre-concentration block or the "Measure" button in the measurement block,
the user interface transmitted control commands to the central control unit to execute
the designated tasks. Subsequently, upon task completion, the central control unit re-
layed the results back to the Raspberry Pi for visualization on the interface. These
results included adjusted voltage values displayed on the image of the chip structure
for the voltage control function and measurement data drawn on the graph for the
measurement function.

The algorithm for voltage control is shown in Algorithm [3] Firstly, the system read
the input setting voltage from the user through the GUI. Then, the system read the
current voltage through ADS1115 module and calculated the difference between them.
When this difference exceeded the expected voltage error, the ESP32 module engaged in

Algorithm 3 Implementation of the voltage control function

Read the input voltage received from the serial port
Read the actual voltage from ADS1115 and calculate the voltage error
while the voltage error > the expected voltage error do

Control the stepper motor to achieve the desired voltage

Read the feedback voltage and update the voltage error

Send the results back to the GUI

end while

communication with the stepper motor via the ULN2003 driver. This action facilitated
the rotation of the potentiometer within the boost converter, thereby adjusting the
voltage to match the desired values. Following this adjustment, the system obtained

the feedback voltage, updated the voltage error, and transmitted the results to the
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GUI. This iterative process persisted until the desired voltage value was achieved.
The electrochemical measurements were conducted utilizing the AD5941 analog IC.
For CV measurements, a cyclic voltage waveform was applied to the sensor, and the
resulting current was recorded and plotted on a graph. The Vj;,s was adjusted following
each increment in the input voltage, with a minimum resolution of 537 pV. The sample
delay, denoting the duration before transitioning to the subsequent step, was set to a
default value of 7 ms. Measurement time was determined based on the duration of these
wait cycles before progressing to the next sequential step. The measurements comprised
steps, starting voltage, and ending voltage parameters. For EIS measurement, two dis-
tinct procedures were incorporated into the measurement process. Initially, the system
was calibrated with the RCAL reference resistor (200 k€2). Subsequently, the system
was connected to the object to determine its impedance. The actual and imaginary
components of the impedance were determined utilizing the hardware accelerators for
DFT. The algorithm for the electrochemical measurement function is outlined in Al-
gorithm [4] Initially, the system obtained the type of measurement and configuration
parameters from the user through the serial port. Subsequently, the ESP32 module
configured the AD5941 and executed either CV or EIS measurements. The resulting
measurement, data was then transmitted back to the GUI and plotted on the graph.

Algorithm 4 Implementation of the Electrochemical measurement function

Receive the measurement method and configuration parameters from the serial port
if method = CV then
Configure the AD5941 and set up params to perform CV
else if method = EIS then
Configure the AD5941 set up params to perform EIS
end if
Perform the measurement

Send the results back to the GUI
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4.6 Experimental setup

For the investigation of protein pre-concentration, the protein pre-concentration chip
was positioned under the microscope and connected to the system via wires. The volt-
ages were configured on the screen of the device. The protein pre-concentration process
was observed on a computer screen connected to the high-speed camera of the micro-

scope system, as shown in Figure [4.6

| audBi 1!

Microscope j

Figure 4.6: The experimental setup for protein pre-concentration

Experiments were conducted on a microfluidic chip engineered with a dual-gate
structure, featuring three micro-channels, as mentioned in chapter 2 above. Among
these, one main channel was positioned at the center, while two sub-channels were
symmetrically located as side channels. The connection between the sub-channels and
the main channel was established via an ion-selective membrane crafted from a Nafion

solution. These micro-channels were designed with dimensions of 50 pm in width and
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40 pm in height. The separation between the main channel and the sub-channels was
maintained at 150 pm. The main channel was filled with the BSA-FITC protein solu-
tion, while the sub-channels was filled with PBS 1X solution.

For the investigation of CV measurement, experiments were conducted using com-
mercial gold screen-printed electrodes immersed in a solution mixture containing the
Ferro/Ferri 5M (K4Fe(CN)g/K3Fe(CN)g) redox couple and 0.1M KCl. Regarding the
EIS measurement, experiments were performed using a Randles equivalent circuit. This
circuit model is widely recognized in electrochemistry and electrochemical impedance
spectroscopy for understanding the intricate processes occurring at the electrochemical

interface.

4.7 Results and discussion

4.7.1 Investigation of voltage controller

55 -
50
45 ]
40-
35 -

30

Voltage (V)

25
20

ol

T T T — T | E— T T T
0 100 200 300 400 500 600

Time (ms)

Figure 4.7: The change of output voltage over time when setting the system to 50 V
from the initial voltage of 15 V
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The voltage controller facilitated the adjustment of the output voltage to supply the
protein pre-concentrator chip, with a range spanning from 15 V to 90 V. To assess the
voltage controller’s performance, the system was set to a voltage of 50 V from an initial
value of 15 V, and the output voltage was continuously monitored over time.

The results demonstrated an immediate change in the output voltage upon trans-
mission of the command from the screen to the ESP32 module, as illustrated in Figure
[4.7] Initially, the output voltage exhibited a rapid increase to reach 50 V within the
first 100 ms, accompanied by an overshoot of 5.4%. Subsequently, the output voltage
stabilized at 50 V after 300 ms. This rapid response time indicates the system’s efficient

performance.

