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ABSTRACT OF THE DISSERTATION
INVESTIGATION OF CARBON-BASED LABEL-FREE ELECTROCHEMICAL
APTASENSORS FOR POINT-OF-CARE CANCER BIOMARKER DETECTION
by
Shahrzad Forouzanfar
Florida International University, 2021
Miami, Florida
Professor Nezih Pala, Co-Major Professor
Professor Chunlei Wang, Co-Major Professor
Cancer is the second cause of death, with millions of fatalities every year. The early
detection of cancer can tremendously increase the survival chances of the patients. An
effective approach for early detection of cancer is developing reliable and relatively cheap
biosensors that can quantify the cancer biomarkers from blood samples. These classes of
the biosensor are commonly referred to as point-of-care (POC) cancer biomarker
biosensors. The label-free electrochemical biosensors based on carbon dravite materials
can be feasible for POC cancer biomarker biosensors. The present dissertation aims to
design, develop, and optimize carbon-based biosensors for label-free detection of lactic
acid and platelet-derived growth factor-BB (PDGF-BB) cancer biomarkers. Two carbon-
based materials are used for developing the biosensor: carbon-micro electrotechnical
systems (aka. C-MEMS) and bipolar exfoliated graphene. In the first phase of this
dissertation, enzymatic biosensors based on interdigitated C-MEMS microelectrodes were
investigated. The achieved results confirmed that the C-MEMS-based sensing platform

functionalized with oxygen-plasma treatment could provide a stable sensing system with

vii



low background noise, which can be used for label-free detection. In the next phase of the
dissertation, for the first time, the C-MEMS electrode functionalized with oxygen-plasma
was adopted for ssSDNA aptamer-based biosensors (aka. aptasensors). The attained results
confirmed that the developed aptasensors are highly sensitive, selective, and robust, and
the developed system is adaptable for turn-on and turn-off sensing strategies. In the
following phase of the dissertation, the adaptability of the bipolar exfoliated graphene for
aptasensors was investigated. The achieved results revealed that the graphene deposited on
a negative feeding electrode (i.e., reduced graphene oxide) is more suitable for label-free
electrochemical aptasensing. Hence, POC PDGF-BB aptasensors based on bipolar reduced
graphene oxide were developed and investigated for the first time. The achieved results
were highly promising for feasible POC cancer aptasensors. The last phase of this
dissertation explores the in-situ integration of bipolar exfoliated graphene on C-MEMS
microelectrodes. The biosensor developed based on this integration showed enhanced
sensitivity. In the present dissertation, novel carbon-based biosensors were developed and
optimized. The achieved results show the high potential of C-MEMS and bipolar exfoliated

graphene-based biosensors for label-free POC cancer biomarker biosensing.
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MEMS microneedle for drug delivery and SEM image of C-MEMS microneedles;
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Figure 3.1 a) Schematic illustration of typical photolithography process for fabrication
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Figure 4.1 A) Schematic of the fabrication process of the C-MEMS based LA
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Figure 4.3 A) CV response of the bare PDC, PDCLOx, and PDCRIE+LOx in 500 uM
LA solution. B) CV response of the bare PDC to different H202 concentrations. C) CV
responses and D) correlation of peak currents to the square root of scan rate of
PDCRIE+LOX in a 15 mM LA solution and different scan rates of 10 - 100 mV.s “!(vs
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Figure 4.4 A) CV curves of PDCRIE+LOx in 0, 0.1, 10, 100, and 1000 uM LA
solutions. B) Calibration plot of normalized areal capacitances calculated from
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Figure 5.1 Schematic illustration of the fabrication process of the C-MEMS based
PDGF- BB aptasensor and electrochemical test cell with 5 mL aqueous electrolytes
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Figure 5.4 A) Areal capacitances calculated from CV curves measured for 500 pM
PDGF-BB to study the effect of reaction times. B) Areal capacitances calculated from
CV curves measured for 500 pM PDGF-BB to study the effect of aptamer

