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ABSTRACT OF THE DISSERTATION
INVESTIGATION OF CARBON-BASED LABEL-FREE ELECTROCHEMICAL
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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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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
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development stages and sensing response of the aptasensor to 100 pM PDGF-BB. (f)
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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
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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 highly-reproducible, whereas antibodies undergo
alterations and structural perturbations during their production process; 2) The process of
chemically modifying aptamers with functional groups (i.e., by attaching optical (e.g.,

fluorescent), magnetic, or redox-active labels) is more accessible than that of modifying
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Figure 2.1 Synthesizing of aptamers by the systematic evolution of ligands by exponential
enrichment (SELEX) protocol (PCR: polymerase chain reaction.).

antibodies; 3) Direct signal transducing from the aptamer-substrate complex is easily
achievable by applying labeled aptamers, whereas the antigen-antibody approach requires
complex sandwich structures for readout; 4) Aptamers exhibit fewer non-specific
adsorption phenomena than protein interfaces (e.g., antibodies)[19]. In the last decade,
DNA aptamers have been synthesized for various cancer biomarkers, antigens, and cells
such as Mucin 1 (MUC-1), human epidermal growth factor receptor 2 (HER-2), vascular
endothelial growth factor-165 (VEGF), and platelet-derived growth factor-BB (PDGF-
BB). The affinity sequences of aptamers utilized in recent studies and their modification
tag/functional groups are summarized in Table 2.1, wherein they are organized by the target
type. As can be seen, the same affinity sequence synthesized for a target can be applied to
both optical and electrochemical aptasensors. and

For example, both optical

electrochemical aptasensors for the HER-2 cancer biomarker are developed utilizing the

same affinity sequence but with a different tag/functional group [20, 21]. It is worth
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mentioning that comprehensive information on synthesized aptamers and related

information such as target type, aptamer category (RNA or DNA), and affinity sequence

can be found at the online library of the National Institutes of Health (NIH) [22].

Table 2.1 The synthesized affinity sequences and embedded tag/functional groups of aptamers

utilized in recent cancer aptasensors

Tag/Functiona

CCC AAT GGG CTG AGT A

Target Affinity Sequences Terminus | Group Sensor type Ref.
-GGG AGA CAA GAA TAA ACG
CTC AAG CAG TTG ATC CTT | 5° biotin optical [20]
TGG ATACCCTGG TTC GA
MUC1 GCA GTT GAT CCT TTG GAT | ., .
ACC CTG G 5 methylene blue | electrochemical | [23]
GCA GTT GAT CCT TTG GAT | ., :
ACC CTG G 5 HS-(CH2)s electrochemical | [24]
AAC CGC CCA AAT CCC TAA
GAG TCT GCA CTT GTC ATT
TTGTATATGTATTTGGTTTTT | §° biotin optical [20]
GGC TCT CAC AGA CAC ACT
ACA CAC GCA CA
GGG CCG TCG AAC ACG AGC
HER-2 ATG GTG CGT GGA CCT AGG | 5’ NH2-(CHz2)s electrochemical | [25]
ATG ACC TGA GTACTG TCC
AAC CGC CCA AAT CCC TAA
GAG TCT GCA CTT GTC ATT
TTGTATATGTATTTGGTTTTT | 5° SH-(CH2)s electrochemical | [21]
GGC TCT CAC AGA CAC ACT
ACA CAC GCA CA
ACG CAG UUU GAG AAG UCG s . .
CGC GU 3 Cyanine 3B optical [26]
6-
CCG TCT TCC AGA CAA GAG s .
TGC AGG G 5 ca_rboxyﬂuores optical [27]
cein
TTG TCC CGT CTT CCA GAC s .
AAG AGT GCA GGG A 5 NH2-(CH2)s optical [28]
TITTITTIT TIT TIT TTT TTC
AAT TGG GCC CGT CCG TAT | 5° H2N optical [29]
VEGF GGT GGG T
TTT TTT TGT GGG GGT GGA | ., :
CTG GGT GGG TAC C > SH optical [30]
TTITTTITTTT TTG TGG GGG TGG | , OH—(CH2)6—S— .
ACG GGC CGG GTA GA 5 S—(CHo)s optical [31]
CAG GCT ACG GCA CGT AGA s i .
GCA TCA CCA TGA TCC TG 3 biotin optical [32]
TTT CCC GTC TTC CAG ACA | , .
AGA GTG CAG GG 5 SH electrochemical [33]
CAT AGC GAG ATC CAG ACC .
TAG CAG N/A No-Tag optical [34]
PDGF-BB "AAA AAA AAT ACT CAG GGC
ACT GCA AGC AAT TGT GGT | 5’ Biotinand SH | optical [34]

17




T3 CAG GCT ACG GCACGT AGA
GCATCACCATGATCC

SH

optical

[35]

TCT AGA CAT TCA TCC TCA
GCC AGG CTA CGG CAC GTA
GAG CAT CAC CAT GAT CCTG

SH

optical

[36]

CAG GAT CAT GGT GAT GCT
CTACGT GCC GTAGCC TG

NH2-(CH2)s

optical

[37]

prostate-
specific
antigen

TTT TTA ATT AAA GCT CGC
CAT CAAATAGCTTT

HS-(CH2)s
NH2-(CH2)s

electrochemical

[38]

TTT TTA ATT AAA GCT CGC
CAT CAAATAGCTTT

NH2-(CH2)e

electrochemical

[39]

TTT TTA ATT AAA GCT CGC
CAT CAAATAGCTTT

HS—(CH2)s

electrochemical

[40]

TTT AAT TAA AGC TCG CCA
TCAAAT AGCTTT

NHz-(CH2)s

electrochemical

[41]

TTT TTA ATT AAA GCT CGC
CAT CAAATAGCTTT

(CH2)s

electrochemical

[42]

K562
human
chronic
myelogen
ous
leukemia

TTITTTTTTT TAC AGC AGATCA
GTC TAT CTT CTC CTG ATG
GGT TCC TAT TTA TAG GTG
AAGCTGT

NH2

optical

[43]

ATC CAG AG TGA CGC AGC
AGA TCA GTC TAT CTT CTC
CTG ATG GGT TCC TAT TTA
TAG GTG AAG CTG GAC ACG
GTGGCTTAG T

(CH2)s-NH;

electrochemical

[44]

TTITTTTTTT TAC AGC AGATCA
GTC TAT CTT CTC CTG ATG
GGT TCC TAT TTA TAG GTG
AAGCTGT

5

SH

electrochemical

[45]

anterior
gradient
homolog 2

CGG GTG GGA GTT GTG GGG
GGG GGT GGG AGG GTT

biotin

optical

[46]

HER

GGC GCU CCG ACC UUA GuUC
UCU GUG CCG CUA UAA UGC
ACG GAU UUA AUC GCC GUA
GAA AAG CAU GUC AAA GCC
GGA ACC GUG UAG CAC AGC
AGA

(CH2)s

electrochemical

[47]

angiogeni
n

CGG ACG AAT GCT TTG ATG
TTG TGC TGG ATC CAG CGT
TCATTC TCA

(CH2)e-(SH)

electrochemical

[48]

carcinoem
bryonic
antigen

ATACCAGCT TATTCAATT

SH-(CH2)s

electrochemical

[49]

TTAACTTATTCGACCATATTT
TITTITT

SH

electrochemical

[50]

ATACCAGCT TATTCAATT

SH-(CH2)s

electrochemical

[51]

ATACCAGCT TATTCAATT

SH

electrochemical

[52]

ATACCAGCT TATTCAATT

SH-(CH2)s

electrochemical

[53]

a-methyl
acyl-CoA
racemase

TTT TTT CCC TAC GGC GCT
AAC CCA TGC TAC GAA TTC
GTT GTT AAA CAA TAG GCC
ACC GTG CTA CAA

histidine

electrochemical

[54]
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protein ATC TAA CTG CTG CGC CGC
tyrosine CGG GAA AAT ACT GTA CGG | 3’ (CH2)s-SH electrochemical | [55]
kinase-7 TTAGA

GGC GGG GCT ACG AAG TAG | . SH-(CH2)s

3,344 TGA TTT TTT CCG ATG GCC | -,

polychlori | CGT G 3 Fc

nated GGC GGG GCT ACG AAG TAG | o

biphenyl | TGA TTT TTT CCG ATG GCC g ﬁ';'(CHZ)G
CGTG

cytochro | CCG TGT CTG GGG CCG ACC _
GGC GCA TTG GGT ACG TTG | 5’ NH2 electrochemical | [58]

me ¢ TTGC

ATC CAG AGT GAC GCA GCA

TAT TAG TAC GGC TTA ACC

CPC ATG GTG GAC ACG GTG

GCTTAGT

GCGTTTTCGCTTTTGCGT TTT

GGG TCA TCT GCT TAC GAT | 3’ NH2 electrochemical [60]

AGC AAT GCT

ACA GCA TCC CCA TGT GAA

CAA TCG CAT TGT GAT TGT

TAC GGT TTC CGC CTC ATG

GAC GTG CTG

ACA GCA TCC CCA TGT GAA

CAA TCG CAT TGT GAT TGT

TAC GGT TTC CGC CTC ATG

hfpatoce“ GAC GTG CTG

ufar, ACA GCA TCC CCA TGT GAA

carcinoma | caa TCG CAT TGT GAT TGT

TAC GGT TTC CGC CTC ATG

GAC GTG CTG

ACA GCA TCC CCA TGT GAA

CAA TCG CAT TGT GAT TGT

TAC GGT TTC CGC CTC ATG

GAC GTG CTG

electrochemical | [56]

electrochemical | [57]

5 SH electrochemical | [59]
cancerous

exosomes

5 (CH2)6—NH2 electrochemical | [61]

5’ SH-(CH2)s electrochemical | [62]

5 SH-(CH2)s electrochemical | [63]

5’ SH-(CH2)s electrochemical | [64]

Although they have tremendous advantages, both RNA and DNA aptamers can be
strongly affected by nucleases through hydrolytic digestion (this is particularly true for
RNA aptamers) and thus require a clean application environment [65]. Applications and
features of the two major types of aptasensor are summarized in the following section.
2.1.2.1 Optical Cancer Aptasensors

The first application of aptamers as bio-detection agents in biosensors was reported
in 1996, with an optical biosensor utilizing fluorescently labeled aptamers [66]. Due to the
high sensitivity and automation capabilities of optical-based sensing, this method has been
vastly applied in food/environmental monitoring and medical diagnosis. Fluorescent labels

are the most commonly utilized transduction agents in optical aptasensors due to their
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sensitivity and the existence of accurate measuring techniques. Optical aptasensor studies
mainly focus on relating the changes in fluorescence intensity to the target-aptamer
interactions and increasing the sensitivity of the sensing platform [67]. The fluorescent
intensity and fluorescent anisotropy measurements are the most commonly employed
methods in optical aptasensors [68]. In the former, a biochemical reaction or binding event
can be quantified by using either fluorogenic assays or fluorescence quench assays. In
fluorogenic assays, the reaction products are fluorescent, while in fluorescence quench
assays, a fluorescent label is covalently linked to the substrate, and the reaction quenches
the label [69]. The cancer biosensors based on optical measurement techniques exhibit
noticeable features such as low limit of detection (LoD), high quality factors (high signal
to noise ratio) in extremely low target concentrations, and versatility to be used for various
targets. However, many of them have some drawbacks including 1) narrow dynamic ranges
compared to clinical application requirements, 2) need for complicated optical analysis
tools for the output signals, 3) complicated labeling process, and 4) endpoint signal reading
which makes the optical aptasensors insufficient for point-of-care applications and
studying the Kinetics of bio-reactions. Table 2.2 lists the recently reported optical cancer
aptasensors along with the cutoff points of the target biomarkers. It should be noted that
some of the cancer biomarkers (e.g. prostate specific antigen (PSA)) are FDA-approved

and that the clinical data regarding healthy ranges are available to the public [70].

Table 2.2 Different cancer optical aptasensors and their performance characteristics

Target H;:rlg;y Method Sensing Enhancement Linear Range Limit of Detection Ref.
MUC-1 <500 fluorescence sandwich assay 10 - 106 cells/mL 10 cells/mL [71]
MUC-1 U/mL fluorescence dye-Si nanoparticles N/A 10 cells/mL [20]
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AuNPs/localized

VEGF pfjr%OL fluorescence surface plasmon 1.25pM -1.25nM N/A [26]
resonance
PDGE- homog'engous'apt_amer
BB fluorescence proximity binding 10 - 200 nM 3.2nM [34]
assay, split aptamer
PDGF- ;
BB fluorescence silver NPs N/A 625 pM [76]
aptamers-based
PDGE- <[)191/?n7l;5 saqdwich assay for
BB fluorescence sHver-enhance_d 0.25-8nM 16 pM [77]
fluorescence multiplex
detection
PDBGBF' fluorescence S|ngler;£\;\r/]zi)ltlsgecsarbon 0.1-10nM N/A [78]
VEGF fluorescence N/A 032-5.0nM 0.32nM [27]
polarization
fluorescence
resonance
VEGF <200 energy quantum dots (QD) N/A 1nM [28]
pg/mL transfer
(FRET)
VEGF FRET QD+Dye N/A 12 nm [28]
T-cell
acute
Iylmphob N/A colorimetric AUNP.S/Ce" trlgggred 102 - 10* cells/mL 40 cells/mL [79]
astic cyclic enzymatic
leukemia
cells
CCRF- - : 5
CEM N/A colorimetric AuNPs 102 - 10° cells/mL 90 cells/mL [80]
tumor
nfecrosns <11.00 colorimetric AuNPs 0t022.3nM 97.2 pM [81]
actor- pg/mL
alpha
surface
VEGF plasmon horse radish peroxidase N/A 10 nM [83]
resonance
rolling circle
surface amplification
VEGF plasmon (isothermal enzymatic 3pM-10 uM 3pM [29]
resonance DNA replication
process)
<200 surface
VEGF pg/ml plasmon N/A 3nM-60nM 1fM [84]
resonance
ezL;\gr?gs d silver NPs
VEGF Raman ornamented/AuNPs 0.01-1.0fM 22.6 aM [30]
. pyramids
scattering
e?\l;\gr?gg d silica encapsulated
VEGF hollow Au nano- 3fM-10nM 3aM [31]
Raman .
] spheres/VEGF antigen
scattering
surface
POSF | g7 | Cnced AUNPs 1-50 pM 05pM [35]
pg/mL scattering
PDGF- surface one- two- three-
BB enhanced cascaded amplification I pM—10nM 420 M [36]

21




Raman
scattering
surface
05-2 enhanced magnetic nanoparticles
PSA ng/ml Raman core- AuNPs satellite 5500 pg/mL 5.0 pg/mL (8]
scattering
K562
human | carbon QDs/ZnO
chronic € gctro_ nanoshpere electro
N/A chemilumine L 102 - 107 cells/mL 46 cells/mL [43]
myeloge chemiluminescence
scence
nous label
leukemia
electro- beta-
PDGF- <1127.5 chemilumine cyclodextrlne_/g_raphltlc 0.02 pM — 20 nM 0.01 pM [37]
BB pg/mL carbon nitride
scence -
composite
chemilumine
scence . .
VEGF resonance QD/hemln/OI-I|202+Ium|n N/A 180 nM [28]
<200 energy
pg/ml transfer
tunable . -
o aptamer immobilized on | mass measurement
VEGF resistive 120 nm bead 0-10 nM N/A [32]
pulse sensing

2.1.2.2 Electrochemical Cancer Aptasensors

An electrochemical sensor transforms chemical reaction information into
analytically useful information via electrochemical measurement methods.
Electrochemical measurement methods have been widely utilized as fast, low-cost, and
easy-operation tools for highly sensitive biochemical analysis of complex samples. In a
typical electrochemical aptamer-based sensing platform, aptamers are immobilized on a
sensing electrode (also referred to as the working electrode or sensing probes). In labeled-
type electrochemical biosensors, labels are used to increase the signal produced per event.
Typically, the electrochemical labeling process involves the covalent binding of labels
through chemical processes, whereas some probe labeling requires only temporary
(physical-binding) attachment of labels [87]. As it is schematically illustrated in Figure 2.2
(A & B), the developed aptamers for labeled type electrochemical aptasensors could have

dynamic distances to the transducer’s surface. Capturing the targets can ignite electron
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transfer (Figure 2.2A) or quench the electron transfer (Figure 2.2B) [68]. In the case of
label-free aptasensors, the attachment of targets to aptamers changes the electrical
properties of aptamers and sensing platforms by having different steric hindrances or
electrochemical isolation properties, which is especially true for cancer cell diagnosis
(Figure 2.2C) [68]. In other words, the formation of a target-aptamer complex in label-free
electrochemical aptasensors would affect the electrochemical properties of the sensing

electrode, which can be detected via redox-species or impedance variations.

Figure 2.2 Schematic illustration of A) labeled type aptasensors in which aptamer-target binding
induces the electron transferring, B) labeled type aptasensors in which aptamer-target binding
guenches or reduces the electron transferring, and C) label-free type apt
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Both label-free and labeled electrochemical aptasensors reveal the presence of
targets by changes either in current or in capacitance. Accordingly, various electrochemical
aptasensors based on different measurement techniques such as field-effect transistors
(FET) [88], differential pulse voltammetry (DPV) [89], cyclic voltammetry (CV) [90],
electrochemical impedance spectroscopy (EIS) [91] and tunable resistive pulse sensing
(TRPS) [32] have been developed. In the FET technique, bio-recognition agents are
immobilized on the gate surface and binding of targets leads to an increase or decrease of
conductance which can be detected in a real-time manner via measuring the drain current

[88]. DPV is a voltammetry technique in which a linear or staircase sweep of potential
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Figure 2.3 Examples of electrochemical cancer aptasensors. A) Charge transfer resistance (RCT)
measured via EIS technique for detecting doxorubicin (one type of anthracyclines used in cancer
treatment)[91], B) Current measured via DVP method for detecting circulating tumor cells (MCF-
7)[97], C) Current measured at drain of a FET for identifying VEGF [88], and D) Analyzed average
rate of triplicate for detecting VEGF and PDGF through TRPS technique [32].
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pulses is applied to the sensing probe and the current is measured before each potential
change. This technique has been vastly utilized for cancer electrochemical aptasensors
because of two main reasons: 1) it is highly sensitive to the change of bio/electrochemical
species because the effect of current variations is minimized and 2) only faradaic current
is extracted which minimizes the effect of background capacitance [92]. CV measurement
is another voltammetry technique extensively used in cancer electrochemical aptasensors’
studies. In this technique, the current of sensing probe is measured while the potential of
sensing probe is ramped linearly over time until it reaches the set potential and ramps in
the opposite direction to return to its starting potential. This technique can be used in two-
electrodes and three-electrodes cell configurations, depending on the desired analytical
characterization [93]. EIS technique measures the variation of impedance in two modes of
faradaic and non-faradaic. The faradaic mode studies the change of electron transfer rate
caused by aptamer-target interactions, while the non-faradaic mode mainly measures the
variations of surface capacitance resulted from aptamer-target bindings [94]. TRPS
technique utilizes tunable nanopores to measure various characteristics of the sample, such
as size, charge, and concentration [95]. The capture-probe of TRPS cancer aptasensors is
consist of chosen nanoparticles modified with the proper affinity aptamers. The
information of aptamer-target interactions is measured by analyzing the pulse observed as
the capture-probe traverses the nanopore [96]. In Figure 2.3, some examples of sensing
mechanisms and output sensing signals are illustrated.

Besides the importance of choosing appropriate electrochemical sensing technique
based on the electrochemical nature of the sensing platform and different targets, following

factors can affect the performance of an electrochemical biosensor: 1) fabrication
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procedure of the working electrodes, 2) pretreatment of the electrode surface, and 3) bio-
functionality of the electrodes. Of these factors, pretreatment and bio-functionality of the
working electrode surfaces are particularly significant in terms of their impact on diagnosis
performance. For instance, proper treatment of the working electrodes with protein-
repellants and functional group quenchers (e.g., bovine serum albumin and Tween-20) can
prevent the binding of undesired similar molecules and effectively enhance the selectivity
of the sensors. Furthermore, detecting several targets in the same sample serum is possible
by locally functionalizing different surface areas of one working electrode, which is
referred to as ‘multiplexing’ [98]. Multiplexing is particularly desirable since it reduces
both the required sample volume and the cost of each test. Moreover, surface modifications
can significantly affect the surface capacitance. Surface capacitance is often modeled as a
‘constant phase element’ in EIS measurements and depends on the thickness and dielectric
properties of the sensing electrode [99].

Label-free electrochemical cancer aptasensors have remarkable advantages over
optical and labeled electrochemical cancer biosensors such as the capability of
continuously monitoring the kinetics of biochemical reactions, wider dynamic range,
relatively fast reaction time, eliminating the complicated labeling process, and capability
of compact lab-on-chip integration which make them highly suitable and desirable for
practical applications and commercialization. It is worth mentioning that besides the
noticeable advantages of label-free electrochemical cancer aptasensors, they also suffer
from some drawbacks such as lower selectivity than similar optical and labeled

electrochemical aptasensors, low signal-to-noise ratio in low-target concentrations which
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requires complicated mediator composites to enhance the output signal, and complicated
reaction pathways and Kinetics.

The following sections focus on reviewing label-free electrochemical cancer
aptasensors to address their key features, performances, challenges, and potential for

further enhancement.

2.1.3 Label-Free Electrochemical Cancer Aptasensors

Designing accurate, fast, and reliable biosensors—especially for early cancer
diagnosis—requires a deep understanding of the sensing mechanisms and behavior of the
sensing materials. Gold, glassy carbon, and screen-printed carbon have been used
extensively as electrode materials for label-free electrochemical cancer aptasensors. The
enhancement methods used to improve the performance of an aptasensor can be vastly
different, depending on the bio-reception strategy and the physiochemical characteristics
of the targets. The surface functionalization process is typically used to bind aptamers
covalently on the sensor surface, increase the electron transfer to the electrode, and reduce
non-specific bindings. In the case of biomarker-based electrochemical cancer detection,
the aptamer-target bindings can be detected via voltammetry measurements, including
DPV, CV, and square wave voltammetry (SWV), while measuring impedance variation is
more useful for whole-cell detection. Label-free electrochemical cancer aptasensors can be
divided into two major groups based on the nature of their targets, and this division is
helpful for more in-depth understanding of developed sensing mechanisms and suitable

methods for functionalizing their sensing platforms: 1) aptasensors based on biomarkers
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and related proteins, and 2) aptasensors based on whole-cell detection. The electrochemical

measuring strategies and functionalization methods for both groups are discussed below.

2.1.3.1 Label-free Electrochemical Cancer Aptasensors Based on Biomarkers and
Related Proteins

One of the effective cancer diagnosis methods includes detecting cancer via
antigens produced in the body in the presence of cancer cells or using established
biomarkers for indirect cancer detection. Different types of biomarkers such as HER [47],
HER-2 [25], VEGF [100], MUC-1[23], and PSA [90] have been studied for label-free
electrochemical aptasensors. Both current and capacitance measurements can be used for
this purpose. Measuring current requires an assay containing redox/oxidation couples (e.g.
[Fe(CN)s]™®), while capacitive measurement could be done in situ without requiring
further electrochemical agents (e.g., EIS measurements in non-faradaic mode) [101, 102].
Furthermore, turn-off and turn-on signal transduction strategies can be likewise applied to
label-free aptasensors. Turn-off strategies are often based on lessened available sites for
passing electrons resulted from aptamer-target assemblies. These types of probes require a
redox/oxidation couple to produce appropriate signals. As an example, M. Shamsipur et al.
developed a VGEF aptasensor utilizing gold nanocluster based nanocomposites as the
immobilization platform for aptamers and [Fe(CN)s]*> 7 as a signal probe [103]. In their
sensor, the interaction of the aptamer and the target led to DVP results with linear decaying
response to the VGEF molecules in the range of 1 — 120 pM. Turn-on strategy can be
applied for label-free cancer biomarker aptasensors by using EIS technique and measuring

charge transfer resistance (often modeled as Rct) and surface capacitances. Rct can be
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measured directly from radius of semicircle in EIS spectra or can be calculated from

Table 2.3 Comparison of performance of recent biomarker-based label-free electrochemical
cancer aptasensors

Utiliz . -
raget | S| senng | e’ | BN | or | S|
Platform Enhancement Meth R Detection o '
od ange 4°C)
Au with
streptavidin- AuNPs and 1-40 95% after
HER-2 coated magnetic aptamer/antibody DPV ng/ml 50pg/ml 7 days [47]
beads
HER-2 Au micro-electrode | gq 02-2 | 500 pg/ml N/A [25]
capacitors ng/ml
interdigitated gold | CV/EI | 1pM -100
HER-2 Au electrodes S M 1pM. N/A [21]
10pM -1 93.75 after
MUC-1 Au N/A SWV LM 4 pM 2 weeks [23]
MUC-1 Au AuNPs EIS O'i,;,llo 0.1nM N/A [24]
quinone-based i} 0
PSA glassy carbon conducting SWv 1-10 1 ng/ml 93% after [113]
ng/ml 7 days
polymer
Thiol-modified 1-10
PSA Au sulfo-betaine EIS ng/ml 1 ng/ml N/A [38]
rolling circle
amplification
reaction with poly ) 0.020 +
PSA Au (thymine) - cv 0'?5/m5L°° 0.001 N/A [90]
templated copper Y fg/mL
nanoparticles and
AuNPs
CVIEI 100 pg/ml
PSA Au imprinted polymer S - 100 1 pg/ml N/A [39]
ng/ml
AuNPs / rGO / 0.005 — 20 95%-92%
PSA glassy carbon multi-walled DPV ’ 1.0 pg/mL after 30 [40]
ng/mL
carbon nanotubes days
91.4%
Au/ Pt- after 7
polymethylene blue | CV/EI | 10 fg/mL - days and
PSA glassy carbon and magnetic S 100 ng/mL 2.3 fg/mL 97.9% [41]
particles after 14
days
mesoporous silica 1-300 98% after
PSA Au thin film DPV ng/mL 280 pg/mL 30 days [42]
2.5 fg/mL -
titanium oxide 25 pg/mL o
PSA glassy carbon nanoparticles / silk CVS/EI and 25 0.8 fg/mL gl;ﬂ:fger [104]
fibroin nanofiber pg/mL - 25 4
ng/mL
Au
PSA interdigitated self-assembled Eis | 0525000 1 5y hmp | S0%0after |
fingers monolayer ng/mL 6 days
poly(diallyldimethy
. . | ammonium 01pM-5
Angiogenin glassy carbon chloride) / SWV M 0.064 pM N/A [48]
graphene / AuNPs
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carcinoem nanocomposite of )
bryonic glassy carbon | AuNPs/hemin/grap cv/ 0.0001 - 10 40 fg/ml 97% after [49]
- amperometry ng/mL 7 days
antigen hene nanosheets
carcinoem enzymatic }
bryonic Au polymerization am gr\(:r':letr 5 ﬂ\:l]MSOO 5fM N/A [50]
antigen (aptamer-OTEP) P y
glucose oxidase
carcinoem and ferrocene 1.0 pg/mL 0
bryonic Au dually CVIEIS -100 0ds | 9Bwatter 1 psy
antigen functionalized ng/mL P9 4
nanoporous gold
carcinoem
bryonic 10 pg/mL - 0.05
antigen glassy carbon Molybdate cv 10 ng/mL pg/mL NR [52]
carcinoem horse radish 5. 40 34
bryonic Au peroxidase/concan DPV/ CV : N/A [53]
h . ng/mL ng/mL
antigen avalin A
carcinoem TiO2Pt/ reduced Chronoamper 6.4 x 107°- 6.4 x 98.8%
bryonic Plastic tubes graphene oxide ometryp 1.0 x 10° 10 after 30 [116]
antigen (rGO) pg/mL pg/mL days
carcinoem AuNPs/ amino- 1.0x103 9.8 x 93.5%
bryonic glassy carbon functionalized EIS -100.0 10+ after 3 [117]
antigen MCM-41 ng/mL ng/mL"! days
a-methyl polypyrrole 1M -1
acyl-CoA Au (PPy)—polyethylen SWV M 5fM N/A [54]
racemase e glycol (PEG)
silica-coated iron
lung oxide magnetic
cancer- beads grafted with 0.023 - 230 0.023
related A hydrophobic C8 SWv ng/mL ng/ml NIA [118]
protein and C4 alkyl
groups
3,3'4.4'-
i - 0,
el |y wa | oves | 020 | oo |t | g
biphenyls
3,3'4,4'-
polychlori AuNPs dotted 1 pg/L and 85% after
nated A rGO cv 10 pg/L 0.1pg/L 14 days 571
biphenyls
electro- .
cytochro polymerized 80 pM - 80 Vfarg;d 85% after
yr?ne c glassy carbon neutral red and CVIEIS pnM 0.02 1 4° davs [58]
decacarboxylated tol O M 4
pillar )
i i i - 0,
mtenrlgukl screcear:r t;;)(l;lnnted Polypyrrgle/AuNP CVIEIS 15pﬁ/ng|;|_ p(g)]./:)rjngL Qf (f)da;g:r [121]
10°-10% 104
cancerous Au DNA CV/ SWv exosomes/ | exosome N/A [59]
exosomes nanotetrahedra
mL s/mL
1000 — 120 70
cancerous Au N/A DPV 000 particles/ | N/A [60]
exosomes particles/p ul
L
screen printed ordered 10.0 - 1.0
VEGF cart?on mesoporous CVIEIS 300.0 /}nL N/A [100]
carbon—-Au pg/mL P9
. AuNPs / spacer
VEGF | graphitescreen | .ove mercapto- | DPV/EIS 0-250 30 N/A [123]
printed 1-hexanol nmol/L nmol/L

equivalent EIS circuits [98]. For instance, A. Benvidi and his coworkers developed a turn-

on PSA label-free aptasensor based on silk fibroin nanofibers modified with titanium oxide
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nanoparticles deposited on glassy carbon electrode in which they measured R as the
sensing indicator [104].

