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Chapter 1 Introduction

Early detection and early treatment of diseases are essential for a patient’s survival and
for ensuring their quality of life. For long-term diseases, an effortless and undemanding way
to enable regular health monitoring is also crucial to allow them a normal standard of living.
Biosensors are ideally portable, low-cost analytical devices that can be used for the rapid
detection of various biological pathogens, chemical molecules, and other analytes. The global
biosensor market was valued at USD 25.5 billion in 2021 and is projected to reach
approximately USD 36.7 billion by 2026 with an ever-increasing consumer pool and
burgeoning demands from various fields of applications such as environmental monitoring,
quality control assessment, healthcare, and more, at both industrial- and consumer-level.
However, most biosensor research are limited to laboratory-scale developments due to
challenges in adapting them for commercial use because of their complexity, cost, or
unfeasibility for real-world use. In this thesis, | strive to develop biosensors that can be

implemented in early detection of diseases, especially in point-of-care testing.

1.1 Biosensors

A biosensor is a device that integrates a biological receptor to an electronic transducer
to produce signals that can be detected or analyzed. An official IUPAC nomenclature states
that ‘an electrochemical biosensor is a self-contained integrated device, which is capable of
providing specific quantitative or semi-quantitative analytical information using a biological
recognition element (biochemical receptor) which is retained in direct spatial contact with an
electrochemical transduction element’[t]. Research in the biosensing field has increased greatly
since the development of the first biosensor by Clark et al.[?l in 1962, which was an

amperometric oxygen electrode immobilized with glucose oxidase. Since then, development



of biosensors has expanded to include biosensor types such as electrochemical, optical, and

piezoelectric.

While biosensors have seen applications in diverse fields that include agriculture,
environmental monitoring, food safety, and even biodefense, the most notable field of interest
for biosensors is the healthcare field (clinical diagnostics and health monitoring) as shown by
the first biosensor developed for blood glucose detection. The conventional method of health
check-ups is usually at centralized medical laboratories or hospitals. This is because these tests
require highly expensive medical equipment with complicated testing procedures that need
specialized personnel to carry out the tests and to operate the equipment. The test results
themselves usually take time to get back to the patients, which when included into the travel
time needed to get to the hospital, means that the diagnostic results may be too late for effective
treatment. However, conventional laboratory testing methods give accurate results and
continue to be held as the gold standard for most medical diagnoses. On the other hand, point-
of-care testing (POCT) are capable of bedside or patient-side testing with relatively quick
results and cheaper costs. POCT biosensors available commercially include glucose
monitoring devices, pregnancy testing, infectious disease testing and cardiac markers
biosensors. They have played an important role in early disease detection, health monitoring
and even in emergency departments where fast medical decisions need to be made. In light of
recent events such as the Ebola and MERS infectious diseases and the current COVID-19
pandemic, biosensors that offer point-of-care testing are increasingly vital to increase patients’
survival rates and prevent infection outbreaks. POCT biosensors are also important in countries
with an aging population and require consistent health monitoring to enable early diagnosis for
early treatment of diseases, or in developing countries where the medical infrastructure may be
sparse. The World Health Organization (WHQO) has also defined a set of guidelines in

developing POCT biosensors, referred to as ASSURED (affordable, sensitive, specific, user-



friendly, rapid and robust, equipment-free, and deliverable to end-users)34l. Therefore, the
ideal POCT biosensor is required to have rapid results to enable patients to receive the
appropriate follow-up treatment right after. The biosensor is also required to have accurate and
quantitative results comparable to standard laboratory-based test results in order to get reliable
diagnosis. And the POCT biosensor needs to run on an easy-to-use system that can be operated

even by a non-expert.

1.2 Types of bioreceptors used in biosensors

The biological recognition element, or bioreceptor, is an important part of a biosensor
since it plays a role in determining the biosensor’s sensitivity and selectivity. Different types
of biological molecules can be applied as bioreceptors including enzymes, proteins, nucleic
acids, or cells (Fig. 1-1). To ensure the biosensor’s selectivity, specificity and lifetime, the
appropriate immobilization method should be chosen for each case. Bioreceptor
immobilization methods are mainly either physical adsorption (involves van der Waals force),
covalent bonding (bonding between a functional group in the bioreceptor to the supporting
substrate), crosslinking (uses bifunctional molecules such as glutaraldehyde) or entrapment

(uses polymers or gels).

Figure 1-1 Types of bioreceptors used in a biosensor system that is made up of a
bioreceptor layer, signal transducer, and a signal processor and data analysis platform.



1.2.1 Enzymes

Enzymes are proteins that catalyze specific chemical reactions in vivo, meaning that
they accelerate the reaction rate of a particular substrate without being consumed in the process.
The structure of an enzyme is formed from a single polypeptide chain of about 13 - 50 kDA
folded in a precise and complex way. Within this folded structure is a region of about 5 - 10
amino acids arranged in a specific conformation that interacts with the substrate of the enzyme
known as the active site. Many enzymes have their active sites within their protein structure to
promote substrate specificity and to prevent non-specific interactions by inhibitor molecules.
Some enzymes have more than one active site that allow binding to another substrate or a
cofactor (a non-protein organic chemical compound required to maximize the efficiency of the
enzymatic catalysis). The early theory describes the formation of the enzyme-substrate
complex as the lock-and-key model which portrayed the enzyme as conformationally rigid and
only binds to substrates that exactly fit its active site. However, further research led to the
proposal of induced fit model® by Koshland in 1958 which describes that when an enzyme
binds with its substrate, it optimizes the interface through physical interactions to form the final
complex structure. Once the enzyme-substrate complex is formed, the active site promotes
redistribution of electron density within the substrate by forming ionic or hydrogen bonding
interactionsto create a better fit. These interactions that occur after the complexation help lower
the activation energy of the reaction, thus increasing the rate of reaction. After the enzyme-
substrate is converted into product, product then dissociates from the active site to regenerate
the enzyme’s original structure. Enzymatic activity is measured by the amount of substrate
converted to product per unit weight of enzyme per unit time at defined conditions. Whereas
turnover number of the enzyme is the number of substrates transformed per molecule of

enzyme per second.



Enzymes are among the most widely used bioreceptors in biosensors. Biosensors
mainly use enzymes that are of the oxidoreductase class which includes oxidases, peroxidases,
oxygenases, or dehydrogenases. Oxidoreductases catalyze the oxidation or reduction of
substrate through hydrogen or electron transfer. Some of these enzymes require coenzymes (a
type of cofactor that is a non-protein molecule and binds loosely to the enzyme) such as
nicotinamide adenine dinucleotide (NAD), or flavin adenine dinucleotide (FAD). Oxidase
enzymes also exhibit oxygen dependence as they need oxygen as a secondary substrate.
Usually only one enzyme is used in an enzymatic biosensor, however research development

has allowed multi-enzyme modification on one biosensor platform.