4.7.2 Investigation of protein preconcentration

Firstly, the main channel and sub-channels were filled 10 tM BSA-FITC and PBS 1X
solutions, respectively. The main channel appeared uniformly green, indicating the even
distribution of protein molecules within the main channel. The main channel exhibited a
uniform green appearance, indicating the even distribution of protein molecules within
it. Subsequently, a voltage difference of 50 V was applied between the main channel
and the sub-channels using the proposed system. The experimental results illustrate
that the middle region of the main channel darkens as proteins and anions are expelled,
while the regions near the ends of the channel brighten, as depicted in Figure (a).

This can be explained that the voltage difference between the micro-channels in-
duced ion concentration polarization, resulting in the generation of an electrophoresis
force (EPF) near the Nafion membrane located between the ends of the main chan-
nel. This force exerted an influence on negatively charged protein molecules, directing
them away from the middle zone of the main channel, known as the depletion zone,
and towards the ends of the main channel.

In enrichment mode, a voltage difference of 10 V was applied to the two ends
of the main channel. This generated a tangential electric field in the main channel,
accompanied by a co-directional EOF. The EOF propelled negatively charged protein

molecules towards the vicinity of the Nafion membrane. Upon achieving a balance
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between the forces of EOF and EPF, a stable protein concentration zone was established
within the main channel. Fluorescence imaging revealed that the concentration zone
appeared on the left side of the main channel, exhibiting a brighter green color, while
the right side became darker, as demonstrated in Figure (b). The fluorescence

intensity increased from 28 A.U to 55 A.U after seven minutes.

i \_Depletion zone
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Nafion membrane / !
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Figure 4.8: The investigation result of protein pre-concentration chip with the

proposed system; (a) Depletion mode; (b) Enrichment mode

4.7.3 Investigation of CV measurement

After being designed and fabricated, the proposed system was connected to the com-
mercial screen-printed gold electrode to perform the CV measurement. The electrode
structure included the working, counter and reference electrodes. The working elec-
trode was made of gold material, while the counter and reference electrodes were made
of carbon and Ag/AgCl, respectively. Then, the electrodes were dripped with a 5 mM

potassium ferro/ferricyanide solution. A PC with pre-installed software was connected
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to the system through COM port to configure the parameters and display the data.
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Figure 4.9: The result data of the CV measurement in the unfiltered and average
filtered cases in a 5 mM potassium ferro/ferricyanide solution. The start voltage, end

voltage, and step are -500 mV, 500 mV and 10 mV

For CV measurement, four parameters need to be set, including start voltage, end
voltage, step, and repeat times. The start voltage must be less than the end voltage.
In this study, the setting parameters were -500 mV, 500 mV, 10 mV, and two repeat
times, respectively. Here, the data was taken at the second measurement to ensure that
the system was stable. The results show the obtained signal had a standard duck shape
characterizing for CV measurement with a standard redox solution, as shown in Figure
[4.9] Before being passed the average filter, the raw data had high-frequency noises ex-
hibited by the serrations in the black line in Figure These noises were eliminated
when being passed the average filter with a window size of three and the signal became
smoother, as shown in the filtered data in Figure 1.9} The acquired results demonstrate

that the average filter played an important role in the signal processing process in the
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software on the PC. The same experiments were carried out on the BDTminiSTAT100
commercial potentiostat device (BDT device) and LMP91000 module to compare the
performance between devices. The obtained results indicate that all three devices ex-

hibit the characteristic duck shape for CV measurements in redox solutions, as depicted

in Figure [4.10]
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Figure 4.10: The comparison of CV measurement results between the proposed
system with BDTminiSTAT100 commercial potentiostat device and LMP91000
module in a 5 mM potassium ferro/ferricyanide solution. The start voltage, end

voltage, and step are -500 mV, 500 mV and 10 mV

As can be seen, the obtained signal from the AD5941-based system was more similar
to the signal acquired from the BDTminiSTAT100 commercial device (BDT device)
rather than the signal from the LMP91000 module in terms of the amplitude and
position of redox peaks. The positive peak represented the oxidation of Fe?t to Fe3*,
while the negative peak represented the reduction of Fe3* to Fe?*. In comparision
to CV signal from the BDT device, the CV signal of the proposed device had the

same oxidation peak amplitude at 36 pA. The difference in oxidation peak positions
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of these two signals was very small, around 10 mV. The experimental results indicate
the outstanding efficiency of AD5941 IC compared to LMP91000 IC. The resulting
similarity between the proposed system and the commercial device demonstrated the

potential of the device in the electrochemical measurements.

4.7.4 Investigation of impedance spectroscopy measurement

In impedance speactroscopy mesurement configuration, the CEO and SEO pins in
ADb5941 IC were carried out to perform the 2-electrode impedance spectroscopy mea-
surement. On the software, the impedance measurement option was selected with the
configurations of fixed or sweep frequency. Five main parameters were utilized in the
sweep frequency configuration, including start frequency, stop frequency, the number
of sweep points, repeat times, and the display mode (linear or logarithmic). To evaluate
the performance of the proposed system, several different experiments were conducted.
The measurement results were then analyzed to determine the values of resistance (R)
and capacitance (C) in the RC circuit. Subsequently, the acquired values were com-
pared to those measured by the HIOKI multimeter. The experiments were conducted
five times, and the results were then averaged.