For voltammetry and EIS methods, various composites have been introduced to
enhance the performance of aptasensors by improving applicable features of sensing probes
such as aptamer immobilization efficiency [105], target binding affinities [106], and
response kinetics [107]. AuNPs, as promising enhancement mediators, have been widely
used either directly on the surfaces of electrodes [9, 47], or in compound with other
materials such as graphene [57], poly(diallyl dimethyl ammonium chloride) [48], and poly
(thymine) templated copper nanoparticles [90]. For capacitive methods, different factors
including but not limited to geometry, material, the design of the electrodes, the variation
of charge propagation upon aptamer-target binding, and frequency of the applied AC
electrical signal in addition to the ones mentioned above contribute the response of a cancer
aptasensor [21, 25]. The reported capacitive electrochemical cancer aptasensors usually
have simple sensing probes without having complicated surface functionalization and
labeling processes. However, interpretation and calibration of the capacitive output signals
could be challenging due to the complexity of the capacitive response itself (e.g., memory
effects and charge leakage of capacitors [108]) and bio-electrochemical processes.

Reaction time is one of the crucial parameters for portable and point-of-care
biosensors. In the case of aptasensors, reaction time is the minimum time required for
aptamer-target integration. Reaction time reported in the literature varies from 5 minutes
[56] to several hours [104], with an average of 60 minutes. For label-free electrochemical
aptasensors, reaction time is independent of applied measurement techniques and mainly

depends on the features of aptamers (e.g., length of the affinity oligonucleotide) and pH of
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the reaction medium [109]. LoD is another critical parameter for portable and point-of-care
biosensors and represents the lowest quantity of the target molecules that the sensor can
distinguish from blank response [110]. The reported limits of detection in label-free
electrochemical aptasensors are considerably higher compared to optical aptasensors for
the same targets. As an example, the label-free electrochemical aptasensor for VGEF
developed by Han et al. has the LoD of 30 nmol/L [111], while optical VGEF aptasensors
have an extremely low LoD such as 3 aM achieved by surface-enhanced Raman scattering
based immunoassays [31]. Stability, as another critical performance parameter, is
acceptably high for sufficiently long storage times in the reviewed label-free
electrochemical cancer aptasensors studies. For instance, Wen et al. reported stability of
93.75% for MUC-1 aptasensor in 4 weeks period of time [23], and Argoubi et al. reported
stability of 98% for PSA aptasensor after 30 days storage [42]. Last but not least, the
majority of the reviewed.

Label-free electrochemical cancer aptasensors exhibited wider linear response
ranges compared to optical cancer aptasensors for the same targets, which makes them
practically useful for clinical and point-of-care applications. Table 2.3 presents the recent

studies in label-free electrochemical cancer aptasensors.

2.1.3.2 Label-free Electrochemical Cancer Aptasensors Based on Cell Detection

The establishment of a technique free from complicated purification and sample
preparation procedures would represent a significant breakthrough in the development of
aptasensors for whole-cell cancer detection. Different types of cancer cells such as
hepatocellular (liver cancer cells) [61], HCT 116, HT 29 and HEP-2 cell lines (colon

cancer) carcinoma [124], K562 leukemia cancer cells, and SW620 colorectal carcinoma
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cells [111] have been detected by using label-free electrochemical aptasensors. The most
commonly-used detecting strategy in cell-based label-free electrochemical cancer
aptasensors is the successful specific capture of the cells on the surface of electrodes.
Depending on the selected measurement method, the captured cell would either block the
direct access of the redox species or would change the surface capacitance, resulting in a
change in the impedance of the sensing probe. Hence, EIS has been extensively exploited
as a noninvasive measurement technique for the investigation of living cells; since living
cells exhibit exceptional dielectric characteristics at different frequencies [61]. Surface
functionalization is an effective way to create a suitable and stable linkage between
aptamers and cells. Different configurations, such as covalent binding based on the last
segment of the designed aptamer and compositing with nanomaterials or polymers, are
reported in recent works. For example, label-free impedance cytosensor measures the
correlations of the impedance and biological status of the cancer cells at the sensor-cell
interface [17]. Recently, highly specific and sensitive peptide-fused phage cytosensors with
low LoD and relatively wide linear detection range has been demonstrated [111].
Effectively blocking nonspecific binding is one of the keys to developing high-
performance sensing platforms. For example, the excess area on the surfaces of the probes
can be blocked by bovine serum albumin to prevent nonspecific bindings [45].

Advanced label-free aptasensors for whole-cell cancer diagnosis exhibit fast
reaction/detection time with extremely low LoDs such as 2 cells/mL for K562 leukemia
cancer cells [45], 2 cells/mL for CT26 cancer cells [125], and 7 cells/mL for HCT 116, HT
29 and HEP-2 cell lines (colon cancer) [124]. Besides, these advanced aptasensors showed

wide dynamic ranges such as 30 — 1 x 108 cells/mL for circulating tumor cells [126], 1x10?
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— 1 x 107 cells/mL for human liver hepatocellular carcinoma cells [62], and 0 — 5.0 x 10*
cells/mL for K562 leukemia cancer cells [45]. Furthermore, some of the reported label-free
electrochemical whole-cell cancer aptasensors are stable for a long period of time. As an
example, the label-free electrochemical aptasensor developed by T. A. Mir et al. for
detecting lung cancer cells showed 90% stability after 60 days, which is highly promising
for clinical applications [127]. Table 2.4 presents a comparison of the recently reported
label-free electrochemical aptasensors for direct cancer cell diagnosis.

Table 2.4 Comparison of performance of recent whole cell based label-free electrochemical cancer
aptasensors

Detection - -
Sensing . Utilized Linear L'm't.Of Stability
Target (Cells) Platform Sensing Enhancement method Range Detection | (Stored at Ref.
(cells/mL) (cells/mL) 4°C)
2 96.3%
hepatocellular Au N/A EIS 1x10° -1 2 after7 | [61]
carcinoma x 10
days
self-assembled of 4-
sr::;llln] 22”nfunn' glassy ([2,2":5',2"- terthiophen]-3'- CZ:S{T:Z:? 151 x 8 90% after [127]
g carbon yl) benzoic acid (TTBA) on P 10° 60 days
cancer c
AuNPs.
HCT 116, HT 11-mercaptoundecanoic acid
29 and HEp-2 Au (11-MUA)/modified Ccv N/A 7 N/A [124]
(colon cancer) KCHAZ10a aptamer.
G-
hepatocellular quadruplex/hemin/aptamer/h 1x10%2-1
carcinoma A orseradish CV/EIS x 107 30 NIA [62]
peroxidase/AuNPs
K562 leukemia 14 -
cancer Au G-quadruplex/DNAzyme DPV 1.4x10° 14 [44]
epithelial cell adhesion 91.9%
circulating molecule (EpCAM)/6- 30-1x .
tumor A mercapto-1-hexanol EIS 108 10 af(;ir 515 [126]
interspaces Y
K562 leukemia Au graphene—Hemin/Au nano- cv 0- 5.40 X 2 NR [45]
cancer flowers 10
SW620 20 x 10%— 92.4%
colorectal Au specific peptide-fused phage | CV/EIS 2 0 x 10° 79 after 30 [111]
carcinoma ) days
hepatocellular glassy hybrid nano-electrocatalysts | CV /EIS/ 1x102 -1 15 N/A [63]
carcinoma carbon / enzyme / AuNPs DPV x 107
MCF-7 Au AuNPs/graphene oxide CVIEIS | 10-10° 8 N/A [128]
hybrid
10-1.0x
graphite 3- 10°(CV) 98% after
CT26 screen aminopropyltriethoxysilane/ | CV/EIS and 1.0 x 2 7 gia s [125]
printed (AUNPS) 10°— 6.0 x 4
10° (EIS)
caon | S0P coted e
Leukemia screen 3 DPV 10 - 1x10° 10 N/A [129]
; on nitrogen-doped graphene
printed
nanosheets
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platinum nanoparticles / B
hepatocellular | by AuNPsfindium tin oxide | CV/EIS/ | 50— 1x 15 NIA [64]
carcinoma glass DPV 10
. glassy CV/EIS/ 50 -7 x
MCF-7 carbon rGO / AuNPs DPV 10° 27 N/A [130]

2.1.4 Challenges and Future Perspectives

The conducted studies on both biomarker and whole-cell label-free electrochemical
cancer aptasensor exhibited promising performances for early and point-of-care cancer
diagnosis. However, there is room for improving these types of sensors and make them
more feasible for clinical applications. Performance of label-free electrochemical cancer
aptasensors can be further enhanced by 1) decreasing LoD of cancer biomarker aptasensors
to be in the levels comparable to benchtop methods and optical aptasensors, 2) enhancing
the accuracy of the diagnosis by eliminating false negative or positive responses, 3)
developing disposable sensing probes, and 4) integrating these aptasensors with MEMS
devices and circuits such as microfluidics and lab-on-chips. One of the highly promising
approaches for further enhancements of LoD of biomarker-based aptasensor could be the
use of carbon-based materials, e.g., single- and multiple-walled carbon nanotubes, doped
graphene (nano) sheets, on transduction surfaces. This enhancement can widen the
dynamic range and increase sensitivity by enlarging the accessible surface area [131].
Moreover, carbon-based materials have unique electrochemical properties such as
excellent conductivity and high stability window during hybridization processes, at
elevated temperatures, and during prolonged incubation in aqueous solutions [132]. The
recent progress in the carbon-based nanomaterials synthesis methods has improved the
electrochemical properties of these materials. For example, the improved synthesizing

methods have increased the electron-transfer rate between electrode and recognition
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molecules, which can make the carbon-based materials even more suitable for biological
applications [133].

Another potential technique to improve label-free biomarker-based cancer
aptasensors is subsiding the false-positive responses and misdiagnosis. The established
cancer biomarkers and antigens are commonly used to detect several cancer types. For
instance, carcinoembryonic antigen has been associated with colorectal, lung, pancreas,
liver, breast, and gastric cancers [134]. Hence, multiplexed detection of more specific
cancer antigens and biomarkers along with carcinoembryonic antigen can help highly
reliable diagnosis. Developing disposable and reliable sensing electrodes is another crucial
aspect of label-free electrochemical cancer aptasensor studies. Besides the gold and carbon
nanomaterials, other nanomaterials can be used to construct disposable sensitive and
selective aptasensors. Various disposable nano-composites have already been developed
for cancer immunosensor, which can be adapted for cancer aptasensors. For example, Hong
et al. developed a cancer immunosensor for detecting breast cancer antigen (CA 15-3)
utilizing using silica nanoparticles doped with ferrocene-carboxylic acid (Fc-COOH)
[135]. Likewise, Li et al. developed a thin film composed of cobalt hexacyanoferrate
nanoparticles and graphene sheets [136]. Li’s studies showed that the presence of the
graphene sheet greatly improves the electroactivity of cobalt nanoparticles and the stability
of the sensors.

The first attempt to incorporate label-free aptasensors into a standalone compact
system, including a signal processing unit, potentiostat, microfluidic channel, and an
electrochemical cell, has been reported by A. Tashtoush [137]. This integrated label-free

aptasensor is capable of performing precise potentiometry and voltammetry. Furthermore,
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Sung-Chi Tsai et al. has recently introduced an “integrated microfluidic system” with
magnetic beads for the separation and diagnosis of ovarian circulating cancer cells [138].
Their “integrated microfluidic system” is capable of direct depletion of the white blood
cells (WBC) through a reverse selection procedure, the lysis of red blood cells (RBC), and
isolation of cancerous target cells from blood samples via aptamer-based sensing probes.
The developed lab-on-chip device presents a promising application of the portable system
for early diagnosis of different cancers’ cells if the adequate and appropriate aptamers have
been used.

By virtue of the well-known advantages of aptamers over antibodies for diagnosis
proposes, successful commercialization of the label-free electrochemical cancer
aptasensors could be possible by optimizing several factors typically overlooked in the
research stage, such as ease of production; cost of manufacturing; stability under
mechanical and environmental stress; fabrication failure rate; integration and packaging
flexibility; as well as storage requirements. Furthermore, biosensor tests are usually
conducted in highly-controlled and contamination-free conditions, and this is particularly
true for aptasensors. In light of the potentials and challenges, it is clear that more research

needs to be devoted before commercial aptasensors become readily available.

2.1.5 Conclusion

This chapter provided an extensive review of cancer aptasensors presenting their
principles of operation for different types, the current state of the art, challenges, and future
perspectives. The advantages that label-free cancer aptasensors offer over optical and

labeled electrochemical cancer aptasensors make them highly favorable for lab-on-chip
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and portable clinical applications. Label-free electrochemical cancer aptasensors are

discussed in two major groups based on the nature of their targets. For biomarker-based

label-free electrochemical cancer aptasensors, voltammetry techniques are mainly utilized,

while EIS methods are more useful for the whole-cell label-free electrochemical cancer

aptasensors. The majority of the label-free electrochemical cancer aptasensors are

acceptably sensitive, fast, and adequately stable for many clinical applications. Addressing

the discussed challenges would allow label-free electrochemical cancer aptasensors to be

widely adopted for clinical use and contribute to the early detection of cancer.
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2.2 Prospect of C-MEMS and C-NEMS technology for Biotech

2.2.1 Introduction

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 along with various fabrication techniques have 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. In the past two decades, a
variety of radiation-induced micropatterning techniques have been adopted for polymer-
derived carbon patterning. Notable examples include photolithography [6], electron-beam
lithography (EBL) [1], nanoimprint lithography [7], and X-ray lithography [20]. These
techniques usually include coating a suitable substrate (e.g., silicon wafer), pre- and post-
pattering bakes at temperatures below the glass-transition temperatures (Tg), and radiation
exposure.

One of the carbon fabrication techniques this chapter focuses on is photoresist
derived glass-like carbon (designated here as GC). The micro and nanostructures derived
from SU-8 photoresist were the first ones to be commonly referred to as carbon
microelectromechanical systems (C-MEMS) and carbon nanoelectromechanical systems
(C-NEMYS)[25, 26]. SU-8 photoresist has several desirable features: low shrinkage, high
adhesion to different substrates, ease of curing and processing, making it a suitable
precursor for the top-down fabrication of GC devices[30]. Micro and nanopatterned SU-8

devices are converted to GC using thermochemical decomposition (also known as
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pyrolysis). During pyrolysis, the patterned SU-8 devices are heated up to high temperatures
above 600°C in an inert atmosphere. The pyrolysis step defines the physico-chemical
properties of C-MEMS/C-NEMS, such as microstructure, shrinkage, electrical and thermal
conductivity, mechanical stiffness, and chemical reactivity. Therefore, it is crucial to adjust
the pyrolysis procedure to achieve the desired intracorporeal for the intended application
[33].

Besides the pyrolysis details, the surface of C-MEMS and C-NEMS devices can
also be functionalized and activated for different applications, including for
electrochemical biosensors, biofuel cells, and micro-supercapacitors. For example, the
surface of C-MEMS devices can be directly functionalized with oxidation techniques such
as vacuum ultraviolet (VUV) treatment, electrochemical activation (EA), UV/Ozone
(UV/0O3), and oxygen reactive ion etching (RIE). Also, surface reduction treatment
techniques are available, including direct amination and diazonium grafting [35, 36].
Integration of various nanomaterials such as reduced graphene oxide (rGO)[36, 37], carbon
nanotubes (CNTs)[38], zinc oxide (ZnO)[9], and gold nanoparticles (AuNPs)[4] in C-
MEMS and C-NEMS devices have been demonstrated to be feasible for developing new
types of microdevices with novel properties and applications. Despite the vast potential for
C-MEMS/C-NMES based devices, there are only a few commercially available
applications. Notably, those are non-biotech applications such as Enevate’s lithium-ion
batteries (US patent no. US20140170498A1) and capacitive pressure sensors [39]. Here,
by focusing specifically on C-MEMS/C-NEMS biotechnology devices, this chapter aims

to present the current state of the art for C-MEMS/C-NEMS technology, challenges, and
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possible opportunities for further development and commercialization of this class of

biotechnology devices.

2.2.2 Fundamentals and Fabrication of C-MEMS and C-NEMS

2.2.2.1 Fundamentals of SU-8 Derived Glassy Carbon

The name glassy-carbon comes from the fact that this material features a smooth,
shiny glass-like appearance and a conchoidal fracture. Although the GC structure is
amorphous, it cannot be referred to as amorphous carbon since this term is restricted by the
International Union of Pure and Applied Physics (IUPAC) to describe carbon materials
with localized II-electrons [40]. The microstructure of GC is yet to be completely
understood, but the widely accepted GC microstructural models are consist of either of
these two models (1) interconnected graphene ribbons with voids or (2) cage-like graphene
structures similar to fullerenes [41, 42]. These models can explain the most experimentally
determined characteristics of commercial GC, such as thermal and electrical conductivity,
impermeability, and brittleness, but they are inadequate in addressing the microstructural
variations in miniaturized GC [41-44]. In terms of GC micro and nanodevices derived from
SU-8 precursor, the exact microstructure is known to be affected by pyrolysis parameters,
the chemical composition of the precursor, and the forces applied during polymer-
patterning [45-47]

GC is highly inert and impermeable to gases and comes with high resilience against
corrosive agents such as bromine and strong acids like sulfuric and hydrofluoric[48]. The
oxidation rate of GC in carbon dioxide, oxygen, or water vapor is lower than those of any

other carbon material, but it can be etched at high temperatures in an oxygen atmosphere.
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With a wider electrochemical stability window than platinum and gold, GC is ideal for
many electrochemistry experiments [49-52]. The density value of GC is between 1.4 and
1.5 g cm™ [53], compared to 2.3 g cm™ for graphite, suggesting a noticeable degree of
porosity. Regarding the GC mechanical properties, its Young’s modulus ranges between
10 and 50 GPa and features a hardness of 6 to 7 on Mohs’ scale, a value comparable to that
of quartz [54]. X-ray diffraction studies have shown that GC presents an extremely small
pore size, around 50 A, of a closed nature [55, 56]. Similar to some borosilicate glasses,
GC has a thermal expansion coefficient of 2.2-3.2x10°° K1, The electric and electronic
properties of GC have been extensively reported in the literature [26, 41, 57-59].

The values mentioned above could be considered as an initial reference for most
GC materials. However, the material properties of C-MEMS and C-NEMS devices can
vary depending on various factors, including but not limited to (1) the pyrolysis parameters,
(2) the fabrication type, and (3) geometry and structure of the intended device (e.g.,
suspended structure vs. thin layer structure )[33, 52, 60]. The effect of some of the general
factors such as pyrolysis parameters relevant to biotechnology application is discussed in
this chapter.

SU-8 was originally developed in the 1980s by the IBM research center (US patent
no. 4882245, 1989). SU-8 is an epoxy resin mainly composed of eight benzene rings and
eight epoxy groups having a molecular weight (monomer) of around 7 kDa[61]. SU-8 is a
highly sensitive negative tone photoresist that can be patterned via various micro and
nanopatterning methods, including conventional photolithography[19, 62], photo
nanoimprint lithography[7], EBL[1], X-ray lithography[63], and two-photon

polymerization [60].
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Furthermore, SU-8 photoresist exists in various viscosities, enabling its deposition
with an extraordinary range of thicknesses from hundreds of micrometers to submicron
levels. This flexibility of deposition thickness is highly suitable for fabricating high aspect
ratio structures using the proper lithography parameters. For instance, Wang et al. reported
high aspect ratio C-MEMS devices with a ratio of 100:1[64], and since then, various C-
MEMS and C-NEMS devices made this way have been reported. The fabrication of dense
3-dimensional (3D) carbon pillars[62, 65], nano-electrodes [4, 66], nano string resonators
[67], suspended nanowires [1, 68], and the integration of carbon electrodes on flexible
substrates [2] are some of the milestones achieved. In the following, fabrication of C-
MEMS/C-NEMS devices and related technical points are discussed in two major categories
based on photolithography or non-photolithography techniques (e.g., X-ray lithography,
EBL).
2.2.2.2 Photolithography Based Fabrication

Photolithography of SU-8 photoresist provides a reliable patterning means to
fabricate various shapes with an extensive range of dimensions on both hard (i.e., silicon
wafer) and flexible substrates (i.e., polyimide). Thus far, various innovative structures such
as dense 3D GC micropillars [14, 65], suspended GC structures [13, 68], and nanogap GC
[18] devices have been developed based on conventional photolithography. Next, some
state-of-art examples of GC structures for biotechnology applications are presented.
2.2.2.2.1 Fabrication of 3D C-MEMS Structures

As a deep UV photoresist, SU-8 is a perfect choice to fabricate high aspect ratio
structures for various applications, in which it can be used as a mold for pattering (i.e.,

nanoimprint lithography) or as the primary precursor of GC electrodes. For example, 3D
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carbon micropillars mounted on thin-film or interdigitated arrays (IDA) can be modified
to act as an active electrode for biosensing and biofuel cells (detailed in section 3.1), as
neural probes (detailed in section 3.2), or as lateral flow arrays for cell trapping (detailed

typical photolithography steps of
C-MEMS microfabrication

@@

spin coating of spin coating of
thin film SU-8 thick film SU-8
: /./ 7 N
¥ J
UV exposure UV exposure
development development
pyrolysis pyrolysis

===

Figure 2.4 Schematic illustration of typical photolithography process for fabrication of 2D and
3D C-MEMS electrodes.

in section 3.3). The schematic illustration of the photolithography process of 2-dimensional
(2D) and 3D C-MEMS microelectrodes is represented in Figure 2.4. The fabrication
process of high aspect ratio C-MEMS structures typically starts with photopatterning of
the base layer (e.g., an IDA electrode) with a thickness between 5-25 um, followed by the
patterning of a second layer on top of the first layer. The developed structure is pyrolyzed

under an inert atmosphere at high temperatures above 600°C [27, 64, 69].
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2.2.2.2.2 Effect of Pyrolysis Parameters

The SU-8 pyrolysis process is a sensitive and essential step in the C-MEMS and C-
NEMS fabrication process, and several pyrolysis parameters can directly or indirectly
affect the final GC structures. Parameters such as maximum pyrolysis temperature,
temperature ramp rate, and type of inert gas (e.g., nitrogen), and flow rate can directly
affect the final carbon structures. To achieve high-quality carbon—such as a higher
percentage of carbon and a lower percentage of oxygen—the maximum pyrolysis
temperature is the most critical parameter. For instance, Pramanick et al. have concluded
that 900°C is the optimized temperature for electrochemical sensing applications [33].
Furthermore, the maximum pyrolysis temperature can affect the pore size of GC, in which
the increase of maximum pyrolysis temperature decreases the pore size of the material.

Heating ramp or temperature ramp rates affect the quality of carbon by directly
affecting the chemical reaction rate at which the bi-products generation and their removal
from the structure surface should be optimized. The temperature ramp can also affect the
pore size of GC in which in lower temperature rates (i.e., below 10°C min), increasing
the temperature ramp decreases the pore size while for higher temperature ramps (i.e.,
above 10°C min™), increasing the temperature ramp increases the pore size [33]. A ramp
rate of 10°C min? is typically considered as an optimum temperature ramp for
electrochemical performances [33, 64].

The inert gas flow rate (e.g., nitrogen gas) should be high enough to keep the
furnace atmosphere inert since even a small amount of oxygen can destroy the intended C-
MEMS device. The flow rate affects the pore size, percentages of carbon, and

electrochemical performance of the pyrolyzed carbon and should be adjusted accordingly
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depending on the tube furnace volume. Pramanick et al. reported the gas flow rate of
furnace tube volume in liters per minute (volume/min) as an optimum gas flow rate for
pyrolysis in which the highest percentage of carbon and optimized electrochemical
performance were achieved [6, 33, 48].

Shrinkage of SU-8 devices during pyrolysis is another critical factor that indirectly
affects the GC structure, and therefore, should be factored into the process design. The
shrinkage of SU-8 structures during pyrolysis strongly depends on pyrolysis parameters
and the geometry of the SU-8 precursor. The three controlling parameters for shrinkage are
surface area ratio (lateral surface area divided by the top surface area), pyrolysis
temperature, and pyrolysis atmosphere [70-72]. However, the specific geometry does not
affect the shrinkage of the SU-8 during pyrolysis. For instance, Natu et al. reported that
different 3D geometries (cylinder, triangle, and square) with similar surface area ratios had

similar shrinkage percentages [70].

2.2.2.2.3 Fabrication of Flexible C-MEMS

Critical parameters for intracorporeal neural probes include biocompatibility, high
physico-chemical stability, and small footprint area —all can be satisfied by employing C-
MEMS technology[73]. Several studies have demonstrated that polyimide-based C-MEMS
provide electrochemically stable and biocompatible neural probes with long-term
reliability [73-75]. The fabrication process can be summarized into three main steps: (1)
standard C-MEMS fabrication process including photolithography and pyrolysis, (2) spin-
coating the GC with photosensitive polyimide, and (3) customized steps for adding extra

layers of metal traces and bump pads [2, 76].
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(a) C-MEMS flexible
neural probe

(b) suspended 3D C-MEMS

(c) C-NEMS suspended (d) C-NEMS nanogap
nanowire device

Figure 2.5 (a) A digital image of C-MEMS flexible neural probes mounted on a pipette[2]. (b)
SEM cross-section image of suspended 3D C-MEMS microelectrode [8]. (¢) SEM images of
suspended C-NEMS nanowires [13]. (d) SEM image of C-NEMS nanogap device with nanogap
of 20 nm [18]

An example of a flexible C-MEMS neural probe is shown in Figure 2.5a. The low
adhesion of gold or platinum on polyimide is one of the more significant challenges for the
fabrication of durable implants. An innovation implemented here was replacing the
chromium adhesion layer—a standard adhesion layer for gold deposition—with
noncytotoxic alternatives such as silicon carbide and diamond-like carbon adhesion
promoters. These adhesion promoters enhanced the durability of the electrodes and
increased the flexibility of the electrode while also making them less toxic and thus more

biocompatible [2].
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2.2.2.2.4 Fabrication of Suspended C-MEMS and C-NEMS

Suspended carbon structures are another fascinating application of C-MEMS and
C-NEMS technology and can be fabricated by photolithography only or photolithography
combined with electrospinning of the SU-8 precursor on a 3D C-MEMS supporting
structure. Suspended C-MEMS and C-NEMS structures such as nanowires [13, 68, 77],
nanoresonators [67], suspended meshes [8, 31], and carbon nanofibers [78] have been
demonstrated. These structures with their unique features such as excellent mechanical,
electrochemical, and electronic properties, as well as large surface to volume ratio, are of
interest for numerous applications, including nanoresonators, nanoelectronics, and micro
and nano-biosensors [18, 46, 78].

The fabrication of suspended C-MEMS devices via photolithography starts with
the fabrication of 3D high aspect ratio structures with an extra step of ultraviolet (UV)
exposure for crosslinking the suspended sections (Figure 2.5b). One of the significant
challenges associated with this process is the shrinkage during the pyrolysis. High
shrinkage can result in higher residual stress, leading to deformation, delamination, and
collapse of the 3D microstructures. Careful design of suspended mesh window size and the
radius of the supporting carbon pillars can considerably improve the quality and
reproducibility of the intended devices [8].

