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ABSTRACT

BATISTUTI, M. R. Detection of changes related to breast cancer using
charge sensors or mass sensors coupled to DNA monolayers. 2017. 122 f.
Thesis (Ph.D. - Postgraduate program in Physics applied to Medicine and Biology)
- Faculty of Philosophy, Sciences and Literature, University of Sao Paulo, Ribeirao

Preto - SP, 2017.

The electrochemical biosensor has been extensively used due to its capacity for
rapid and accurate detection of a wide variety of target molecules or biomarkers.
DNA hybridization sensors are based on the increase of negative charge on the
electrode surface after the DNA target hybridize to the immobilized probes. The
development of this platform requires first an understanding of the immobilization
process and optimization of surface probe density. In this thesis the electron
transfer is investigated on a label-free DNA hybridization detection by its intrinsic
charge. The investigation using different immobilization buffers shows a strong
dependence on their composition and concentration, and also the influence of the
probe and spacer co-immobilized to obtain an organized and compact self-assembled
monolayer. The probe density is determined using the chronocoulometry method
with hexaammineruthenium (III) chloride, where the value is calculated from the
number of cationic redox molecules electrostatically associated with the anionic
DNA backbone and presented a linear relationship between thiol molar fraction
and probe density from 2 to 5 x 10" molecules/cm®. The effect of hybridization
was determined using electrochemical impedance spectroscopy using negatively
charged ferri/ferrocyanide redox couple in solution. After probe surface density
optimization, the maximum shift of charge transfer resistence (20%) upon 1 uM

complementary sequence was obtained with around 25% probe fraction immobilized

Vil
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on surface. This electrochemical platform developed was able to detected 100 pM
of target sequence and distinguish mismatched sequences. The limit of detection
is higher when compared to the literature, however, this system can be further
improved by amplifing the signal. The same platform is reproduced in the
quartz crystal microbalance system and with field-effect transistor, comparing the
different detections. The same platform is tested using two different HER2 aptamer
sequences. Biological aspects are explored for a better understanding of the system.

Key-words: 1. Electrochemical. 2. QCM. 3. DNA. 4. Aptamer.
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CHAPTER

INTRODUCTION

1.1 Introduction

N April 1953 James Watson and Francis Crick proposed in a simple article the
I correct double helix model for DNA structure through x-ray diffraction [1].
This discovery has paved the way for all understanding of how genetic information
is stored and transmitted. Almost 10 years later, Eley and Spivey suggested that
DNA could conduct charge based on its similarity to one-dimensional structures of
aromatic crystals [2]|. Since then, the interest in the "molecule of life" has increased.
The oligonucleotides detection have been explored in many research and
technological fields from forensics to medical diagnostics. There is a significant
need for devices with high sensitive and selective detection, and also low cost, giving
a direct eletronic signal and that can easily be miniaturized to portable devices for
point-of-care [3]. For this, biosensors have been investigated once they can provide
specific quantitative information using a biological recognition element directly in
contact with a transduction element. Specifically, a DNA biosensor presents a
single strand nucleic acid working as biological recognition element [4]. Different
detection strategies have been applied, however there are just a few commercial
devices. Problems with reproducibility and sensitivity are the major concern due to
surface attachment and hybridization.
The electrochemical tranducer attracted a lot of attention since it gives an
eletronic signal directly, with low cost and can easily be miniaturized, enabling the
development of portable devices [5]. Also, several approaches to signal transduction

presented promising results [6]. The development of this biosensors with broad
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potential for exploitation and, therefore, eliminate problems of reproducibility and
sensitivity.

Therefore, electrochemical biosensors are one of the most promising platforms
with the potential to achieve these goals and have already been used to detect
different analytes, including, e.g., disease biomarkers 7] and proteins [8], microRNAs
[6], microorganisms in water [9], toxins in food samples [10] and biomolecules in

human serum [11].