Firstly, a resistor with a value of 5.6 k{2 was measured in a frequency range from
100 Hz to 10 kHz. The results show a slight fluctuation in the measured amplitude and
phase values, ranging from 5.523 k€2 to 5.529 k2 and from - 0.1° to 0.13°, respectively,
with the increase in frequency from 100 Hz to 10 kHz, as depicted in Figure m (a).
It is clear that the amplitude and phase values remained stable despite the change in
the frequency. The average error of the proposed system compared to the multimeter
was 1.53%.

In the subsequent experiment, the proposed system was investigated with a basic
series RC circuit. The circuit used a resistor of 5.6 k{2, a capacitor of 47 nF, and
a sweep frequency ranging from 500 Hz to 10 kHz. Figure (b) depicts the data
concerning the amplitude and phase in the series RC circuit. The data reveals a notable
impedance value at the low-frequency range attributed to the effect of the capacitor.

As frequency increases, the impact of capacitors decreases, resulting in a decline in the
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magnitude and phase of the circuit impedance towards the value of the resistor (5.6 k€2)

and 0 degree, respectively. The measured results were in accordance with the theory

of the circuits. The obtained results were then analyzed to identify the R and C values

measured at different frequencies. As shown in Figures [1.11] (c) and (d), the error of

R was below 2% and C was below 4% across the full frequency range from 500 Hz to

10 kHz. Hence, the experiment results confirm that the customized AD5941 module is

capable of accurately determining the values of R and C in a series RC circuit.
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Figure 4.11: Measurement results of the AD5941 module on the resistor R and series

RC circuit, a) measured resistance of 5.6 k2, b) Bode plots of amplitude and phase

corresponding to the series RC circuit, ¢) Estimated resistance of the 5.6 k(2 resistor

in the series RC circuit at full frequency range, d) Estimated capacitance of 47 nF

capacitor at full frequency range

To prove the ability of electrical impedance spectroscopy applied for biosensors,

a Randles circuit was set to investigate the performance of the proposed system. The

Randles equivalent circuit is a popular model used in electrochemistry and electrochem-
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ical impedance spectroscopy to describe the processes at the electrochemical interface,
including an active electrolyte resistance (Rg) in series with the parallel combination
of the double-layer capacitance (Cy) and the charge transfer resistance (R.;). In this
circuit, the values of Rg, Cy and R, were 5.6 k€2, 47 nF and 4 k2 respectively. The
system was set with a scan frequency ranging from 100 Hz to 10 kHz. Figure [4.12
displays the Bode and Nyquist plots corresponding to this circuit configuration. As
the frequency increases, the amplitude decreased from 10 k2 to approximately 5.6 k2,
while the phase initially shifted from 0 degrees toward -90 degrees before returning to

0 degrees, as depicted in the Bode plot (Figure [4.12] (a)).
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Figure 4.12: The investigation result of the proposed system with the Randles circuit;
(a) Bode plot; (b) Nyquist plot. The values of Rg, Cy and R are 5.6 k2, 47 nF and
4 k(2 respectively. The scan frequency ranges from 100 Hz to 10 kHz

Similar results were also observed on the Nyquist plot in Figure [£.12] (b). This can
be explained that at high frequencies, Cy had an impedance close to zero and the
circuit impedance mainly came from Rg. Therefore, the beginning of the semi-circle
was Rg with a resistance value of 5.6 k(). In range of low frequencies, the impedance
of Cy was very high and all the current flowed through R.. So, the impedance of the
circuit at the right end of the semi-circle was Rg + R, nearly 10 k). Therefore, it is
easy to determine the elements of the Randles circuit through the Nyquist plot.
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4.8 Conclusion

This chapter presents the development of a novel and compact system for electrochem-
ical and impedance measurements based on AD5941 IC. The system was designed and
fabricated based on the multi-layer PCB technique combined with 3D printing tech-
nology. The experimental results show the system was suitable to perform the CV and
impedance measurements. The performance of the proposed system was comparable
to commercial devices, while its cost was significantly lower. Besides, a low-cost and
compact system integrating a preconcentrator and electrochemical measurements for
protein preconcentration and detection was also developed. The system was designed
and manufactured using a combination of multilayer printed circuit board and mono-
lithic aluminum processing techniques. Experimental results show that the system can
generate a voltage ranging from 15 V to 90 V with high accuracy and fast response
time. These output voltages were supplied to the preconcentration chip to concentrate
BSA-FITC proteins. The result shows the chip exhibited successful operation in both
depletion and enrichment modes. Specifically, fluorescence intensity increased from 28
A.U to 55 A.U within seven minutes of applying voltages, confirming the efficacy of
the proposed system in protein pre-concentration. Besides, CV and EIS electrochem-
ical measurements were investigated using the standard redox solution and Randles
equivalent circuit, respectively. The results indicate that the performance of the pro-
posed system was comparable to that of commercial devices while offering significantly
lower costs. In the future, this system holds potential for use in the medical field to
detect the presence of biological molecules and diagnose diseases through electrochem-
ical and impedance measurements. This presents promising prospects for the system’s
application in medical research and diagnosis, facilitating improvements in disease di-
agnosis processes, particularly for conditions such as cancer and other diseases related
to the body’s biology and chemistry. The research findings have been disseminated
through publications in prestigious journals and presentations at leading conferences

85, ’6), ;87 [88].
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Chapter 5

Development of integrated
microfluidic chip for protein

concentration and detection

This chapter presents the development of microfluidic chips for BSA and NSE detec-
tion. For BSA detection, the chip integrates a preconcentrator and an immunosensor,
as discussed in Chapters 2 and 3, respectively. The chapter begins with the proposed
chip design, followed by a detailed explanation of the fabrication processes for the elec-
trochemical biosensor and the microfluidic channels. Finally, experimental procedures

and results are presented to evaluate the performance of the developed chip.