Another innovative method for the fabrication of suspended structures is combining
electrospinning with C-MEMS technology. This technique minimizes production costs
while maximizing throughput. Unfortunately, traditional electrospinning in far-field mode
is less controllable for precise positioning and controlling the numbers of nanofibers or

nanowires deposited on the electrodes compared to synthesizing carbon nanofibers and
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nanowires with techniques such as EBL and dip-pen lithography. To overcome this
drawback, Bisht et al. adopted electro-mechanical spinning—also known as low-voltage
near-field electrospinning—to enhance the positioning accuracy and number control of
SU-8 precursor nanofiber deposition [78, 79]. Electro-mechanical spinning provides a
more stable and controllable fiber deposition method by: (1) lowering the electrospinning
deposition voltage, (2) requiring a smaller distance between the needle and the substrate
electrodes, and (3) the use of highly visco-elastic polymer solutions [78, 80]. The
fabrication of nanowires is efficiently integrated with the 3D C-MEMS photolithography
process. The SU-8 precursor nanofibers can be deposited on C-MEMS micropillars
utilizing near field electrospinning and subsequent pyrolysis. An example of suspended C-
NEMS nanowires with a width of 200 nm is given in Figure 2.5¢c. This class of carbon
nanofibers and nanowires comes with improved thermal and electrical conductivities[81].
The study by Ferrer-Argemi et al. on carbon nanofibers and nanowires reveals that the

thermal and electrical conductivities are higher for shorter and thinner GC wires [47].

2.2.2.2.5 Fabrication of C-NEMS Nanogap Devices

Electrospinning for C-NEMS fabrication has also been used for fabricating carbon-
based nanogap devices. Developing carbon-based nanogap devices have been the subject
of great interest for researchers in the field of molecular-scale devices because of their
numerous advantages over gold or platinum electrodes in terms of resistance to
electromigration, better stability at or above room temperature, and easier binding for a
greater variety of molecules for biosensing applications.

Initially, carbon-based nanogap electrodes were fabricated using carbon nanotubes

(CNTs) [82]. Nanogap devices based on CNTs exhibit high electrical and thermal
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conductivities. However, this technique fails to provide a desirable level of control on the
position and orientation of CNTs on the contacting electrodes, making it challenging to
obtain reproducible ohmic contacts [83-85]. Another issue with more traditional carbon-
based nanogap electrodes is the high contact resistance at the carbon and metal contact
pads [45].

Fabrication of carbon nanogap electrodes based on the process explained earlier for
the fabrication of suspended carbon nanofibers on C-MEMS electrodes can overcome both
drawbacks. The current process provides a highly controllable deposition process while
eliminating the contact resistance since the nanofiber is deposited on carbon posts. The
studies on the correlation between gap size and the length of fiber have demonstrated that
the shorter fibers produced smaller nanogaps, which implies the necessity of fibers shorter
than 2 um for attaining nanogaps with separation of 10 nm or less [86]. Fabrication of
fibers that are less than 2 um with conventional photolithography is very challenging. The
electrospinning of SU-8 precursor fibers can eliminate the need for using fibers with
lengths on the order of 2 um or less and successfully overcome the problem associated with
the limited resolution of photolithography [18]
2.2.2.3 Non-photolithography Methods

Conventional photolithography is a powerful means for the fabrication of C-MEMS
and C-NEMS devices. However, several factors limit the achievable resolution for
conventional photolithography tools, including but not limited to projection conditions,
mask characteristics, properties and thickness of the photoresist, and depth of focus [87].
The resolution limitation of conventional photolithography has encouraged scientists to

deploy alternative nanopatterning techniques such as EBL, nanoimprint, and X-ray
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lithography to fabricate C-NEMS devices. For instance, EBL—as a direct writing
method—offers high resolution for nanoscale patterning. Because of the small beam size,
the minimum feature size can be reduced to 20-50 nm, and the scanned area is highly
localized. This technique can be directly used to pattern the C-NEMS structure or fabricate
a nanoscale mold for soft-lithography or nanoimprint processes. In 2006, Wang et al.
reported utilizing EBL for the fabrication of GC nanowires mounted on C-MEMS

micropillars (Figure 2.6a) [1].

(a) E-beam lithography (b) nanoimprint

madou 20.0kV 16.0mm x250 11/4/03 00:22 200um

(d) additive
manufacturing

Figure 2.6 Examples of C-MEMS and C-NEMS devices fabricated via non-photolithography
techniques. (a) A SEM image of suspended C-NEMS nanowires fabricated via E-beam
lithography [1]. (b) A SEM image of C-NEMS pattern fabricated via nanoimprint method [7].
(c) A SEM image of needle like C-MEMS structures fabricated using grayscale lithography
[12]. (d) An X-ray micro-computed tomography image reconstruction of C-MEMS 3D
structure fabricated using additive manufacturing [17].
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The EBL is a highly precise technique with high resolution; however, it is impractical for
mass-production because of the cost and complexity of the procedure. An effective way to
make EBL more feasible is to fabricate nanomold and use the nanomold for patterning the
intended photoresist. In 2012, the application of this technique was reported by Penmatsa
for the fabrication of C-NEMS with sub-micron resolution in which they used a UV
transparent nanoimprint mold followed by ion reactive etching [7]. As the SEM image
presented in Figure 2.6b shows, the nanoimprint has provided a high resolution. Since the
emergence of this technology, devices for various applications have been developed,
including cell culture [88], optical resonators[89], flexible electronics [90], magnetic
devices [91]. However, a limited number of studies have reported the nanoimprint method
for the fabrication of C-MEMS and C-NEMS, which indicates the high potential of this
technique for further investigations.

The application of conventional photolithography and EBL for complex 3D
structures fabrication is laborious and time-consuming; thus, making them impracticable
for mass production purposes. Two techniques of grayscale lithography and additive
manufacturing can efficiently resolve this problem. Photolithography and EBL are binary
patterning techniques in which only two areas of crosslinked and non-crosslinked could
exist. Such binary feature dictates the fabrication of 3D structures in several steps. In
contrast, in grayscale patterning, the gray tone masks allow different amounts of light to
be shined to the photoresist resin. The variation in light exposure dose enables mass
production of complicated 3D morphologies with a single exposure step and eliminates the
need for different masks and laborious alignment procedures[48]. For instance, the needle-

like C-MEMS microstructure presented in Figure 2.6¢ was fabricated using one mask and
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a single setup[12]. The grayscale lithography has been developed based on UV light[12,
92], X-ray lithography[93, 94], and holographic lithography [95, 96]. Various applications
such as C-MEMS microcantilever, bridges, and micromixers have been demonstrated
using grayscale lithography [12, 48].

Another feasible technique for the fabrication of complex 3D structures is additive
manufacturing based on stereolithography printing. This novel technique can fabricate
complex freestanding 3D C-MEMS structures with high accuracy that are impossible to
pattern via traditional methods. Rezaei et al. have investigated the application of this
method for patterning the complex SU-8 precursors (Figure 2.6d). Their studies showed
that this technique could provide sub-100 um resolution, which can be used for fabricating

devices for a broad spectrum of applications [17].

2.2.2.4 Common Fabrication Challenges

Several issues, including adhesion, uniformity, and repeatability, challenge the
fabrication of C-MEMS and C-NEMS devices [48, 60, 63]. Weak adhesion of the SU-8
photoresist to the wafer could result from trapped air bubbles in the photoresist,
contamination on the wafer, moisture on the wafer before coating it, and intrinsic stress in
SU-8 layers. The adhesion can be improved by thorough wafer cleaning and dehydration
bake of the wafer at 150-200°C for 5-15 minutes to evaporate the remaining solvent and
moisture [29, 97, 98]. 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 are proposed to resolve

this issue, such as conducting the post-exposure bake on hot plates instead of the

66



convection oven, increasing the post bake time, and an extra step of hard baking at 190°C
[52, 69].

Applying proper pyrolysis parameters, including but not limited to (1) factoring-in
the anticipated shrinkage, (2) optimizing the temperature ramp, and (3) applying multistep
heating steps [19, 38, 99] are known to improve the durability and adhesion of the final C-
MEMS and C-NEMS devices. Along with the inappropriate pyrolysis parameters, the high
intrinsic stress in SU-8 layers can lead to cracks, deformity, and low adhesion of SU-8 and
consequently C-MEMS and C-NEMS devices. The intrinsic stress can be related to soft
and post-exposure bakes (e.g., mismatch of coefficients of thermal expansions) and UV
exposure [100-102]. Several measures can be considered to reduce the intrinsic stress, such
as lowering soft and post-exposure bakes temperatures, ramping the soft bake temperature,
and factoring-in the type of substrate in calculating the UV dose (e.g., 1.5 times higher for
glass substrates). Application of different materials with SU-8 and the incompatibility of
design with intended thickness SU-8 can also cause stress. However, systematic studies on
the effect of design on intrinsic stress have not been found. Such study can enlighten the
roots of intrinsic stress in SU-8 derived C-MEMS and C-NEMS devices.

Uniformity and repeatability of the C-MEMS and C-NEMS process could be
challenging, especially for the fabrication of 3D dense structures. The problems of
uniformity and low repeatability can be managed by considering several factors in
designing the fabrication process, such as changes in ambient conditions, inadequate
amount of dispensed photoresist, different waiting times between each lithography steps,
changes in viscosity of photoresist because of long storage time, and T-topping of tall

pillar-like structures [48, 97]. T topping is a well-known phenomenon, which leads to
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joining the tall structures at their top. These phenomena result from the diffraction of light
at the photoresist-mask interface because of existing air gaps [103]. One solution could be
using hard contact mode in which the photoresist is pushed against the mask can eliminate
the air gaps between mask and photoresist. Another way is to do the coating process in
several steps for layers above 100 um thickness. Furthermore, Martinez-Duarte has
proposed using a lower UV dose than the recommended dose in the fabrication datasheet
for the specific thickness. For instance, Martinez-Duarte has proposed 180 mJ cm? for thick
layers up to 200 um followed by increased post-exposure bake time of 60 minutes at 90°C

[48].

2.2.3 Application of C-MEMS and C-NEMS in Biotechnology

C-MEMS and C-NEMS devices possess the unique features of carbon such as wide
electrochemical window, high physico-chemical stability, higher tolerance against
biofouling, and highly accessible surface functionalization[36, 62]. Such features
combined with a wide accessible range of resolution and geometry—as discussed in the
previous section—make C-MEMS and C-NEMS structures exceptionally versatile for
numerous biotechnology-based applications. Thus far, various biotechnology-based
applications such as biosensors [19, 29], biofuel cell [10, 27], neural probes[104], and cell
trapping [105] have been developed using C-MEMS and C-NEMS technology.

In Figure 2.7, examples of the recent C-MEMS and C-NEMS based biotechnology
devices for the various applications are presented. Figure 2.7a shows SEM image,
schematics, and the amperometric response of a C-NEMS enzymatic biosensor for

cholesterol detection based on IDA electrodes decorated with AuNPs[4]. The AuNPs were
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Figure 2.7 Example of C-MEMS Blotechnology devices and the output signals. (a) SEM image
and illustration of electrochemical enzymatic cholesterol biosensor based on nano-size IDA
decorated with AuNPs and amperometric response of the biosensor to cholesterol [4]. (b)
Schematic illustration of enzymatic biofuel cell, SEM image the bioanode of glucose enzymatic
biofuel based on rGO/CNT/GOx-decorated 3D C-MEMS micropillars, and the power density
performance of the rGO/CNTs/GOx biofuel cell [10]. (c) SEM image and cross section
illustration of the microchannel based on 3D C-MEMS IDA; Optical-microscope image of
trapping different candida strains using positive dielectrophoresis on 3D C-MEMS microfluidic
electrodes [15]. (d) Image 15-channel C-MEMS electrocorticography probe, SEM image of a
single microelectrode, and the amperometric response of electrocorticography probe to
dopamine [22]. () Schematic of the proposed opto-electrical C-MEMS neural probe for
stimulation and electrochemical detection of dopamine exocytosis; and correlation of CV peak-
current with square root of scan rate in 50 pM dopamine [24]. (f) Illustration of proposed C-
MEMS microneedle for drug delivery and SEM image of C-MEMS microneedles; force vs.
displacement results of the C-MEMS microneedles [28].
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selectivity electrodeposited on IDA C-NEMS electrodes in which AuNPs facilitated
cholesterol oxidase enzyme covalent immobilization via diazonium moiety
functionalization. The example calibration curve shows the superb performance of the
enzymatic biosensor.

Figure 2.7b shows a schematic illustration and an SEM image of the enzymatic

biofuel cell and the power density of the biofuel cell fabricated with and without CNT, as
well as simulated values. The proposed biofuel cell was developed based on decorating C-
MEMS micropillars with CNT+rGO nanocomposite. This nanocomposite, along with the
high surface area of 3D carbon micropillars, provided large accessible surfaces for enzyme
immobilization, which considerably enhanced the biofuel cell’s performance[10].
In Figure 2.7c, an SEM image and cross-section illustration of the microchannel for
analyzing the dielectrophoretic behavior of three salmonella strains proposed in
reference[15] are presented. As the opto-microscopic image illustrates, the C-MEMS based
microchannel was successfully trapped the salmonella strains.

Figure 2.7d shows a digital and SEM image of C-MEMS based flexible and
implantable neural probe for simultaneous electrical stimulations and recording. In this
study, Nimbalkar et al. successfully implanted the proposed neural probe in a mouse's
brain. The amperometric calibration plot confirms the high accuracy of the developed
neural probe [22].

Another interesting biotechnology application of C-MEMS is its integration with
optical fibers. Figure 2.7e illustrates a leaky opto-electrical neural probe for stimulation
and electrochemical detection of dopamine exocytosis. The provided curve represents a

good electrochemical sensitivity of this probe to dopamine concentration[24].
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Biocompatibility and good stiffness of C-MEMS micropillars have been successfully
harnessed to fabricate microneedle applicable for drug delivery. Figure 2.7f shows the
illustration and the SEM image of a C-MEMS microneedle developed in [28]. The graph
in Figure 2.7f shows force vs. displacement of microneedles tests, which confirms the
capability of microneedles to stand enough force for skin penetration without breaking.
Thus far, significant progress has been made in developing C-MEMS and C-NEMS
based biotechnology devices; however, the authors believe that the true potential of this
technology is yet to be reached and that there is room for further development of C-MEMS
and C-NEMS based biotechnology applications. Hence, a deep understanding of recent
accomplishments in this field would be a good starting point for further studies. This
section summarizes the C-MEMS and C-NEMS based biotechnology devices in five major
groups of (1) biosensors, (2) biofuel cells, (3) intracorporeal neural probes, (4)
microfluidics-based cell trapping devices, and (5) cell culture platforms. Such
distinguishing would help demonstrate the specific appropriate functionalization and
modifications for each application, existing drawback, and possible enhancements

associated with each group of devices.

2.2.3.1 C-MEMS-Based Biosensors

The novel application of C-MEMS for biosensing was reported in 2008 for glucose
enzymatic biosensors in which glucose oxidase enzymes were immobilized on 3D C-
MEMS micropillars [106]. Since then, various types of biosensors, including enzymatic [3,
19, 37], optical and electrochemical aptasensors [13, 29, 36, 107], and immunosensors [31,
32] were developed using C-MEMS and C-NEMS technology. The examples of recently

developed biosensors are given in Table 2.5. As shown, the C-MEMS and C-NEMS
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technology are adaptable for all three types of biorecognizers (i.e., enzymes, antibodies,
and aptamers). The developed biosensors exhibited low limits of detection (LoD) and wide

linear ranges. Having low background noise and easily accessible functionalization is

Table 2.5 Examples of recent C-MEMS based biosensors (selected studies from 2015-2020)

Sensor type Target Structure | Modification LoD Special Ref
Features
reproducible
IDA N/A 0.4 uM and selective [3]
enzyme
immobilization
glucose microillars sol-gel 0.12 test in human [9]
P AI(OH)s mM blood
high
enzymatic micropillars rGO 1.2 uM | selectivity and [14]
repeatability
oxvaen 1.45 covalent
lactic acid IDA Y9 ' immobilization | [19]
plasma uM
of enzymes
1.8 nano-sized,;
cholesterol IDA AUNPs 'M wide linear [4]
H range
rapid, sensitive
salmonella suspenc_jed oxygen 10 CIiU and selective [13]
nanowire plasma mL whole cell
detection
aptasensor
label-free
PDGF- _— oxygen detection;
BB* thin film plasma 1.9pM wide linear [29]
range
efficient redox
. suspended cycling;
mcirdllglgin mesh and EDC/NHS Or':l_r_)lg selective [31]
. yog IDA detection in
immunosensor human serum
direct
Hep-B** thin film N/A 1pM immobilization [32]
of antibodies
02 direct
non- _— microwave detection
enzymatic glucose thin film plasma etch/ 36 uM without [34]
AUNPs enzyme

*platelet-derived growth factor-BB

**hepatitis-B
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perhaps the main reason for excellent biosensing performances of C-MEMS and C-NEMS
based biosensors. Herein, the demonstrated functionalizations for C-MEMS and C-MEMS
platforms are discussed.

The surface C-MEMS and C-NEMS can be used directly or with modifications to
accommodate the biorecognition agents. The surface of GC has local oxidations, which
can be used to directly immobilize the biorecognition agents such as enzymes [3] and
antibodies[32]. As mentioned above, the surface of C-MEMS can be functionalized with
carboxyl groups via four techniques of VUV, EA, UV/Ozone, and RIE. Penmatsa et al.
have reported that carboxyl group concentration was highest in the case of VUV
pretreatment (15%) followed by oxygen RIE (12.5%) and EA pretreatments (12.5%), and
UV/03 pretreatment showed a significantly lower carboxyl group percentage of 6% [35].
The carboxyl modified C-MEMS electrodes can be used for covalent immobilization of
amino-group modified biorecognizers. Similarly, the surface of C-MEMS electrodes can
be functionalized with amino groups using direct amination and diazonium grafting, which
can be used to immobilize carboxyl-terminated bioreceptors. The easily attainable
functionalization of C-MEMS and C-NEMS’s surfaces is highly feasible for developing
biosensing and biofuel cells for two reasons: first, they eliminate the need for using self-
assembled monolayers, and second, the biorecognizers can be covalently immobilized.

Several examples of the recently developed C-MEMS based biosensors using RIE
(i.e., oxygen-plasma) for carboxyl group functionalization are given in Table 2.5. The RIE
technique was used for both enzymatic and aptamer-based biosensors (aptasensors), which
implies that this functionalization technique is a simple yet efficient means for stable

covalent immobilization of different biorecognizers.
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Integration of nanomaterial onto the surface of C-MEMS electrodes is another powerful
and efficient functionalization method. Deposition of CNT, CNT based nanocomposites,
and metal-based nanoparticles (e.g., AUNPs or ZnO) can simultaneously functionalize and
increase the active surface area of C-MEMS microelectrodes. These nanomaterials can be
deposited using electrostatic spray deposition (ESD) [10], drop-casting [14], and
electrodeposition [4].

In the ESD technique, the nanocomposite is dispersed in a proper solvent and
sprayed under high voltage acceleration on a heated substrate. Achieving various and
uniform morphologies is the main advantage of this technique, while requiring high voltage
and nonselective deposition are the downsides. ESD has been employed to deposit CNT
and CNT+rGO nanocomposites on C-MEM devices envisioned for biosensor and biofuel
cell applications [10, 27]. Drop-casting is a simple and effective way for depositing thin-
films on flat substrates. This technique is widely used for developing biosensors and
biofuel cells because of its simplicity; however, this method lacks the selective deposition
and the coverage of 3D structures (i.e., the side of micropillars). Electrodepositing is a
versatile technique for depositing charged nanomaterials. This technique is developed
based on the effect of electric fields on charged particles. Electrodepositing is most useful
for selective deposition on IDA arrays since the voltage can be selectively applied onto the
desired arrays. This technique's main challenge is preventing the deposition between the
arrays since this unintended deposition can shortcut the connections. This problem can be
solved by increasing the solution's conductivity or using a sacrificial photoresist to cover

the gap between arrays and remove it after the deposition.
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The C-MEMS technology has been successfully deployed to develop enzymatic
biosensors for detecting various biomolecules, including glucose, lactic acid, and
cholesterol. The developed C-MEMS enzymatic biosensors show highly promising
performances, including low limits of detections and high stability. For instance, the
glucose enzymatic biosensors based on 3D C-MEMS micropillars decorated with rGO
showed a wide linear range of 0-10 mM and a low LoD of 1.2 uM. The biosensor exhibit
high accuracy for glucose measurements from blood samples [14]. The recently developed
cholesterol enzymatic biosensors based on C-NMES IDA decorated with AuUNPS
demonstrated highly promising performance with a low LoD of 1.28 uM and a wide linear
range of 1-10 mM [4]. Besides the third generation enzymatic biosensors (i.e., biosensors
coupled with immobilized enzymes), C-MEMS platforms are highly promising for non-
enzymatic bioanayltes detection such as glucose. Sharma et al. demonstrated non-
enzymatic glucose biosensors based on nanoporous C-MEMS structures decorated with
AUNPs in which the C-MEMS structure was etched with Oz microwave plasma to form the
nano-pores. The proposed non-enzymatic glucose biosensor exhibited a low LoD of 36 uM
and a wide leaner range of 0.05-10 mM[34]. By proving a stable covalent immobilization
of enzymes and low background noises, the developed C-MEMS biosensors are highly
promising for wearable or implantable enzymatic point-of-care (POC) biosensors.

The accessible functionalization of C-MEMS and C-NEMS structures make these
platforms an excellent choice for aptasensor and immunosensors. The direct
functionalization enables covalent immobilization of various aptamers and antibodies

without using self-assembled monolayers (SAM layer). Elimination of the SAM layer
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simplifies the fabrication process while immensely improving the stability of the C-MEMS
based aptasensor and immunosensors.

Furthermore, the unique properties of GC, such as low background noise, resistance
toward biofouling, and good conductivity, make GC a potent candidate for label-free
detection. Label-free detection is significant for POC application because it simplifies the
sample preparations and reduces operation costs. For instance, Forouzanfar et al. have
proposed label-free PDGF-BB aptasensors in which the affinity aptamers were covalently
immobilized on RIE-treated C-MEMS thin film. The proposed aptasensor exhibited a low
LoD of 1.9 pM and a wide linear range of 0.005-50 nM, as well as a robust and stable
performance in the presence of external interference agents [29]. The application of
suspended C-MEMS and C-NEMS structures for biosensing has been demonstrated to
improve the performance of the biosensors by providing better access to the redox species
and easier sandwich formations (e.g., the sandwich formations in immunosensing). For
instance, salmonella aptasensors were developed based on the suspended GC nanowires
that demonstrated excellent label-free detection in which a low LoD of 10 CFU mL ! and
a fast reaction time of 5 minutes was achieved. The affinity aptamers were immobilized on
RIE-treated GC nanowires [13]. Sharma et al. have proposed the application of C-NEMS
suspended mesh structure for immunosensing. In the demonstrated immunosensor, affinity
antibodies were immobilized on a suspended mesh structure, and the IDA below the mesh
provided vast access of redox species to the formed antibody-target sandwich formation.
The proposed immunosensor was highly sensitive and selective toward cardiac myoglobin

in mouse serum [31].
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In addition to the prominent properties of C-MEMS and C-NEMS biotechnology
devices mentioned in the previous section, the exceptional performance of the
electrochemical C-MEMS biosensors can be addressed C-MEMS and C-NEMS features
such as low background noise, low ohmic drop at the surface, and tunable active surface
area. Furthermore, C-MEMS and C-NEMS biosensing platforms in comparison to gold—
as a common contender for biosensors—offer several advantages, including (1) higher
stability of immobilized bio-recognizer (e.g., the covalent bond between bio-recognizer
and GC) which can immensely improve the stability and robustness of the biosensors, (2)
higher tolerance of GC toward biofouling which is highly crucial for selectivity of the
biosensors, (3) higher compatibility of the GC with carbon-based and other organic
nanomaterial and elimination SAM layers, and (4) lower fabrication costs [76, 108]. These
features are most probably due to the homogeneity of GC in which lack of crystalline
structure eliminates granular surfaces that could act as points of initiation of side chemical
reactions or attachment of non-intended (i.e., biofouling) molecules [109-111]. Although
more evidence is required to compare the electrochemical C-MEMS biosensors with
optical C-MEMS biosensors, some general facts about electrochemical biosensors could
be applied for electrochemical C-MEMS biosensors. Electrochemical biosensors,
including C-MEMS and C-NEMS biosensors in which GC is used as the active electrode,
suffer from some drawbacks such as (1) lower selectivity than similar optical biosensors,
(2) low signal-to-noise ratio in low-target concentrations which can result in lower
sensitivity and necessity of complicated mediator composites to enhance the output signal,
and (3) complicated reaction pathways and kinetics which could lead to misinterpretation

of existing electrochemical processes in the system [112, 113]. In the light of mentioned
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facts about C-MEMS and C-NEMS-based biosensors, a systematic comparative study of
electrochemical versus optical C-MEMS and C-NEMS biosensors can be an interesting
topic for future studies. In general, the good biosensing performance of C-MEMS and C-
NEMS-based biosensors and the feasibility of the C-MEMS and C-NEMS fabrication
processes illustrate the high potential of this technology for developing various POC

biosensors.

Table 2.6 Performance of glucose driven EBFC mediator free systems using carbon-based

materials

|
Electrode Bioanode Biocathode | & ™ (_qul W ocv Stability Ref.
cm?) v)
a -
e m:ﬁgtof MWCNT® MWCNT® 190 0.57 N/A [5]
P disk disk
[PQQ-GDH]*- e
gold < BOD:®-
eloctrode | PAN /Tl\{)lWCN MWCNT? 70 0.68 N/A [11]
DTNB'- DTNB'- 0
3;?5?{] PYIYMWCNT | Pyr/MWCNT | 500 0.36 426/322” [16]
"GDH / BOD® y
GOX- BOD®-
cogel graphene/SW | graphene/SW 190 0.61 N/A [21]
CNT! CNT!
[FAD-
glassy GDH]i/0s(D I\?():S%S%CI\):\(EE 430 0.59 56% after [23]
carbon MB)PVIYMW : 7 days
NTs
CNTs
3D C- GOX/rGO laccase/ rGO 136.3 0.59 N/A [27]
MEMS ' '
3D C- GOX/rGO/CN BOD¢/ 0
MEMS T ({GO/CNT 196 0.61 64.5% [10]

aglucose oxidase; multi-walled carbon nanotube; ¢ pyrroloquinolinequinone-dependent glucose
dehydrogenase; ¢ polyaniline; ®bilirubin oxidase; 5,5'-dithio-bis(2-nitrobenzoic acid); 91-
pyrenebutyric acid; "NAD-dependent glucose dehydrogenase; 'signle wall carbon nanotube;
Iflavin adenine dinucleotide-dependent glucose dehydrogenase; *Os(4,4'-dimethyl-2,2'-
bipyridine),(poly-vinylimidazole):oClI]; 'open circuit voltage
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2.2.3.2 C-MEMS-Based Biofuel Cells

Driven by developed implantable devices and the increasing number of patients
with chronic diseases, the demand for implantable medical devices has drastically
increased [10]. One of the concerns for implantable medical devices is a reliable and
biocompatible power source. Enzymatic biofuel cells (EBFCs)—a class of biofuel cells
that employ enzymes to convert biological energy sources to electrical power—have been
demonstrated as potent candidates for replacing commercially available lithium-ion
batteries. EBFCs provide several advantages over conventional batteries such as
application of nontoxic renewable biocomponets (e.g., glucose), high abundance of the
biofuels in the human body, high reactivity and reaction selectivity of the biocatalysts (e.g.,
glucose oxidase), and compatibility of the EBFCs performance conditions with human
physiological conditions (e.g., body temperature and pH) [114-116]. Since the first
demonstration of micro EBFCs In 2001, in which Katz et al. proposed self-powered
enzymatic biosensors, a noticeable attention has been devoted to improving the micro
EBFCs [10, 117].