concentration. C) Areal capacitances calculated from CV curves measured for 500

pM PDGF-BB in electrolytes with different pH. D) The oxidation peak currents (IpF)

and reduction peak currents (Ipr) were measured via CV vs. KCI concentration

ranging from O—1 M. ... s 141

Figure 5.5 A) CV curves of the ThLRIE+Apt electrode’s response to PDGF-BB

ranging from 0— 50 nM. B) Calibration curve for calculated areal capacitances

from CV curves with n=5. C) EIS Nyquist plots of the ThL RIE+Aptelectrode’s
response to PDGF-BB ranging from 0-50 nM. D) Calibration curve for R CT

extracted from Nyquist plots with n=5. E) Areal capacitances calculated from CV

curves and F) RCT calculated from EIS Nyquist plot measured in response of ThL
RIE+Aptelectrodes to 4 ug™" mL BSA. 50 nM PDGF-AA, 50 nM PDGF-AB, and
500 pM PDGF-BB and all the interference agents added to 500 pM PDGF- BB
(designated as ALL)......oouiiinii i e 144

Figure 6.1 Schematic illustration of (a) bipolar exfoliation cell, (b) development of
PET/Au/rGOApPDGF-BB aptasensors, (c) target incubation, and (d) three-electrode
electrochemical cell with Ag/AgCl reference electrode, Pt wire counter electrode, and
PET/Au/rGOapin 5 mL aqueous electrolytes of 0.1 M PBS/5 mM K3Fe(CN)g/ 0.05-1

Figure 6.2 SEM images of BPE-rGO deposited on negative feeding electrode. (b)
TEM image (SAED patterns in inset, yellow circle are associated to (1100 planes
and green circle are associated to (2110 planes). (¢) HRTEM image of BPE-rGO........ 163

Figure 6.3 FTIR spectra of SS/GO, SS/rGO, SS/GOapt, and SS/rGOapelectrodes........ 164

Figure 6.4 (a) CV (40 mV s)'l) plots of bare SS and BPE-graphene deposited on SS
electrodes before and after aptamer immobilization. (b) The areal capacitance

calculated from CV plots. (c) The CV plots of the SS/rGO electrode at different scan

rates at range of 10-100 mV s!. (d) Calibration curves of reduction and oxidation peak
current versus the square root of scan rates. (e) The DPV plots of BPE-based

aptasensors based on graphene deposited on negative feeding electrode at various
development stages and sensing response of the aptasensor to 100 pM PDGF-BB. (f)

The DPV plots of BPE- based aptasensors based on graphene deposited on positive
feeding electrodes at various development stages and response of aptasensor to 100

PM PDGE- BB ..o 167

Figure 6.5 (a) Peak currents obtained from DPV curves measured in response to
100 pM PDGF-BB for defining the optimum reaction times. (b) Peak currents
obtained from DPV curves in response to 100 pM PDGF-BB for analyzing the effect
of pH on peak current.
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(c) Peak currents obtained from DPV curves measured in response to 100 pM PDGF-

BB for studying the effect of incubation temperature. (d) Peak currents obtained from
DPV curves measured in response to 100 pM PDGF-BB for studying the effect KCl
concentration on peak current. (¢) DPV response of the SS/rGO Aptelectrode to
PDGF-BB ranging from 0—10 nM. (f) Obtained calibration curve of peak currents
measured from DPV responses. ......oo.ivuiiiiiiii i 170

Figure 6.6 (a) SEM image of BPE-graphene deposited on PET/Au negative
feeding electrode. (b) The DPV plots of PET/Au-based aptasensors based on

graphene deposited on negative feeding electrode at various development stages and
response of the aptasensor to 100 pM PDGF-BB. (c) Peak currents obtained from
DPV curves measured in response to 100 pM PDGF-BB for studying the effect of
aptamer concentration. (d) DPV curves of the PET/Au/rGOapelectrode’s response to
PDGF-BB ranging from 0-20 nM. (e) Calibration curve for peak currents
measured from DPV curves. (f) DPV peak current measured in response of