5.1 Materials and apparatuses

The gold substrate was produced by successively depositing a thin layer of titanium and
gold on microscope glass (Duran Group, Huntington Beach, California, USA) through
a standard sputtering coating process. S1813, SU-8 50 photoresists, and MP-315 de-
veloper were used to fabricate gold electrodes purchased from Shipley MicroChem
Co., Ltd. (Westborough, MA, USA). Gold Etchant (AuR-1091) and Titanium Etchant
(TTIR-8051B) chemicals purchased from AppliChem Technology Co., Ltd. (Miaoli County,

Taiwan) were used to remove the gold and titanium, respectively. Polydimethylsilox-

133



ane (SYLGARD™ 182, Dow Corning, USA) was utilized to fabricate the microflu-
idic chip. Silver nitrate (AgNO3) was purchased from Sigma-Aldrich Chemical Co (St.
Louis, Missouri, USA). Ammonia water (NH;OH, Choneye Pure Chemicals, 25%) and
potassium chloride (KCI, Shimakyu Company Limited) were used to form Ag and
AgCl layers on the reference electrode. 11-Mercaptoundecanoic acid (11-MUA), N-
(3-Dimethylaminopropyl)-N'-ethyl carbodiimide hydrochloride, N-Hydroxysuccinimide
and bovine serum albumin (BSA) were purchased from Sigma-Aldrich Chemical Co (St.
Louis, Missouri, USA). Neuron-specific enolase (NSE) and anti-neuron-specific enolase
(anti-NSE) were employed as the antigen-antibody pair, purchased from Sigma-Aldrich
Chemical Co (St. Louis, Missouri, USA).

The bonding process and filling of the solution were supported by a micro-inspection
zoom lens system (ZOOM 125C, OPTEM, Japan) equipped with a Moticam 2000
microscope camera (Motic Microscopes Company, San Antonio, US) and a light source
(LSH-150, Taiwan Fiber Optics, Inc., Taiwan). The experimental results were observed
under an inverted microscope system (CKX41, Olympus, Melville, NY, USA) equipped
with a DP71 Olympus digital camera. A portable instrument (PalmSens4, PalmSens
BV, 3995 GA Houten, Netherlands) was used to perform electrochemical impedance

spectroscopy (EIS) measurements.

5.2 Electrochemical biosensor design for NSE de-
tection

The proposed biosensor consists of three main electrodes, including working, counter,
and reference electrodes, as shown in Figure The working and counter electrodes
were made of gold-sputtered material, while the reference electrode was made of Ag/AgCl.
The working electrode played a crucial role as the site for electrochemical reactions.
This electrode had a circular shape with a radius of 30 pm and was positioned be-
tween the counter and reference electrodes. It was also 30 pm away from the other two
electrodes. All these electrodes were situated within a straight microfluidic channel,

which had a width of 150 pm and a height of 40 pm. Chemicals and solutions for the
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electrode surface functionalization process were introduced into the channel through
an inlet. The electrodes were fabricated on the microscope glass, while the channel was

fabricated on PDMS material using photolithography and soft lithography.
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Figure 5.1: Microfluidic chip design, including an electrochemical biosensor integrated

inside the miro-channel

5.3 Electrochemical biosensor design for BSA pre-
concentration and detection

The microfluidic chip design was divided into two main parts, including a protein pre-
concentrator and a bioelectrochemical sensor, as shown in Figure [5.2] The protein pre-
concentrator had a dual-gate configuration with a main channel in the middle and two
symmetrical sub-channels. The two sub-channels were connected to the main channel
through a Nafion membrane. The dual gate represented two Nafion membrane layers
connecting between the main channel and sub-channels. The micro-channel had dimen-
sions of 100 pm in width and 40 pm in height. The main channel was 150 pm away from
the sub-channels. The main channel was filled with target proteins, i.e., BSA-FITC,
while the two sub-channels were filled with PBS 1X, pH 7.4. A bioelectrochemical sen-
sor was designed to integrate within the channel at the designated enrichment area.
The biosensor consisted of three electrodes, including working, counter, and reference
electrodes. The working and counter electrodes were made of gold materials, while the
reference electrode was made of Ag/AgCl. The working electrode was circular in shape

with a diameter of 30 pm and positioned 30 pm away from other electrodes.
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Figure 5.2: Design of the proposed microfluidic chip featuring a protein

pre-concentrator and an bioelectrochemical sensor

5.4 Electrochemical biosensor fabrication process

The fabrication process of the electrode structure consists of six main steps, including
coating photoresist, exposure to UV light using the mask, developing, gold etching,
titanium etching, and photoresist removal, as shown in Figure At first, the gold-
sputtered glass was cleaned by an IPA solution, and DI water in an ultrasonic vibration
tank before being dried by nitrogen. Then, the clean gold-sputtered glass was coated
with an S1813 photoresist layer using a spin coater. The photoresist layer was cured
and dried at 90 °C for 2 minutes. In the second step, a mask featuring the printed
electrode structure was aligned and placed over the photoresist layer. Subsequently,
both the mask and the photoresist layer were exposed to UV light for 30 seconds.
Then, the glass substrate was immersed in MP-351 developer solution to remove the
photoresist areas exposed to UV light, leaving behind the desired electrode-shaped
photoresist layer on the glass substrate. In the next steps, exposed gold and titanium
areas were corroded by AuR-~1091 and TIR-8051B chemicals, respectively. Finally, the
covering photoresist layer was removed using an acetone solution, revealing a clear gold