In choosing a suitable contender for developing high-powered micro EBFCs,
various parameters should be considered, including having a large surface area, availability
of a suitable confined area for enzyme immobilization, the biocompatibility of the EBFCs
electrodes, and high-efficiency of electron transfer. The majority of the required parameters
can be efficiently fulfilled via functionalizing a suitable C-MEMS or C-NEMS structure
with the CNT-based nanocomposites using methods mentioned in subsection 3.1. Such
integration has been investigated by Song and Wang in which CNT+rGO nanocomposites

were co-deposited with enzymes on 3D C-MEMS micropillars. The experimental
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performance of the developed EBFCc reached 71.1% of the theoretical value, with a
maximum power density of 196.04 pW cm 2 at 0.61 V and 64.5% power remaining after
7 days [10].

The performance of recently developed glucose-based EBFC systems in which
carbon-based material is used as a promoter is given in Table 2.6. The performance of the
C-MEMS EBFC in comparison with other EBFS systems with CNT shows higher open-
circuit voltage and better stability while providing high power density. The excellent
performance of the proposed C-MEMS EBFCs can be explained with several facts,
including (1) the 3D geometry of the C-MEMS provided more sites for co-deposition of
the enzymes+rGO/CNT nanocomposite, (2) the application of CNT prohibited the stacking
of graphene and improved the accessible surface area, and (3) GC facilitated the better
charge transport which yielded high power density. The achieved power density of the
proposed EBFC is sufficient to support wearable and intracorporeal implant devices.
Hence, the C-MEMS based EBFCs are highly promising for future wearable POC
biosensor and C-MEMS based intracorporeal implants and probes.
2.2.3.3 C-MEMS-Based Intracorporeal Neural Probes

Several parameters, including architecture, mechanical and electrochemical
properties, and durability, should be considered in developing micro and nanoelectrodes
for intracorporeal neural probes. C-MEMS technology can satisfy the majority of required
features for viable neural probes. As discussed in the previous section, the C-MEMS and
C-MEMS devices can be fabricated in various sizes and geometries by deploying proper
fabrication techniques. Thus far, thin-film[118, 119], IDA [22, 75, 104], micropillars on

thin-film[98], and microneedles [24] have been envisioned for neural probes applications.
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The application of C-MEMS for intracorporeal neural probes is a relatively novel
concept, and the reported studies have revealed the superior performance of GC electrodes
over traditional gold or platinum-based probes. The performance of GC intracorporeal
neural probes is highly dependent on pyrolysis parameters. Their different properties, such
as mechanical properties (e.g., stiffness and hardness), electrical property, and
electrochemical property (e.g., double-layer capacitance), can be tuned to be more
compatible with the target tissue. Kassegne et al. studied the effect of pyrolysis parameters
on electrical, mechanical, and electrochemical properties of GC neural probes and
intracorporeal implants in which they were measured at in vitro conditions. Their study
showed that the electrical properties of GC (i.e., impedance (Q) at 1 kHz) is tailorable
between 10-100 kQ, in which for the same geometry, maximum impedance was recorded
for GC pyrolyzed at 600°C. In contrast, the minimum was recorded for GC pyrolyzed at
1000°C. The maximum pyrolysis temperature and temperature ramp both had affected the
electrochemical property. For instance, to have high double-layer capacitance and low
charge transfer resistance, high-temperature ramps (e.g., >8°C min™) and a maximum
temperature of 1000°C were suggested. Furthermore, their research showed that the highest
hardness could be achieved at middle-range pyrolysis temperatures (800-900°C) and fast
temperature ramps decrease GC's hardness [73].

The integration of C-MEMS on polyimide substrate for long-term
electrocorticography is one of GC microelectrodes' unique applications. GC has a wider
electrochemical window compare to gold and platinum as it can tolerate the larger voltage
excursions without producing irreversible faradaic reactions[22, 74, 104, 120]. The larger

electrochemical window can induce the physico-chemical stability of the
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electrocorticography electrode. For instance, the comparative case study by VVomero et al.
on platinum and GC electrocorticography electrodes showed visible corrosion on platinum
electrodes after 5 million stimulation pulses while GC electrodes remained almost
intact[104]. This side reaction could result from the adhesion layer’s oxidation (i.c.,
chromium) that it is typically used for the deposition of platinum. The corrosion resistivity
of GC probes can be explained by two facts (1) GC is a homogeneous material with no
crystalline structure; hence it lacks the granular surfaces that could act as points of initiation
of corrosive chemical reactions, and (2) the absence of metal adhesion layers in GC neural
probes [26, 121].

The comparative case studies on the biocompatibility of GC electrocorticography
microelectrodes showed a minimum difference in cell viability on the GC devices
compared to the control cells. Furthermore, GC had lower background noise (due to its
higher capacitance), enhancing the probe's signal-to-noise ratio and improving the
sensitivity, spatial selectivity, and spatial resolution of GC electrocorticography
microelectrodes [22, 74, 104, 120]. For instance, the C-MEMS based neural probes
developed by Nimbalkar et al. have shown high performance, including (1) high signal-to-
noise (>16) recordings, (2) exceptionally high charge storage capacity for the non-coated
neural probe with a value of 61.4 +6.9 mC cm, (3) highly sensitive dopamine detection
(10 nM level), (4) dual recording of both electrical and electrochemical signals, and (5) no
failure after 3.5 billion cycles of pulses [22]. The achieved high signal-to-noise ratio and
high charge storage capacity can result from several factors such as fast electrode
polarization, low ohmic drop on the surface of the GC probe, and higher surface charge

density [26, 121]. The high sensitivity of the developed GC neural probe can be explained
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by the fact that GC has high intrinsic hydroxyl groups on its surfaces. The hydroxyl groups
are favorable for the adsorption of cationic species such as dopamine, whose amine side
chain gets protonated at physiological pH[109, 110]. Moreover, Vomero et al. have
investigated the in vitro stability of GC-based intracorporeal neural probes in which the
GC neural probes implanted in rat brains for several weeks showed no significant change
in morphology and performances [120].

Penetrating neural probes based on 3D C-MEMS is another noteworthy application
of this technology. The envisioned penetrating neural probes were developed based on 3D
GC micropillars [98], 3D origami-styled GC [75], 3D GC microcones fabricated by
additive manufacturing [122], and leaky opto-electrical probes [24]. The 3D structure of
the GC neural probes allows simultaneous electrophysiological signals recoding from both
the brain surface (electrocorticography) and depth (single neuron). Furthermore, the neural
probe can be factionalized to measure the neurotransmitters such as dopamine beside the
double signal recoding. The multiplexing of the probe's function can be tremendously
important since it can reduce operating costs and minimize tissue damage (due to lessened
penetration sites). To the best of our knowledge, such integration for C-MEMS-based
penetrating neural probes has only been investigated by S. Vasudevan et al. They have
investigated the proposed neural probe's electrochemical performance in the presence of
various dopamine concentrations [24].
2.2.3.4 C-MEMS Microfluidics Based Cell Trapping

Dielectrophoresis (DEP) is an electrical field-based technique enabling selective
manipulation of target particles and cells, using an asymmetrical (non-uniform) electrical

field with a sufficient dipole moment of the targeted particles or cells. The main advantage
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of DEP over other techniques (e.g., magnetic-activated cell sorting) is conducting the
separation solely based on the target’s intrinsic physical properties (e.g., surface structure
and internal compartmentalization). Tag-free target separation is essential for various
applications, especially POC biosensors, since it eliminates the expensive and time-
consuming labeling process and enables fast and real-time operations. DEP has been
established for various applications ranging from separation of molecules and proteins to
manipulating cells and bacteria [48, 123, 124].

C-MEMS based DEP electrode—also known as carbon-electrode DEP—provides
several advantages over more traditional DEP devices. Perhaps feasible fabrication of high
aspect ratio structures is the main advantage of carbon-electrode DEP. The high aspect
ratio structures can improve the efficiency of the DEP devices in two ways of (1) increasing
the effective surface area, which can improve the flow rate, and (2) covering the entire
height of a flow channel, which reduces the mean distance of any particle to the closest
electrode surface. The electrochemical stability and wider electrochemical window of GC
compared to other commonly used metal films (e.g., gold or platinum) are other significant
advantages of carbon-electrode DEP, allowing higher applied voltage in a given electrolyte
without electrolyzing it [48, 123, 124].

It is worth noting that the photolithography of 3D C-MEMS DEP structures is very
similar to the process mentioned in section 2.1, with a minor extra step of hard baking at
190°C after developing the SU-8 structures. The hard bake is crucial to improve the
adhesion of SU-8 to the silicon wafer and prevent the peeling off during the extended time
of operations. Several applications have been established using 3D carbon-electrode DEP,

including separation of target cells[15, 125, 126], separation of live and dead
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monocytes[105], decontamination of persisting bacteria from an antibiotic-treated
sample[127], lambda-DNA trapping [128], and live-cell lysis [129]. The proposed
applications suggest the high potential of 3D C-MEMS DEP technology for developing

lab-on-chip sample preparation platforms for POC diagnosis devices.

2.2.3.5 C-MEMS-Based Cell Culture Platform

The development of engineered microenvironments that can provide proper
chemical growth factors and mechanical properties (e.g., morphology and texture) is vital
to have a more realistic in vitro cell culture model [130]. C-MEMS technology can provide
the proper microenvironment for cell growth. For instance, Ferraro et al. investigated the
effect of geometry on interaction and orientation on human iPSCs-derived neural stem
cells[131]. Their study showed that the biocompatibility of C-MEMS structures provides
a sustainable substrate for the adhesion and proliferation of cells. Moreover, their studies
demonstrated that human iPSCs-derived neural stem cells recognize the differences in two
configurations and orient their growth according to the structure [131]. This interesting
behavior can be the topic of future studies by designing a complex 3D C-MEMS structure
(e.g., using additive manufacturing mentioned in section 2.2) to mimic a biological
morphology and investigate the human iPSCs-derived neural stem cells’ response to
various therapeutic stimulations.

Alongside the geometry manipulations, the integration of nanomaterials on C-
MEMS microelectrodes allows controlling cell behavior on sub-micron levels. Sub-micron
cell growth patterning presents fascinating opportunities in the field of bioelectronics and
organ-on-chip technologies. Chauhan et al. have investigated this novel approach by

integrating AuNPs within the synthesizing process of GC microelectrodes. Their proposed
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fabrication approach provided various AuNPs size distributions and interparticle
separations on fibronectin functionalized surfaces. The proposed AuNPs/fibronectin-
modified GC substrates were highly biocompatible with a cytocompatibility of =<80% after
3 and 8 days [132]. The compatibility of the metal-salt precursor (i.e., NaAuCls) with SU-
8 photoresist had better control of fabrication parameters, including the size, distribution,
and spacing of AuNPs without disturbing micropatterning and pyrolysis process on metal-
loaded SU-8 microstructures. The control over AuNPs properties and the aforementioned
unique features of C-MEMS technology make this metal-C-MEMS microfabrication
process a promising approach for future organ-on-a-chip systems, bioelectronics, and

biosensing applications.

2.2.4 Conclusion

C-MEMS and C-NEMS technologies are feasible techniques for manufacturing
glass-like carbon devices in a wide range of structures and sizes. A vast variety of structures
can be made by choosing the proper lithography technique and optimizing the pyrolysis
parameters. The mechanical and material properties of C-MEMS and C-NEMS devices
can be tuned by careful structure design and adjusting the pyrolysis properties to match the
envisioned application better. The prominent features of glass-like carbon, such as wide
electrochemical window and high physico-chemical stability, and biocompatibility, have
made C-MEMS and C-NEMS devices highly versatile for various biotechnology-related
applications. Highly accessible functionalization, the possibility of covalent immobilizing
different biorecognizers, and resistance toward biofouling are unique advantages of C-

MEMS and C-NEMS biosensing and biofuel cell over more traditional MEMS devices.
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Low toxicity, elimination of metal adhesion layers, and lower degradation rate are

significant benefits of these devices over traditional metallic-MEMS intracorporeal neural

implants. The developed C-MEMS and C-NEMS biotechnology devices have

demonstrated that these devices are highly promising for various biotechnology

applications. Nevertheless, it should be noted that challenges and issues need to be

addressed before C-MEMS and C-NEMS biotechnology devices are commercially

available.
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3. Methodology

3.1 Introduction

This section presents the details of methodology adopted for this dissertation—for
both fabricating the sensing electrodes and synthesis of nanomaterials (i.e., graphene
nanosheets). For fabrication of miniaturized sensing electrodes carbon-
microelectromechanical system (C-MEMS) technology was used to fabricate three designs
of (i) thin-film electrodes, (ii) interdigitated electrodes, and (iii) 3D C-MEMS micro pillar
arrays. For synthesis and deposition of nanomaterials, novel electrochemical bipolar
exfoliation technique was used to exfoliate, reduce and deposit of graphene oxide (GO)

and reduced graphene oxide (rGO) on intended electrodes.

3.2 Carbon Microelectromechanical Systems (C-MEMS)

As a deep UV photoresist, SU-8 is a perfect choice to fabricate high aspect ratio
structures for various applications. For example, 3D carbon micropillars mounted on thin-
film or interdigitated arrays (IDA) can be modified to act as an active electrode for
biosensing. The schematic illustration of the photolithography process of 2-dimensional
(2D) and 3D C-MEMS microelectrodes is represented in Figure 3.1a. The fabrication
process of high aspect ratio C-MEMS structures typically starts with photopatterning of
the base layer (e.g., an IDA electrode) with a thickness between 5-25 um, followed by the
patterning of a second layer on top of the first layer. The developed structure is pyrolyzed
under an inert atmosphere at high temperatures above 600°C [1-3]. The detailed
experimental procedure can be found in chapters 4, 5and 7. Figures 3.2b and 3.2c illustrate
typical SEM image of the C-MEMS based micro-pillar arrays and a digital image of the

micro-device, respectively.
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3.3 Electrochemical Bipolar Exfoliation of Graphene Nanosheets

The bipolar exfoliation method used in this dissertation is a direct single-step of
exfoliation, deposition, and reduction of graphene utilizing a graphite rod in deionized
water (DIW) (see Figure 3.2a). The process of bipolar exfoliation includes applying a
constant electric field between two conductive feeder electrodes, which aggregates in
opposite polarizations of the graphite rods. Consequently, if the apparent potential
difference between opposite ends of the rod is sufficient (i.e., >1.5 V), simultaneous

faradaic reactions of reduction at the cathodic pole and oxidation at the anodic pole would

T

spin coating of spin coating of
thin film SU-8 thick film SU-8
+

UV exposure

<=

(c)
development development contact pad
‘ p . C-MEMS active
pyrolysis pyrolysis Z

electrode

. containing
5mm micro-pillars ‘

Figure 3.1 a) Schematic illustration of typical photolithography process for fabrication of 2D
and 3D C-MEMS electrodes. (b) SEM micrograph of carbon micro-pillar arrays; (c)
Photograph of a device containing micro-pillars on carbon current collectors and contact pad

occur[4]. A SEM image of rGO deposited on stainless steel negative feeding electrodes in

presented in Figure 3.2b.
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3.4 Sensor Development

In this dissertation two type of sensor were developed (i) enzymatic biosensors for
detection of lactic acid and (ii) aptamer-based biosensors (aptasensors) for detection of
platelet-derived growth factor-bb (PDGF-bb) cancer biomarkers. Herein, the sensor
development processes for both types are briefly presented. The detailed process can be

found in chapter 4 and chapters 5-7 for enzymatic biosensors and aptasensors, receptively.

3.4.1 Enzymatic Biosensor Development

Lactate oxidase (LOx) enzymes were immobilized on the surfaces of functionalized
C-MEMS microelectrodes on the 0.25 cm? working area, which followed by drying at 4°C
in the refrigerator overnight. The devices were washed thoroughly with phosphate-buffered
saline for 10 minutes to wash away the unbounded enzymes. The prepared electrodes were

stored in the refrigerator at 4°C when they were not used.

3.4.2 Aptasensor Development

The aptamer stock solutions were prepared based on the suggested procedure in the
datasheet released by ThermoFisher Scientific for oligonucleotide preparation and storage.
The diluted stocks were prepared in 0.1 M TE buffer with a final volume of 10 pL. Before
immobilizing aptamers, 5 puL of 20 mg mL™? EDC and 10 pL of 20 mg mL* NHS were
added to the aptamer solution with the desired concentration. The aptamer solution was
incubated for 30 minutes at room temperature. This step is recommended for activating the
amino linker tags of the aptamers. The prepared aptamer solution was deposited on the

electrode surfaces and followed by incubation for 2 hours at room temperature. After
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incubation, electrodes were washed thoroughly in DI water to wash any unattached
aptamers. In order to quench blank areas of the ThL electrodes, 50 uL of the aqueous
solution of 0.1 M PBS + 1% (v:v) Tween-20 was deposited on the electrodes and followed
by incubation for 10 minutes. The aptamer immobilized electrodes were washed with DI

water for 5 minutes and stored in 0.1 M TE buffer in the refrigerator (4°C) when not in use.

3.5 Material Characterization
The techniques used for material characterization of developed biosensors are

described in this section.

3.5.1 Scanning Electron Microscopy (SEM)

In order to investigate the microstructure of the materials synthesized, a field
emission-scanning electron microscope (JEOL 7000FE-SEM, Peabody, MA, USA) was
used; the accelerating voltages for imaging were generally kept between 10-20 kV for

typical working distances between 6-10 mm.

3.5.2  Transmission Electron Microscopy (TEM)

The TEM images were taken by using a Philips CM-200 FEG TEM operating at
200 kV. Selected area electron diffraction (SAED) analyses were performed in order to

study the sample crystallinity.
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3.5.3 Fourier Transform Infrared (FT-IR) Spectroscopy

Spectroscopic studies on the samples were carried out using a JASCO FTIR-4100
equipped with an attenuated total reflectance (ATR) accessory between wavenumbers of

4000 and 500 cm™ at room temperature.

3.6 Electrochemical Characterization

3.6.1 Cyclic Voltammetry (CV)

Cyclic voltammetry is a type potentiodynamic electrochemical technique which is
used to investigate the reversibility of different electrochemical reactions. In a typical CV
experiment, the working electrode potential is ramped linearly vs. time at a certain scan
rate (mV s1). The data are plotted as current vs. voltage. For this dissertation, the CV tests
were performed using a Bio-logic versatile multichannel potentiostat (VMP3, Bio logic).

Detailed experimental details can be found in the respective research chapter.

3.6.2 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a perturbative characterization of
the dynamics of an electrochemical reaction, which records the response of an
electrochemical cell to an applied potential or current. For this dissertation, EIS studies
were performed using a Bio-logic versatile multichannel potentiostat (VMP3, Bio logic).
Typically an AC oscillation of 10 mV amplitude was applied over the frequencies from
250 kHz to 10 Hz; the data were fitted using Z-fit function in EC-Lab (V10.40) software

using relevant Randles circuits.
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3.6.3 Differential Pulse Voltammetry (DPV)

Differential Pulse Voltammetry (DPV) is a voltammetry method used to make

electrochemical measurements and a derivative of linear sweep voltammetry or staircase

voltammetry, with a series of regular voltage pulses superimposed on the potential linear

sweep or stair steps. The current is measured immediately before each potential change,

and the current difference is plotted as a function of potential. By sampling the current just

before the potential is changed, the effect of the charging current can be decreased. For this

dissertation, DPV studies were performed using a Bio-logic versatile multichannel

potentiostat (VMP3, Bio logic).
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4. C-MEMS based Lactic Acid Biosensors

4.1 Introduction

Lactic acid with the chemical formula of C3HsOj3 is a product of anaerobic glycolysis
generated in muscles and liver due to insufficient supply of Oz in blood [1]. The level of
LA in human blood can change from 0.5 — 1 mM for healthy persons up to >4 mM [2, 3]
under the influence of different diseases and conditions, such as cancer in the metastatic
spread of cancer cells in stage II or stage III [4, 5], antitumor treatments. [6], cardiovascular
diseases (ischemia, hypoxemia, and anemia) [7], and head trauma [8]. This feature can be
employed as an essential complementary indicator for different cancer types and metastatic
levels [4, 9]. In the cases of brain stroke and head trauma, increasing LA concentration
from the cut off level 0of 2.35 mM in mildly injured to >4mM in severely injured conditions,
can be used to determine the severity of the case [8, 10]. Considering its significance in
various diseases and conditions, fast and accurate detection of the LA level can be useful

for their early diagnosis as well as monitoring their progress and severity.

Carbon-microelectromechanical systems (C-MEMS) are composed of well-defined
carbon micropatterns in which carbon (such as glassy carbon) is synthesized through
pyrolysis of micropatterned photoresist polymer in an oxygen-free environment at high
temperatures [11, 12]. Photoresist-derived carbon (PDC) possesses various remarkable
properties of carbon-based materials such as high biocompatibility, wide electrochemical
window, low absorption of non-specific biomolecules, and scalability [13]. Additionally,
PDC exhibits excellent electrical conductivity, as well as low background capacitance,
better tolerance toward bio-fouling than gold, glass, and silicon substrates, and higher

stability when exposed to different physical/chemical treatments [14]. The surface of PDC
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can be functionalized efficiently via various chemical, physical, or electrochemical
procedures [15, 16]. Moreover, utilizing high surface area C-MEMS in miniaturized
electrochemical devices circumvents the significant drawbacks associated with
commercialized screen-printed carbon electrodes such as low resolution, low aspect ratio,

and limitations for further miniaturization [13, 17]

Various studies have been conducted to develop non-invasive electrochemical
biosensors based on carbon materials for real-time measuring of LA concentration. For
example, Luo et al. developed a wearable cotton fabric biosensor for amperometric
monitoring of LA concentration in sweat with a detection range of 0.5-1.5 mM [18]. The
electrochemical sensor developed by Lamas-Ardisana et al. for measuring LA in human
sweat based on screen-printed carbon electrodes functionalized with platinum nanoparticle
has presented a linear range of 25-1500 puM [19]. However, these non-invasive
electrochemical sensors have narrow dynamic ranges compared to the actual LA
concentrations in sweat and saliva. Therefore, developing highly feasible LA sensors with
high sensitivity and sufficiently broad dynamic range to meet the demands for medicine

and personal health monitoring is highly significant.

In this work, we developed an electrochemical enzymatic LA sensing platform based
on interdigitated PDC microelectrode arrays and using the lactic oxidase (LOx) enzyme as
a catalyst for the oxidation of LA. The PDC microelectrodes were pre-treated with oxygen-
plasma to form —COOH functional groups on their surfaces, through which LOx enzymes
were immobilized directly on them. The scanning electron microscope (SEM) and Fourier-
transform infrared spectroscopy (FTIR) were used to study the morphology and surface

characteristics of the fabricated electrodes. Cyclic voltammetry (CV) was used to analyze
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the performance of the sensor. The results showed that the developed PDC-based LA
sensors are highly sensitive, selective, and stable, and have a sufficiently broad dynamic
range compared to previously reported carbon-based LA sensors. Furthermore, the C-
MEMS technique is both feasible and amenable to mass production, thus making PDC-

based LA sensors highly promising for point-of-care health monitoring applications.

4.2 Materials and Methodology

4.2.1 Fabrication of Photoresist Derived Carbon Microelectrode

The PDC microelectrodes were fabricated by a standard C-MEMS process [11, 20].
They consist of fingers with 100um width and 100 um distance between each finger (total
of 25 fingers in 0.25cm? area). The C-MEMS process is schematically illustrated in Figure
4.1A (1-3). A 4-inch silicon dioxide covered silicon wafer was cleaned by acetone and
methanol followed by a 20 min bake in the oven at 200°C to evaporate any solvent and
moisture. NANO™ SU-8 25 negative photoresist (Microchem., USA) was spin-coated
using photoresist spinner (Headway Research™) at 500 rpm for 12 s and then 3000 rpm
for the 30 s to get a uniform photoresist layer with a thickness of approximately 25 pm.
The photoresist was baked at 65°C for 3 min and 95°C for 8 min to evaporate any solvents.
The photoresist was optically patterned using the OAIl model 800 contact aligner (light
intensity, 13.2 mW.cm) for 22 s to crosslink polymer chains in the photoresist. Post-
expose bake was conducted at temperatures of 65°C for 1 min and 95°C for 3 min. The
photo-patterned sample was developed using NANO™ SU-8 25 negative photoresist
developer (Microchem., USA). The carbonization process of the photo-patterned

photoresist was performed in a Lindberg tube furnace via 200 mL.min* flow of forming
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gas (95% N2 + 5% H>). The samples were heated from room temperature to 350°C with the
ramp of 3°C.min with a dwell time of 30 min continued by ramping to 900°C with the
same rate and hold time of 60 min. The samples were cooled down to room temperature

with the ramp of 5°C.min™.

4.2.2 Oxygen-Plasma Treatment

The PDC surface was treated with oxygen-plasma using the MARCH CS-1217 RIE
system, which has a parallel-plate reactor equipped with 13.65 MHz RF source, as

illustrated in Figure 4.1A(4). The gas line for oxygen was utterly evacuated before the

Al) Photo-Patterning 2) Developing 3) Pyrolysing
Al,0; Tube
Furnace
Forming _,
Gas =
— =
4) RIE 5) Enzyme 6) Three-Electrode Cell
9 Immobilization
l/‘o 9 o, ‘.
.o l J°l* - h — } Working

lectrode

Ag/Agcl g

Pt
wire

C

Figure 4.1 A) Schematic of the fabrication process of the C-MEMS based LA sensor and
electrochemical test cell. B) Image of the PDCgre chip next to a one-cent coin. C) SEM picture
of the PDCree.

process. The etching parameters were: O, gas flow rate of 60 mL.min, the RF power of
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100 W, the chamber pressure of 400 mTorr, and the etching duration of 3 - 10 minutes.

This process has no adverse effect on silicon dioxide underneath [21].

4.2.3 Enzyme Immobilization

As shown in Figure 4.1A (5), firstly, disodium phosphate salt (Na2HPO4, Sigma
Aldrich, USA) was used to adjust the pH of the phosphate buffer solution (PBS, Sigma
Aldrich, USA) to pH 6.6. The stock solution of 10 mg.mL™ LOx enzyme (Mybiosource,
USA) was prepared in PBS (0.1 M, pH 7.4). LOx enzymes were immobilized on the
surfaces of functionalized PDC microelectrodes with the amounts ranging from 5 pg to 40
ug confined on the 0.25 cm? working area, which followed by drying at 4°C in the
refrigerator overnight. The devices were washed thoroughly with PBS for 10 minutes to
wash away the unbounded enzymes. The prepared electrodes were stored in the refrigerator
at 4°C when they were not used. The optimum amount of utilized enzymes was determined
by measuring the responses of the functionalized PDC microelectrodes with various
amounts of immobilized LOx enzyme to 500 UM LA. The response reached saturation at

25 pg of immobilized LOx enzymes; hence, 25 g was chosen as the optimum amount.

4.2.4 Sensor Characterization

The electrochemical characterization was carried out using a Bio-Logic versatile
multichannel potentiostat (VMP3) at room temperature. For CV studies, the three electrode
cell shown in Figure 4.1A (6) with the PDC microelectrodes, platinum wire, and Ag/AgCl
were used as the working electrodes, counter electrode, and reference electrode,

respectively. The working electrodes were tested between potentials of -0.8 V and 0.8 V
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(vs. Ag/AgCl) in which 3mL aqueous electrolytes of 0 - 15 mM LA in 0.1M PBS (0.1 M,
pH 6.6) were used. The pH of the PBS was chosen as 6.6 based on the fact that the pH of
human sweat is variable between 4.0 and 7.0, with the mean value of 6.3 [22, 23]. In order
to define the optimum number of CV cycles, CV tests were conducted for 20 continuous
cycles. The obtained curves after the cycle of n=4, repeated with a small deviation
(STDEV=7.3311 pA). Hence, n=4 was chosen for further measurements. A series of CV
tests of the sensing electrodes were conducted with the scan rates of 10, 20, 40, 60, 80, and
100 mV.st in an aqueous electrolyte of 15 mM LA in 0.1M PBS (pH 6.6). Moreover, series
of CV tests of the sensing electrodes were conducted in a 3 mL aqueous electrolyte of 500
UM LA with 9.92 mg.mL uric acid (Sigma Aldrich, USA) and 1.76 mg.mL* ascorbic acid
(Sigma Aldrich, USA). FTIR analysis was carried out using a JASCO FTIR 4100 equipped
with an attenuated total reflectance (ATR) accessory to verify —COOH carboxylic group
and other functional groups on the sensor surfaces. The morphology of the fabricated
microelectrodes was studied using an SEM (JEOL SEM 6330F, Peabody, MA, USA) in
the secondary electron imaging mode.