PET/Au/rGOapelectrodes to 10 nMPDGF-AA, 1 pg mL'bovine serum albumin
(BSA), 10 nM PDGF-AB, and 100 pM PDGF-B. ..o, 173

Figure 7.1 Schematic illustration of (a) 3D CMEMS microfabrication process, (b)
bipolar exfoliation cell, (c) development of CMEMS/BPE/Apt PDGF-BB aptasensors,
(d) target incubation, and (e) three-electrode electrochemical cell with Ag/AgCl
reference electrode, Pt wire counter electrode, and CMEMS/BPE/Apt in 5 mL
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Figure 7.2 SEM images of (a) C-MEMS micro pillars with BPE-rGO, (b) BPE-rGO
deposition on top of the micropillar, (c) BPE-rGO deposited on sides of the micropillar,
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Figure 7.3 FTIR spectra of (a) C-MEMS electrode before any modification, (b) C-
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1. Introduction
1.1 Overview

Cancer is one of the major causes of death and kills millions of people every year.
Many cancer patients have no apparent physical symptoms in the early stages of their
diseases. An effective way to diagnose cancer early and increase the patients' survival
chances is quantifying cancer biomarkers' levels in the human body. Thus far, many cancer
biomarkers (aka. tumor makers) have been discovered, indicating cancer in the human
body at the very early stages of the disease. Among the discovered cancer biomarkers,
platelet-derived growth factor-BB (PDGF-BB) is an important biomarker since it plays a
crucial role in developing and spreading cancerous cells in the human body. It has been
reported that the changes in the levels of PDGF-BB have a strong correlation with the
progress and metastasis of solid malignant tumors in vital organs such as the brain, liver,
prostate, lung, and pancreas. A feasible way for early detection of cancer is quantifying
cancer biomarkers using precise and affordable point-of-care (POC) biosensors. Label-free
electrochemical biosensors can be a potent candidate for POC biosensors due to their
unique features, such as eliminating laborious labeling or tagging, compatibility with
available lab-on-chip technologies, and integration with CMOS circuits the output can be
digitized, and they are applicable for continuous monitoring. However, label-free
electrochemical biosensors suffer from several drawbacks compared to labeled optical and
electrochemical biosensors, such as having higher background noise, which reduces the
sensitivity and signal-to-noise ratio of the biosensor's lower selectivity, and the sensing

unit is more prone to degrade. The importance of early detection of cancer and exiting



limitations in electrochemical biosensors enlightens the necessity of developing POC
biosensors that possess the advantages of label-free electrochemical biosensors while
having improved sensitivity, selectivity, and higher stability.

Carbon allotropes have dominated materials science and engineering for several
decades due to their unique features, making them suitable for a wide variety of
applications. The feasibility of carbon-based devices for various biotechnology
applications and various fabrication techniques has been studied and demonstrated
extensively. One effective way to synthesize carbon is a top-down manufacturing approach
via an organic polymer precursor and pyrolyzing patterning. One of the carbon fabrication
techniques that this dissertation focuses on is photoresist-derived glass-like carbon. The
microstructures derived from SU-8 photoresist were the first to be commonly referred to
as carbon microelectromechanical systems (C-MEMS) [1, 2]. C-MEMS platforms have
distinguishing features such as low background capacitance and high stability when
exposed to different physical/chemical treatments, biocompatibility, and good electrical
conductivity [3].

Furthermore, the surface of C-MEMS can be modified effectively, both via
electrochemical processes and by depositing nanomaterials [3]. Various studies have
investigated the integration of nanomaterials on the surface of C-MEMS platforms for
various applications such as graphene/carbon nanotubes [4] and graphene nanoplatelets [5]
for supercapacitors, and graphene/enzymes for biofuel cells [6]. Carbon nanomaterials, in
particular graphene, offer high surface area, tunable depositing, and high specific
capacitance, which could noticeably benefit label-free electrochemical aptasensors by

enlarging the accessible surface area and enhancing the signal-to-noise ratio [5]. The



feasibility of C-MEMS for mass-production and integration with lab-on-chips technology
and desirable features of graphene for biosensing applications is highly promising for label-
free POC cancer biosensors. This dissertation, for the first time, investigates the application

of C-MEMS platforms for label-free detection.