There are multiple reasons why enzymes are popular choices as bioreceptors.
Compared to chemical catalysts, enzymes have a higher level of specificity due to their active
sites. A model enzyme, glucose oxidase, will preferentially oxidize glucose even in the
presence of equimolar amounts of maltose and fructose. However, acid phosphatase will
catalyze the hydrolysis of different types of organic phosphate esters (producing an alcohol and
inorganic phosphate). Therefore, both enzymes with wide and narrow specificity ranges can be
applied in biosensors. Furthermore, the sensitivity of enzymatic biosensors is dependent on the
catalytic activity of the enzyme which is high in optimized conditions. Using enzymes also
offer a wide array of detectable species with flexibility in detection methods. Highly pure

enzymes are also commercially available.

However, enzymes also present problems or limitations for biosensor applications. This
is especially true for POCT biosensors. Enzymes have limited lifetime, shortening the
biosensors’ shelf-life. Enzymatic activity is, as mentioned before, is high only in optimized
conditions. When the environmental pH, temperature or solution composition is not optimal,

the enzyme will not work at maximum activity and can even get denatured in extreme



conditions, thus compromising the biosensors’ long-term stability. Furthermore, their cost of

production is often expensive.

1.2.2 Antibodies

Antibodies are serum proteins produced by memory B-cells and plasma cells, in
response to a foreign substance (antigen). Antibody-antigen interaction has a very high affinity
constant and low cross-reactivity, giving antibodies high specificity. Antibodies (also referred
to as immunoglobulins, 1g) has a Y-shaped structure consisting of four polypeptide subunits
that are two heavy chains and two light chains. The regions that have the antigen binding sites
are called fragment antigen-binding (Fab) regions, consisting of a light chain and a segment of
the heavy chain. Fab fragments are sometimes used as the bioreceptor instead of the whole
antibody to reduce nonspecific binding and for better control of the bioreceptors orientation
during immobilizationl®!. An antibody can be classified into monoclonal, polyclonal, or
recombinant. Monoclonal antibodies are from a single B-cell parent clone and have specificity
for only one epitope per antigen. This is made possible by fusing the B-cells with hybridoma
cells which allows for long-term generation of highly homogenous monoclonal antibodies.
Polyclonal antibodies are a heterogenous mixture of antibodies that were derived from multiple
B-cells and each one has a specificity for a different epitope of the same antigen. Therefore,
polyclonal antibodies have higher batch-to-batch variability and cross-reactivity than
monoclonal antibodies, since no mixture of antibodies will be the same. On the other hand,
recombinant (monoclonal) antibodies consist of identical antibody chains that target the same
epitope and are developed in vitro using synthetic genes. This process involves cloning
antibody gene libraries into phage vectors and infecting a host cell with the phage vectors. The
host cells then produce daughter phages that express the recombinant antibodies on their

surfaces.
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Antibodies are widely used for biosensing applications, either as a direct or indirect
immunosensors. Furthermore, antibodies can be modified to include labels such as
fluorophores or electroactive indicators, allowing flexibility in detection methods. They also
have relatively better long-term stability even under slight environmental changes compared to
enzymes. Due to their high sensitivity and specificity, antibodies are also popular bioreceptor
candidates for POCT biosensors. However, their high cost of production, especially for
monoclonal antibodies, and long turnaround time from antigen preparation to antibody
harvesting (2 — 4 months for polyclonal, 6 months for monoclonal) can be significant
disadvantages. Furthermore, while polyclonal has higher risk of batch-to-batch variability and
cross-reactivity, monoclonal antibodies can be too specific for certain applications, for example

drug screening tests.

1.2.3 Aptamers

Aptamers are small single-stranded DNA (ssDNA) or RNA sequences, produced in
vitro using systematic evolution of ligands by exponential enrichment (SELEX), which does
not need a living organism unlike enzymes or antibodies. Aptamers can fold into secondary
and 3D shapes which allows them to bind with various types of target analyte (includes metal
ions, small molecules, peptides, proteins, viruses and even cells) with high specificity and
binding affinity. Since their first report in 1990 by two separate research groupsl’:8l, aptamers
have been applied in fields such as diagnostics, drug delivery, biomarker discovery and
biosensing. Aptamers have various advantages compared to antibodies and enzymes. As
mentioned earlier, they can be obtained through an in vitro process using SELEX without
needing living organisms such as cells or animals. This enables tailoring the aptamers to
recognize any target even inorganic ions and small molecules. The tailoring of aptamers also
includes easy modification and synthesis of aptamers with functional groups, fluorophores,

biotin, or nanomaterials. Once an aptamer sequence has been selected from the SELEX process,
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it can be easily prepared using polymerase chain reaction (PCR), making it more time-efficient
compared to the preparation of antibodies and without the risk of batch-to-batch variations.
Aptamers are also non-immunogenic and more stable in harsh conditions than antibodies that
are sensitive to temperature and will undergo irreversible denaturation. The small size of
aptamers also allows a higher density of immobilization on biosensing surfaces. Therefore,
aptamers are slowly but surely replacing antibodies as bioreceptors for many biosensing

applications.

1.3 Bipolar electrode (BPE)-based biosensor

Bipolar electrochemistry has received much attention, because when applied in
analytical tools, it provides numerous useful properties as highlighted in various reviews[®-16],
Bipolar electrochemistry itself has been around since 1969, when Backhurst et al. described
the concept of fluidized bed electrodes, in which a voltage applied between two driving
electrodes promotes electrochemical reactions at discrete conducting particles'”]. A bipolar
electrode (BPE) refers to a conducting material that is placed in an electrolyte with two other
driving electrodes, and potential is applied between the two driving electrodes. Anodic and
cathodic reactions occur at either end of the BPE when the potential between the driving
electrodes is sufficient, even in the absence of a direct Ohmic contact. Bipolar electrochemistry
has seen an increase in research development in wvarious fields, spanning from

photoelectrochemical cells and batteries to material synthesis and electrochemical analysis.
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1.3.1 Open and closed BPEs

Open bipolar electrode system

Open BPE

Equivalent circuit:

L
— + ‘
’ RS3

o R o g

X)) e— Rsi
Anodic Cathodic R
pole pole BPE

Figure 1-2 Open BPE system. Current path: BPE and electrolyte.

In the open bipolar electrode configuration, the conductive substrate is suspended in an
electrolytic solution between two driving electrodes without direct physical connection

between the substrate and the power supply (potentiostat), as illustrated in Fig. 1-2.