electrode structure on the glass substrate.
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Figure 5.3: The gold electrode fabrication process on the glass substrate using the

photolithography technique

After being fabricated, the gold electrodes were cleaned with IPA solution, DI water,
and nitrogen-dried. Subsequently, the initial three steps in the aforementioned process
were reiterated using another mask to selectively expose only the reference electrode,
covering the remaining electrodes with a photoresist layer. The fabrication process of
the reference electrode involved two phases: silver electroplating and silver chloride
coating, as depicted in Figure [5.4]

In the initial phase, the electrodes were immersed in the silver nitrate solution con-
taining 0.3 M AgNOj3 and 1M NHjs. Subsequently, a potential difference of -0.2 V was
applied to the reference electrode and a silver bar, both of which were immersed in the
silver nitrate solution for 1 minute, as shown in [5.4] a. During the silver electroplat-
ing process, at the reference electrode surface, Agt was converted into Ag (Equation
. Meanwhile, at the silver bar surface, water (HyO) was electrolyzed into hydrogen
ions (H') and oxygen (O3), as shown in Equation Figure (a) illustrates the

experimental result, wherein a silver layer has been deposited onto the surface of the
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reference electrode.

(b)

-0.2V, 1 minutes 0.2V, 3 minutes

Graphite

_— Photoresist F\% ™

AgNO;, solution S KCl solution _J
\_ J \. J

Figure 5.4: The reference electrode fabrication process: (a) silver electroplating; (b)

silver chloride coating

At anode:
Agt +1le — Ag (5.1)

At cathode:

In the second phase, the silver nitrate solution was replaced by 0.1 M KCI solution,
and the Ag bar was replaced by a graphite bar, as shown in Figure (b). Following
this, a potential difference of 40.2 V was applied to the reference electrode and the
graphite bar for 3 minutes. During this period, at the reference electrode surface, Ag
was oxidized to Ag™ and released one electron (Equation [5.3).

Then, Ag®™ combined with C1~ in the solution to form AgCl on the electrode sur-
face (Equation . At the graphite electrode surface, water underwent electrolysis to
produce hydrogen gas (Hs) and hydroxide ions (OH™) according to Equation [5.5] The
experimental results demonstrated the formation of an AgCl layer on the reference

electrode, resulting in a smoother and more uniform electrode surface, as illustrated in

Figure (b). Figure (c) presents the actual image of electrodes after fabrication.
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Figure 5.5: The fabricated electrode structure: (a) After silver electroplating; (b)

After silver chloride coating; (c¢) Actual image of electrodes

At anode:
Ag — Agt + 1e (5.3)
Agt + Clm — AgCl (5.4)
At cathode:
2H,0 + 2¢ — Hy +20H™ (5.5)

5.5 Microfluidic channel fabrication process

The microfluidic channel and microfluidic chip were fabricated based on photolithog-
raphy and soft lithography techniques, as shown in Figure [5.6| The photolithography
was implemented on a silicon wafer to produce a micro-channel mold, comprising four
primary steps as depicted in Figure (a). Firstly, the silicon wafer was cleaned with
IPA solution, DI water in an ultrasonic vibration tank, and dried nitrogen. Then, the

clean silicon wafer was coated with an SU-8 50 photoresist layer using a spin coater.
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The photoresist was cured and dried by positioning the silicon wafer on a hot plate
at 65 degrees for 10 minutes, then at 90 degrees for 20 minutes. A mask outlining the
channel structure was subsequently aligned on top of the wafer. UV light exposure was
then administered to the silicon wafer and mask assembly. Finally, a gentle washing
with acetone solution was employed to eliminate undesired photoresist from the wafer
surface. Unlike the S1813 photoresist, SU-8 50 served as a positive photoresist, wherein

UV-irradiated areas of the photoresist remained intact while the unirradiated areas

& UV light
. 13010

(i) Silicon wafer (i) SU-8 coating (iii) UV exposure (iv) Developing

(i) Micro-channel  (ii) PDMS casting  (iii) Mold removal  (iv) Bonding
mold

were removed.

Figure 5.6: Microfluidic channel and microfluidic chip fabrication process using (a)

photolithography and (b) soft lithography techniques

After the micro-channel mold fabrication, the microfluidic channel or microfluidic
device was realized according to the process shown in Figure (b). At first, a micro-
channel mold was gently cleaned with IPA solution, DI water and dried with nitrogen.
Subsequently, a mixture of PDMS and its curing agent was poured into the dish to
achieve a certain thickness. The dish was then transferred to a vacuum chamber for 30
minutes to remove air bubbles and subsequently placed on a hot plate set to 90 degrees
for 1 hour to cure the PDMS. Finally, the PDMS region containing the microchannel

was carefully bonded to the glass substrate containing the fabricated gold electrode
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using the plasma bonding technique, forming a microfluidic chip.