1.2 Aim of the study

The aim of the thesis is to develop a DNA/DNA biosensor that can be
easily expanded to microRNA, PNA or aptamer systems. The characterization and
detection are based mainly on DNA charge using electrochemical techniques, but
also will be compared with piezoeletric and field-effect techniques. The development
involves a deep understanding of DNA immobilization, electrochemical double-layer
components and how the biorecognition event affects the double-layer.

The electrochemical biosensor platform focuses on synthetic DNA oligonucleotides
immobilized via thiol groups onto gold electrodes surface, where the single strand
DNA has intrinsic negative charge due to its phosphate groups. Hybridization of
the complementary sequence increase the negative charge in the electrode surface
and the detection of this label-free system through electrochemical impedance
spectroscopy requires a redox marker in solution. However, the same system can
be further amplified with gold nanoparticles or redox intercalators and modulated
by other electrochemical techniques, as square wave voltammetry or electrochemical
capacitance spectroscopy.

The biosensor platform was tested with piezoeletric and field-effect
transduction. In the first case, the immobilization strategy was reproduced on the
top of a quartz cristal covered with gold. The hybridization increases the mass,
decreasing the resonance frequence. On the other hand, field-effect tranducers are
able to detect directly the charge variation. For this, gold electrodes were connected
to the gate of the FET. The limits of detection for all techniques are compared.

To show that the DNA/DNA biosensor can be expanded to other systems
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with a similar immobilization strategy, an aptasensor is developed using different
DNA sequences to detect a target protein. Surface plasmon resonance confirms the
protein binding. All the electrochemical biosensors were modeled by an equivalent

eletric circuit.

1.3 Overview of the thesis

Chapter 2 introduces the basic theories and relevant aspects for the DNA
biosensors employed in the study. It starts with an overview of the system, reviewing
the electrochemical double layer, the electrochemical cell and the main techniques
involved. It is followed by the theories that describe piezoeletric and field-effect
transducers.

The study of probe immobilization is presented in chapter 3, which includes:
gold electrodes cleaning, determination of surface roughness, sample preparation and
the self assembled monolayers (SAM). All these steps proved to be necessary in order
to develop a compact and stable monolayer and reproducible results. Immobilization
procedure was optimized and will be discussed in detail.

In chapter 4 electrochemical impedance spectroscopy (EIS) of modified
electrode surfaces is studied based on the charge effect. To achieve better sensitivity
and lower detection limit, the SAM was optimized using electrochemical methods
and modeled according to an eletric circuit to understand the significance of all
elements in the mixed structure and solutions. Also included a brief introduction
on the microRNA sequence used and its role as a biomarker. A brief comparative
study of DNA hybridization sensors using quartz crytal microbalance and field effect
transistor signal is presented.

Chapter 5 introduces the aptasensors using different DNA sequences for
HER2 protein and its importance as a biomarker. The same immobilization strategy
on the top of gold electrodes was investigated using EIS. The density of aptamers
on the surface was optimized to achieve limits of detection close to the clinically
relevante values.

The final conclusions are presented in chapter 6 with suggestions on how this

work can be improved and extended to other biosensors systems.
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At the same time, it is important to understand biological aspects of targets
molecules. The appendix in the end of the thesis presents a cancer cell line culture
and how to extract specific microRNAs. Different biological techniques can be used
to describe and evaluate this material. For microRNA quantification, polymerase
chain reaction (PCR) amplification is the main technique. Some important aspects

will be discussed to correlate human levels with the biosensors limits of detection.



CHAPTER

THEORIES AND PRINCIPLES

This chapter briefly describes the relevant theories and principles applied
in label-free biosensors. And also, the characterization techniques employed in the

study.