In Fig. 1-2, the driving electrodes apply a uniform electric field across the electrolyte
solution and the resulting faradaic electrochemical reactions at the bipolar electrodes are shown
occurring at the anodic and cathodic poles of the bipolar electrode. The interfacial potential
difference between the solution and the bipolar electrode is highest at the ends of the electrode,

therefore faradaic processes are always observed there first.

The voltage applied between the two driving electrodes (E:o:) results in an electric field
in solution that causes the bipolar electrode to float to an equilibrium potential (Eekc) that
depends on its position in the field and the solution composition. Because the bipolar electrode
1s a conductor, its potential (Eelec) 1s relatively the same throughout the surface of the electrode.
However, the interfacial potential difference between the bipolar electrode and the solution
varies along its length due the presence of an electric field in the solution. These anodic and
cathodic overpotentials drive the electrochemical reactions at the bipolar electrode poles. The

magnitudes of the overpotentials depend on the magnitude of Eix and the bipolar electrode
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length. In contrast, the working electrode in a conventional three-electrode configuration has

relatively uniform interfacial potential difference.

Based on Fig. 1-2, in the absence of a bipolar electrode, the current flowing through the
circuit is entirely ionic and the magnitude is influenced by the applied potential Eiot and the
resistance of the solution, Rs. However, when faradaic reactions occur at a bipolar electrode,
electrons then travel through the electrode and a second current path is formed. Hence, the
bipolar electrode’s total resistance to electronic current, Rupe IS defined. If the resistance of the
solution above the bipolar electrode (Rs) is lower than Rype, then most of the cell current passes
through the solution rather than the bipolar electrode. However, when Rsz is more than Rppe,
which can be achieved by lowering the electrolyte concentration, substantial current flows
through the BPE. This can cause either an increase or decrease in the local electric field strength
in solution, which is proportional to loRs2 (It is the total current flowing in the cell), thus
resulting in a nonlinear electric field in the solution above the bipolar electrode (faradaic

depolarization).

Closed bipolar electrode system

Equivalent circuit:

Figure 1-3 Closed BPE system. Current path: BPE only.

In a closed bipolar electrode configuration, the solutions in contact with the anode and
cathode of the bipolar electrode are physically separated from one another (Fig. 1-3). A pair of
driving electrodes connected to an external power supply is also placed in each solution. Since
they are connected by electron transport, two different redox reactions occur simultaneously at

the anodic and cathodic poles of the BPE when a sufficient driving potential is applied. The

14



current efficiency of the closed BPE is theoretically 100%, since the only current path between
the two solutions is through the BPE. As the reporting and sample cells are physically separated,

crosstalk between the sample and reporting solutions is prevented.

1.3.2 Applications

Although the charge flow in a BPE can be quantitatively studied through direct
electrical measurements, optical readouts have become formats that are able to make full use
of the wireless and high-throughput features of a BPE. The operating principle of a BPE-based
device relies on the electrical coupling between the sensing and reporting poles attributable to
the electroneutrality across the BPE. The reporting signal is due to charge-transfer reactions
that occur in the presence of the analyte and is dependent on the analyte concentration.
Consequently, a diverse range of imaging BPE-based devices has been developed, including
electrochemiluminescence (ECL) 819 fluorescencel?02l] electrochromicl??l and even by
metal film dissolution[23]. Furthermore, one of the advantages of bipolar electrochemistry is
that multiple BPEs can be driven simultaneously with just a single power supply and a pair of
driving electrodes, allowing fabrication of large imaging array devices[?4271, However,
electrochemical-based biosensors have higher accuracy and sensitivity, are insensitive to
environmental illumination conditions and additional imaging apparatus (cameras) or software

are unnecessary.

BPE-based biosensors have been used to detect various kinds of analyte such as
adenosine in cancer cellsl28], prostate specific antigen (PSA)[29], tetracycline (antibiotic)],
mRNAEB  carcinoembryonic antigen (CEA)B2, adenosine triphosphate (ATP) and
tobramycin®3l, These biosensors mostly used ECL as the reporting signal due to ECL not
requiring excitation light thus it does not have background signals from scattered light or
sample autofluorescence, giving it low background signals. To put it briefly, ECL is when an

electroactive luminophore goes into an excited state due to the electrochemical reaction
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sequence initiated by electron transfer at one end of the BPE pole. ECL-based BPE biosensors
typically use anodic-type ECL which uses either the tris(2,2'-bipyridine)ruthenium
(Ru(bpy)s%*) and tri-n-propylamine (TPA) or 3-aminophthalhydrazide (luminol) and hydrogen
peroxide (H20,) pairs. Recent research and development have enabled cathodic ECL that can
also be applied to BPE biosensorsi34. BPE-based biosensors have even seen paper-based
fabrication[®35-38] and multiplexed[353%-43] detection application to make them more attractive

for POC testing applications.

1.4 Field-effect transistor (FET)-based biosensor

The FET-based biosensor was first reported by Bergveld*4 in 1970 as an ion-sensitive
FET biosensor based on the traditional semiconductor FET structure. Then a proof-of-concept
report of enzyme FETs were made in 1976451 followed by a FET-based biosensor for penicillin
array in 198016l by Janata et al. From there on, development of FET-based biosensors
experienced great progress in research and development considering their advantages for point-
of-care testing applications. They offer label-free and direct electronic measurement with fast
responses, not to mention a mature fabrication process that enables miniaturization and low-
cost mass-production, making them a highly competitive candidate for POCT biosensor

application.

Figure 1-4 General schematic of a field-effect transistor (FET)
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In general, a FET has three semiconductor devices, the source, drain and gate (Fig. 1-
4). There is no physical contact between the source and drain, instead a conduction channel
connects them. A FET biosensor will have its gate electrode surface modified with a
bioreceptor layer that will interact or bind with the target analyte. These interactions will then
modulate the channel conductivity between the source and drain terminals, which results in
threshold voltage shifts. FETs are generally divided into n-type and p-type devices. In n-type
devices, the main charge carriers are electrons, therefore when the target analyte is positively
charged, the binding interaction will cause an increase in electrons in the channel, thus
increasing channel conductance. On the other hand, when the target analyte is negatively
charged, the binding interaction causes electrostatic repulsion of electrons, decreasing the
channel conductance. In p-type devices where the main charge carriers are holes, the opposing
phenomenon occurs. Positively charged analyte will decrease the channel conductance whereas
negatively charged analyte will increase channel conductance. Hence, FET measurements will

depend on the charge density of the analyte on the gate surface.