4.3 Results and Discussions

4.3.1 Surface Morphology and FTIR Characterization

A summary of PDC microelectrode fabrication and sensor development is
illustrated in Figure 4.1A. The photolithography and carbonization parameters were
optimized based on the well documented C-MEMS procedures in previous studies [12-16].
The optimum exposure time in oxygen-plasma treatment was found to be 7 minutes without

breaking or detaching the PDC micro-fingers. LOx enzyme was directly immobilized on
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the activated surfaces of the PDC microelectrodes without utilizing commonly applied
crosslinks such as EDC [(1-ethyl-3-(3-dimethylamino) propyl carbodiimide,
hydrochloride]. It is worth mentioning that in order to minimize the possible side reactions,
all areas of the working electrode and connection wires were isolated utilizing bee wax,
and only 5mmx5mm window was kept open. Figure 4.1B shows a picture of an oxygen-
plasma treated PDC microelectrode chip (designated as PDCrig) and Figure 4.1C shows

the SEM picture of PDCrie.
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Figure 4.2 FTIR spectrum of PDC microelectrodes before modification (Bare PDC), after
functionalization (PDCrie), and after enzyme immobilization (PDCrie+Lox)
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The FTIR spectroscopy was used to track the formation of carboxylic groups and
enzymes’ immobilization on the surfaces of the working electrodes. As shown in Figure
4.2, the FTIR spectra of all three samples showed two peaks between 2800 - 3000 cm™ and
two peaks between 2290 - 2400 cm®, which are attributed to OH and sp C-H stretching,
and sp C=C bending, respectively [24]. Furthermore, PDCrie and PDC microelectrodes
functionalized through oxygen-plasma treatment and having immobilized LOx enzyme
(designated as PDCrie+Lox) show two peaks at 673 cm™ and 840 cm™ which are attributed
to sp? C-H bending [24]. The spectrum of the bare PDC shows two peaks at 1030 and 1267
cm*, which are assigned to alkoxy C-O and acyl C-O, respectively [25]. These peaks are
the result of native oxidation of carbon in contact with air. The FTIR of PDCre and
PDCrie+Lox exhibited the same peaks around 1172 and 1287 cm, respectively. The peak
at 1738 cm™ in the PDCrie spectrum and 1734 in the PDCrie+Lox Spectrum are attributed
to C=0 stretching vibrations, which indicate that the PDC microelectrodes were
successfully functionalized with carboxylic groups. The FTIR spectrum for PDCRrig+Lox
shows an apparent peak at 1645 cm™ which is related to amide bond and represents
covalent bonding of enzymes on the surfaces of the PDC microelectrodes [25]. The FTIR
results suggest that the oxygen-plasma treatment was a simple yet effective means for
generating reactive surfaces with the high possibility of covalent bonding of LOx enzymes

on PDC surfaces.

4.3.2 CV Characterization of the PDC Microelectrodes

LOx is an FMN (Flavin mononucleotide)-dependent alpha hydroxyl acid oxidizing

enzyme, which catalyzes the aerobic oxidation of LA to pyruvate and releases H>O> [26].
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Oxidation of LA is followed by releasing H202 (eq. 1). Although there are vast studies on
LA reactions, the precise information of the H>O> reduction reaction on the surface of
carbon electrodes is absent [27, 28]. In this study, equation 4.2 is considered for H20-
reduction [27, 28]. Figure 4.3A shows the CV responses with a scan rate of 20 mV.s™ (vs.
Ag/AgClI) for the bare PDC, PDCrox, and PDCRrie+Lox in the 500 uM LA solutions. The
CV response of the bare PDC shows no apparent oxidation peak, whereas the PDCox has

an oxidation peak at 0.05V/0.028 mA, and the PDCrie+Lox exhibits an oxidation peak at
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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 Ag/AgCl).
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0.08 V/0.042 mA. The appeared oxidation peaks are related to the oxidation reaction of
LA molecules catalyzed by the LOx (eg. 1) and they are in good agreement with previous
studies on electrochemical LA sensors [29, 30] while the reduction peaks are related to the

reduction of H.O: (equation 4.2).

CH3CH(OH)CO2 + O3 LOx CH3COCOO™ + H202

— (4.1)
(Lactic Acid) (Pyruvate)
2H" + HoO2 + 2e —> 2H0 (4.2)

The enhanced current response of PDCrie+Lox to LA compared to PDCrox can be
explained by the promoted immobilization of LOx enzymes onto the PDC microelectrodes
surfaces by introducing carboxylic groups to the surface. In order to confirm the origin of
observed peaks in CV results, the response of bare PDC microelectrode to H2O> as a
product of the LA oxidation reaction was studied. The results presented in Figure 4.3B
shows that only the reduction reaction takes place in the presence of H>O» and the
reduction peak current increases by increasing the concentration of H.O». The absence of
oxidation peaks and a proportional increase in reduction current indicate that the observed
oxidation and reduction peaks in Figure 4.3A are associated with LA oxidation (eg. 1) and
H20, reduction (Eg. 2), respectively. The CV curves of PDCrie+Lox in @ 15 mM LA
solution with various scan rates ranging from 10 - 100 mV.s* (vs. Ag/AgCl) are presented
in Figure 4.3C. The oxidation and reduction peak currents increase with the increasing scan
rates. The relations between the square root of the scan rates and the oxidation/reduction

peak currents are shown in Figure 4.3D. The peak currents are linearly proportional to the
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square root of the scan rates up 100 mV.s™ with the correlation coefficient (R?) of 0.9860
and 0.9739 for oxidation and reduction, respectively. The linearity indicates that the

process involves diffusion of LA, which is highly important for enzymatic electrochemical

sensors [31].

4.3.3 Sensing Characterization of PDC Microelectrodes
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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 CV curves in 0.1-5000 uM
LA solutions. C) Calibration plot of absolute areal capacitances calculated from CV curves in
0.1-5000 pM LA solutions. D) The response of PDCRIE+LOx microelectrode to 500 pM LA
and with 9.92 mg.mL-1 uric acid (UA) and 1.76 mg.mL-1 ascorbic acid (AA).
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The CV results of the PDCrie+Lox in the 0 - 1000 uM LA solutions are represented
in Figure 4.4A. The oxidation peaks of 0.2 - 0.35 V (vs. Ag/AgCl) were observed by
introducing the LA to the solution. The observed shift in the oxidation peaks by increasing
LA concentration can be explained by the increased amount of oxygen uptake (equation
4.1) [34]. The areal capacitances were calculated from the CV curves to study the sensing

performance of the PDCrie+Lox Using the equation 4.3 [35]:

= 4.3
¢ ZASAVfIdV (43)

where A is the electrode area, s is the scan rate, AV is the voltage window, | is current, and
V is the voltage. Figure 4.4B shows the calibration plot of normalized areal capacitances
[ACnormalized = A(Co-Ci)/Co] for LA sensing in 0.1 - 5000 puM LA solutions, where each
point is an average value of C (uF.cm™) from responses of optimized PDC sensor with
repeated measurements of N=4. The area under the CV curves decreased substantially upon
increasing the LA concentrations. The decrease in capacitance (charge density) suggests
that the LA oxidation products are adsorbed to the PDC microelectrode surface and
displace the double layer. The normalized areal capacitance showed a semi-logarithmic
relationship with the LA concentrations ranging from 0.1 - 5000 puM. The linear
dependence of the output capacitance on the logarithm of LA concentration has a slope of
104.3 + 2.88 pF.cm™.(Log (uM))* and the correlation coefficient (R?) of 0.9961. The
sensitivity of PDCrie+Lox t0 LA can be estimated from the slope of the calibration curve of
absolute capacitances (Figure 4.4C) as 18.94 mF.cm™.(Log (M))™. The dependence of

capacitance to the logarithm of LA can be estimated as following (equation 4.4),

C=35.07 + 33.48 Log (M) (4.4)
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where C is areal capacitance (mF.cm) and M is the concentration (mol.L ) of LA.

The limit of detection (LoD) for PDC microelectrodes was calculated as 1.45 uM based
on linear regression (equation 4.5) [36],

3S
LoD = —~ (4.5)

where S is the standard deviation of the blank response (STDEV= 1.81 mF.cm, N=8) and
b is the slope of the calibration curve (b = -5.5815 mF.cm™.(Log (M))™?) of absolute areal

capacitance.

4.3.4 Selectivity and Stability of PDC Microelectrodes

The selectivity of the PDCrie+Lox Was studied by recording the response of the sensor to
LA in the presence of uric acid (UA) and ascorbic acid (AA) in the system. The amounts
of these interference agents were chosen to be 9.92 mg.mL™? for UA and 1.76 mg.mL™* for
AA based on a suggested recipe for artificial human sweat [37]. Figure 4.4D shows the

areal capacitance of PDCrie+Lox before adding LA, in the presence of pure 500 uM LA,

Table 4.1 Comparison of recent electrochemical carbon-based enzymatic LA sensors

LINEAR
SUBSTRATE | ACTIVE ELECTRODE M.?:é:EIEMUEE'\‘T RESPONSE DELE'SITT'ON STA?('L'T REF
Q RANGE
hydrophilic | screen printed carbon | electrochemilumines 96.4%
0.05-25mM 0.035 mM after 18 [1]
cloth electrode cence d
ays
. hand printed carbon
cotton fabric - amperometry 0.05-1.5mM 5.0 uM N/A [2]
graphite
screen reduced graphene
printed oxide with Au amperometry 10 pM -5 mM 0.13 uM N/A [5, 6]
carbon nanoparticles
pencil multi walled carbon
. nanotubes/copper 60% after
graphite nanoparticles/polyani amperometry 1.0 yM -2.5mM 0.25 uM 180 days [7
electrode -
line
. L . 97.65%
Si02/Si mter_dlglta_ted PDC capacitance 100.0nM - 5.0 145 uM after 20 current
micro-fingers measurement mM days study
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500 uM LA with uric acid, and 500 uM LA with uric acid and ascorbic respectively. The
response of the sensor to LA in the presence of uric acid and ascorbic acid showed 80.07%
of the initial signal, which indicates good selectivity. The operational stability of the
PDCrie+Lox Was evaluated by recording the CV response to 500 UM LA every 2 days over
20 days. The results revealed a 2.35% decrease of the capacitance in 20 days, implying
sufficiently well long lifetime and stability of the sensor. Table 4.1 compares the developed
sensor in the current study with some of the recently reported carbon-based LA
electrochemical sensors. The obtained detection limit in this work is sufficiently low in
comparison to the results reported in the literature. Additionally, the developed sensor
provided a wide linear response range, which adequately covers the target ranges of LA
concentrations in healthy humans as well as most diseases and head trauma. The linear
response range is wider than other carbon-based LA electrochemical sensors. Moreover,

the sensor exhibited better stability and selectivity compared to most reports.

The developed PDC based enzymatic sensors can be further enhanced to be more feasible
for clinical applications which could be an interesting topic for future studies. For instance,
the performance of the purposed sensor can be improved by studying the effect of the ionic
strength of LA and its oxidation products on the sensor’s response and activity of LOx
enzymes. Various optical-based techniques can be used for studying enzyme activity such
as spectrophotometric assays, fluorometric, and chemiluminescent [38, 39]. Moreover, the
developed enzymatic LA sensors can be integrated with other MEMS devices such as lab-
on-disk designed by Dr. Madou group for point-of-care applications which is based on a
compact disk (CD) centrifugal platform [40]. Furthermore, PDC microelectrodes can be

adopted for detecting multiple targets in one sensing unit, which is commonly referred to
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as multiplexing [41]. Multiplexing the C-MEMS based biosensors can be achieved by

minor modifications of the PDC microelectrodes fabrication and functionalization process.

4.4  Conclusion

In this work, an electrochemical enzymatic lactic acid sensor based on photoresist-derived
carbon microelectrode is successfully demonstrated. The oxygen-plasma treatment of
photoresist derived carbon microelectrodes enhanced the immobilization of lactate oxidase
enzymes on the surfaces of the electrodes through the covalent bonding of enzymes and -
COOH groups. Furthermore, the oxygen-plasma treated photoresist derived carbon
microelectrodes exhibited higher current generated during the oxidation of lactic acid in
the electrolyte. The sensor yielded an extremely low detection limit of 1.45 uM, high
sensitivity of 33.48 mF.cm™.(Log (M))?, and a relatively wide dynamic detection range of
0.1 - 5000 uM. The highly sensitive, selective, and stable LA sensor indicates that the C-
MEMS platform is very promising for developing fast, precise, and biocompatible sensors

for non-invasive detection of lactic acid.
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5. PDGF-BB Aptasensors based on Thin-Film C-MEMS

5.1 Introduction

Cancer is the second major cause of death as responsible for an estimated 9.6 million
death in 2019 [1]. Many cancer patients have a high chance of cure if they are diagnosed
early [1]. An effective means to early diagnosis of cancer is quantifying the number of
cancer biomarkers collected from biofluids like blood and urine [3]. Among the discovered
cancer biomarkers detectable from blood, platelet-derived growth factor-BB (PDGF-BB)
plays a crucial role in solid malignant tumors development and lymphatic metastasis [5].
Similarly, several studies have investigated the potential contribution of PDGF-BB in
several benign tumors such as breast cancer [7], pancreatic cancer [9], prostate cancer [11],
ovarian cancer [13], and liver cancer [14]. There is no food and drug administration (FDA)
confirmation for the normal range of PDGF-BB in human plasma; however, the 0.1-1.5 ng
mL7 is widely considered as a normal range [15]. The concentration of this biomarker can
vary vastly in different cancer diseases. For instance, PDGF-BB concentration above 42
ng mL™! (the equivalent of 1.72 nM) is reported for patients with lung cancer [16]. The role
of PDGF-BB in various cancerous tumors illustrates the importance of developing accurate
and affordable point-of-care (POC) PDGF-BB cancer biomarkers sensors applicable to the
diagnosis of cancerous tumors at early stages.

Synthetic affinity RNA and DNA based bio-recognizers, which are referred to as
aptamers, have attracted considerable attention for developing cancer biosensors.
Aptamers have various advantages that make them suitable for this purpose, such as the
production of aptamers is highly repeatable, modifying aptamers (e.g., chemical

modifications or attaching optical tags) is more accessible than that of modifying

124



antibodies, and aptamers show less non-specific detection phenomena compared to other
bio-receptors [17]. Various mechanisms can be used for POC label-free aptamer-based
biosensors (i.e., aptasensors), including optical, piezoelectric (i.e., mass-spectroscopy), and
electrochemical detection strategies [18]. The optical aptasensors can offer an extremely
low limit of detection and high signal to noise ratios. However, they have some critical
drawbacks such as the need for complicated labeling processes and complicated optical
analysis tools for obtaining output signals, and limitations in providing stable surface
functionalization for aptamers immobilization [19]. The mass-spectroscopy (MS) can offer
extremely accurate measurements. However, there are technical considerations in using
MS, which makes this technique less feasible for on-site and POC applications. For
instance, the MS machines require specific footprint area on each side of the MS machine,
complicated analysis tools, and high sensitivity of this technique to surrounding conditions
(e.g., requiring specific heat and ventilation system) are some of the complications related
to MS measurements [20, 21]. The electrochemical aptasensors can be highly feasible for
POC applications since they possess several advantages over other types of aptasensors.
For instance, the electrochemical parameters can be measured without utilizing labels (i.e.,
label-free detection), in which label-free detection is referred to elimination of foreign
molecule (e.g., fluorescents tags, chemiluminescent, and nanoparticle) that is temporarily
or chemically attached to the target of interest to detect its presence or activity [22, 23].
They can be efficiently miniaturized and integrated with lab-on-chip devices and
complementary metal-oxide—semiconductor (i.e., CMQOS) circuits. The price of
electrochemical sensing units can be considerably reduced. Besides, label-free

electrochemical detection can reduce the cost of operation and blood sample consumption
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by requiring relatively simple sample preparation [24-27]. However, the sensing
performance of label-free electrochemical aptasensors such as sensitivity, selectivity, and
dynamic range requires further enhancements to match the performance of the clinical test.

Recently, several studies have reported highly sensitive label-free electrochemical
aptasensors for PDGF-BB detection. For example, Jiang et al. have developed an
amperometric aptasensors based on hydroxyapatite nanoparticles deposited on a glassy
carbon electrode with the amperometric signal linear in the range of 0.1 pg mL!-10 ng
mL™' PDGF-BB concentration [6]. Zhang et al. introduced a sensing probe based on
graphene-enhanced with sliver nanoclusters that showed a linear range toward PDGF-BB
from 32.3 fM-16.61 pM [2]. However, in most published studies, the linear range is
narrower than the required linear range for cancer diagnosis purposes. For instance, the
PDGF-BB concentrations higher than 42 ng mL™! (the equivalent of 1.72 nM) has been
discovered in serum samples of lung cancer patients [16]. Hence, further studies are
required to improve the performance (especially detection range) of label-free
electrochemical PDGF-BB aptasensors and make them more feasible for scale-up and mass
production.

Carbon-based microelectromechanical devices (C-MEMS) are glassy-carbon
devices derived from pyrolyzed epoxy-based photoresist (i.e., SU-8 photoresist) at high
temperatures in oxygen-free environments. C-MEMS based electrodes have features that
are highly suitable for biosensing applications such as good conductivity, high
physiochemical stability, wide electrochemical window, higher tolerance against
biofouling phenomenon, and highly accessible surface functionalization [28-31]. The

surface of C-MEMS based electrodes can be functionalized with carboxyl functional
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groups using vacuum ultraviolet, electrochemical activation, and oxygen reactive ion
etching (RIE) [32, 33]. The C-MEMS’s synthesis technique can offer electrodes with high
resolution (i.e., tens of nanometer) and good yields of fabrication, which are highly
favorable for POC applications [28]. The nano-enabled C-MEMS electrodes enhance
aptamer immobilization efficiency (i.e., by providing larger accessible surface area), and
highly accessible functionalization promotes the stability of the aptasensor by providing
covalent immobilization of the aptamers.

In this work, we demonstrated a label-free electrochemical PDGF-BB aptasensors
based on a thin layer (designated as ThL) electrodes fabricated via the C-MEMS synthesis
procedure and PDGF-BB binding DNA aptamers. The designation of the “thin layer” refers
to the single layer of photoresist derived carbon without additional 3-dimensional features
such as micropillars. The ThL electrodes were pretreated with oxygen plasma oxidation
treatment to form —COOQOH functional groups on their surfaces, in which amino-group
modified affinity aptamers were immobilized directly on them. The Fourier-transform
infrared spectroscopy (FTIR) was used to study the surface characteristics of the fabricated
C-MEMS electrodes. Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were used to optimize the fabrication parameters and analyze the
performance of the aptasensor. The results showed that the developed ThL-based PDGF-
BB aptasensors are highly sensitive, selective, stable, and robust, and have a sufficiently
broad dynamic range compared to previously reported label-free electrochemical PDGF-
BB aptasensors. Furthermore, the C-MEMS technique is both feasible and amenable to
mass production, thus making C-MEMS based PDGF-BB aptasensors promising for

further enhanced cancer diagnosis and monitoring POC microdevices.
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5.2 Materials and Methods

5.2.1 Materials and Reagents

The PDGF-BB binding aptamer (ssSDNA, amino linker-5’-Cs-CAG GCT ACG
GCA CGT AGA GCA TCA CCA TGA TCC TG-3’ [18]) was purchased in HPLC
purification from ThermoFisher Scientific, USA. Tris-ethylenediaminetetraacetic acid
(TE) buffer, ethanol, acetone, phosphate-buffered saline (1M and pH 7.4) (PBS), 1-ethyl-
3-(3-dimethylaminopropyl)  carbodiimide  hydrochloride  linker  (EDC), N-
hydroxysuccinimide linker (NHS), hydrochloric acid (HCI), Polyoxyethylene (20) sorbitan
monolaurate (Tween-20), KCI, and ksFe(CN)s were purchased from ThermoFisher
Scientific, USA. Trehalose, bovine serum albumin (BSA), platelet-derived growth factor-
AA, AB, and BB were purchased from Sigma Aldrich, USA. NANO™ SU-8 25 negative
photoresist was purchased from Microchem., USA. All the chemicals were analytical

grade. Milli-Q (Sigma Aldrich, USA) deionized water (DI water) was used in this study.

5.2.2 Apparatus

The plasma-oxidation treatment was conducted via MARCH CS-1217 reactive ion
etch (RIE) system. All electrochemical characterizations were carried out using a Bio-
Logic versatile multichannel potentiostat (VMP3) at room temperature. The three-
electrode cell, including ThL electrodes as the working electrode, a platinum wire as a
counter electrode, and Ag/AgClI (KCI saturated) as a reference electrode, was used for all
electrochemical measurements. The 713 Metrohm pH meter was used for measuring the

pH of electrolytes. FTIR analysis was carried out using a JASCO FTIR 4100 equipped with
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an attenuated total reflectance ATR accessory to verify -COOH carboxylic group and other

functional groups on the sensor surfaces.

5.2.3 Fabrication of ThL Electrodes

The ThL electrodes were fabricated via the previously reported C-MEMS synthesis
process [34, 35], which is schematically illustrated in Figure 5.1A and 5.1B. The
fabrication process started with cleaning a 4-inch p-doped single-side polished silicon
wafer by acetone and methanol. A layer of SU-8 25 photoresist was spin-coated on the
wafer at 300 rpm for 10 seconds and then accelerated to 3000 rpm for 30 seconds to get a
uniform photoresist layer with a thickness of approximately 15 pum. Soft bakes at 65°C for
3 minutes and 95°C for 7 minutes were conducted on hotplates which followed by UV light
exposure with a dose of 300 mJ cm. Post-exposure bakes were conducted at 65°C for 1
minute and 95°C for 5 minutes on hotplates. The electrodes were pyrolyzed in Lindenberg
tube furnace with a temperature ramp of 10°C min in two steps of 250°C with a dwell
time of 30 minutes and 900°C with a dwell time of 60 minutes under 500 sccm flow of
forming gas (5%H: + 95%N>). The samples were left in the furnace to cool down to the

room temperature overnight.

5.2.4 Preparation of PDGF-BB aptasensors

The ThL electrodes were functionalized using oxygen-plasma oxidation conducted
in the RIE system illustrated in Figure 5.1C. The oxygen flow of 60 mL min! at 400 mTorr
pressure and RF power of 100 W were used for functionalization. The optimum etching

time was chosen as 7 minutes based on previous studies [32]. The oxygen plasma-treated
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electrode (designated as ThLrig), was washed thoroughly in 1 M PBS for 5 minutes and
DI water for 3 minutes before the next preparation steps.

The aptamer stock solutions were prepared based on the suggested procedure in the
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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 based on a mixture of
5 mM k3Fe(CN)6 and 0.1 M PBS with various concentrations of KCI ranging from 50 m to 1M

datasheet released by ThermoFisher Scientific for oligonucleotides preparation and
storage. The diluted stocks were prepared in 0.1 M TE buffer with a final volume of 10 pL.
Before immobilizing aptamers, 5 puL of 20 mg mL* EDC and 10 pL of 20 mg mL™* NHS
were added to the solution of aptamer with desired concentration ranging from 50 nM to
15 puM. The aptamer solution was incubated for 30 minutes at room temperature. This step
is recommended for activating the amino linker tag of the aptamers. The prepared aptamer
solution was dropped on the ThLre electrodes surfaces and followed by incubation for 2
hours at room temperature. After incubation, electrodes were washed thoroughly in DI

water to wash any unattached aptamers. In order to quench blank areas of the ThL
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electrodes, 50 pL of the aqueous solution of 0.1 M PBS + 1% (v:v) Tween-20 was dropped
on the electrodes and followed by incubation for 10 minutes. The aptamer immobilized
electrodes (designated as ThLrie+apt) (Figure 5.1D) were washed by DI water for 5 minutes

and stored in 0.1 M TE buffer in the refrigerator (4°C) when they were not in use.

5.2.5 Electrochemical Characterization of PDGF-BB Aptasensors

The stock solutions of PDGF-AA, AB, and BB were prepared based on the suggested
procedure in the datasheet released by Sigma Aldrich. The samples were diluted in an
aqueous solution of DI water and 5% (v:v) trehalose in the final volume of 15 pL. The
desired target was added to the ThL electrodes and followed by incubation at room
temperature (25°C) for various times ranging from 10 minutes to 150 minutes. The
optimum time for reaction of target molecules with binding aptamers was found to be 40
minutes. Following target immobilization, which is schematically illustrated in Figure
5.1E, the ThL electrodes were washed in DI water before conducting electrochemical
measurements. The electrodes incubated with the target were immediately tested via the
three-electrode setup illustrated in Figure 5.1F for CV and EIS evaluations. The 5 mL
aqueous electrolytes based on a mixture of 5 mM ksFe(CN)s and 0.1 M PBS with various
concentrations of KCI ranging from 50 mM to 1 M were used for electrochemical
measurements. In CV measurements, ThL electrodes were tested between -0.2 V t0 0.6 V
versus reference electrode with scan rates of 10-120 mV.s. All CV data were typically
taken after conducting 20 continuous cycles to make a reliable data recording. EIS
measurements were recorded at frequencies range of 10-250,000 Hz and at various

potentials including open-circuit potential (Eoc), 0.15, 0.2, and 0.35 V (vs. Ag/AgCl). The
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pH of the electrolyte was adjusted using HCI to achieve electrolytes with a pH of 7.4-4.0.
The optimum pH of 6.5 was used for sensing performance characterizations. After every
electrochemical measurement, the C-MEMS aptasensors were regenerated by immersing
the sensing electrodes in 1 M TE buffer with a gentle string for 30 minutes. It is worth
mentioning that all the target incubations and electrochemical tests were conducted at room

temperature (25°C).

5.3 Results and Discussion

In the PDGF-BB detection experiments, PDGF-BB binding aptamers modified with
amino-linker tags were used as bio-recognizers. The FTIR and Electrochemical
characterization were conducted on three types of C-MEMS thin layer (designated as ThL)
electrodes samples referred to as ThLgare, ThLrig, and ThLrie+apt, Which they describe the
C-MEMS electrodes without any modifications, after RIE functionalization, and after
immobilizing aptamers, respectively. The 2.5 uM aptamer concentration was used in the
fabrication of ThLrie+apt Studied in subsections 5.3.1, 5.3.2, and 5.3.3 with an exception
for ThLrie+apt electrodes prepared to study the effect of aptamer concentration. The
optimum aptamer concentration of 7.5 uM was used for the fabrication of ThLrig+apt
electrodes studied in subsections 5.3.4 and 3.5. The active area of 5x5 mm? in all C-MEMS
electrodes was confined using bee wax to minimize the side reactions. The 5 mM of
KzFe(CN)s was used as a redox agent.

Two electrochemical measurement strategies of EIS and CV were used for analytical
purposes. The faradaic mode of EIS was conducted at the oxidation potential of Fe(CN)s
%-4 to measure the charge-transfer resistance. The CV measurements were conducted at a

scan rate of 50 mV s unless it is mentioned otherwise (i.e., in studies on the effect of scan
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rates presented in section 3.2). The areal capacitances were calculated from CV curves

using equation 5.1 [36]:

1

C= 2AsSAV

[1dv (5.1)

where A is the electrode area, s is the scan rate, AV is the voltage window, | is current, and
V is the voltage. It is worth mentioning that the sample size (i.e., n) in this article refers to
the number of repeated tests on each measurement point, which varies between 3 to 20

throughout the measurements presented herein.

5.3.1 FTIR Characterization of ThL Electrodes

The FTIR characterization was used to confirm the formation of carboxylic groups
during the functionalization and immobilization of affinity aptamers via amide binding on
the surfaces of the C-MEMS electrodes. The FTIR spectra of ThLgar, ThLrig, and
ThLrie+apt are represented in Figure 5.2. All three samples showed two peaks between
2800-3000 cm™ and two peaks between 2300-2400 cm™, which are attributed to OH and
sp C-H stretching, and sp C=C bending, respectively[37]. Furthermore, ThLrie Showed a
peak at 823 cm™, and ThLrie+apt Showed two peaks at 607 cm™ and 819 cm™, which are
attributed to sp? C-H bending [37].