2.1 Electrochemical overview of the system

A DNA biosensor has a typical configuration where single-stranded probes
(ssDNA) are immobilized on the electrodes. The uniform structure of DNA makes
its assembly well defined. To prevent non-specific binding, small molecules called
spacers, are co-immobilized with ssDNA. Gold electrodes can be easily modified
with thiolated probes forming an oriented self-assembled monolayer (SAM). In this
interface the critical dynamics of target capture take place. Therefore, maintaining
the inherent affinity for target DNA is the key to device performance [3].

When this whole system is immersed in an electrolyte solution, a specific
region is formed, the double layer. The structure of this interfacial region can affect
the rates of electrode processes or, in other words, the electrical properties of this
layer can affect the electrochemical measurements of the system [12].

The electrochemical system is composed of a working electrode modified with
the SAM, a reference electrode and a counter electrode. The potencial is set between
the reference electrode and the working electrode while the redox current between the
working and counter electrodes. Figure 2.1 illustrates the electrochemical biosensor
system (a) with the three electrodes correlated with the equivalent circuit (b).

In the electric circuit used to model the system, the double-layer can
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Figure 2.1: Electrochemical DNA biosensor system. In (a) an illustration with the all
the elements and processes. In (b) the equivalent electric circuit of the system.

be compared with a capacitor (Cg) in parallel with a resistance (Rg). This
circuit carries information concerning the double layer structure and can be
electrochemically investigated. A label-free system uses a redox molecule in solution
to exchange electrons with the working electrode. This process can be divided
in electron transfer and mass transfer. The principles of these two processes and

characterization methods are introduced to understand the DNA biosensor system.

2.2 Principles of Electrochemistry

2.2.1 Electrical Double Layer

The concept of electrical double layer was first introduced by Helmholtz in
1879. He suggested that a charged surface in contact with an electrolyte solution
repels ions of the same charge and attracts their counter-ions [13]. This monolayer
of electronic charge at the electrode surface and the layer of counter-ions in the
electrolyte forms what has been called as electrical double layer. This structure is
illustrated in Figure 2.2a and is analogous to dieletric capacitors with two plannar
electrodes separated by a small distance that correspond to approximately the radius
of an ion.

In 1910, Gouy and Chapman considered the double layer not as compact
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as in Helmholtz rigid layer, but modified adding a diffuse double layer in which
the accumulated ions, due to the Boltzmann distribution, decreases exponentially
as a function of the distance from the electrode surface [14|. This model describes
ions as mobile in the solution under effects of diffusion from concentration gradients
and electromigration from electric potential gradient, or electric field. The result is

illustrated in Figure 2.2b.
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Figure 2.2: [llustration of double layer region of an electrochemical interface according
to Helmholtz in (a), Gouy-Chapmann in (b) and the Gouy-Chapman-Stern model in (c).

However, Gouy-Chapmann treated ions as point-charges resulting in
unrealistically large ion concentration at the electrode surface and consequently,
overestimating the electrical double layer capacitance. A few years later, in 1924,
Stern suggested that the interface electrode/solution includes both: the rigid
Helmholtz layer and the diffuse layer from Gouy and Chapman, considering the
finite size of ions [13]. The inner region called the Stern layer and the outer region

called the diffuse layer are shown in Figure 2.2c.

2.2.2 Electrochemical Cells

The electrochemical experiments are carried out in a three-electrode cell.
This arrangement is compoused of working electrode (W) where the reaction of
interest occurs, the reference electrode (R) which has a known potential and large
non-polarizability and the counter electrode (C), or auxiliary. All of them are

immersed in an electrolyte solution, as illustrated in Figure 2.3(a). The potentiostat
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applies the voltage on the reference electrode against the working electrode with a

high input impedance, and consequently, the potencial will be constant and equal to

the open-circuit value. At the same time, it measures the current that flows between

the working electrode and the counter electrode.

R w
=
Cw Rs
W L]

(a)

(b)

Figure 2.3: Illustration of the electrochemical cell. In (a) the correct position between
the reference, working and counter electrodes. In (b) the equivalent circuit to describe the
cell with the capacitance at the working electrode (Cy,) and the solution resistance (Rs).