1.4.1 Metal oxide semiconductor FET (MOSFET)

The MOSFET was invented by Mohamed M. Atalla and D. Kahng in 1959 and is a type
of insulated-gate FET fabricated by the controlled thermal oxidation of a semiconductor that is
usually silicon. MOSFET is also the main semiconductor device in digital and analog
integrated circuits for switching and amplifying electronic signals. As its name implies,
MOSFET has a metal-insulator (oxide)-semiconductor structure with a metal electrode on top
of an insulating oxide layer. MOSFET biosensors have been used in the detection of proteinsi7],

charged polymersl“8l, C-reactive protein (CRP)[1%-51 and DNA hybridization[5252],
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1.4.2 lon-sensitive FET (ISFET)

ISFET is a MOSFET with the metal gate electrode replaced with an ion-sensitive gate
(insulator) electrode, a reference electrode, and electrolyte solution. In other words, the gate of
an ISFET is a sample solution with a reference electrode and an ion-sensitive insulating layer.
Thus, in an ISFET, the gate-insulating mechanism of a MOSFET is substituted with an
electrochemical gating effect. In ISFETSs that have a dielectric insulator such as SiO» or other
oxide dielectrics, the capacitance is dominated by the gate dielectric and the capacitance of the
electrical double layer (EDL) is negligible. In ISFETs that do not have the gate dielectric such
as the case for carbon and metal oxide-type ISFETS, the capacitance is dominated by the EDL
instead, arising from the redistribution of ions near the surface which then influences the
channel®4, The sensitivity of an ISFET depends on the insulating dielectric layer capacitance
because it directly affects the quantity of induced charges per potential change 3. The typical
oxides used for the gate insulating material are SiO2, SisN4, Al.Ogz, or Ta20s. It should be noted
that in a measurement result of surface buffer capacity (the ability of the oxide surface to deliver
or take up protons) for the four typical oxides used for ISFETs (SiO2, SizsNs, Al.O3, Ta20s),
Ta»0s has the largest surface buffer capacity such that variation in the value of the double-layer
capacity hardly had any influence on the ISFET responsel®¢l. Therefore, Ta20s has the highest
pH sensitivity among these four oxides. Hence, the sensitivity and selectivity of the ISFET are
completely controlled by the properties of the electrolyte/insulator interface®sl. ISFET
biosensors have been applied in sensing a variety of bio-molecules, including the detection of
C-reactive protein (CRP)B7], L-carnitinel8l, cholesterol®] (an extended-gate configuration was
used, which adds an additional serial capacitance to the ISFET, limiting its sensitivity),
maltosel6%, glucosel8, human IgGl62], food pathogens!®3, horseradish peroxidase (HRP), green

fluorescent protein (GFP), DNAI® and DNA hybridization[63],
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1.4.3 Nanowire FET(NW-FET)

Nanomaterials such as quantum dots, nanoparticles and nanotubes have received great
attention due their high surface-to-volume ratio that allows for ultra-sensitivity, among other
characteristics, enabling various novel miniaturized biosensor designs. As such, it was
originally thought that nanowire FET sensors also have improved sensitivity due to the
increased surface area-to-volume ratio. Instead, nanowire FET biosensors have increased
sensitivity due to the nanoscale surface geometry. When a nanowire which has a convex shape
is on an insulating substrate, the corners create a concave surface. Since the counter-ion
screening is weaker near concave surfaces compared to convex surfaces, the screening effect
will thus vary depending on the overall concavity of the electrode structure. Hence, in the case
of nanowire FET sensors, weaker Debye screening and smaller capacitance density in the
corners between the nanowire and the substrate contributed to the sensor having a larger charge
density®8] and therefore a higher sensitivity. The first report of a silicon NW-FET biosensor
was by Cui et allf71 and included demonstration of detecting streptavidin down to 10 pM,
reversible antibody binding (monoclonal anti-biotin), and even detection of calcium ion, Ca2*.
Fabrication of SINW-FETs uses either a top-down or a bottom-up method. The bottom-up
approach uses a metal-cluster-catalyzed vapor-liquid-solid growth method that has the problem
of difficulty in precise positioning of individual devices through solution-processing methods
which is a disadvantage for mass production of the SINW-FETs and for integration with
external circuitry. On the other hand, the top-down approach uses the well-established
complementary metal-oxide-semiconductor (CMQOS) fabrication technique which enables
mass-production of SINW-FETSs that can be easily integrated with external circuitry, however,
lithography techniques with nanometer scale resolution are costly. NW-FETs have undergone
extensive research and development to optimize their sensing capabilities considering their

great potential in the field of biosensors[®56668-731 NW-FET biosensors have been used to
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detect C-reactive protein (CRP)["4-78] uric acidl’?], influenza A virusl’®, antigen-specific T-
celll’®, pH-sensing array[®%, prostate-specific antigen (PSA)®1821 avian influenza virusfe],
amyloid beta-40 (Alzheimer’s disease biomarker)®4, hepatitis B virus(®®l, dopamine released
from PC12 cells(®®l, and even to study the effect of anti-cancer drug (topotecan hydrochloride)

on tumor cells[871,

1.4.4 Graphene FET (GFET)

Graphene is a single atom-thick two-dimensional material that consists of a honeycomb
lattice of carbon atoms covalently linked through sp? hybridization that exhibits high
electron/hole mobility, high conductivity, good biocompatibility, and mechanical strength.
Graphene is also a zero-bandgap semiconductor with ambipolar field-effect ina FET structure
with the advantage of having a high surface area with each carbon atom available on the surface
for sensing, giving it ultra-sensitivity. Synthesis of graphene can be done through the top-down
exfoliation process of graphite or the bottom-up chemical vapor deposition (CVD) method
exploiting the catalytic and carbon-saturated properties of specific metals when exposed to
hydrocarbon gases at high temperatures. However, graphene is expensive and difficult to
fabricate at a mass-scale and its sensitivity is easily compromised since every carbon atom is
easily exposed to buffer ions and non-specific binding which gives it high background noise.
The lack of a bandgap and low current on/off ratio also affects its sensitivity. GFET biosensors
are often biofunctionalized using noncovalent modifications such as m-m stacking and
hydrophobic interactions since covalent bonding will alter the carbon bonding from sp? to sp?®
which decreases carrier mobility. GFET biosensors have been used to detect DNA
hybridization[88, SARS-CoV-289 and SARS-CoV-2 antibody®], prostate-specific antigen/o-
antichymotrypsin (PSA-ACT)P, E. coli bacterial®2, interferon gammal®3l, human IgEP4],
adenosine triphosphate (ATP)[I], and tumor necrosis factor-a (TNF- o)[%6:971, However, the

detecting mechanism for some GFET biosensors should be approached with care[%8.99],
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1.5 Gravimetric biosensor

Figure 1-5 Simplified detection principle of a gravimetric biosensor.