The spectrum of the ThLgare Showed a peak at 1110 cm™, which is assigned to
alkoxy C-O [38]. This peak is the result of native oxidation of carbon in contact with air.
The FTIR spectrum of ThLrie and ThLrie+apt €xhibited the same peak around 1155 and
1105 cm™, respectively. The FTIR of ThLrie also showed a peak at 1251 cm™, which is

attributed to acyl C-O[38]. The peak at 1730 cm™ in the ThLrie and ThLRrig+apt SPectrum

133



ST ThLRIEprt

amide Il acyl C-O l

alkoxy C-O
- v
C C-H i
- sp C=C
= X = ThLge
2
L
Q.
2 :
% ™y
N 2
2 c=0 sp? C-H
< C-H O-H alkoxy C-O
) MR ThLBare
el T
V«‘}fi‘/ T / YN T\
“"CcH OH N z ;
sp C=C alkoxy C-O

——
3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 5.2 FTIR spectra of ThL electrodes before functionalization (ThLgae), after
functionalization (ThLgie), and after aptamer immobilization (ThLrig+apt).

is attributed to C=0 stretching vibrations, which indicate that the ThL electrodes were
successfully functionalized with carboxylic groups [38]. The FTIR spectrum for ThLrig+Apt
shows an apparent peak at 1571 cm®, which is related to the amide 11 bond and represents
covalent bonding affinity aptamers on the surfaces of the ThL electrodes [37]. The FTIR
results confirm that the oxygen plasma oxidation treatment was a simple yet effective
means for generating reactive surfaces with the high possibility of covalent bonding of

PDGF-BB binding aptamers on ThL electrode surfaces.
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5.3.2 Electrochemical Analysis of ThL Electrodes

In this section, electrochemical analyses of C-MEMS electrodes after each stage of
development are presented. These analyses aimed to confirm the successful immobilization
of aptamer and binding of target molecules on surfaces of aptasensors. Two hypotheses for
designing the aptasensors were considered; first, the formation of PDGF-BB oncoproteins-
aptamer complex (i.e., capturing the target molecules) increases the charge-transfer
resistance by hindering the access of redox species to the surface of the aptasensor. Second,
the formation of this complex diminishes the double-layer capacitance (i.e., charge
density), which can be traced by calculating the areal capacitance from CV measurements
as well as evaluating the double layer capacitance from EIS measurements. The EIS
measurements were conducted in the faradaic mode (E=0.35 V vs. Ag/AgCl) and non-
faradaic mode (E=Eoc) to measure the charge-transfer resistance and the double-layer
capacitance, respectively. The 500 pM PDGF-BB was used as the sample target (referred
to as T). Randle’s equivalent circuit (Fig. S1) was used to evaluate the charge-transfer
resistance values from EIS measurements. This circuit was composed of Rs, Cpr, RcT, and
Zw representing the solution resistivity, the double-layer capacitance, the charge-transfer
resistance, and impedance of the cell in low frequencies (i.e., Warburg impedance),
respectively. The faradaic path was modeled with Rcrt and Zw. Furthermore, the
assumption on the reversibility of oxidation/reduction of Fe(CNs)** redox couple was
validated by measuring the CV responses with various scan rates.

The results of the EIS characterization of ThLgare, ThLrIg, ThLRriE+Apt, @nd responses of

ThLrie+apt electrodes to 500 pM PDGF-BB are represented. in Figure 5.3A. The Nyquist
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plot of ThLgare has a small semi-circle radius compared to the others, which indicates a
small Rct of 72.01 Q and good conductivity of the ThLgare €lectrodes. ThLrie electrode
has a higher Rct of 152.18 Q compared to the ThLpare, Which is due to the negatively
charged carboxylate group covering the surface of ThLrie. The immobilization of aptamers
slightly decreased the Rct to a value of 114.9 Q, which could be the result of the
engagement of carboxylate groups of the surface in amide bonding (i.e., covalent
immobilization of aptamers) and quenched remaining carboxyl groups by Tween-20
quencher. The ThLrie+apt €lectrode incubated with target molecules (ThLrig+apt+T) has a
considerably high Rct of 1423.9 Q, which is resulted by isolative properties of the target
and reduced access of the charged species to the surface of the sensing electrodes [39].

The results of the CV measurements, which were designed to examine the second
hypothesis and validate the efficiency of CV measurements, are shown in Figure 5.3B. The
curves represent the CV characteristics of the ThLgare, ThLrig, ThLrie+apt, and their
response to 500 pM PDGF-BB. ThLgare and ThLrie electrodes showed no response to
PDGF-BB in which the areal capacitance of ThLgare remained 6.05 mF cm after target
incubation and the areal capacitance of ThLrie showed a negligible change of 23.38 to
22.34 mF cm after target incubation. The area of CV curve of the ThLgrie+apt electrode
after PDGF-BB incubation showed a noticeable decrease. The binding of PDGF-BB
oncoproteins decreased the areal capacitance of the ThLrie+apt electrode from 14.14 to 7.24
mF cmL. This change indicates that the aptamers were able to capture the target molecules
successfully, and CV measurement is sensitive to the captured PDGF-BB oncoproteins.
Furthermore, the second hypothesis was investigated by studying the fitting value of CpL

measured at non-faradaic mode (i.e., at E=Eoc). The calibration curve of Cp. fitting values
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Figure 5.3 . A) The Nyquist plots of ThL electrodes at various stages of development and
response of ThLrie+ap: €lectrode to 500 pM PDGF-BB. B) The CV responses of ThLpare, ThLRIg,
and ThLgie+ap: electrodes to 500 pM PDGF-BB. C) The CV curves of the ThLrie+apt €lectrode
at various scan rates ranging from 10-120 mV s*. D) The calibration curves of oxidation and
reduction peak current versus the square root of scan rates.

reveals a declining linear response to the logarithm of PDGF-BB concentration with a slope
of -5.02x107 Q Logc™ (unit of ¢, nM) and correlation coefficient (R?) of 0.8488. Both CV
and EIS results validate the second hypothesis on responses of C-MEMS electrodes to
target molecules.

In order to investigate the reversibility of the oxidation/reduction of Fe(CN)s** and the
ohmic drop, a set of CV measurements with different scan rates were conducted on

ThLrie+apt electrodes. The CV curves of ThLrie+apt measured in different scan rates in the
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range of 10-120 mV s are shown in Figure 5.3C, indicating the oxidation and reduction
peak currents found to be linearly proportional to the square root of the scan rates in the
range of 10-120 mV s* with R? of 0.9802 and 0.9714 for oxidation peak currents and
reduction peak currents, respectively (Figure 5.3D). This linear correlation indicates that a
diffusion-controlled process accrued on the ThLrie+apt electrodes. Hence, the Randles-
Sevcik equation (equation 5.2) was used to calculate the electrochemically active surface
area of the ThLrie+apt electrodes at room temperature (T=295 K) [40].
Ip=(2.69%10%)n3?ACDY?y*? (5.2)

where n is electron transfer number (n=1), A is active surface area (cm?), C is the
concentration of Fe(CN)s"* (5 mol cm®), D is the diffusion coefficient of 5 mM Fe(CN)g
84 (7.6x 107° cm? s), and v is the scan rate (V s%). The active surface area was calculated
as 0.0313 cm? with a STDEV of 0.00193.

The charge transfer coefficient (o) for a similar system was assumed to be 0.5 [41]. The a
was calculated experimentally using the equation 5.3[40].

Ep — Ep=48/an (5.3)

where Ep (MmV) is the voltage of peak current and n is electron transfer number (n=1). The
value of o for oxidation reactions was found to have an average of 0.41 with STDEV of
0.0172. The theoretical and experimental values are slightly different, but this difference
is insignificant since the experimental value lies in the reversible zone [40]

The Nicholson method based on peak separation (equation 5.4) was used for evaluating the

standard heterogeneous electron transfer rate constant (k%) [42].

K°=2.18 | (5.4)

(XDTLFV] 1/2 o —a?nF(Ep,0-Ep g)
RT RT
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where a was calculated from Eq. 3, D is the diffusion coefficient of 5 mM Fe(CN)g®*

(7.6x 107° cm? s1), F is Faraday constant (96,485.34 C mol ™), v is scan rate (V s1), R is
the universal gas constant (8.3145 J mol* K1), T is room temperature (295 K), Epo and
Ep,r are oxidation and reduction peak current, respectively [40]. The calculated standard
heterogeneous electron transfer rate constants (k% had an average of 0.00036 cm s and
STDEV of 0.00006 with the highest value at the scan rate of 50 mV s,

Furthermore, the highest oxidation to the reduction peak currents had a ratio of
1.015, which indicates a reversible reaction [43]. The peak-to-peak separation values in
each scan rate had a STDEV of 0.008 V, which indicates that the reaction was reversible
and the adsorption of redux species on the surface of ThLrie+apt Was negligible. Besides,
the small variation in peak-to-peak separation indicated the small ohmic drop of solution

[43, 44].

5.3.3 Optimization of Fabrication and Sensing Conditions

Several known factors can affect the performance of electrochemical aptasensors
[18]. In this study, we have analyzed the effect of four parameters on responses of the C-
MEMS aptasensors, including reaction-time, the binding aptamer concentration, the pH of
the electrolyte, and concentration of supporting salt (i.e., KCI). It worth noting that the
temperature of the target incubation bath can also affect the sensing performance of the
aptasensors [45]. In designing the C-MEMS based aptasensors, it was envisioned that the
aptasensing unit would be integrated with temperature control units to make sure the

aptasensor performs at its optimized condition.
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Reaction time in aptasensors is referred to as the minimum time required for the
formation of the aptamer-target complex, and it mainly depends on the DNA features (e.g.,
the length of the DNA sequence) [18]. As expected, longer reaction times (i.e., incubation)
would result in better detection efficiency. This optimization aimed to define the reaction
times to be both sufficiently quick and efficient. For investigating the effect of reaction
time, the ThLrie+apt electrodes were incubated with the target for various periods ranging
from 10-150 minutes and tested by measuring the areal capacitance calculated from the CV
curves using Eq. 1. The results are presented in Figure 5.4A with the error bars calculated
for n=3 measurements. As shown, the areal capacitances decrease by increasing the
reaction up to 40 minutes and saturate afterward. Hence, 40 minutes was chosen as the
optimum reaction time.

In this study, we recorded the capacity values after the redox reaction fully
completed, so the concentration of the aptamer stock solution was simply considered as the
aptamer concentration. For each aptamer concentration ranging from 0.5-10 uM, a separate
ThLrie+apt electrode was used. The areal capacitances were calculated from CV
measurements conducted on ThLrie+apt electrodes using equation 5.1 for n=3
measurements. As it is represented in Figure 5.4B, the ThLrie+apt electrode has its peak
capacitive response at the aptamer concentration of 7.5 uM. The likely reason for the
observed bell-shaped plot on the effect of aptamer concentration can be the reduced amount
of immobilized affinity aptamers after a certain concentration due to repealing of the DNA
molecules by other DNA molecules; since DNA molecules are negatively charged because
of their phosphate groups[46]. Consequently, the reduced amount of immobilized binding

aptamers lessens the areal capacitance change in response to PDGF-BB, which can be seen
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as an increased value of areal capacitance after 7.5 UM aptamer concentration. Based on
the results, the optimum aptamer concentration of 7.5 UM was used for the fabrication of
C-MEMS aptasensors.

The optimum pH for electrochemical measurement was studied by measuring CV
responses of ThLrie+apt electrodes to 500 pM PDGF-BB measured in the electrolyte of 0.1
M PBS/ 0.2 M KCI/ 5 mM KzFe(CN)s at different pH ranging from 5 to 7.5. As shown in
Figure 5.4C, the highest response was recorded at pH 6.5. Hence, pH 6.5 was used for

sensing measurements. The effect of supporting salt in the electrolyte on electrochemical
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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 (lp,r) and reduction peak currents (Ipr) were measured via CV
vs. KCI concentration ranging from 0-1 M.
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measurements was studied by conducting CV measurements on ThLrie+apt in electrolytes
with different KCI concentrations varying from 0-1 M. As the results represented in Figure
5.4D show, the forward (oxidation) peak current (designated as Ip,F) and reverse (reduction)
peak current (designated as Ipr) increase proportionally by increasing the KCI
concentration up to 0.2 M. Further increasing the KCI concentration did not affect the IpR.
At the same time, the Ipr continued its increase up to 0.4 M KCI concentration. The
correlation of Ipr and Ipr shows that the oxidation and reduction of Fe(CN)e¥* was
reversible up to 0.3 M KCI, and further increasing KCI concentration made the reaction
irreversible. By considering the observed saturation point for lpgr, the optimum KCI

concentration of 0.2 mM was used for sensing performance characterizations.

5.3.4 Sensing Performances of PDGF-BB Aptasensors

The turn-off and turn-on strategies can apply to label-free electrochemical aptasensors in
similar manners to optical aptasensors [47, 48]. In this study, the turn-off strategy was
designed based on measuring areal capacitances using CV measurements. Likewise, the
turn-on strategy was designed based on measuring Rct via EIS measurements in the
faradaic mode.

The turn-off responses of C-MEMS aptasensor measured for ThLrie+apt IN response
to 0-50 nM PDGF-BB are presented in Figure 5.5A. The oxidation of peak Fe(CN)s " at
E= 0.3V (vs. Ag/AgCl) was decreased proportionally to the increase of the PDGF-BB
concentration. The observed decrease in the peak current is the result of increased Rct of
the sensing probe. The calibration curve for calculated areal capacitances using Eq. 1 is

shown in Figure 5.5B. The calibration curve was obtained by calculating the average value
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of areal capacitances (mF cm2) from the responses of optimized ThLge+ap: aptasensor with
the repeated measurements of n=5. The area under the CV curves decreased substantially
upon increasing the PDGF-BB concentrations. The decrease in the areal capacitance
(charge density) suggests that the PDGF-BB oncoproteins were successfully attached to
the ThLrie+apt Surface and displaced the double-layer [39]. The linear dependence of the
output capacitance on the logarithm of PDGF-BB concentration has a slope of -3.33 mF
cm Logc? (unit of ¢, nM) and the R? of 0.9751. The correlation of ThLgrie+apt Capacitance
to the logarithm of PDGF-BB concentration can be assessed as following (equation 5.5),
C=8.93 - 3.33 Logc™, r=0.9688 (5.5)

where C is the areal capacitance (mF cm), ¢ is the PDGF-BB concentration (nano-mol L
1y and r is the regression coefficient. Hence, the CV measurement’s sensitivity to PDGF-
BB can be calculated as 3.33 mF cm™ Logc™ (unit of ¢, nM) The limit of detection (LoD)
for ThLrie+apt aptasensors based on CV measurements was calculated as 7 pM based on

the linear regression (equation 5.6)[49],

LoD =2 (5.6)

where S is the standard deviation of the blank response (STDEV= 0.0353 mF cm2, n=9),
and b is the slope of the calibration curve (b = -13.82 mF cm ¢! (unit of ¢, nM) of areal
capacitances.

The turn-on responses of C-MEMS aptasensors measured for ThLrig+apt In
response to 0-50 nM PDGF-BB are represented in Figure 5.5C. The EIS data were
recorded at the E=Eoxidation (vS. AQ/AQCI), which was defined by conducting CV
measurements intended to measure the Rct in faradaic mode. The radius of semi-circles in

Nyquist plots, which represents the resistivity of solution+Rcr, increased proportionally to
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the increase of PDGF-BB. The increase of Rct can be explained by target molecule

isolative properties [39]. The aforementioned equivalent circuit (Fig. S1) was used for

obtaining the values of Rct in which a good match between the fitting curves and measured
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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 ThLrie+apt electrode’s response to PDGF-BB ranging from 0-50 nM.
D) Calibration curve for Rer extracted from Nyquist plots with n=5. E) Areal capacitances
calculated from CV curves and F) Rcr calculated from EIS Nyquist plot measured in response
of ThLrie+apt electrodes to 4 pg 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).
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curves was observed (Table S1). The calibration curve of Rct measured for each
concentration of PDGF-BB with repeated measurements of n=5 is presented in Figure
5.5D. The linear dependence of the Rct on the logarithm of PDGF-BB concentration has a
slope of 1.65x10°Q Logc™ (unit of ¢, nM) and R? of 0.9700. The correlation of Rcr to the
logarithm of PDGF-BB concentration can be assessed as following (equation 5.7),
Rcr=3.22x10% + 1.65x10° Logc™?, r=0.9604 (5.7)

where Rcris charge transfer resistance (1), ¢ is the PDGF-BB concentration (nano-mol
L), and r is the regression coefficient. The EIS measurement’s sensitivity to PDGF-BB is
found to be 1.65x10° Q Logc™ (unit of ¢, nM). The LoD for ThLrie+apt aptasensors based
on EIS measurements was calculated as 1.9 pM based on linear regression (Eq. 6) in which
S (i.e., STDEV) was calculated as 2.39 Q (n=20), and b was calculated as 4.16x10% Q ¢!
(unit of ¢, nM).

Both detection strategies were found to be sensitive toward the PDGF-BB with a
wide range and linear response. The result showed that the turn-on strategy established
lower LoD compared to the LoD for turn-off strategy measurements. The difference in
LoD achieved by turn-on and turn-off strategies could be a result of the difference in the
essence of CV and EIS measurements as well as considered assumptions for calculating

the areal capacitance and Rcr.

5.3.5 Analytical Parameters of PDGF-BB Aptasensors

In this study, four analytical parameters of selectivity, stability, repeatability, and
robustness of C-MEMS PDGF-BB aptasensor were evaluated. The selectivity of the

ThLrie+Apt aptasensors was studied by measuring the response of the aptasensors to 4 ug

145



mL? BSA, 50 nM PDGF-AB, and 50 nM PDGF-AA along with 500 pM PDGF-BB. The
concentrations of interference agents were chosen to be approximately 100 times more than
that of the target molecules. The results of selectivity measurements are presented in Figure
5.5E and 5.5F in which the areal capacitances (Figure 5.5E) and Rct (Figure 5.5F) were
calculated from the CV curves and EIS Nyquist plots and differentiated from their blank
responses, respectively. The capacitive response of ThLrie+apt aptasensors to PDGF-BB
was 3.72 and 2.34 times higher than that of the aptasensors to PDGF-AA and PDGF-AB,
respectively. Likewise, the resistive response of ThLrie+apt aptasensors to PDGF-BB was
15.79 and 3.35 times higher than that of the aptasensors to PDGF-AA and PDGF-AB,
respectively. Furthermore, the normalized responses of the label-free C-MEMS aptasensor
to interference agents shows the superior selectivity response of the resistance detection

method over the capacitance detection method. The selectivity studies suggest that the EIS

Table 5.1 Comparison of recent electrochemical PDGF-BB aptasensors

Substrate Active Electrode Labeling T Measurement Linear LoD Ref.
echnique/Parameter Range
graphene doped with } 32.3 fM-
A silver nanoclusters label-free EIS/Rcr 1.61 pM 26.5 M 2]
graphene/multi walled di .
ifferential pulse 0.1 pM-
glassy carbon cadrgggdn\?v?to[:usbees label-free voltammetry/current 10 M 27 tM [4]
lassy carbon hydroxyapatite h dlr%k;elzd;tite square wave 0.1 pg mL!- 50 fg [6]
glassy nanoparticles r¥an0pe)1/ rt?cles voltammetry/current 10 ng mL™! mL™!
labeled: . .
molybdenum differential pulse 0.0001-1
glassy carbon selenide—graphene exon:;lcilease voltammetry/current nM 20tM (8]
o labeled:
catalytic-induced square wave 0.01 pM-10
NIA DNA hydrogel C3Nl“\’lAHUIFC' voltammetry/current nM 351 (10]
2
MoS,/carbon/gold labeled: 6- . . )
glassy carbon | nanoparticles aerogel ferrocenyl differential pulse 0.001-10 0.3pM [12]
p : voltammetry/current nM
composites hexanethiol
carboxyl 0.0- 50 nM 7 pM
. functionalized CV/capacitance and current
SI0; photoresist derived label-free EIS/Rct 0.005-50 and study
1.9pM
carbon nM
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technique offers more accurate results for label-free C-MEMS based PDGF-BB
aptasensors.

The storage stability of PDGF-BB aptasensors was evaluated by repeating the
electrochemical measurements on ThLrie+apt in response to 500 pM PDGF-BB every two
days until the recorded response was less than 50% of the initial response. The capacitive
response (9.03 mF cm™) of ThL aptasensor to 500 pM PDGF-BB after 10 days was 90.34
% of the initial capacitive response (9.99 mF cm™), which indicates that the developed
aptasensor has a sufficiently long lifetime and storage stability. The repeatability of the
label-free C-MEMS based PDGF-BB aptasensors was investigated by analyzing the CV
response of several (n=8) similarly prepared ThLrie+apt electrodes to 500 pM PDGF-BB
The repeatability CV tests resulted in STDEV of 0.6055 mF cm™ with an average value of
8.1982 mF cm, which illustrates the excellent repeatability of developed aptasensors.

The robustness of biosensors is defined as the capability of the biosensor to remain
unaffected by small but deliberate deviations in the methodology parameters [50]. In order
to study the robustness of the C-MEMS PDGF-BB aptasensor, a ThLrie+apt electrode was
heated up to 50°C during several (n=8) regeneration steps to study the capability of the
biosensor to recover its initial state. The areal capacitance calculated from CV
measurements after each heating step showed an average of 10.59 mF cm which was
88.5% of initial response (11.96 mF cm™) with STDEV of 0.6093. Thus, the oxygen-
plasma treated C-MEMS electrodes were proven to be highly robust platforms for label-
free electrochemical PDGF-BB aptasensors.

Table 5.1 compares the current PDGF-BB aptasensor with some of the recently developed

electrochemical PDGF-BB aptasensors. The linear ranges attained via both CV and EIS
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techniques show noticeable improvement in comparison to both labeled and label-free
PDGF-BB electrochemical aptasensors. The linear range sufficiently covers the ranges of
PDGF-BB in healthy humans as well as most patients with cancer diseases. Moreover, by
considering 0.1 ng mL™ (the equivalent of 41 pM) as the minimum cut off point for normal
range of PDGF-BB in human serums, ThLrie+apt aptasensors exhibited adequate LoD and
sensitivity [51].

The label-free PDGF-BB aptasensors, as the first and simple demonstration of C-
MEMS based label-free aptasensors, exhibited highly sensitive and selective
performances, which is highly promising for further enhancements. The further
enhancement can be deployed for C-MEMS based PDGF-BB aptasensors. For instance,
the 3D structured C-MEMS devices can be used for sensing platform in which the
enhanced resolution can increase the aptamer loading efficiency. Moreover, the integration
of carbon-based nanomaterials (e.g., graphene nanosheets) and C-MEMS devices can
enhance the performance of the aptasensors by increasing the accessible surface area and
specific capacitances[52]. Additionally, the results achieved in this study illustrate the
superior performance of the EIS technique (i.e., resistivity measurements) compare to CV
technique (i.e., areal capacitance measurements) for the developed label-free
electrochemical C-MEMS aptasensor. Hence, the EIS technique is suggested for future
POC device development.

5.4 Conclusion

In this chapter, a novel method was used to covalently immobilize the PDGF-BB

affinity aptamers on the surface of C-MEMS electrodes. The oxygen-plasma treatment

introduces the carboxyl groups to the surface of C-MEMS electrodes. The carboxyl group
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covered the surface of C-MEMS enables highly efficient and stable immobilization of the
PDGF-BB affinity aptamers. The developed recipe for fabrication of label-free
electrochemical cancer aptasensor has high potential to be mass-produced due to the
repeatability of synthesizing procedure (i.e., photolithography and high-temperature
carbonization) and the oxygen-plasma treatment which it offers a large yield of fabrication
and highly stable devices. Both turn-off and turn-on strategies provided sensitive and
selective sensing measurements. However, EIS measurement provided more sensitive and
selective responses compared to the CV technique. The highly sensitive, selective, and
stable label-free electrochemical PDGF-BB aptasensor indicates that the C-MEMS
platform is highly promising for developing reliable, precise, and feasible aptasensors for

point-of-care and early detection of cancer disease.
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6. PDGF-BB Aptasensors based on BPE-Graphene

6.1 Introduction

Cancer disease is one of the significant causes of death, killing millions of people
every year [1]. Most cancer diseases have a high fatality rate because cancer is diagnosed
when it has significantly progressed and invaded many vital organs [3]. The main reason
for such a late diagnosis is that patients with cancer diseases have no physical symptoms
at the early stages of the cancer diseases [5]. Many cancer biomarkers associated with
various cancer diseases have been discovered [3]. Among the discovered cancer
biomarkers, platelet-derived growth factor-BB (PDGF-BB) is known to have a potent role
in the growth and metastasis of several solid malignant tumors, and its levels in the blood
increase under the influence of the cancer diseases [8]. Numerous studies have reported the
involvement of PDGF-BB in the development and lymphatic metastasis of various cancers,
including breast [10], pancreatic [11], prostate [12], ovarian [13], and liver [14]. Several
studies have reported the correlation of elevated levels of PDGF-BB in human serum with
cancer diseases. For example, a concentration above 1.72 nM (the equivalent of 42 ng
mL™") is confirmed for patients with lung cancer [15], although there is no Food and Drug
Administration (FDA) official report for the healthy and cancerous levels of PDGF-BB in
human blood. The significant role of PDGF-BB in developing and metastasis of different
cancer diseases highlights the importance of developing point-of-care (POC) biosensors to
detect PDGF-BB biomarker. The PDGF-BB POC biosensors can be an immense help for
the early diagnosis of many cancer associated with solid tumors such as breast, brain,

prostate, ovarian, and lung cancers.
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The price of sensing units is one of the major concerns in developing feasible POC
biosensors. The envisioned sensing unit should be accurate and yet inexpensive enough to
rationalize its installment for on-site applications. Combining label-free detection with
economically efficient manufacturing techniques can be an auspicious option for
developing versatile sensing systems to detect and monitor different bio-targets, including
PDGF-BB. Thus far, noticeable attention has been devoted to developing cheap and
disposable electrochemical biosensors. Various substrates such as paper, polymers (e.g.,
polyethylene terephthalate), and screen-printed carbon electrodes have been used for
developing disposable biosensors [16-18]. For instance, Wang et al. have demonstrated
disposable paper-based label-free cancer biomarker aptasensors in which paper-based
electrodes were functionalized with amino-treated graphene, gold nanoparticles, and
Prussian blue. The proposed disposable aptasensors showed good sensing performances
with linear ranges of 0.01-500 ng mL ! for carcinoembryonic antigen and limit of detection
(LoD) of 2 pgmL! [16]. Yaman et al. have proposed label-free cancer cell aptasensors
based on pencil graphite electrodes. The developed aptasensors were functionalized with
diphenyl alaninamide-based peptide nanoparticles and DLD-1 cancer cells affinity
aptamers. The disposable pencil graphite aptasensor exhibited a good linear range ranging
from 2x102-2.0x10° cells mL™! with a LoD of 100 cells mL™' [19]. The proposed
disposable label-free cancer aptasensors illustrate the high potential of this class of
aptasensors for PDGF-BB disposable POC aptasensors.

Since the discovery of graphene in the early 2000s, graphene has attracted massive
attention in various domains because of its unique features [20]. The large surface area,

high thermal conductivity and charge mobility, wide electrochemical window, and
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unconventional superconductivity of graphene made this material a potent candidate for
the development of biosensors [21, 22]. The conventional application of graphene for
biosensors includes synthesis of graphene with wet chemical processes (e.g., Hummers) or
electrochemical approaches, reduction of exfoliated graphene oxide (GO) to reduced
graphene oxide (rGO), and deposition of it on the desired biosensing electrode [23]. Wet
chemical synthesis requires harsh oxidizing agents such as KMnQOs, NaNOs, and KCIOz in
strong acidic agents such as hydrohalic acid and hydrazine [24-27]. The application of
harsh chemicals can be limited using electrochemical approaches; however, there could be
non-desired functional groups and basal plane damage during the anodic exfoliation[28-
30]. Furthermore, the comparative study by Kauling et al. have demonstrated that the
commercially available graphene (from 60 different vendor worldwide) has low graphene
content (less than 10% in most products and not more than 50% in the highest quality
available product), which illustrates the reason why commercial graphene-based devices
are not commonly available yet [31]. Nonetheless, the conventional methods for synthesis
and deposition of GO and rGO cannot simultaneously exfoliate, reduce, and deposit GO
and rGO in an environmentally friendly fashion. Such a combination can be achieved via
bipolar electrochemistry[32]. In addition, Khakpour et al. have demonstrated that the
bipolar exfoliated rGO has vertically aligned morphology, which could eliminate the
necessity of using spacers such as carbon nanotubes to prevent the aggregation of graphene
nano-flakes [33, 34].