Figure [5.7] displays the fabrication result of the proposed chip with the electro-
chemical electrode positioned inside the main channel of the pre-concentrator. The left
inset displays a close-up of the electrochemical electrode configuration, with annota-
tions identifying the reference, working, and counter electrodes. These electrodes are
strategically positioned within the main channel, enabling electrochemical detection
through redox reactions, which facilitate the quantification or identification of target
analytes. The right inset focuses on the membrane region and sub-channels, illustrating

the structural configuration surrounding the Nafion membrane.

Working
Reference l Counter

h |

Sub-channel

l

Sub-channel

Figure 5.7: The proposed microfluidic chip for BSA pre-concentration and detection

after fabrication

5.6 Gold electrode surface functionalization process

After the fabrication of the microfluidic chip, the gold electrode surface underwent
functionalization following the process outlined in Figure[5.8 This process aimed to im-
mobilize anti-NSE onto the electrode surface and enable the detection of NSE through
specific binding interactions between the antibodies and the target antigen. The pro-

cess was divided into five main steps, including self-assembled monolayer formation,
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carboxyl group activation, anti-NSE immobilization, surface blocking, and the binding
of NSE. 11-MUA was dissolved in ethanol, while other chemicals were dissolved in PBS
1X solution. The solutions were injected into the micro-channel through a 20 ul pipette

connected to a silicon tube.
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VO VV VIV o o b o b o b,
s 3
e = BT =
11- MUA EDC/NHS
(1) Bare gold (2) Self-assembled (3) Carboxyl group activation

monolayer formation

\l/l Anti-NSE
. ’ ’ , , N o/ xra \l,z [ W/ W/ ‘Tz ‘Tz T

0. NHO. NHO NH 0, NHO_ NHO,_ NHO. NHO. NH 0, NH 0, NH
VA O\NH o\un VAVAVLNAN \ o\wu o\mu \ o\uu
. *
e - CEETEE
NSE BSA
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Figure 5.8: Gold electrode surface functionalization process in microchannels for

anti-NSE immobilization and NSE protein detection

Firstly, 10 pl of 5 mM 11-MUA solution was introduced into the electrode area inside
the micro-channel and incubated for 24 hours. The inlet and outlet of the microchan-
nel were tightly sealed with tape to prevent water evaporation. During incubation, the
thiol group (S-H) of 11-MUA combined with the gold atom to form a stable Au-S
bond, creating a self-assembled monolayer on the electrode surface. After incubation,
the electrode was cleaned gently with ethanol and DI water to remove unbound 11-
MUA molecules from the electrode surface. In the next step, the carboxyl (-COOH)
group of 11-MUA was activated by the mixture solution of 0.4 M EDC and 0.2 M NHS.
The activation process took 30 minutes to form NHS ester groups on the electrode sur-
face. Subsequently, the electrode was incubated in a 50 pg/ml anti-NSE solution for
2 hours. During this period, the ester groups readily bonded to the antibody’s amine
group (NH,). 5 pM BSA protein was utilized to bind to residual ester groups or block
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the electrode surface, thereby preventing nonspecific binding of NSE to the electrode
surface. Finally, the electrode was incubated in NSE protein solution at different con-
centrations for 2 hours to facilitate the formation of specific bindings between NSE
and anti-NSE. After each step, PBS 1X solution was injected into the micro-channel
to remove unbound molecules from the electrode surface.

For the microfluidic chip for BSA protein pre-concentration and detection, the gold
electrode surface functionalization process was repeated with anti-BSA. Biotin was
used to block the electrode and prevent nonspecific binding between antigens and
the electrode surface. Then, the pre-concentration process was used to obtain a high
local protein concentration at the electrode surface and enhance the protein binding

efficiency on it.

5.7 Experimental setup

For the microfluidic chip for NSE detection, The electrode was connected to the Palm-
sen 4 device according to each implemented NSE concentration to perform EIS mea-
surements in PBS 1X solution. Several measurement parameters were set up, including
the applied voltage of 10 mV, the frequency ranging from 0.1 Hz to 200.000 kHz.

A simplified Randles circuit model was also utilized to fit the data from the mea-
surement results. Here, Rg, R.;, and Cy were the solution resistance, the immobilized
recognition layer’s charge transfer resistance, and the capacitance measured between
the gold electrode and the electrolyte solution, respectively. In order to confirm the
success of the gold electrode surface functionalization process in binding target NSE
protein, control experiments were conducted with the fabricated electrode that omitted
the 11-MUA incubation step.

For the microfluidic chip for BSA pre-concentration and detection, the main channel
was filled with 10 pM BSA-FITC solution, while the sub-channels were filled with PBS
1X solutions using the 10 pl pipette. The proposed chip was placed on the microscope.
Then, the two terminals of the main channel were connected to the potentials of 30 V

and 25 V, respectively, while the sub-channels were connected to 0 V to activate the
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enrichment mode of the pre-concentrator. The protein concentration was then pushed
to the biosensor area by adjusting the potential difference between the two ends of the
main channel. The pre-concentration process was sustained for 1 hour before gently
cleaning the main channel with PBS 1X solution to eliminate unbound molecules from
the micro-channel, facilitating EIS measurements. The pre-concentration process was
recorded by a digital camera integrated into the microscope and displayed on a monitor