1.2 Research Problems
This dissertation's ultimate goal is to design, fabricate, and access highly sensitive and
stable label-free electrochemical biosensors to detect cancer biomarkers quantitatively.
However, several issues can challenge the feasibility and reliability of the prospect
biosensors. The research problems encountered in this dissertation and their possible
solutions are discussed as follows:
a) What are the factors that affect the stability of the biosensors?
The stability of the biosensors can be divided into two major types of stability issues
related to the physical stability of the biosensor and stability issues related to the shelf
life or activity of the bio-recognizer (i.e., bio/chemical compounds used for detecting
biomolecules) agents.

i.  The biosensors' physical stability mainly depends on the fabrication process: The
platforms used for the developed biosensors for this dissertation include C-MEMS
thin films, interdigitated finger microelectrodes, and 3D arrays micropillar and
PET/Au electrodes. The low physical stability of C-MEMS-based devices can be
the result of the weak adhesion of the SU-8 photoresist to the supporting substrate.
The adhesion of SU-8 photoresist to silicon wafers can be improved via wafer
cleaning and dehydration bake of the wafer at 150-200°C for 5-15 minutes to

evaporate the remaining solvent and moisture [7-9]. Furthermore, the peeling of the



SU-8 structures, especially structures with high thickness, can result from the
underdevelopment of the photoresist's bottom layers. Such issues can result from
insufficient UV dose, inadequate post-exposure bake, or non-uniform coating of
the SU-8 photoresist. Several approaches have been adopted to resolve this issue,
such as conducting the post-exposure bake on hot plates instead of the convection
oven, increasing the post-bake time, and an extra step of hard baking at 190°C [10,
11].

The stability of bio-agents mostly depends on the sensor development stage and

storage conditions:

Several factors can jeopardize the stability of the bio-recognizer agents, including
storage under fluctuating temperatures, multiple frosts and defrosting of bio-
recognizer, contamination of the bio-recognizer, and variation in pH of the solution.
In order to minimize the effect of temperature fluctuation, the main stocks of bio-
recognizers (i.e., enzyme and single-stranded DNA aptamers) were stored at a
deep-freezing temperature of -70°C, and the only portion of them was stored at
normal freezer at -20°C. Furthermore, to prevent multiple frost and defrost and
reduce the contamination, several diluted portions with desired concentrations and
amounts were prepared and stored. For stabilizing the pH of bio-recognizer
solutions, 0.1 M Phosphate-buffered saline (PBS) buffer was used for lactate

oxidase enzyme, and platelet-derived growth factor-BB (PDGF-BB) aptamer.



b) What are the factors that affect the repeatability of the fabrication process?

The repeatability of biosensors fabrication can be categorized into two groups:
repeatability of the device fabrication process and repeatability of the sensor
development.

The device fabrication process repeatability: The repeatability of the device fabrication
process was enhanced by considering several factors in designing the fabrication
process, such as changes in ambient conditions, the amount of dispensed photoresist,
the waiting times between each fabrication steps, and the changes in viscosity of
photoresist because of storage time.

The sensor development repeatability: The repeatability of the sensor development
process was enhanced by considering several factors in designing the process, such as
thorough washing of the device before and after each step, controlling the
contamination by using fresh tubes and plastic containers, precise control of time
between each step, and controlling the temperature of incubation. Furthermore, the
repeatability of the sensors depends on the amount of immobilized bio-recognizer
agents on the surface of the sensors. In this dissertation, the covalent immobilization of
bio-recognizers was used as the primary immobilization mechanism to enhance the
repeatability of the developed biosensors.

What are the factors that affect the sensitivity of the biosensors?