Herein, the novel application of bipolar exfoliation of graphene for disposable label-
free PDGF-BB aptasensor is presented. There are no reports on applying bipolar exfoliated

(BPE) graphene for the biosensor application to the best of our knowledge. The bipolar
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exfoliation method presented in this study is a direct single-step of exfoliation, deposition,
and reduction of graphene utilizing a graphite rod in deionized water (DIW). The process
of bipolar exfoliation includes applying a constant electric field between two conductive
feeder electrodes, which aggregates in opposite polarizations of the graphite rods.
Consequently, if the apparent electrical field is strong enough, simultaneous faradaic
reactions of reduction at the cathodic pole and oxidation at the anodic pole would
occur[32]. Thus far, BPE has been demonstrated for various applications due to the
simplicity of the setup and lower cost of the process [33, 35-37].

In this study, the BPE-graphene was deposited on stainless steel (SS) electrodes and
gold-covered polyethylene terephthalate electrodes (PET/Au) electrodes for comparative
study and as the proposed disposable biosensors, respectively. The analysis confirmed that
the BPE-rGO deposited on the cathodic (i.e., negative) feeding electrode is highly suitable
for aptasensing applications. Thus, PET/Au were used as negative feeding electrodes. The
amino-terminated PDGF-BB affinity aptamers were covalently immobilized on BPE-
graphene deposited on SS and PET/Au electrodes. The BPE-graphene crystal structure and
its morphology were studied via transmission electron microscopy (TEM) and scanning
electron microscopy (SEM), respectively. The characteristics of the fabricated BPE-based
aptasensors were studied using Fourier-transform infrared spectroscopy (FTIR).
Electrochemical and sensing performance analyses were conducted using differential pulse
voltammetry (DPV) and cyclic voltammetry (CV). The results revealed that the bipolar
exfoliation provides highly quality rGO with promising characteristics suitable for
aptasensors. Furthermore, the BPE technique was proven to be both versatile and amenable

to mass production, thus making it a promising technique for various biotechnology
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applications, including but not limited to disposable cancer aptasensors and POC

microdevices.

6.2 Experimental Section

6.2.1 Materials and Reagents

The PDGF-BB binding aptamer (ssSDNA, amino linker-5’-Cs-CAG GCT ACG
GCA CGT AGA GCA TCA CCA TGA TCC TG-3” [3]) was purchased in HPLC
purification from ThermoFisher Scientific, USA. Tris-ethylenediaminetetraacetic acid
(TE) buffer, ethanol, acetone, phosphate-buffered saline (1M and pH 8) (PBS), 1-ethyl-3-
(3-dimethylaminopropyl)  carbodiimide  hydrochloride  linker ~ (EDC),  N-
hydroxysuccinimide linker (NHS), hydrochloric acid (HCI), Polyoxyethylene (20) sorbitan
monolaurate (Tween-20), KCI, and KsFe(CN)e were purchased from ThermoFisher
Scientific, USA. Trehalose, bovine serum albumin (BSA), platelet-derived growth factor-
AA, AB, and BB were purchased from Sigma Aldrich, USA. NANO™ SU-8 25 negative
photoresist was purchased from Microchem., USA. Graphite rods (3 cm in length and 6.15
mm in diameter, Ultra “F” Purity 99.9995%) were purchased from Fisher Scientific, USA.
The 316 stainless steel (SS) electrodes were purchased from Maudlin Inc., USA. All
chemicals were analytical grade. Milli-Q (Sigma Aldrich, USA) deionized water was used

in this study.

6.2.2 Apparatus

Bio-Logic versatile multichannel potentiostat (VMP3) was used for the

electrochemical analysis. JEOL SEM 6330 and Philips CM-200 FEG TEM were used to
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obtain the SEM and TEM images of the deposited materials, respectably. Agilent
Technologies N6705A dc Power Analyzer was used for applying a DC voltage of 45 V
across the feeding electrodes. An Ag/AgCl (KCI saturated) and Pt wire were used as
reference electrode and working electrodes in all electrochemical measurements,
respectably. A 713 Metrohm pH meter was used for measuring the pH of electrolytes.

JASCO FTIR 4100 was used to conduct FTIR analysis.

6.2.3 Preparing PDGF-BB aptasensors

Prior to aptamer immobilization, the BPE-treated SS and PET/Au electrodes were
washed with PBS and DIW. The stock solution of binding aptamers was diluted to the
desired concentration in aqueous solution of a 0.1 M TE buffer in the final volume of 20
uL. Next, 20 pL of 20 mg mL* NHS and 10 pL of 20 mg mL* EDC were added to the
aptamer solution and incubated at 25°C for 30 minutes. This step is recommended in the
oligonucleotide datasheet released by ThermoFisher Scientific for activating the amino
tags of the aptamers. Next, the BPE-treated electrodes were dipped in a small sealed
container and incubated overnight at 25°C. Following the incubation, the electrodes were
washed completely in DIW to remove any unattached binding aptamers. Next, the
electrodes with immobilized aptamer were dipped in an aqueous solution of 1% (v:v)

Tween-20 + 0.1 M PBS to block the blank areas of the aptasensors.

6.2.4 Electrochemical Characterization of PDGF-BB Aptasensors

The CV measurements were recorded at a voltage window of -0.8 V to 0.4 V versus

the reference electrode with scan rates of 10-100 mV.s™ and cycle repeating of n=20. DPV
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measurements were recorded at a voltage range of 0.2 to 0.9 V (vs Ag/AgCl) for SS based
electrodes and -0.05 to 0.5 V (vs Ag/AgCl) for PET/Au based electrodes with pulse height
of 200 mV and pulse width of 100 ms with n=10 number of repetitions. The electrolyte pH
was attuned using HCI to attain electrolytes with a pH of 8-5.5.
6.3 Results and Discussion

In this study, a bipolar exfoliation cell illustrated in Figure 6.1a has been used for
exfoliation, reduction, and deposition of graphene nanosheets on SS and PET/Au
electrodes. The bipolar mechanism details have been discussed in previous studies [32, 33,

38]. Briefly, a 45 V direct current (DC) voltage was applied through the 2x2 cm feeding

(a) bipolar exfoliation
and deposition

(d) electrochemical

(b) aptamer immobilization (c) targetx incubat:on Svaltation
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Figure 6.1 Schematic illustration of (a) bipolar exfoliation cell, (b) development of
PET/Au/rGOA,x PDGF-BB aptasensors, (c) target incubation, and (d) three-electrode
electrochemical cell with Ag/AgCl reference electrode, Pt wire counter electrode, and
PET/Au/rGOap in 5 mL aqueous electrolytes of 0.1 M PBS/5 mM KsFe(CN)e/ 0.05-1 M KCI.

electrodes with a 9 cm distance to induce an electric field of 5 V cm™. The resistivity of
DIW used for bipolar exfoliation was 17 MQ. During bipolar exfoliation, two half-
reactions of water electrolysis happen at the feeding electrodes: (1) reduction of two water
molecules to one gaseous hydrogen molecules (2H*+2e—H>) and hydroxyl ions (OH") at
the cathode and (2) oxidation of hydroxyl ions (OH) to oxygen gas and water molecules

(40H —2H>0+0,+4¢") at the anode. Furthermore, assuming that the potential drop is
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negligible at electrodes and linear in solution, the electric field induces a sufficient potential
difference (>1.5 V) between two ends of the graphite rod to stimulate faradic reactions at
the side surfaces of the graphite rod. This potential difference yields in the oxidation of
graphite into GO at the anodic pole of the graphite rod (indicated as 6" in Figure 6.1a).
Prior to immobilizing aptamers, each electrode was examined with SEM to confirm the
uniform deposition of rGO or GO on the electrodes. Next, the amino-modified PDGF-BB
affinity aptamers were immobilized on SS and PET/Au electrodes modified with BPE-
graphene (Figure 6.1b). The aptasensors were incubated with the desired PDGF-BB
concentration at various temperatures ranging from 20°C to 50°C for between 10 and 150
minutes (Figure 6.1c). The optimum incubation temperature was found to be 30°C, and the
optimum reaction time for target molecules to bind with aptamers was found to be 40
minutes. A three-electrode setup illustrated in Figure 6.1d was used for CV and DPV
evaluations of the electrodes. The 5 mL aqueous electrolytes of 0.1 M PBS, 5 mM -
KzFe(CN)s, and different KCI concentrations in the range of 50 mM to 1 M were utilized
for electrochemical analysis.

The electrochemical and FTIR characterizations were conducted on four different
BPE-treated SS electrodes referred to as SS/GO, SS/rGO, SS/GOapt, and SS/rGOapt, which
represent the samples of GO deposited on SS electrode (i.e., positive feeding electrode),
rGO on deposited SS electrode (i.e., negative feeding electrode), aptamer immobilized on
SS/GO electrode, and aptamer immobilized on SS/rGO electrode, respectively. The
aptamer concentration of 15 pM was used to fabricate SS/GOapt, SS/rGOapt, and
PET/Au/rGOnpt electrodes studied in the following subsections except for PET/Au/rGOapt

electrodes prepared for defining the optimum concentration of aptamer. The optimum
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aptamer concentration of 10 uM was utilized to fabricate PET/Au/rGOapt electrodes
studied in subsections 2.4. All BPE-treated electrodes had an effective area of 0.5 cm?

confined via bee’s wax to minimize side reactions.

6.3.1 Material Characterization of BPE Treated Electrodes

The SEM image of BPE-rGO deposited on SS electrodes after 24 hours of
deposition is presented in Figure 6.2a. The SEM image of rGO deposited on negative
feeding electrodes clearly show a porous morphology with vertically aligned structures
with a pore size of approximately 100 nm. This porous morphology is highly suitable for

various applications, including electrochemical biosensors and energy storage
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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

microdevices. On the other hand, the SEM image of GO deposited on positive feeding
electrodes (Figure S6.1) shows bulky plane structures with cracks implying restacking of
GO during the deposition stage.

The TEM and selected area electron diffraction (SAED) images of BPE-rGO
deposited on the TEM mesh are given in Figure 6.2b. The TEM image shows that thin

sheets of rGO (with overlaps or folds) with a span of approximately 400 nm are formed.
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Single crystalline SAED patterns confirm that the low defected graphene sheets are formed
during the bipolar exfoliation. Only a few diffraction spots beside the spots related to the
crystal are formed, and no superlattice arrays are identified in the deposited graphene.
Therefore, it can be concluded that the BPE-rGO is reduced and has high purity [39, 40].
Moreover, it has been reported that when the intensity of spots diffracted from
(2110) planes is higher than the intensity of spots diffracted from (1100) planes, there is
more than one layer stacked in the graphene material. It can be seen in the SAED pattern

of TEM image given in Figure 6.2b that spots diffracted from (2110) planes (marked with
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Figure 6.3 FTIR spectra of SS/GO, SS/rGO, SS/GOap, and SS/rGOay: electrodes.

green circles) have lower intensity than spots diffracted from (1100) planes (marked with
yellow circles). The difference in the intensity of spots diffracted from (2110) planes and
(1100) planes suggest the graphene deposited on negative feeding electrode has a few
layers[39, 40]. The interplanar spacing (also known as d-spacing) of 0.2 nm is measurable
from the high-resolution TEM (HRTEM) image presented in Figure 6.2c, in which the

measured interplanar spacing is smaller than the typical value of GO [39, 40].
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The FTIR characterization was used to analyze the spectral data of the BPE-rGO
and BPE-GO samples deposited on SS electrodes, including the formation of amide biding
after aptamer immobilization. The FTIR spectra of background, SS/GO, SS/rGO,
SS/GOapt, and SS/rGOapt are represented in Figure 6.3. Three samples of SS/GO,
SS/GOapt, and SS/rGOap: showed a broad peak between 2800-3200 cmt, which is ascribed
to O-H stretching [41]. The noteworthy peaks for all samples were identified at 1430 and
1600 cm™!, ascribed to C-O bending and aromatic C=C stretching, respectively [42].
Furthermore, All the samples showed peaks at 1100-1300 cm®, which are attributed to sp®
C-H bending [41].

The FTIR spectrum for SS/GOapt and SS/rGOap: confirms a peak at 1571 cm™,
associated with amide Il band, representing covalent bonding of PDGF-BB aptamers with
BPE-graphene [41]. The FTIR results confirm that the locally formed carboxyl groups on
the graphene surfaces can be used directly to immobilize the amino-terminated
biorecognizers agents. The immobilization efficiency can also be improved using oxygen-
plasma etching to increase the percentages of carboxyl groups on the surface of the BPE-

graphene [1, 43].

6.3.2 Electrochemical Analysis of BPE-Graphene Samples

Herein, the electrochemical analysis of BPE-graphene based aptasensors in
different stages of development is presented. The analysis intended to compare the different
electrochemical properties of BPE-graphene deposited on negative and positive SS
electrodes. Two hypotheses for comparative analysis of the BPE-based aptasensors were

considered: first, the electrodes based on BPE-rGO exhibit better electrochemical
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performance than BPE-GO; second, trapped target molecules (i.e., the formation of target-
aptamer complex) elevates the charge-transfer resistance by blocking redox species pass to
the aptasensor electrode, which can be traced as decreasing current measured via the DPV
method. A sample of 100 pM PDGF-BB (designated as T) was used as a target sample for
electrochemical analysis purposes.

In Figure 6.4a, the CV curves measured for bare SS electrodes, four samples BPE
treated electrodes, and subsequent aptasensors are presented. The CV curve of BPE-
graphene deposited on the negative feeding electrode (i.e., SS/rGO) shows the highest peak
currents and the largest CV curve area. The areal capacitances were calculated from CV

curves using equation 6.1[44]:

1
2AsAV

C =

[ 1dv (6.1)

where 4V is the voltage window, s is scan rate, A is the electrode area, V is the voltage, and
| is current. The calculated areal capacitances are given in Figure 6.4b. The SS/rGO
electrode has the highest capacitance value with the areal capacitance of 2.69 mF cm™
while the SS/GO electrode has the lowest capacitance with a value of 0.24 mF cm™. These
results are in agreement with former studies on BPE-graphene. For example, the
comparative study by Khakpour et al. on BPE-graphene deposited on negative and positive
feeding electrodes has proven superior areal capacitance of samples with BPE-rGO [33].
Immobilizing aptamers decreased the areal capacitance of SS/rGO electrodes to a value of
1.86 mF cm™. This decrease can be explained by partial replacement of double-layer with
immobilized aptamers. The areal capacitance of SS/GOaypt is very similar to that of SS/GO
with a value of 0.24 mF cm which can be explained by the low loading of immobilized

aptamers on the surface of GO due to the limited active area of GO.
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In order to estimate the electrochemically active area of BPE-rGO and BPE-GO
using the Randles-Sevcik equation, the correlation of CV peak currents and the square root
of scan rate were studied to confirm the occurrence of diffused-controlled process. The
peak currents of CV measurement conducted on SS/rGO and SS/GO proportionally
increased with the increase of scan rates at the scan rates of 10-100 mV s (CV curves are
given in Figure 6.4c and Figure S6.2, respectively). The CV peak currents of SS/rGO
linearly increased in respect to the increase of scan rates’ square root (Figure 6.4d) with
correlation coefficient (R?) of 0.9819 and 0.9822 for reduction peak currents and oxidation

peak currents, respectively. Similarly, the linear dependence of reduction and oxidation
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Figure 6.4 (a) CV (40 mV s?) 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
PDGF-BB
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peak currents of SS/GO had R? of 0.9723 and 0.9891 for reduction and oxidation peak
currents, respectively (the inset calibration plots in Figure S6.2). Having the confirmation
of diffused-controlled process occurrence, the active surface area of the BPE-rGO and
BPE-GO samples were calculated using the Randles-Sevcik equation at room temperature
(T=295 K) (equation 6.2) [45].

Ip=(2.69%10%)n*?ACDY?y*2 (6.2)

Where v is the scan rate (V s2), D is the diffusion coefficient of 5 mM Fe(CN)s®* (7.6x

107% cm? s1), C is the concentration of Fe(CN)s*** (5 mol cm?®), n is electron transfer

number (n=1), and A is active surface area (cm). The active surface area of SS/rGO was

calculated as 3.92x10° cm?, and the active surface area of SS/GO was calculated as

1.75x10° cm?. The calculated active area values show the BPE-rGO has a higher active

area than the BPE-GO, which is in agreement with morphological analysis obtained from
SEM images. Thus, the CV analysis, including areal capacitance and active area
calculations, confirms the first hypothesis regarding better electrochemical properties of
BPE-graphene deposited on the negative feeding electrode.

The DPV responses of BPE-rGO and BPE-GO aptasensors at different
development stages are given in Figure 6.4e and Figure 6.4f, respectively. The DPV
response of SS/rGO shows a similar peak current to SSgare (i.€., SS electrode without any
modifications) with values of 45.8 pA and 44.6 pA for SS/rGO and SSgare, respectively.
These responses suggest a good electrochemical conductivity of deposited rGO on the SS
electrode. However, the DPV response of SS/GO shows a decrease in peak current with a

value of 37.9 YA, because of the structure of GO and the functional groups covering the
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surface of SS/GO. The DPV response of SS/rGOapt and SS/GOapt show increased peak
currents with a value of 51 YA and 48.4 YA, respectively. The increase in peak currents
after aptamer immobilization can be explained by the engagement of negatively charged
carboxylate groups in covalent immobilization of aptamers and extinguished remaining
functional groups by Tween-20 quencher[6]. The SS/rGOapt and SS/GOapt electrodes
incubated with target molecules (i.e., SS/rGOapt+1 and SS/GOapt+1) have considerably
lower peak currents with values of 24 pA for SS/rGOapt+t and 26.5 pA for SS/GOapt+T,
respectively. The decrease in peak currents is due to the isolative properties of the PDGF-
BB oncoproteins, which decreases the pass of the redox species to the SS/rGOapt and
SS/GOapt electrodes [46]. Therefore, the DPV characterization of BPE-graphene-covered
electrodes confirmed successful entrapment of PDGF-BB oncoproteins on the surfaces of

the envisioned aptasensors and that seizing the target proteins decreases the peak current.

6.3.3 Parameter Optimization and Comparison of Aptasensors

Several factors are known to affect the performance of electrochemical aptasensors [3]. In
this study, the effects of five parameters on responses of BPE-graphene based aptasensors,
including reaction-time, the temperature of incubation, pH of the electrolyte, concentration
of supporting salt (i.e., KCI), and binding aptamer concentration, have been analyzed.
Among the analyzed parameters, the effect of aptamer concentration was studied explicitly
for PET/Au-based aptasensors since the other four parameters are predominantly
dependent on the aptamers DNA structures, incubation condition, and measurement

medium.
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Optimum reaction time in aptasensors is referred to as the minimum time required
for forming the aptamer-target complex that is both efficient and sufficiently quick. To find
the optimum reaction time, the SS/rGOapt Samples were incubated with the 100 pM PDGF-
BB for different periods ranging from 10-120 minutes and analyzed by measuring the peak
current of the DPV plot. As shown in Figure 6.5a, the peak current decreases by increasing
the incubation time up to 40 minutes and saturates afterward. Therefore, the optimum
reaction time was found to be 40 minutes.

The effect of pH on DPV measurement was investigated by conducting DPV

measurements on SS/rGOapt incubated with 100 pM PDGF-BB in the electrolyte of 0.2 M
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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. (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 KCI concentration on peak current. (e) DPV
response of the SS/rGOay electrode to PDGF-BB ranging from 0-10 nM. (f) Obtained
calibration curve of peak currents measured from DPV responses.
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KCI/5 mM KsFe(CN)es/0.1 M PBS with different pH values in the 5.5-8 range. As given in
Figure 6.5b, the peak response value was recorded at pH 7.5; thus, the sensing
measurements were conducted in the electrolyte with pH 7.5. The incubation temperature
effect on peak current was studied by incubating an SS/rGOApt electrode with 100 pM
PDGF-BB at different temperatures ranging from 25°C to 50°C. The attained results
presented in Figure 6.5¢ show that the highest peak current was achieved with incubation
at 30°C; hence, the 30°C was used as the optimum incubation temperature. The result of
optimum supporting salt concentration analysis is presented in Figure 6.5d. The highest
peak current was recorded in the electrolyte with 200 mM KCI; therefore, 200 mM was
chosen as the optimum KCI concentration.

The responses of SS/rGOapt to 0-10 nM PDGF-BB measured under optimum
conditions are given in Figure 6.5e. The peak current of DPV curves at Ex 0.6 V (vs.
Ag/AgCI) decreases proportionally to the PDGF-BB concentration increase. The observed
trend in peak current results from increased charged transfer resistance due to the isolative
properties of PDGF-BB oncoproteins [46]. The calibration curve of peak currents
measured from DPV curves is presented in Figure 5f. The linear dependence of peak
currents to the logarithm of PDGF-BB concentrations has a slop of -7.84 pA Logc™ and
the R? of 0.9981. The correlation the logarithm of PDGF-BB concentration and SS/rGOapt
peak current can be evaluated as following (equation 6.3),
i=41.05 — 7.84 Logc™?, r=0.9977 (6.3)
where c is the target concentration (pM), i is the peak current (LA), and r is the regression

coefficient. Therefore, the sensitivity of SS/rGOapt to PDGF-BB can be assessed as 7.84
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HA Logc?. The LoD for SS/rGOap aptasensors based on DPV measurements was

estimated as 0.53 pM based on the linear regression (equation 6.4) [47],

LoD =2 (6.4)

where S is the standard deviation of the blank response (STDEV= 0.2360 pA, n=20), and
b is the slope of the calibration curve (b = -1.214 pA c) of the DPV peak currents.

The responses of SS/GOapt to 0-10 nM PDGF-BB measured under optimum
conditions reached its saturation point at PDGF-BB concentration of 150 pM (see Figure
S6.3). The most probable reason for the narrow range of SS/GOapt is the low amount of
immobilized aptamers due to the limited active area. The sensing analysis of SS/rGOapt
and SS/GOapt demonstrated that the BPE-graphene deposited on negative feeding
electrodes because of its highly porous morphology and higher quality provides more
suitable material for biosensing application purposes. Hence, the PET/Au based

aptasensors were developed using BPE-rGO.
6.3.4 Analysis of PDGF-BB Aptasensor based on PET/Au/rGO Electrodes

The comparative study on BPE-rGO and BPE-GO confirmed that the BPE-rGO
provides superior electrode material for envisioned label-free aptasensor. Therefore, the
PET/Au electrodes were used as a negative feeding electrode in bipolar exfoliation cell.
The SEM analysis, confirmed the successful deposition of BPE-graphene on PET/Au
electrodes (Figure 6.6a). Herein, performance analysis of the aptasensors based on BPE-
treaded PET/Au electrodes is given.

In Figure 6.6b, DPV plots of aptasensors based on BPE-treaded PET/Au electrodes

at different development stages are presented. The DPV results show a similar performance
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pattern as DPV analysis of SS based electrodes, in which deposition of BPE-rGO has
increased the DPV peak current of BPE-treaded PET/Au electrodes (designated as
PET/Au/rGO) with a value of 22.2 pA compared to bare PET/Au electrodes (designated
as PET/Augare) With peak current value of 12.04 pA. The DPV plot of PET/Au/rGO
electrodes after aptamer immobilization (designated as PET/Au/rGOapt) sShows an increase
in peak current with a value of 27.45 pA, as discussed in section 2.2.

The optimum aptamer concentration for PET/Au/rGO-based aptasensors was
analyzed by measuring the DVP response of PET/Au/rGO based aptasensor prepared with
specific aptamer concentration to 100 pM PDGF-BB. A separate PET/Au/rGOagt electrode

was prepared using an aptamer concentration ranging from 0.5-50 uM. As shown in Figure
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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/rGOap electrode’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/rGOap electrodes to 10 nM PDGF-AA, 1 pug mL* bovine serum albumin (BSA), 10
nM PDGF-AB, and 100 pM PDGF-B.
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6.6¢, the PET/Au/rGOapt aptasensor showed its peak DPV response in a sample prepared
with an aptamer concentration of 10 UM, and the peak current saturates afterward. Hence,
the 10 uM aptamer concentration was utilized for sensing performance analysis.

The responses of PET/Au/rGOapt to 0-20 nM PDGF-BB measured under optimum
conditions are given in Figure 6.6d. Similar to the sensing performances of aptasensors
based on SS electrodes, the peak current of DPV curves decreases proportionally to the
increase of PDGF-BB concentration. The calibration curve of peak currents measured from
DPV curves is presented in Figure 6.6e. The linear dependence of peak currents to the

Table 6.1 The performance of recent electrochemical PDGF-BB aptasensors

Electrode | Modification | Technique Detection LoD Linear Stability Ref.
Strategy range
Cu- 0.034 | 0.0001-
MOFs/TpBD- DPV label-free pg 60 ng N/A [2]
-1 -1
GCE COFs mL Omleg
i labeled: 50 fg -y
HAP-NPs SWvV HAP-NPs ML mL 1_(3 N/A [4]
ng mL
0.01-50
oxygen v 7pM M 90.34%
C-MEMS
thin film plas_ma label-free after 10 [6]
etching EIS 1.9 1 0.005-50 |  days
pM nM
96.4%
labeled: a- 0.52 0.52-
g
AUNPs SWV cyclodextrin | nM 1.52 nM a(l;ter ! 7]
ays
o g 265 | 323 | 96.7%
Pe EIS label-free ~ | fM-1.61 | after 10 [9]
silver fM
pM days
nanoclusters
sS 0.53 | 0.005-10
M| nM | 9L2% 1
BPE rGO DPV label-free 065 | 0.0007 after 6 work
. : - days
PET/Au oM 20 M y

GCE: glassy carbon electrode; Cu-MOFs: Cu-based metal-organic frameworks; TpBD-COFs:
1,3,5-triformylphloroglucinol (Tp), benzidine (BD), covalent organic frameworks (COFs);
HAP-NPs: Hydroxyapatite nanoparticles; SWV: square wave voltammetry; C-MEMS: carbon-
microelectromechanical systems; EIS: electrochemical impedance spectroscopy; AuNPs: gold
nanoparticles;
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logarithm of PDGF-BB concentrations has a slop of -4.07 pA Logc™ and the R? of 0.9884.
The correlation of PET/Au/rGOapt peak current to the logarithm of PDGF-BB
concentration can be assessed as following (equation 6.5),

i=20.06 — 4.07 Logc™, r=0.9854 (6.5)

where i is the peak current (uA), ¢ is the PDGF-BB concentration (pico-mol L), and r is
the regression coefficient. Hence, the DPV measurement’s sensitivity to PDGF-BB can be
calculated as 4.07 pA Logc™. The LoD for PET/Au/rGOap: aptasensors based on DPV
measurements was calculated as 0.65 pM based on the linear regression (equation 4) in
which S was calculated as 0.174 pA (n=10), and b was calculated as 0.81 pA c.

The selectivity of the PET/Au/rGOagt electrodes was investigated via recording the
response of the aptasensors to 1 pg mL™? bovine serum albumin, 10 nM of PDGF-BB
oncoprotein’s isomers (i.e., PDGF-AB and PDGF-AA) along with 100 pM PDGF-BB. The
concentrations of interference agents were chosen to be approximately 100 times higher
than concentrations of the target molecules. The DPV peak currents measured for
selectivity are presented in Figure 6.6f, in which the peak current was measured from the
DPV curves and differentiated from the aptasensor’s blank response. The DPV peak
current of PET/Au/rGOapt aptasensor to PDGF-BB was 6.71 and 5.83 times higher than
that of PDGF-AA aptasensors and PDGF-AB, respectively. The higher response of the
PET/Au/rGOapt aptasensor to BSA than PDGF-AA and PDGF-AB is attributed to the
bigger size of this protein and higher physical adsorption of BSA on the surface of the
PET/Au/rGOAapt aptasensor.

The storage stability of the PET/Au/rGOapt aptasensor was analyzed by conducting

continuous electrochemical measurements on PET/Au/rGOapt in response to 100 pM
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PDGF-BB every day. The DPV peak current 25.4 pA of the PET/Au/rGOapt to 100 pM
PDGF-BB after 6 days was 91.02 % of the initial capacitive response (23.12 uA), which
implies that the envisioned aptasensor has an adequate storage stability.