Gravimetric, or mass-sensitive, biosensors operate based on the principle of changes in
resonant frequency when there is a change in mass on the biosensor (Fig. 1-5). Since they offer
label-free, direct, and real-time detection of analytes in both gas- and liquid-phase medium,
these mass-sensitive biosensors have high potential in POC biosensing, especially since they

can also be easily integrated into various types of smart devices.

1.5.1 Quartz crystal microbalance (QCM)

A QCM is typically made of a thin AT-cut quartz crystal with metal electrodes on
opposite sides, connected with an oscillator circuit which induces the QCM’s resonant
frequency. Its crystal surface will be modified with a bioreceptor layer on one side which then
binds with the target analyte. It is one of the most widely used gravimetric biosensors, ever
since Sauerbrey established the relation between resonant frequency change and change in
surface mass density deposited onto the sensing surface. QCM measuring methods include
electrochemical QCM (EQCM) or QCM with dissipation (QCM-D). QCM-D is used to
measure viscoelastic layers which QCM itself cannot since it can only evaluate rigid layers.
QCMs are commercially available and have been used in the detection of various analytes
including C-reactive protein (CRP)M00-102]  vjrysesl103-106] and even genetically modified
organisms (GMO)[107.108] ' However, they have sensitivities that are limited by their operational

frequencies and have a brittle biosensor structure, making them inappropriate for POC use. The
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manufacturing process can be complicated and hence, costly, which is also another

disadvantage.

1.5.2 Magnetostrictive cantilever

The sensing principle of magnetostrictive cantilever-type biosensors is also based on a
change in resonant frequency when there is a change in mass on the sensing surface. The
biosensor is made of magnetoelastic materials such as Fe, Co, or Ni that exhibit the
magnetostrictive effect which is when a magnetic field isapplied using a driving coil, it induces
an oscillation of the cantilever. This oscillation emits a magnetic flux that is then read by the
pickup coil. The magnetoelastic cantilever has the advantage of a simpler fabrication process
and a sturdier biosensor structure than QCM, capable of wireless operation in gas- or liquid-
phase. They have been used to detect pathogens such as bacteriall9-111] classical swine fever
virus2 and its antibodyf!13], carcinoembryonic antigen (CEA)114, and human serum albumin

(HSA)IL15.116]

1.6 Device fabrication and modification methods

1.6.1 Photolithography

Figure 1-6 Photolithography process with positive photoresist. (a) The substrate (glass, silicon, or others)
is cleaned. (b) Spin coating positive photoresist onto the substrate. (¢) UV light exposure through aligned
photomask. (d) Development of photoresist where the unexposed part is dissolved. (e) Deposition of metal
thin film layer. (f) Lift-off process to remove photoresist and forming the desired pattern.
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Photolithography (or optical lithography or UV lithography) is the standard method for
fabricating microelectromechanical systems (MEMS) devices or semiconductor devices. The
process defines and transfers a pattern onto a thin film layer on a wafer or substrate (typically
silicon, glass, or other flat material). Photolithography has the advantage of being highly
controllable and reproducible over other mechanical and template method and can reach
nanometer scale. The general flow for photolithography (Fig. 1-6) is first, substrate surface
cleaning using standard degrease protocol and additional oxygen plasma cleaning to remove
organic residues. Then, photoresist (negative or positive photoresist) is spin coated onto the
cleaned substrate, forming a thin and uniform layer of photoresist. To improve photoresist
adhesion, a primer layer is usually spin coated first. The thickness of the photoresist film
depends on the type, density, spin coating speed and duration. Afterwards, pre-bake (soft bake)
is done to remove the solvent from the photoresist, either using an oven or a hot plate, to
improve photoresist adhesion and uniformity. Next, a photomask is aligned onto the
photoresist-coated substrate, and it is exposed to UV light to transfer the photomask pattern
onto the photoresist. For negative photoresist, the UV light polymerizes and hardens the
exposed area, enabling the developer to strip off the unexposed parts later. Whereas for positive
photoresist, the opposite occurs, and the unexposed area will remain while the exposed area
gets stripped. UV light exposure strength (wavelength) and time will influence the quality of
the developed photoresist. Then, development using a chemical developer suited to the
photoresist is used to dissolve the exposed/unexposed parts of the photoresist. Post-bake (hard
bake) is then carried out to stabilize and harden the developed photoresist before moving to the
next step. However, post-bake is unnecessary if there is a lift-off process involved since post-
bake will make photoresist removal harder. Further substrate processing by metal thin film

deposition then etching or lift-off followed by photoresist stripping is carried out to form the
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desired pattern. Lift-off is typically over a range of a few minutes to a day, although using

ultrasonic agitation (carefully) can help shorten this time.

1.6.2 Metal sputtering

While there are many methods of thin film deposition that can be either physical
(evaporation methods) or chemical (gas- and liquid-phase deposition methods) or both (glow-
discharge and reactive sputtering processes), the basic sputtering system consists of a vacuum
chamber containing a metallic anode and cathode and the chamber is pumped to a base pressure
of 1 x 10 Pa or lower followed by the introduction of a noble gas (usually argon) into the
vacuum chamber, increasing the pressure to about 10 Pa, thus when a high voltage is applied
between the cathode and anode, a glow-discharge is obtained. Two common types of sputtering
are direct current (DC) sputtering that is usually used with electrically conductive target

materials and radio frequency (RF) sputtering that is usually for most dielectric materialst1],

1.6.3 Silanization

Figure 1-7 General mechanism of silanization, R: leaving groups, X: functional groups.

In general, silanization of hydroxyl-terminated substrate (SiO2 or other metal oxides)
is often used for chemical modification and biomolecule immobilization of the substrate
surface. Silane self-assembled monolayer (SAM) properties depend heavily on the silane
structure, the density of -OH groups available on the substrate surface and the physical structure

of the surface. The exact mechanism of silanization is not well-understood but it is generally
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accepted that liquid-phase silanization involves three steps (Fig. 1-7). First, hydrolyzation of
the silanes in the presence of water to form silanetriols on the surface or in the solvent. These
silanetriols then attach onto the substrate surface through hydrogen bonding. And finally, the
silanol groups react with the free -OH groups on the surface to form siloxane groups. When
the density of -OH groups is low, crosslinking between the siloxane groups occur, creating a
stronger attached silane SAM. However, crosslinking between monoalkoxy- and
monochlorosilanes are not possible. Well-defined SAM formation with silanes requires precise
consideration of experimental variables such as reaction time, temperature, humidity, among
others. Trialkoxysilanes are among the most used silanes for immobilizing biomolecules,
however their short carbon chain can induce 3D silane “islands” or if the silane has a functional
group such as amino groups, the amino group might form hydrogen bonds with the -OH groups

on the substrate instead.