screen, as shown in Figure [5.9

Figure 5.9: Experimental setup for protein pre-concentration process

5.8 Results of BSA protein pre-concentration and
detection

For the protein pre-concentration process, the concentration zone was gradually formed
after applying the potentials to the ends of the micro-channels. The fluorescence inten-
sity of the protein concentration zone increased rapidly over time, as shown in Figure
[5.10l The protein concentration increased 6 times, from 10 ptM to 60 pM after 30 sec-

onds. The concentration continued to increase to 100 pM and 250 pM after 45 seconds
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and 80 seconds, respectively.
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Figure 5.10: The fluorescence intensity change of the protein concentration zone

during the protein pre-concentration process at the initial BSA protein of 10 pM

After 100 seconds, the fluorescence intensity of the protein concentration zone
reached a saturation state. At this time, the protein concentration zone was pushed to
the biosensing area and kept here for 1 hour. After 1 hour, PBS 1X solution was filled
to the main channel to remove unbound BSA proteins from the microelectrode and
micro-channel. The conjugation between anti-BSA and BSA is strong and highly spe-
cific. Anti-BSA selectively binds to BSA due to the unique epitopes (specific regions)
on the BSA molecule that are recognized by the anti-BSA. The Palmsen 4 portable
instrument was then connected to the biosensor to perform EIS measurements. Some
measurement, parameters were set up, including the applying voltage of 10 mV, a fre-
quency range from 0.1 Hz to 200 kHz. The obtained impedance data was fitted using the
Randles circuit model with R, R., and Cy, being the dynamic solution resistance, the
charge transfer resistance, and the double-layer capacitance formed between the sensor
surface and the electrolyte solution, respectively. In which, R.; and Cy represented the

surface impedance of the biosensor.
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Figure 5.11: The change of EIS signal after the steps of anti-BSA immobilization,

BSA incubation without preconcentration, and BSA preconcentration

The EIS measurements results are depicted in Figure [5.11] illustrating the EIS
signals following the step of anti-BSA immobilization (black curve), after BSA protein
pre-concentration (blue curve), and after BSA-FITC immobilization for 2 hours without
the pre-concentration process (red curve). Here, the semi-circle corresponded to the
surface impedance of the biosensor. As can be seen, the charge transfer resistance
increased significantly after BSA-FITC proteins were concentrated and immobilized,
demonstrating that BSA proteins were specifically bound to anti-BSA on the working
electrode surface. The BSA protein layer hindered the exchange of electrons between
the solution and the working electrode, resulting in an increase in the electrode surface
impedance. Besides, the results also show that the charge transfer resistance in the
case of protein pre-concentration (29.31 MS2) was significantly higher compared to
BSA immobilization without protein pre-concentration (13.10 M2). In other words,
more proteins were specifically captured on the electrode surface during the protein
pre-concentration process. This result also demonstrates the remarkable effectiveness

of the protein pre-concentration process in signal amplification and protein detection.
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The control experiment has been performed to confirm the success of the proposed

process, as mentioned in our previous publication [79).

5.9 Results of NSE protein detection

Figure illustrates the change in EIS signals before and after incubating 1000 ng/ml
NSE at both the fully prepared and the control electrodes. The surface impedance for
the fully prepared electrode increased sharply after NSE specifically bound to the elec-
trode, as shown in Figure The charge transfer resistance increased from 4.83 M(2
to 89.18 M2 after NSE incubation, demonstrating the success of the proposed process.
NSE antigens specifically bound to anti-NSE immobilized on the gold electrode sur-
face, resulting in a decrease in surface impedance. By contrast, the EIS signal remained
almost unchanged after the step of NSE incubation in the case of the control electrode
(Figure [5.12] (b)). The surface impedance mostly remained unaffected without specific
binding between NSE and anti-NSE on the electrode surface.

For different NSE concentrations, the experimental results show that the EIS signal
changed significantly when NSE concentration increased, as shown in Figure (a).
The expansion of the semi-circle diameter in the EIS signal correlated with the concen-
tration increase, signifying a corresponding rise in surface impedance. In other words,
as the concentration of protein captured on the electrode increases, the charge exchange
between the electrode and the solution is inhibited. As a consequence, this inhibition
leads to an escalation of the electrode surface impedance. Figure [5.13] (b) shows the
relationship between the charge transfer resistance and NSE concentrations. As can be
seen, charge transfer resistance increased from 24.54 MS2 to 89.18 M2 when the NSE
concentration increased from 10 ng/ml to 1000 ng/ml. The relationship between them

was modeled by a logarithmic function, expressed as equation:
Ry = 12.82 x In[NSFE]*3.3181(R* = 0.9791) (5.6)

The LOD of sensor was calculated using Equation 5.7}, where S represented the standard
deviation and D denotes the slope. The result show the LoD of sensor was approxi-

mately 1.005 ng/ml, with the standard deviation of 0.0212 MSQ.
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Figure 5.12: The change of EIS signals after anti-NSE 1 png/ml NSE incubation steps
at different electrodes to confirm the success of the gold electrode surface
functionalization process in binding target NSE protein; (a) the fully prepared

electrode and (b) the control electrode without the 11-MUA incubation step.