The electrochemical cell can also be described by an RC equivalent circuit,

as shown in Figure 2.3(b). The double-layer capacitance at the working electrode

is represented by C, and the solution resistance by Rs. The separation between

the electrodes affects the potencial drop. The configuration shown in Figure 2.3(a)

minimises this effect [14].
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Figure 2.4: [llustration of the mass transport from the
electron transfer at the electrode surface and other chemical reactions following the electron

transfer.
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The reaction on the working electrode surface is composed of a series of steps

that causes the conversion of the oxidized and reduced species in solution, illustrated
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in Figure 2.4. The current is governed by the mass transfer rates from the bulk to
the electrode surface, electron transfer at the electrode surface and other chemical

reactions following the electron transfer.

2.2.3 Electrochemical characterization techniques

The electrochemical theory for each technique employed in the thesis is
discribed in this section, however the details and applications are presented in the
next chapters where they are applied.

Electrochemical techniques can be divided in two classes of measurement,
potentiometry where the potential between two electrodes is measured, or
amperometry in which the current that flows between two electrodes is measured.

This thesis will focus on different methods for analysis.

2.2.3.1 Cyclic Voltammetry

Cyclic voltammetry is one of the most complex electrochemical techniques
and very frequently used since it is rapid and powerful method for characterizing
the electrochemical behavior of analytes that can be electrochemically oxidized or
reduced [14]. It is a scanning technique in which sweeps the potential linearly
between the initial potential E; and the reverse potential E;. [12].

Suppose that the scan starts at a negative potential, where only nonfaradaic
currents, from charge or discharge of doucle layer capacitance, will flow for a while.
When the potential increase and reaches close to the oxidation value (E,,), the
faradaic current starts to flow. As the potential continues to grow more positive,
the surface concentration of species drops. When the potential moves past E,, the
mass transfer of analyte to the surface reaches a maximum rate, and then it declines.
This can be observed in Figure 3.2(a) as the input voltage signal as the linear increase
and in (b) as the positives values of current and a peaked current-potential curve
like that.

Now, the potential is sweeping in a negative direction, as the potential
approaches and cross Eg, the surface grows more favorable toward the neutral
species. After that, the species reduces close to E,.. This reversal current has a

similar shape to the forward peak for essentially the same reasons. From this simple
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Figure 2.5: Illustration of the cyclic voltammetry process. In (a) the potential simulation
and in (b) the current response.

graphic it is possible to extract some useful information as the E,., E,, and the
current of these peaks, I, and I, respectively.

In the processes of charge transfer the electrode may act as a donor (in
the case of a reduction) or as a receptor (in the case of an oxidation) of electrons
transferred to or from species in solution. The equilibrium state of a chemical
reaction is characterized by Nernst equation (2.1):

RT  Dg

E=F,+ L2k 2.1
oL F" D, (2.1)

which relates the potential of the electrode to the concentration of the species
in solution. Nernst equation shows how the surface concentration and the electrode
potential, regardless of the current flow are related. In equation 2.1, E is the applied
potential difference, Eq is the standard electrode potential, R is the gas constant, T
the temperature , n the number of electrons transferred per molecule diffusing to the
electrode and F the Faraday constant. Dy and Dy represent the diffusion coefficients
for the reduced and the oxidized forms, respectively. At 25°C, the equation can be

written as:

E=FLEy+

In— 2.2
n nDO ( )

Thus, cyclic voltammetry can be applied to understand the chemical
reversibility when the same reaction can take place in both directions, since the peak
is a result of reaction kinetics and mass transport. Also, the shape and amplitude

of the peak current can reflect the redox species reactions. In the reversible case,



2.2 - Principles of Electrochemistry 11

the initial oxidation or reduction product is then reduced or oxidized, respectively,
after inverting the potential sweep.
In order to have a reversible system, that follows Nersnt law [12], it must

comply with the following conditions:
e [, is proporcional to v1/2
e I, i independent of v
e £, - E,=59/nmV
® |pa/Ipe| =1