1.6.4 Bioreceptor immobilization

Commonly used methods include physical adsorption, covalent bonding, crosslinking,
and hydrogel entrapment. Physical adsorption is the easiest and fastest method that does not
need any chemicals and instead makes use of hydrogen bonds, van der Waals force or
electrostatic interactions. However, this method has weak attachment and the bioreceptors are
easily desorbed by environmental factors such as pH, temperature, or changes ins solution
composition. On the other hand, covalent coupling forms covalent bonds between the
functional groups present on the bioreceptor and on the substrate. This includes formation of
amide bonds between aminated or carboxylated substrate surfaces and the amino- or carboxyl-
group of the enzyme and thiol-disulphide bond that is often used for immobilization of proteins
onto thiolated substrate. Covalent bonding allows for a stronger attachment of the bioreceptor
onto the substrate and has a diverse applicability. However, the covalent bonding might cause

the bioreceptor to undergo conformational change thus affecting its functionality. Entrapment
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(or encapsulation) is constraining the bioreceptors within a (usually) hydrogel matrix while still
allowing the analyte to diffuse/penetrate through. While this method usually will not cause
conformational change of the bioreceptors, there are the disadvantages of biofouling of the
hydrogel or bioreceptor leaking from the matrix. Crosslinking involves bi- or multifunctional
reagents or ligands such as glutaraldehyde that is often used to attach the amino groups on
substrates to the amino groups of the bioreceptors. Since it is a kind of covalent bonding too,
it can cause conformational changes which can affect the activity of the bioreceptor, but it

offers stable bonds that will not desorb easily.

1.7 Surface evaluation methods

1.7.1 X-ray photoelectron spectroscopy (XPS)

Figure 1-8 Simplified schematic of X-ray photoelectron spectroscopy (XPS).

XPS is an analytical technique used to understand a material’s surface chemistry. XPS
can also measure the elemental composition and chemical and electronic state of the atoms of
the material’s surface. XPS spectrum/spectra can be obtained by irradiating a material’s surface
with an X-ray beam and measuring the kinetic energy of the photoelectrons that are emitted
from the material’s surface (the top 1 — 10 nm) (Fig. 1-8). The spectra peaks obtained are then
used to identify and quantify the surface elements (except for H and He) by looking at the
peaks’ binding energy and intensity. Shifts in the binding energies can give information on the

bonding state or oxidation state of the surface elements.
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1.7.2 Fourier-transform infrared spectroscopy (FT-IR)

FT-IR is an analytical technique that uses infrared light to scan substrates and observe
its chemical properties. Specifically, the instrument sends infrared radiation through the
substrate with some of the radiation absorbed and some passing through the substrate. The
substrate molecules then convert the absorbed radiation energy into rotational/vibrational
energy which isthen picked up as a spectrum which can be used to identify the chemical species
available in the substrate. However, FT-IR is more suited for “bulk” analysis, therefore

substrate with trace/small concentrations of material cannot be analyzed effectively.

1.7.3 Scanning electron microscopy with energy dispersive X-ray spectroscopy
(SEM-EDX)

SEM-EDX is an analytical technique that can produce high resolution images of surface
topography using a highly focused scanning primary electron beam. The primary electrons
enter the substrate surface and generate secondary electrons which can be used to construct
surface topography. Backscattered electrons and X-ray are also generated by the primary
electrons, which can be correlated to an element’s atomic number allowing for qualitative
elemental analysis which is also added with information obtained from EDX analysis of the X-
rays. EDX analysis can be both quantitative and qualitative since it can be used to identify the
type of elements present as well as the percentage of concentration available in the substrate.
SEM-EDX requires little sample pretreatment and is a non-destructive analytical technique.
However, the depth of its analysis is up till pm-order, making it unsuitable for thin layer (hm-

order) analysis.
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1.8 Research objectives

To tackle the global need for biosensors that are capable of point-of-care-testing
(POCT), my research approach is to engineer the design of miniaturized biosensors with
optimized fabrication strategies ideal for POCT. This is while keeping in mind that the POCT
biosensor must be able to provide rapid detection, with accurate and quantitative results and
when possible, have easy-to-use systems that even a non-expert can operate the biosensor. The

research objectives for each chapter are described below:

Chapter 1: Introduction

A brief research background on biosensors and the development of biosensors for POC
testing is explained. The types of bioreceptors and the types of biosensors (BPE-based, FET-
based and gravimetric-based) that will be used in the latter chapters of this thesis are explained
with examples of applications also added. Short explanations on the surface evaluation

analytical methods used in this thesis were also included.

Chapter 2: BPE-based biosensor with multiple enzyme modifications

By exploiting bipolar electrochemistry that enables the operation of multiple BPEs with
just a pair of driving electrodes, a BPE-based biosensor that is capable of multiplexed and
simultaneous sensing of three different kinds of metabolites (glucose, lactate, and uric acid)
was developed. Oxidase-type enzymes for each metabolite were immobilized on respective
detection electrodes and a redox mediator was added to each sample cell to enable

electrochemical detection of each metabolite.

Chapter 3: ISFET-based biosensor with aptamer modification

Field-effect transistor technology, specifically ISFET, was applied to fabricate an

ISFET-based aptasensor that is capable of measuring C-reactive protein, an inflammation
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biomarker, in a range of 0.002 to 20 pug/mL in physiological ionic strength. Silanization was
done to reduce -OH group density on the ISFET gate surface and hence reduce background
signals to increase detection sensitivity. This strategy was combined with using aptamers that
provide significant surface potential change with their conformational changed before and after

binding with their target.

Chapter 4: Gravimetric-based bhiosensor with antibody modification

In this chapter, mass-sensitive or gravimetric technique was used to develop a
gravimetric sensor to detect human coronavirus 229-E (HCoV-229E), a virus that causes the
common cold in humans, using a novel biorecognition method. CD13/aminopeptidase N is a
protein that is known to bind to HCoV-229E and has been used in cell-based assays, but its use
as a bioreceptor layer for HCoV-229E has not been reported. By modifying CD13 onto the

gravimetric biosensor’s surface, the detection of HCoV-229E was attempted.