Utilizing this established relationship, the NSE concentration can be readily quan-
tified through the charge transfer resistance derived from EIS measurements. Signifi-

cantly, the NSE concentration threshold for small cell lung cancer, particularly at 35
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ng/ml, falls within the testing range as well as the LOD of the proposed microfluidic
chip. Hence, the microfluidic chip can be effectively utilized for NSE protein testing to

diagnose lung cancer.
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Figure 5.13: (a) The change of EIS signals at different NSE concentrations: (1) 1000
ng/ml, (2) 500 ng/ml, (3) 100 ng/ml, (4) 50 ng/ml (5) 10 ng/ml; (b) The relationship

between the charge transfer resistance and the NSE concentration
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LOD:?)XS

(5.7)

Table presents a performance comparison between different NSE detection sys-
tems. It is evident that the LOD achieved by the proposed microfluidic chip surpassed
that of the Enzyme-linked Immunosorbent Assay Kit using the colorimetric method
and other systems. This highlights the potential of the chip to replace traditional NSE

protein testing systems in the future.

Table 5.1: Performance comparision table between different NSE detection system

] Sensitivity / Limit of detection
Detection methods Refs
Linear Range (ng/ml)
Colorimetric, ELISA kit 5.0-178 (ng/ml) 1.2 [6]
' . 19.6 (grayscale value/
Imaging Ellipsometry 2 [91]
log(ng/m))
Aptamer based surface 0.0945 (relative
183.3 [126]
plasma resonance assay response unit/nM)
Electrochemical 12.82 (MQ/In(ng/ml)]) 1.005 This work

5.10 Conclusion

In this chapter, a microfluidic chip was proposed and developed to detect and quantify
NSE concentrations for lung cancer diagnosis. The proposed chip included an elec-
trochemical biosensor integrated inside a straight micro-channel. The electrode was
fabricated on gold glass using the photolithography technique, while the microchannel
was created using photolithography and soft lithography techniques. This study also
proposed a process for depositing Ag and AgCl layers onto the gold material for ref-
erence electrode fabrication. Following fabrication, the working electrode underwent
modification to attach anti-NSE to its surface. Five different NSE concentrations rang-
ing from 10 ng/ml to 1000 ng/ml were used to specifically bind to anti-NSE, and the

resulting change in surface impedance was recorded through EIS measurements. The
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result shows that the electrode surface impedance increased when NSE concentrations
increased. The relationship between the charge transfer resistance and the NSE con-
centration was a logarithmic equation, as R, = 12.82xIn[NSE]3.3181(R?* = 0.9791).
Furthermore, this chapter also presents the development of a microfluidic platform for
protein pre-concentration and detection. The proposed chip consisted of a bioelectro-
chemical sensor integrated inside the main channel of a protein preconcentrator with a
dual-gate structure. The microfluidic chip was fabricated by photolithography and soft
lithography techniques. The reference electrode was formed by electroplating Ag and
AgCl layers on the gold electrode. The gold electrode surface underwent a functional-
ization process to attach anti-BSA before the preconcentration of BSA protein on the
sensing area. The proposed microfluidic platform has been demonstrated for the first
time. The experimental results show that BSA proteins were successfully concentrated
after applying the electrical potentials to the pre-concentrator. Besides, EIS measure-
ments demonstrated the presence of BSA protein on the electrode surface and the out-
standing efficiency of the protein pre-concentration process in signal amplification for
protein detection. Though optimizations and in-depth experiments, including testing
with real samples need to be implemented in subsequent research, the obtained results
verify the effectiveness and feasibility of the integration of the protein manipulation
and detection technique for the future development of a Lab-on-a-Chip platform. The

research findings have been disseminated through publications in prestigious journals

189, [90)].
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Conclusions and future works

In this study, a protein detection system has been successfully developed, presenting
a promising platform for point-of-care testing in biomedical diagnostics. This system
consisted of a microfluidic chip integrated with a protein pre-concentrator, an electro-
chemical immunosensor, and measurement and control circuits. The pre-concentrator
featured a dual-gate structure, with a main microchannel for sample actuation and
two sub-microchannels to generate depletion regions. These channels were connected
through a sub-micron thick ion-selective membrane formed from Nafion solution us-
ing a micro-flow patterning technique. A model of an N-channel junction field-effect
transistor was applied to clarify the chip’s operational principles. Fabrication of the
pre-concentrator relied on a straightforward soft-lithography process using dry film
photoresist, eliminating the need for a cleanroom. Impedance within the concentration
zone was also analyzed by integrating a gold configuration inside the main channel,
with changes in impedance explained using the Randles model.

The electrochemical immunosensor was designed with a three-electrode configura-
tion, including gold working and counter electrodes, and an Ag/AgCl reference elec-
trode. The working electrode surface was modified to immobilize antibodies, creating
the biosensor. Specific antigen-antibody binding on the sensor surface was detected
through fluorescence (for BSA-FITC) and electrochemical techniques, such as cyclic
voltammetry and electrochemical impedance spectroscopy. The combination of the
immunosensor with the pre-concentrator in the microfluidic chip enhances both the
selectivity and the limit of detection of the biosensor. Additionally, a portable device
was developed to integrate the microfluidic chip with measuring and control circuits,

creating a practical point-of-care device. This device provides voltage potentials for
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protein pre-concentration and performs electrochemical measurements to detect and
quantify protein levels, displaying results on-screen.

The outcomes demonstrated the system’s robust performance and highlighted nu-
merous advantages. This platform holds significant potential for future medical appli-
cations, enabling the detection of biological molecules and disease diagnosis via electro-
chemical and impedance measurements. It promises to advance diagnostic capabilities,
particularly for cancer and other biologically complex diseases, paving the way for

enhanced disease detection and monitoring.
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