If the reaction is reversible is possible to calculate the number of electrons
transferred in the electrochemical reaction with Nersnt equation and the formal

reduction potential, Ey, can also be calculated by the relation:

Epa + Epc
2

In the case of an irreversible reaction, when the direction of the scan is

Ey= (2.3)

inverted, the peak do not appear in the inverse scan. Also, E,, varies linearly with
log v and the irreversibility intensifies increasing scanning speed, while the values of
I,, and I,. become different.

The intermediate region between the reversible and irreversible processes is

termed quasi-reversible. In quasi-reversible systems, a reverse peak is observed, but
with AE, > 59/n mV.

2.2.3.2 Chronocoulometry

Chronocoulometry can be classified as a step technique, where it is possible
to detect the amount of the charge passed as a function of time. It is based
on Faraday’s laws that are based on conservation of matter and conservation of
charge. After a step the potential, the current (chronoamperometry) and the charge

(chronocoulometry) through the working electrode versus time (t) is recorded.
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Suppouse a reversible system with just oxidized process, the current can be

described by the Cottrell equation as:

nFADoCO
I(t) = ———73—
7TDot

where n is the number of electrons transferred, A is the electrode area, Cp is

(2.4)

the concentration of species O. The time integral of Cottrell equation:

Q= /Otl.dt (2.5)

gives the cumulative charge:

Qaiss(t) = 2nFADY*Com 11241/ (2.6)

However, it does not take into account the double layer charging and

adsorption as initial conditions. The total charge should be given by:

Q(t) = Qaiss(t) + Qc(t) + Quas(t) (2.7)

the adsorbed amount Q,4s can be estimated, as:

Qads = nFAFR (28)
E I Ic Q

E;

Ex

(a) (b)

Figure 2.6: Illustration of the cronocoulometry from the cronoamperometry. In (a) the
step potential from Ey to Es over the time. In (b) the current response over the time and
in (c) the charge vs. time'’? to extract the surface density information.

Chronocoulometric curves start when species are electrochemically inactive

at a first potencial E; and are reduced at a second potencial Es, illustrated in Figure
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2.6(a). The experiment have to be repeated in the absence of redox species. It is
important to note that in this systems just one form of the redox couple is present.

Figure 2.6(b) shows the cronoamperometry while Figure 2.6¢ shows the
cronocoulometry. Dashed curves correspond to capacitive current and charge
respectively and straight line correspond to diffusional current and charge. From

Figure 2.6(c) the Qgsf(t) and the Quqs(t) can be estimated.

2.2.4 Impedance techniques

The amperometric methods apply a large perturbation on the system being
suitable for electrode kinetics investigation, however, these perturbations drive the
system to a condition far from equilibrium, and what is observed as response is a
transient signal [12|. Small perturbations of the electrode state are possible with
an alternating signal of small amplitude. Thus, techniques based on impedance
represents a powerful tool for investigation of electrical properties of materials and
interfaces of conducting electrodes [14]. The theory of this section will show the
analogies between the electrochemical cell and elements of an eletric circuit, as

resistors and capacitors.

2.2.5 Electrochemical Impedance Spectroscopy

Impedance, in electrical terms, can be describe as the complex ratio betwen
voltage and current in an alternating current (AC) circuit. Impedance extends the
concept of resistance because it has magnitude and phase terms, unlike resistance,
which consider only magnitude. Therefore, electrochemical impedance spectroscopy
(EIS) is a technique where the electrode impedance is measured as a function of the
frequency of the AC source.

Alternating current or voltage (AC) means that the current or voltage varies
with time in a periodic way. Figure 2.7 shows a periodic voltage wave. The frequency
(f) is the number of cycles completed in one second.