Chapter 5: Summary and conclusion

A concise summary of the research results obtained in each chapter is described with the

necessary details included.
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Chapter 2 Bipolar electrode-based biosensors with multiple

enzyme modifications

This chapter is currently in writing to be submitted as an article with the title
“Investigation of an Oxidase-based Biosensor based on a Liquid Junction-less Closed Bipolar

Electrode System”. Therefore, only the chapter’s summary is written here.

2.1 Summary

Bipolar electrodes are capable of simultaneous reduction and oxidation reactions on
either electrode pole when an adequate potential is applied to it via driving electrodes. Using
bipolar electrodes to connect multiple sample cells to one auxiliary (reference) cell, sufficient
potential can be applied simultaneously to the driving electrode in the auxiliary cell and ineach

sample cell and thus, a BPE-based biosensor with multiplexing capability was fabricated.

The BPE sensor was fabricated using standard photolithography and metal sputtering
techniques to deposit and shape the layout of the Ti/Pt/Au electrodes. An insulating layer was
added to protect the connecting lines before enzyme modifications were carried out. After
optimization, glucose oxidase was modified using glutaraldehyde and bovine serum albumin
(BSA) crosslinking method, lactate oxidase with chitosan immobilization method, and uric
acid oxidase with glutaraldehyde crosslinking method. A combination of these enzyme-
modified detection electrodes on one BPE device with 8 sample cells allowed for the
multiplexed and simultaneous detection of two of the three metabolites, glucose, lactate and
uric acid. These metabolites were chosen since they are all important biomarkers for various

diseases, making them highly relevant for health monitoring.

An interesting phenomenon was observed during enzymatic measurements using the

BPE device where the supposed oxidation peak for the redox mediator, ferrocenemethanol was
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observed at a more negative potential. Further investigation of the sensing mechanism of the
enzyme modified BPE device revealed that the dissolved oxygen concentration in the sample
cell had decreased due to oxidase enzymatic reaction. Therefore, to power the oxidation of
ferrocenemethanol, the next redox candidate, hydrogen peroxide, was reduced at the driving
electrode in the sample cell instead, thus inducing the negative potential shift for
ferrocenemethanol oxidation. The effect is negligible when the appropriate potential range was
used. Therefore, this phenomenon should also be considered when setting the measurement

parameters for BPE-based biosensors.
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Chapter 3 lon-sensitive field-effect transistor (ISFET)-based

biosensor with aptamer modification

This chapter is currently under review to be submitted as an article with the title “C-
reactive protein detection using an ion-sensitive field-effect transistor (ISFET)-based
aptasensor with a chemically modified gate surface for higher sensitivity”. Therefore, only the

chapter’s summary is written here.

3.1 Summary

C-reactive protein (CRP) is a well-established biomarker for inflammation in the body
and CRP levels in blood have been correlated with cardiovascular risk (<1 pg/mL as low risk,
1—3 pg/mL as medium risk and >3 pg/mL as high risk). Its short half-life means that it is
necessary to have real-time and long-term monitoring of CRP level in patients for accurate
diagnosis. Field-effect transistor (FET)-based biosensors are useful in point-of-care (POC)
settings for their ease of miniaturization, label-free measurement, fast response time and a
mature fabrication process that enables mass manufacturing. One of the most used FET
biosensors is the ion-sensitive FET (ISFET) and its mechanism is based on the potentiometric
detection of changes in charge density at the (usually biofunctionalized) gate electrode, where
the interactions between target and probe biomolecules occur. The change in charge density
at the gate electrode induces the change in the channel conductivity between the source and
drain which is then translated into electric signals by the ISFET. However, ISFET sensors
have limitations such as the Debye screening effect and detection difficulties for low or
neutral charged biomolecules. To tackle these limitations, the simple method of using
commercial ISFET sensors and applying a silane modification step to the ISFET gate surface
to reduce -OH group density and thus lower background signal noise was used. Silane

optimization results showed that epoxysilane was more effective in reducing the overall pH
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sensitivity compared to the commonly used aminosilane. Additionally, aptamers were
immobilized onto the gate surface, providing significant surface potential change when they

bind to CRP (that is only slightly negatively charged in pH 7.4 solution) on the ISFET gate

surface. Thus, the ISFET aptasensor was able to measure 0 — 20 pg/mL CRP in 1x PBS with

a higher sensitivity compared to non-modified FET sensors with their original pH sensitivity.
Furthermore, the FET aptasensor has the advantages of easy and low-cost fabrication, does
not need nanomaterial modifications, expensive external equipment, or complicated materials
to achieve its current sensitivity and measurement range. Future research and development
with the combination of microneedle patch technology can pave the path for a wearable POC

CRP real-time monitoring device.
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Chapter 4 Gravimetric-based biosensor with antibody

modification

This chapter is currently under review to be submitted as an article with the title “Self-
Powered Batteryless Wireless Communication and Human Coronavirus Detection with

Magnetostrictive Fe—Co/Ni Clad Plate”. Therefore, only the chapter’s summary is written here.

4.1 Summary

Gravimetric-based biosensors offer label-free measurement since the mass-sensitive
biosensors produce a direct shift in resonant frequency as the mass of the biosensor increases
from receptor-analyte interaction. The magnetoelastic sensor used in this chapter is a cantilever
made of iron-cobalt/nickel. By applying a magnetic field to the cantilever, the magnetoelastic
material will induce oscillation which is detected by a pickup coil as resonant frequency
reading. The resonant frequency of the cantilever will decrease as the mass of analyte bound
onto the cantilever increased. Using CD13 as a novel biorecognition layer for the human
coronavirus 229-E (HCoV-229E), the viability of this capture method was first confirmed using
fluorescent microscopy and aminosilane-treated glass slides (glutaraldehyde crosslinking
method was used to immobilize CD13 onto the glass slide surface). Alexa Fluor 488-
conjugated anti-His tag antibody was used as the fluorescent label, which then binds to the His-
tagged CD13-modified glass slide surface. Steric hindrance from the virus will prevent the
fluorescent label from binding, which means that a decrease in fluorescence signal indicate
successful virus binding. Results obtained confirmed that the target capture method was viable
for detection of HCoV-229E. The same experiment was carried out using the magnetoelastic
FeCo/Ni cantilever (CD13 was immobilized using self-assembled monolayer of -COOH
groups forming amide bonds with the -NH2 groups on CD13) and the feasibility of HCoV-

229E sensing with a magnetoelastic biosensor was confirmed.
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Chapter 5 Summary and conclusion

A biosensor is a device that integrates a biological receptor to an electronic transducer
to produce signals that can be detected or analyzed. While biosensors have seen applications

in various fields that include agriculture, environmental monitoring, food safety, and even
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biodefense, the most notable field of interest for biosensors is the healthcare field (clinical
diagnostics and health monitoring) as shown by the first biosensor developed for blood glucose
detection. Furthermore, biosensors that are capable of point-of-care-testing (POCT) have
played an important role in early disease detection, health monitoring and even in emergency
departments where fast medical decisions need to be made, proving that they are increasingly
vital to increase patients’ survival rates and prevent infection outbreaks. They are also
important in developed countries with an aging population and require consistent health
monitoring to enable early diagnosis for early treatment of diseases, or in developing countries
where the medical infrastructure may be sparse. To tackle the global need for POCT biosensors,
my research approach is to engineer the design of miniaturized biosensors with optimized
fabrication strategies ideal for POCT. This is while keeping in mind that the POCT biosensor
must be able to provide rapid detection, with accurate and quantitative results and when
possible, have easy-to-use systems that even a non-expert can operate the biosensor. The
fabrication and modification strategies applied were also easy to scale up for mass-production.