Table 6.1 summarizes the recently developed electrochemical aptasensors. The
current aptasensor exhibited a wide linear range. In comparison to similar labeled and
label-free gold based electrode, noticeable improvement in linear range has been achieved.
The linear response range of envisioned aptasensor based BPE-treaded PET/Au covers the
healthy levels of PDGF-BB as well as elevated levels in patients with cancer diseases[7, 9].
Furthermore, the proposed aptasensors is sufficiently stable. It is worth noting that the
attained LoD of detection of 0.65 pM (the equivalent of 1.29 pg mL™) is adequately lower
than the minimum cut-off point of 0.1 ng mL™ for the healthy levels of PDGF-BB in human
serums[48]. In general, the proposed aptasensor provides a wide linear range with efficient
accuracy (i.e., limit of detection) suitable for determining PGDF-BB levels in healthy and
patients with cancer diseases.

The envisioned disposable biosensor was a suggested concept to study the BPE-
graphene compatibility for biotechnology applications. The simplicity of electrochemical
bipolar exfoliation of graphene and the process's environmental friendliness has high
potential for other various applications, including but not limited to biofuel cells, batteries,
and supercapacitors.

6.4 Conclusion
The comparative study on BPE-graphene deposited on negative and positive electrodes
confirmed that the BPE-graphene deposited on negative feeding electrode (i.e., rGO) is a

more suitable candidate for biosensing applications. The SEM and TEM analysis revealed
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that BPE-graphene deposited on the negative feeding electrode was porous graphene with
the pore size of 100 nM and consisting of single-layer graphene nanosheets. The
electrochemical and biosensing performance analysis confirmed that the BPE-rGO
provides a more suitable active material for label-free aptasensing than BPE-GO. The
fabricated label-free electrochemical PDGF-BB aptasensor based on BPE-rGO showed a
noticeably better sensing performance than the similar BPE-GO based aptasensor. The
PET/Au/rGOapt aptasensor showed a wide linear range of 0.0007-20 nM, high sensitivity
of 4.07 pA Logc (unit of ¢, pM), and a low limit of detection of 0.65 pM (S/N=3). This
aptasensor demonstrated that electrochemical bipolar exfoliation of graphene is a highly
promising technique for developing highly sensitive, reliable and inexpensive biosensors

for disposable sensor platforms.
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7. PDGF-BB Aptasensors based on C-MEMS integrated with BPE-rGO

7.1 Introduction

Cancer disease is one of the significant causes of death, killing millions of people
every year [1]. Most cancer diseases have a high fatality rate because cancer is diagnosed
when it has significantly progressed and invaded many vital organs [2]. The main reason
for such a late diagnosis is that patients with cancer diseases have no physical symptoms
at the early stages of the cancer diseases [3]. Many cancer biomarkers associated with
various cancer diseases have been discovered [2]. Among the discovered cancer
biomarkers, platelet-derived growth factor-BB (PDGF-BB) is known to have a potent role
in the growth and metastasis of several solid malignant tumors, and its levels in the blood
increase under the influence of the cancer diseases [4]. Numerous studies have reported the
involvement of PDGF-BB in the development and lymphatic metastasis of various cancers,
including breast [5], pancreatic [6], prostate [7], ovarian [8], and liver [9]. Several studies
have reported the correlation of elevated levels of PDGF-BB in human serum with cancer
diseases. For example, a concentration above 1.72 nM (the equivalent of 42 ng mL™") is
confirmed for patients with lung cancer [10], although there is no Food and Drug
Administration (FDA) official report for the healthy and cancerous levels of PDGF-BB in
human blood. The significant role of PDGF-BB in developing and metastasis of different
cancer diseases highlights the importance of developing point-of-care (POC) biosensors to
detect PDGF-BB biomarker. The PDGF-BB POC biosensors can be an immense help for
the early diagnosis of many cancer associated with solid tumors such as breast, brain,

prostate, ovarian, and lung cancers.
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Electrochemical aptasensors are highly suitable for POC applications since they
possess several advantages over other types of aptasensors. For instance, the
electrochemical parameters can be measured without utilizing labels (i.e., label-free
detection), in which label-free detection refers to the process of eliminating foreign
molecules (e.g., fluorescents tags, chemiluminescent, and nanoparticle) that are
temporarily or chemically attached to the target of interest, in order to detect its presence
or activity [11, 12]. Electrochemical aptasensors can also be efficiently miniaturized and
integrated with lab-on-chip devices and complementary metal-oxide—semiconductor (i.e.,
CMOS) circuits. The price of electrochemical sensing units can be considerably reduced
(e.g., paper-based electrochemical sensing electrodes) [13]. Moreover, label-free
electrochemical detection can reduce the cost of operation and blood sample consumption
by requiring relatively simple sample preparation [14-17]. However, the sensing
performance of label-free electrochemical aptasensors such as sensitivity, selectivity, and
dynamic range requires further enhancements to match the performance of the clinical test.

Carbon-based microelectromechanical devices (C-MEMS) are glassy-carbon
devices derived from pyrolyzed epoxy-based photoresists (i.e., SU-8 photoresist) at high
temperatures in oxygen-free environments. C-MEMS-based electrodes possess features
that make them highly suitable for biosensing applications, such as good conductivity, high
physiochemical stability, wide electrochemical windows, high tolerance against biofouling
phenomenon, and highly accessible surface functionalization [18-21]. The C-MEMS
synthesis technique can produce electrodes with high resolution (i.e., tens of nanometers)
and good fabrication yields, which are highly favorable for POC applications [18]. Nano-

enabled C-MEMS electrodes enhance aptamer immobilization efficiency (i.e., by
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providing a larger accessible surface area), and highly accessible functionalization
promotes the stability of the aptasensor by providing covalent immobilization of the
aptamers.

Since the discovery of graphene in the early 2000s, graphene has attracted massive
attention in various domains because of its unique features [22]. The large surface area,
high thermal conductivity and charge mobility, wide electrochemical window, and
unconventional superconductivity of graphene made this material a potent candidate for
the development of biosensors [23, 24]. The comparative study by Kauling et al. has
demonstrated that the commercially available graphene (from 60 different vendors
worldwide) has low graphene content (less than 10% in most products and not more than
50% in the highest quality available product), which illustrates the reason why commercial
graphene-based devices are not commonly available yet[25]. Nonetheless, the
conventional methods for synthesis and deposition of graphene oxide (GO) and reduced
graphene oxide (rGO) cannot simultaneously exfoliate, reduce, and deposit GO and rGO
in an environmentally friendly fashion. Such a combination can be achieved via bipolar
electrochemistry[26]. Besides, Khakpour et al. have demonstrated that the bipolar
exfoliated rGO has vertically aligned morphology, eliminating the necessity of using
spacers such as carbon nanotubes to prevent the aggregation of graphene nano-flakes [27,
28].

In this study, the integration of bipolar exfoliated rGO (BPE-rGO) on three-
dimensional (3D) CMEMS microelectrodes was investigated. The 3D CMEMS
microelectrodes were used as negative feeding electrodes in a BPE cell. Amino-terminated

sSDNA aptamers were covalently immobilized on the surface of the 3D CMEMS
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microelectrodes decorated with BPE-rGO. The morphology of 3D CMEMS
microelectrodes decorated with BPE-rGO was studied via scanning electron microscopy
(SEM). The characteristics of the fabricated BPE-based aptasensors were studied using
Fourier-transform infrared spectroscopy (FTIR). Electrochemical and sensing performance
analyses were conducted using cyclic voltammetry (CV). The results revealed that the
integration of BPE-rGO with 3D CMEMS enhances the areal capacitance of the
microelectrodes and improves the sensitivity of the aptasensors. Furthermore, the BPE
technique was proven to be both versatile and amenable to mass production, thus making
it a promising technique for various biotechnology applications, including but not limited

to POC cancer aptasensors.

7.2 Materials and Methodology

7.2.1 Materials and Reagents

The PDGF-BB binding aptamer (ssSDNA, amino linker-5’-Cs-CAG GCT ACG
GCA CGT AGA GCA TCA CCA TGA TCC TG-3" [2]) was purchased in HPLC
purification from ThermoFisher Scientific, USA. Tris-ethylenediaminetetraacetic acid
(TE) buffer, ethanol, acetone, phosphate-buffered saline (1M and pH 7.4) (PBS), 1-ethyl-
3-(3-dimethylaminopropyl)  carbodiimide  hydrochloride  linker ~ (EDC), N-
hydroxysuccinimide linker (NHS), hydrochloric acid (HCI), Polyoxyethylene (20) sorbitan
monolaurate (Tween-20), KCI, and ksFe(CN)s were purchased from ThermoFisher
Scientific, USA. Trehalose, bovine serum albumin (BSA), and platelet-derived growth
factor-AA, AB, and BB were purchased from Sigma Aldrich, USA. NANO™ SU-8 25 and

SU-8 100 negative photoresist were purchased from Microchem., USA. Graphite rods (3
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cm in length and 6.15 mm in diameter, Ultra “F” Purity 99.9995%) were purchased from
Fisher Scientific, USA. The 316 stainless steel (SS) electrodes were purchased from
Maudlin Inc., USA. All chemicals were analytical grade. Milli-Q (Sigma Aldrich, USA)

deionized water (DI water) was used in this study.

7.2.2 Apparatus

Bio-Logic versatile multichannel potentiostat (VMP3) was used for the
electrochemical analysis. JEOL SEM 6330 was used to obtain the SEM images of the
electrodes. Agilent Technologies N6705A dc Power Analyzer was used for applying a DC
voltage of 45 V across the feeding electrodes. An Ag/AgCl (KCI saturated) and Pt wire
were used as reference electrode and working electrode in all electrochemical
measurements, respectably. A 713 Metrohm pH meter was used for measuring the pH of

electrolytes. JASCO FTIR 4100 was used to conduct FTIR analysis.

7.2.3 3D CMEMS Photolithography

The 3D CMEMS microelectrodes were fabricated via the previously reported C-
MEMS synthesis process [1, 29-31], which is schematically illustrated in Figure 7.1a. The
fabrication process started with cleaning a 4-inch p-doped single-side polished silicon
wafer with acetone and methanol. A layer of SU-8 25 photoresist was spin-coated on the
wafer at 300 rpm for 10 seconds and then accelerated to 3000 rpm for 30 seconds to provide
a uniform photoresist layer with a thickness of approximately 15 pum. Soft bakes at 65°C
for 3 minutes and 95°C for 7 minutes were conducted on hotplates, followed by UV light

exposure with a dose of 300 mJ cm™. Post-exposure bakes were conducted at 65°C for 1

187



minute and 95°C for 5 minutes on hotplates. After developing the first layer, the thick layer
of SU-8 100 photoresist was spin-coated on the wafer at 300 rpm for 12 seconds and then
accelerated to 2000 rpm for 30 seconds to provide a uniform photoresist layer with a
thickness of approximately 150 um. Soft bakes at 65°C for 20 minutes and 95°C for 60
minutes were conducted on hotplates, followed by UV light exposure with a dose of 700
mJ cm2. Post-exposure bakes were conducted at 65°C for 2 minutes and 95°C for 15
minutes on hotplates. The developed electrodes were pyrolyzed in a Lindenberg tube
furnace with a temperature ramp of 10°C min in two steps of 250°C with a dwell time of
30 minutes, and 900°C with a dwell time of 60 minutes, under 500 sccm flow of forming
gas (5%H. + 95%N.). The samples were left in the furnace overnight to cool to room
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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/AgCI reference electrode, Pt wire counter electrode,
and CMEMS/BPE/Apt in 5 mL aqueous electrolytes of 0.1 M PBS/5 mM KsFe(CN)e/0.2 M KCI.

temperature.
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7.2.4 Bipolar Exfoliation/Deposition of rGO

A bipolar exfoliation cell illustrated in Figure 7.2b has been used for exfoliation,
reduction, and deposition of graphene nanosheets on 3D CMEMS electrodes. The bipolar
mechanism details have been discussed in previous studies [26, 27, 32]. Briefly, a 45 V
direct current (DC) voltage was applied through the CMEMS microelectrode as the
negative feeding electrode and 2x2 cm stainless steel positive feeding electrodes with a 9
cm distance to induce an electric field of 5V cm™. The resistivity of DIW used for bipolar
exfoliation was 17 MQ. After 24h of bipolar treatment, the 3D CMEMS electrodes treated
with BPE-rGO (designated as CMEMS/BPE) were thoroughly washed in DIW and dried
in an oven at 70°C overnight to evaporate remaining moisture from CMEMS/BPE

electrodes.

7.2.5 Aptasensor Development

The aptamer stock solutions were prepared based on the suggested procedure in the
datasheet released by ThermoFisher Scientific for oligonucleotide preparation and storage.
The diluted stocks were prepared in 0.1 M TE buffer with a final volume of 10 pL. Before
immobilizing aptamers, 5 pL of 20 mg mL™? EDC and 10 pL of 20 mg mL* NHS were
added to the aptamer solution with a concentration of 20 uM. The aptamer solution was
incubated for 30 minutes at room temperature. This step is recommended for activating the
amino linker tags of the aptamers. The prepared aptamer solution was deposited on the
CMEMS/BPE electrode surfaces and followed by incubation for 2 hours at room

temperature. After incubation, electrodes were washed thoroughly in DI water to wash any
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unattached aptamers. In order to quench blank areas of the CMEMS/BPE electrodes, 50
pL of the aqueous solution of 0.1 M PBS + 1% (v:v) Tween-20 was deposited on the
electrodes and followed by incubation for 10 minutes. The aptamer immobilized electrodes
(designated as CMEMS/BPE/Apt) (Figure 7.1c) were washed with DI water for 5 minutes

and stored in 0.1 M TE buffer in the refrigerator (4°C) when not in use.

7.2.6 Electrochemical Characterization of Aptasensors

The stock solutions of PDGF-AA, AB, and BB were prepared based on the suggested
procedure in the datasheet released by Sigma Aldrich. The samples were diluted in an
aqueous solution of DI water and 5% (Vv:Vv) trehalose to a final volume of 15 pL. The desired
target was added to the CMEMS/BPE/Apt microelectrodes and followed by incubation at
room temperature (25°C) for 40 minutes. Following target immobilization, which is
schematically illustrated in Figure 7.1d, the ThL electrodes were washed in DI water before
electrochemical measurements were conducted. The electrodes incubated with the target
were immediately tested via the three-electrode setup illustrated in Figure 7.1e for CV
evaluations. The 5 mL aqueous electrolyte based on a mixture of 5 mM ksFe(CN)s, 0.1 M
PBS, and 0.2 M KCI was used for electrochemical measurements. In CV measurements,
CMEMS electrodes were tested between -0.3 V to 0.6 V versus reference electrode with
scan rate 40 mV.s1. All CV data were typically taken after conducting 20 continuous cycles
to ensure a reliable data recording. After every electrochemical measurement, the C-
MEMS aptasensors were regenerated by immersing the sensing electrodes in 1 M TE buffer
with gentle stirring for 30 minutes. All of the target incubations and electrochemical tests

were conducted at room temperature (25°C).
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7.3 Results and Discussion

7.3.1 Material Characterization

The SEM image of the 3D CMEMS micropillar covered with rGO deposition after

24 hours of deposition is presented in Figure 7.2a. The SEM images of rGO deposited on

Figure 7.2 SEM images of (é) C-MEMS micro pillars WithBP-r,b) BPE-rG deposition
on top of the micropillar, (c) BPE-rGO deposited on sides of the micropillar, and (d) BPE-rGO
deposited on thin-film base electrode.
top of the pillar (Figure 7.2b), side of the pillars (Figure 7.2c), and supporting thin-film
(Figure 7.2d) show that the deposition of BPE-rGO is uniform with a porous morphology
with a pore size of around 100 nm and vertically aligned structures. This porous
morphology is highly suitable for various applications, including electrochemical

biosensors and energy storage microdevices. The SEM image confirms that the BPE can

be used for uniform deposition of BPE-rGO with good efficacy and high coverage without

191



requiring spacers such as carbon nanotubes (CNTS) to prevent the agglomeration of rGO

nanosheets.
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Figure 7.3 FTIR spectra of (a) C-MEMS electrode before any modification, (b) C-MEMS
electrode after BPE-rGO deposition (CMEMS/rGO), and (c) C-MEMS/rGO after aptamer
immobilization (CMEMS/rGO/Apt)

The FTIR characterization was used to analyze the spectral data of the CMEMS
microelectrodes before BPE treatment, after and BPE-rGO deposition, and after aptamer
immobilization. The FTIR spectra of CMEMS, CMEMS/BPE, and CMEMS/BPE/Apt
microelectrodes are represented in Figure 7.3. Three samples of CMEMS, CMEMS/BPE,
and CMEMS/BPE/Apt showed a broad peak between 2800-3200 cm™, ascribed to O-H

stretching [33]. The noteworthy peaks for all samples were identified at 1430 and 1600
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cm!, ascribed to C-O bending and aromatic C=C stretching, respectively[34].
Furthermore, All the samples showed peaks at 1100-1300 cm™, attributed to sp® C-H
bending [33].

The FTIR spectrum for CMEMS/BPE/Apt confirms a peak at 1571 cm™, associated
with amide 11 band, representing covalent bonding of PDGF-BB aptamers with the surface
of CMEMS/BPE/Apt microelectrodes [33]. The FTIR results confirm that the locally
formed carboxyl groups on the graphene surfaces can be used directly to immobilize the
amino-terminated biorecognizers agents. The immobilization efficiency can also be
improved using oxygen-plasma etching to increase the percentages of carboxyl groups on

the surface of the BPE-graphene [1, 35].

7.3.2 Electrochemical Characterization

In order to analyze the effect of deploying C-MEMS technology and deposition of
BPE-rGO on 3D CMEMS on the capacitance of the electrodes, CV tests were done on
stainless steel control sample and 3D CMEMS microelectrodes at each development stage.
The CV analysis is given in Figure 7.4a. The area under the CV curve can be used to

calculate the areal capacitance using equation 7.1 [36]:

1
T 24s4V

C [ 1dV (7.1)

where AV is the voltage window, s is scan rate, A is the electrode area, V is the voltage, and
I is current. The calculated areal capacitances from CV curves are presented in Figure 7.4b.
The area under the CV curve of the 3D CMEMS electrode was much larger than the CV
curve of the stainless steel electrode, in which the increased area under the CV curve can

be interpreted as increased areal capacitance from 0.32 mF cm™ to 7.67 mF cm™ for
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stainless steel electrodes and 3D CMEMS microelectrodes, respectively. The increase in
the capacitance can be explained by the increase in the surface area of the electrode and
better electrochemical properties of CMEMS materials. After deposition of BPE-rGO, the
areal capacitance was increased to 19.89 mF cm, resulting from the increased active area
after BPE-rGO. These results agree with former studies on BPE-graphene. For example,
the comparative study by Khakpour et al. on BPE-graphene deposited on negative
electrodes has proven increased areal capacitance of samples after deposition of BPE-rGO
[27].

After immobilizing the aptamers, the areal capacitance was slightly increased to
21.43 mF cm™ which could result from the engagement of carboxylate groups of the

surface in amide bonding (i.e., covalent immobilization of aptamers) and quenched
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Figure 7.4 (a) CV plot of C-MEMS bare electrode and after each modification with scan rate
of 40 mV s-1 and incubation with 100 pM PDGF-BB (b) Areal capacitances calculated from
CV plots.

remaining carboxyl groups by Tween-20 quencher. The previous study proved that
capturing the target molecules (i.e., PDGF-BB oncoproteins) decreases the areal

capacitance [31]. The areal capacitance of the aptasensor was decreased from 21.43 mF
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cm to 13.29 mF cm2 after incubation with 100 pM of target molecules. Hence, a turn-off

response was expected from CMEMS/BPE/Apt aptasensors.

7.3.3 Sensing Characterization

The turn-off strategy can apply to label-free electrochemical aptasensors in similar

manners to optical aptasensors [37, 38]. In this study, the turn-off strategy was designed
based on measuring areal capacitances using CV measurements.
The turn-off responses of CMEMS/rGO/Apt aptasensor in response to 0-10 nM PDGF-
BB are presented in Figure 7.5a. The oxidation of peak Fe(CN)e®* at E= 0.3V (vs.
Ag/AgCI) was decreased proportionally to the increase of the PDGF-BB concentration.
The observed decrease in the peak current is the result of the increased Rcr of the sensing
probe. The calibration curve for calculated areal capacitances using equation 7.1 is shown
in Figure 7.5b. The calibration curve was obtained by calculating the average value of areal
capacitances (mF cm2) from the repeated measurements of n=3. The area under the CV
curves decreased substantially upon increasing the PDGF-BB concentrations. The decrease
in the areal capacitance (charge density) suggests that the PDGF-BB oncoproteins were
successfully attached to the CMEMS/rGO/Apt aptasensor’s surface and displaced the
double-layer [39]. The linear dependence of the output capacitance on the logarithm of
PDGF-BB concentration has a slope of -3.09 mF cm Logc™? (unit of ¢, pM) and the R? of
0.9854. The correlation of CMEMS/rGO/Apt capacitance to the logarithm of PDGF-BB
concentration can be assessed as following (equation 7.2),

C=21.47 - 3.09 Logc™, r=0.9887 (7.2)
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where C is the areal capacitance (mF cm), ¢ is the PDGF-BB concentration (pM) and r is
the regression coefficient. Hence, the CV measurement’s sensitivity to PDGF-BB can be
calculated as 3.09 mF cm™ Logc™. The limit of detection (LoD) for CMEMS/rGO/Apt
aptasensors based on CV measurements was calculated as 0.75 pM based on the linear

regression (equation 7.3) [40],

LoD == (7.3)

where S is the standard deviation of the blank response (STDEV= 0.0347
mF cm, n=9), and b is the slope of the calibration curve (b = -13.88 mF cm ¢! of areal
capacitances).

The selectivity of the CMEMS/rGO/Apt aptasensors was studied by measuring the
response of the aptasensors to 4 ug mL™* BSA, 50 nM PDGF-AB, and 50 nM PDGF-AA
along with 500 pM PDGF-BB. The concentrations of interference agents were chosen to
be approximately 100 times more than that of the target molecules. The selectivity
measurements are presented in Figure 7.5c, in which the areal capacitances were calculated

from the CV curves. The change in capacitive response of CMEMS/rGO/Apt aptasensors
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Figure 7.5 (a) CV curves of the CMEMS/rGO/Apt electrode’s response to PDGF-BB ranging
from 0-10 nM. (b) Calibration curve for calculated areal capacitances from CV curves with
n=5. C) (c) Areal capacitances calculated from CV curves measured in response of
CMEMS/rGO/Apt electrodes to 4 ug mL* BSA. 50 nM PDGF-AA, 50 nM PDGF-AB, and 500
pM PDGF-BB
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to PDGF-BB was 12.73 and 3.34 times higher than that of the aptasensors to PDGF-AA

and PDGF-AB, respectively.

7.4 Conclusion

In this chapter, the integration of bipolar exfoliated graphene and 3D CMEMS
microelectrodes was investigated. The SEM analysis confirmed a uniform deposition of
rGO on micropillars and the support thin-film electrode. The CV analysis confirmed
enhanced areal capacitance after deposition of rGO, resulting from increased surface area
and improved conductivity of the 3D CMEMS electrodes after deposition of rGO. The
aptasensors based on 3D CMEMS electrodes decorated with BPE-rGO showed high
sensitivity and low limit. The achieved results suggest that bipolar electrochemistry can
offer a highly efficient and environmentally friendly technology for the deposition of rGO
on CMEMS microelectrodes. The integration of bipolar electrochemistry and CMEMS

technology is highly promising for feasible lab-on-chip biosensors.
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8. Conclusions and Outlook

8.1 Summary

In this dissertation, carbon-based biosensors for cancer biomarker detection were
designed, developed, and analyzed. Label-free detection is highly important for developing
feasible point-of-care (POC) cancer biomarker biosensors. The lower sensitivity, higher
background noise, lower selectivity, and degradation are the main drawbacks of label-free
biosensing. Hence, these limitations should be overcome before label-free POC cancer
biomarker biosensors become commonly available. Carbon and its derivatives possess
unique features that can be used for developing sensitive, selective, and stable label-free
cancer biomarker biosensors. The major achievements of this dissertation are as follows:
In the first phase of this dissertation, C-MEMS-based biosensors for detecting lactic acid
as a complementary cancer biomarker were designed and developed. The achieved results
showed that oxygen-plasma treatment of CMEMS microelectrodes enhances the
immobilization of biorecognizers on the surfaces of the electrodes through the covalent
bonding of enzymes and -COOH groups. Furthermore, the oxygen-plasma treatment the
current generated during the oxidation of lactic acid in the electrolyte. This dissertation
phase confirms that the CMEMS platform is very promising for developing precise and
feasible biosensors for POC.

In the second phase, the oxygen-plasma treated CMEMS electrodes were used as

the sensor platform to detect PDGF-BB cancer biomarkers. The ssDNA aptamers with a
high affinity toward PDGF-BB oncoproteins were used biorecognizers and covalently
immobilized on the CMEMS surface. The results showed that CMEMS electrodes could

provide a sensing medium with low background noise while providing high stability and
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selectivity. The results also confirmed that the CMEMS platform provides a robust and
stale platform with good fabrication processes.

In the third phase of the dissertation, the suitability of the bipolar exfoliated
graphene for biosensing was investigated. The comparative study revealed that the
graphene deposited on a negative feeding electrode (i.e., rGO) has better properties for
biosensing, including bigger surface area, higher capacitance, and lower deficiency than
the graphene deposited on the positive feeding electrode (i.e., GO). As proof of concept, a
disposable label-free electrochemical biosensor was developed for the detection of PDGF-
BB. The developed biosensor showed high sensitivity and sufficient stability.

In the last phase of this dissertation, the bipolar exfoliated graphene was deposited on 3D
CMEMS electrodes to investigate the effect of deposited rGO on the sensing performance
of the C-MEMS-based biosensors. The analysis showed that the deposition of rGO
enhances the capacitance of the CMEMS based biosensors, which can improve the

sensitivity of the biosensors.

8.2 Future Works
The present dissertation has introduced novel carbon-based biosensors for cancer
biomarker detection. Based on the current work, the author suggests the following future
work to be undertaken:
1. Optimization of CMEMS/rGO based biosensors: The initial results showed that the
biosensor based on the integration of bipolar exfoliated rGO and CMEMS
(CMEMS/rGO) has a high potential for developing highly accurate and stable

biosensors. Hence, the author suggests that the parameters such as deposition time,
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pH of deposition medium, amount of aptamer, and incubation temperature are
optimized.

Integration of microfluidics with carbon-based biosensors: Automation of
detection is vital in developing feasible point-of-care biosensors. Integration of
microfluidics to the carbon-based biosensors—especially CMEMS-based
biosensors—can be achieved in wafer-level development. The addition of
microfluidics to the sensor system can benefit the sensor in various ways, such as
separation of big molecules from blood samples before reaching the test chamber,
which can noticeably enhance the selectivity and accuracy of the sensor.
Multiplexing the biosensors: Multiplexing biotechnology devices is an important
topic in lab-on-chip and point-of-care biodevices studies since they offer cost
reduction and expedited operations while minimizing the possible tissue damages
(e.g., fewer penetration numbers). Multiplexed biosensing is referred to a class of
biosensors that can simultaneously perform or measure several bio-related
phenomena. Multiplexing of electrochemical C-MEMS biosensors can be achieved
via fabricating several interconnected sensing units and use microplasma writing to
functionalize the surface of C-MEMS selectively.

Integration of Zwitterion-based peptides on the surface of CMEMS electrodes:
Zwitterion-based materials are neutral molecules containing both negative and
positive charges and fall under the category of anti-biofouling materials. With steric
and electrostatic repulsion characteristics, Zwitterion-based coatings’ robust
features such as ionic solvation, the ability to attach to different functional groups,

and thicker hydration shell compared to PEG give them an advantage over other
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anti-biofouling materials. These coatings have been used for aptasensors for several
targets such as immunoglobulin E and prostate-specific antigen-based on gold
electrodes, and adenosine triphosphate and thrombin based on glassy carbon
electrodes. To the best author’s knowledge, there are no studies on the integration

of anti-biofouling materials and C-MEMS electrodes for cancer aptasensing.
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APPENDIX

Supplementary Information for Chapter 6

Figure S6.1 SEM images of GO deposited on stainless steel electrode (inset image is a magnified image of
designated area)
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Figure S6.2 The CV plots of the SS/GO electrode at different scan rates at the range of 10-100 mV s and
the calibration curves of reduction and oxidation peak current versus the square root of scan rates (inset plots).
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Figure S6.3 DPV peak current for SS/GOay electrode response to PDGF-BB ranging from 0—1 nM.
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