The sensitivity of the biosensors can be enhanced by optimizing the parameters that

affect the measurements. Several factors, including the reaction time, pH of the electrolyte,

the concentration of supporting salt, incubation temperature, and concentration of bio-

recognizers, are optimized for the developed sensors in this dissertation. Furthermore, the



sensitivity of the biosensor depends on the measurement technique used for quantifying
the target amounts. Three techniques of cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS), and differential pulse voltammetry (DPV) are applied for
analytical purposes.
1.3 Research Hypotheses

In this dissertation, several hypotheses were considered for developing the biosensors
and analyzing the sensing performance of the biosensors.
a) The bio-recognizers agents can be directly immobilized on the surface of oxygen-

plasma treated CMEMS electrodes:

Penmatsa et al. showed that the oxygen-plasma treatment increases the carboxyl
group percentage on the surface of C-MEMS electrodes [12]. It is assumed that the
carboxyl functional group can be used to covalently immobilize the enzymes and amino
group-terminated ssDNA aptamers, which can provide a stable and repetitive
immobilization of bio-recognizer agents. This hypothesis is studied in chapters 4 and 5
for enzyme immobilization and ssDNA aptamer immobilization, respectively.

b) The interaction of biosensors with target molecules on the surface of the electrodes
affects the properties of the double layer and reduces the double layer capacitance:
The interaction of the bio-recognizer can affect the default double-layer capacitance.

The changes can result from changes in ion concentration in the electrolyte-electrode

medium or changes in the biosensors' surface. This hypothesis is studied in chapters 4, 5,

and 7.



c)

d)

Trapping the target molecules can be traced by increased charge transfer rate:

Capturing the target molecules and forming the aptamer-target complex can affect
the electrons' exchange rate between the electrolyte and sensor electrodes, and it is
expected to increase the charge transfer rate. This hypothesis is studied in chapters 5
and 6.

The bipolar exfoliated graphene deposited on negative feeding electrode provides
more suitable properties for biosensing application than exfoliated graphene deposited
on positive feeding electrode:

The previous study on bipolar exfoliated graphene has shown that the graphene
deposited on the negative feeding electrode has porous morphology with vertically
aligned nanosheets and possesses better electrochemical properties than graphene
deposited on the positive feeding electrode. It is assumed that the porous morphology
and the graphene's better electrochemical properties deposited on the negative feeding
electrode can provide better material for biosensing applications. This hypothesis is
studied in chapter 6.

Integration of bipolar exfoliated graphene on the surface of CMEMS can increase the

capacitance of the biosensors and enhance its sensitivity:

The bipolar exfoliated graphene has porous morphology and is vertically aligned.
The vertically aligned morphology of the bipolar exfoliated graphene provides a large
surface and eliminates the necessity of using spacers such as carbon nanotubes to stop

stacking the graphene nanosheets. Therefore, it is expected that the deposition of



graphene on the surface of C-MEMS microelectrodes will increase the electrode's
active area, resulting in increased capacitance and, subsequently, the sensitivity of the

biosensor. This hypothesis is studied in chapter 7.

1.4 Research Plan
The research plan adopted for this dissertation is presented in Figure 1.1; the specific
goals that were worked toward are as follows:

a) Developing enzymatic biosensors based on C-MEMS microelectrodes:

In order to investigate the first and second hypotheses mentioned in section 1.3,
enzymatic biosensors based on lactate oxidase enzymes immobilized on interdigitated C-
MEMS microelectrodes were developed.

b) Developing label-free aptasensors for detection of PDGF-BB cancer biomarkers:

After confirming the feasibility of the oxygen-plasma treatment for functionalization
of C-MEMS electrodes and the covalent immobilization of bio-recognizers, the oxygen-
plasma treated electrodes were used as active electrodes for developing label-free
electrochemical aptasensor. For developing label-free aptasensors, DNA aptamers with the
oligonucleotide sequence of amino linker-Cs-CAG GCT ACG GCA CGT AGA GCATCA
CCA TGA TCC TG were used as the bio-recognizer agent for detection of PDGF-BB
cancer biomarker. In addition, the turn-off and turn-on detection strategies based on

capacitance and resistance measurement were deployed.



c) Investigating the application of bipolar exfoliated graphene for label-free cancer

biomarker aptasensor:

In order to define whether bipolar exfoliated graphene is suitable for biosensing
development, a comparative study was deployed. After confirming that the bipolar
exfoliated graphene deposited on negative feeding provides a more suitable material than
graphene deposited on the positive electrode, a disposable, flexible aptasensor was
developed, and the amperometric response was investigated.

d) Investigating the integration of bipolar exfoliated graphene with C-MEMS

microelectrodes:

The bipolar graphene was deposited on 3D C-MEMS microelectrodes to study the fifth
hypothesis mentioned in section 1.3. The C-MEMS microelectrodes were used as the

negative feeding electrode, and the capacitive response was investigated.

Investigation of Carbon-Based Label-Free Electrochemical

Aptasensors for Point-of-Care Cancer Biomarker Detection

Aptamer based for Detection of
PDGF-BB Cancer Biomarker

C-MEMS Bipolar C-MEMS Micropillars
Interdigitated Exfoliated Decorated with
Fingers Graphene Bipolar Exfoliated
on PET/Au Graphene

Enzymatic for Detection of
Lactic Acid Cancer Biomarker

Characterization

Material: Scanning Electron Microscopy(SEM), Transmission Electron
Microscopy (TEM), Fourier Transform Infrared Spectroscopy (FTIR)
Electrochemical: Cyclic Voltammetry (CV), Electrochemical
Impedance Spectroscopy (EIS), Differential Pulse Voltammetry (DPV)

Figure 1.1 Flow chart of the research plan



1.5 Scope of the Dissertation

The first part of chapter 2 presents a thorough review of label-free aptasensors for
cancer biomarker detection. Two major types of aptasensors, optical and electrochemical,
are discussed, and relevant information is presented. The second part of chapter 2 presents
a comprehensive review of biotech devices based on C-MEMS technology. Chapter 3
provides the detailed methodology of this dissertation's experimental techniques, including
photolithography, sensor development, and analytical techniques adopted for this
dissertation. Chapter 4 investigates the lactic acid enzymatic biosensors based on C-MEMS
interdigitated microelectrodes. The sensing platform of the biosensor was synthesized by
pyrolysis of photo-patterned photoresist polymer in oxygen-free and high-temperature
conditions. The surfaces of the microelectrodes were functionalized by the oxygen-plasma
pretreatment technique to form —COOQOH functional groups. In addition, the lactate oxidase
enzyme was immobilized on the carboxylic group-covered surfaces of the microelectrodes.
Chapter 5 investigates the label-free electrochemical aptasensors based on C-MEMS for
the detection of PDGF-BB. The oxygen-plasma oxidation treatment was used to
functionalize the C-MEMS electrodes, which provided efficient covalent immobilization
of amino terminated affinity aptamers. The turn-off and turn-on detection strategies based
on capacitance and resistance measurement were deployed, respectively. In chapter 6, a
comparative study on the bipolar exfoliated graphene deposited on the negative and feeding
electrode is presented. After confirming that the bipolar exfoliated graphene deposited on
the negative feeding electrode (i.e., reduced graphene oxide) possesses better
electrochemical properties for aptasensing than the bipolar exfoliated graphene deposited

on the negative feeding electrode (i.e., graphene oxide), electrochemical aptasensors were
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based on gold-covered polyethylene terephthalate electrodes (PET/Au) as a possible

contender for disposable label-free aptasensor applications is studied. Chapter 7 explores

the in-situ integration of bipolar exfoliated graphene and 3D C-MEMS microelectrodes for

label-free PDGF-BB aptasensors. Chapter 8 provides a summary and future works in the

direction of this dissertation.
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2. Background and Literature Review