The research results obtained for each chapter are summarized below:

5.1 Chapter 1: Introduction

The background of this research regarding biosensors and development of point-of-care
(POC) biosensors were described, including the fundamentals and examples of applications in
various fields for bipolar electrode (BPE)-based, ion-sensitive field-effect transistor (ISFET)-

based, and gravimetric-based biosensors. Short explanations were included for the types of
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bioreceptors, device fabrication, modification, and evaluation methods. And lastly, the research

strategies used in this thesis were emphasized.

5.2 Chapter 2: BPE-based biosensor with multiple enzyme

modifications

Bipolar electrochemistry was applied to develop a biosensor capable of simultaneous
and multiplexed detection of various metabolites useful for health monitoring and are
biomarkers for many diseases, specifically glucose, lactate, and uric acid. Oxidase-type
enzymes for each metabolite were modified onto the detection electrodes of the 8-cell BPE-
based biosensor and simultaneous detection of glucose, lactate, and uric acid were obtained in
the 0 — 10 mM range (0 — 1 mM for uric acid). An investigation of the oxidase-type enzyme-
influenced biosensing mechanism was also carried out. It was found that potential-determining
mechanism of the biosensor was influenced by the reaction on the driving electrode in the
sample cell. Under the condition that an oxidase enzyme was modified onto a detection
electrode that is the rate-limiting step, when dissolved oxygen concentration decreased due to
the oxidase enzyme, this will affect the reaction that occurs on the driving electrode in the
sample cell, which is what induced the appearance of the two current peaks. This is negligible
when the potential range during measurement takes account of this occurrence, as confirmed
by the multiplexed detection of the three metabolites that were taken at the same time. With
further optimization, the BPE-based biosensor is expected to contribute to the medical and

environmental monitoring fields in clinical diagnostic devices and other point-of-care devices.
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5.3 Chapter 3: ISFET-based biosensor with aptamer modification

lon-sensitive field-effect transistor (ISFET)-based biosensors are useful in POC
settings for their ease of miniaturization, label-free measurement, fast response time and a
mature fabrication process that enables mass manufacturing. However, ISFET sensors have
limitations such as ion screening effect which limits signal detection to the Debye length of the
electrolyte, and detection difficulties for low or neutral charged biomolecules. In this chapter,
an easy surface modification method by gas-phase GPTMS silanization is carried out to
improve a commercial ISFET sensor’s detection capability, by decreasing the pH sensitivity of
the gate material which then decreases background signals, thus overcoming the Debye
screening effect. Then C-reactive protein (CRP)-binding aptamers are used as the
biorecognition layer which provide additional signal amplification. CRP is a vital biomarker
for inflammation and tissue damage in the body (concentrations of less than 1 pg/mL as low
risk, 1—3 pg/mL as medium risk and more than 3 pg/mL as high risk of cardiovascular
diseases). Using the modified ISFET, a CRP biosensor capable of sensitive detection of CRP

(0 — 20 pg/mL) in 1x PBS solution (physiological ionic strength) with a higher signal

sensitivity compared to other (modified or non-modified) FET sensors. Furthermore, the
ISFET-based aptamer-modified biosensor did not need expensive nanomaterial modifications
or complicated nanostructure fabrication to achieve its current sensitivity and measurement

range, compared to other FET sensors for CRP detection.

5.4 Chapter 4: Gravimetric-based biosensor with antibody modification

Airborne transmission of pathogens from the environment to human lungs can cause
significant adverse effects such as allergic reactions, infections, or even serious respiratory

diseases. Inhalation of pathogens through the lung is more susceptible for infection such as
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influenza virus (influenza A, B, or C), coronaviruses (severe acute respiratory syndrome),
norovirus (vomiting and diarrhea), rubeola (measles), or varicella-zoster virus (chickenpox).
Therefore, early onsite detection of these airborne pathogens such as viruses are vital for
preventing infection outbreaks and for early treatment of patients. Gravimetric, or mass-
sensitive, devices are an attractive alternative for point-of-care (POC) biosensors because they
provide label-free detection of any analyte since mass is a fundamental property of any analyte
and have the potential for both gas-phase and liquid-phase detection. The magnetostrictive
cantilever-type biosensor has the advantages of cheaper fabrication cost, sturdier durability,
simpler configurations, and the capability for energy-harvesting allowing the potential of a self-
powered biosensor. In this chapter, a gravimetric-based biosensor modified with a CD13, a
known receptor for the human coronavirus 229-E (HCoV-229E) was used in a novel method
to detect HCoV-229E. After obtaining results that confirmed the feasibility of using CD13 as
a bioreceptor for detecting HCoV-229E using fluorescent microscopy and a pseudo-
competitive binding assay method, it was then applied to the magnetostrictive FeCo/Ni
cantilever for magnetostrictive measurement. The results showed that the novel biorecognition
method of CD13 using the magnetostrictive cantilever biosensor was viable. With further
optimization and technology development, a point-of-care magnetostrictive airborne virus
biosensor that is simple to use, cheap and easy to produce, with good durability and even

capable of energy harvesting can be expected in the future.

5.5 Conclusion

To conclude, in order to address the demand for POC biosensors in the clinical
diagnostics field and health monitoring fields, bipolar electrochemistry, FET technology and

gravimetry were applied to develop miniaturized biosensors with optimized fabrication
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strategies. The fabricated biosensors were then used for multiplexed and simultaneous sensing
of various metabolites, for sensitive detection of an inflammation biosensor in physiological
ionic strength solution, and for the novel detection method of HCoV-229E using CD13 as the
bioreceptor layer. These miniaturized biosensors also have relatively uncomplicated operation
with simple modification procedures that can be easily scaled-up for mass-fabrication. Future
application as POC biosensors in the clinical diagnostics and health monitoring fields can be

expected.
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