2.1 Electrochemical Aptasensors for Label-Free Cancer Diagnosis

2.1.1 Introduction

Aptamers exhibit similar levels of target-binding affinities in comparison with
monoclonal antibodies [1, 2]. Aptamers have considerable advantages over antibodies for
clinical applications, including less batch variation, roughly no immunogenicity, cost-
effectiveness, more straightforward modification, and short production times [1, 3]. Over
the past two decades, substantial improvement has been made in applying aptamers, mainly
RNA-based aptamers, as diagnosis and investigative tools, in micro-agents for intra-corpus
drug delivery, as therapeutic mediators biosensors, and even genetically controllable
devices [4]. For example, ‘Macugen’ is the first therapeutic aptamer approved by the Food
and Drug Administration (FDA) to treat age-related macular degradation of the retina [5].
DNA aptamers comprise the largest share of the global pharmaceutical and biotechnology
market, with ‘research and development’ and diagnostics constituting the two major areas
of expenditure in the aptamer market [6]. As of 2019, the North America aptamer market
was valued at USD 66.9M, and it is expected to increase to USD 143.6M by the end of
2024[7], illustrating both the size of the market and the rapid rate at which the utilization
of DNA aptamers is increasing.

Biosensors, as the International Union of Pure and Applied Chemistry (IUPAC),
has defined, are integrated recognition-transduction devices, which can provide
quantitative data utilizing biochemical recognition component [8]. The recognition part is

composed of biological or synthetic receptors like aptamers, enzymes, and antibodies,
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which utilize a specific biochemical or chemical reaction mechanism. A group of
biosensors in which the recognition part is based on aptamers is referred to as ‘aptasensors’.
Aptasensors can be used for specified detection of numerous analyte targets varying from
small ions to large biomolecules as well as malignant cells [9], tissues [10], and cancer
biomarker proteins [11]. In the transducer part of a biosensor, an output signal is obtained
and converted into a measurable parameter. The method used in the transducer part has a
significant impact on the sensitivity of the biosensor, whereas the bio-recognizing
component determines the degree of specificity or selectivity of the biosensor. The classical
methods for clinical tests such as high-performance liquid chromatography or
spectrophotometry are costly and require trained operators to perform additional sample
pretreatments. Hence advanced techniques based on various mechanisms such as
piezoelectric [12], optical (e.g., plasmonics [13] and colorimetric [14]), and
electrochemical (e.g., impedance [15] and amperometric [16]) are used for developing
biosensors for cancer diagnosis. Among them, electrochemical biosensors have attracted
many interests in recent years because they are highly favorable for portable and point-of-
care measurements due to their potential to be miniaturized and integrated with MEMS
devices and circuits [17]. Rapidly growing attention to electrochemical cancer aptasensors
has recently led an explosive increase in scientific publications in the past decade. Despite
the vast potential implementations and applications of cancer aptasensors, these sensors
are not commercially available yet. Here, by focusing specifically on label-free
electrochemical cancer aptasensors, this chapter aims to present the current state of the art,

challenges, and possible opportunities for cancer aptasensors’ commercialization.
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2.1.2 Aptamers and Aptamer-based Sensors

In the early 1990s, Ellington et al. introduced the “SELEX” procedure (systematic
evolution of ligands by exponential enrichment) for aptamer preparation, which excludes
the sophisticated design for receptor units [18]. The process, which is schematically
described in Figure 2.1.1 starts with creating an oligonucleotide library of vast numbers of
random sequences (usually 10%°-10%), that contains a constant region (primary
transcription) at both ends and an intermediate random region. The selection process of
desired RNA-aptamers starts with passing the primary DNA library through an isolation
matrix to which the target molecules adhere. The nucleic acids attached to the desired target
remain in the isolation matrix while the rest is removed. Replicating the searched nucleic
acids via polymerase chain reaction (PCR) produces a combination of nucleic acid
sequences with an affinity for the target molecules. Thus, the selection and amplification
need to be repeated until the oligonucleotide sequences with the highest affinity for the
desired target dominate the population. This repetition is necessary because the library
contains a vast array of oligonucleotide arrangements, making it impossible to develop the
sequence with the highest affinity in one single selection-amplification cycle [18].

The application of aptamers for biosensors is particularly attractive because
aptamers are reliable substitutes for antibodies and enzymes in bioanalytical studies and
exhibit several advantages over immunosensors, including but not limited to the following
aspects: 1) The aptamers’ structures are h