The open circuit potential (OCP), the potential at which there is no current,

is applied on the system. The potential E can be described as purely sinusoidal,
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2n/w (2n+@)/w

Figure 2.7: Illustration of the potential and current waves. In black a period of the
potential (E) wave and, in blue, the a period of the current wave with a shift ¢ from the
E.

being the easiest to work mathematically:

E(t) = Epsin(wt + 0) (2.9)

where Ej represent the peak amplitude, w the angular frequency (rad/s or
27 times the frequency in Hz) and 6 phase angle (rad). Similary, the equation for a

sinoidal current wave is:

I(t) = Iysin(wt + ¢) (2.10)

In this case, Iy is the amplitude of the sinusoidal current wave and ¢ is the
phase angle.

Considering first the resistors in an AC circuit. The resistence through the
resistor based on Ohm’s law, is:

E(t
R = % (2.11)

Since there is no angular difference, ¢ = 6.

Now, considering the capacitor in AC circuit. The current through a pure
capacitor leads the voltage drop across this capacitor by 90°. If we consider a

resistor-capacitor circuit, is possible to rewrite equations 2.9 and 2.10 as:

E(t) = Eysin(wt) (2.12)

I(t) = Iysin(wt + 907) (2.13)
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The same relation can be display in complex notation:

E = Eye™™ (2.14)

I =™ (2.15)

which are defined as phasors, complex number representing a sinusoidal
function. To distinguish phasor from other complex numbers, they are printed in
bold. The complex number eliminated the time dependency .

Different from resistence, impedance extends the concept of resistance being
a complex quantity. The complex impedance Z can be written in the rectangular

form:

7 = Zve + i Zim (2.16)

where Z,. (or Z’) represents the real part and Z;, (or Z”) represents the
imaginary part. The impedance spectrum of an electrochemical system can be
presented in Nyquist plot, which are representations of impedance as a function of
frequency, where Z,. is represented in X axis and Z;,, in the Y axis. More details of
Nyquist diagram will be discussed in the end of this section.

Mathematicaly, the current-voltage relationship in impedance can be

expressed, according to Ohm’s law, as:

E(t)
Z=—= 2.17
0 (2.17)
The AC impedance of a resistor (Zg) in the complex plane can be expressed
as:
Eysin(wt + 0)
Ip=——7——= = 2.18
BT Tosin(wt + ¢) (2.18)
The impedance of a capacitor (Z¢) in the complex plane can be expressed
as:

7. Eysinwt B Eye'™ B Eye'™ B ei(=90°)
“- Tysin(wt +90°) I wCVpe — wC

(2.19)
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To simplify with Euler’s relation:

"9 = ¢os(—90°) + isin(—90°) (2.20)
1

A — 2.21

7 iwC (221)

These circuit elements, resistence and capacitance, can be related through
equivalent circuits. Considering two RC circuits; in the first, resistence and
capacitance are in serie, in the second in parallel. In a series RC circuit, the overall

impedance is expressed as the sum of the individual impedances:

1
Lno = —_— 2.22
re = R+ oC (2.22)

Figure 2.8 shows a graphical representation of the impedance in the complex
Nyquist plane as a straight vertical line for the RC circuit in serie, according to

equation 2.22.

_Z|| T

Figure 2.8: Nyquist example of a RC circuit in serie.

The second case, in a parallel circuit, the overall impedance can be express

as:

1 1 1
Lttt 2.23
Zrce Zr  Zc (223)

1 1 wC
= == 2.24
Zre R * 1 ( )
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Rewriting this relation above and separating the real and complex.

Zner — R i wR?*C
1+ (wRC)? 14 (wRC)?
The first part of the equation 2.25 is real (Z,.) and the second is imaginary
(Zim). At low frequency wRC « 1, so Z,. ~ R and Z;,, ~ 0. In this case, the RC

(2.25)

circuit acts as a resistor. On the other hand, at high frequency wRC »1, Z,. = 0
1
and Z;,, ~ o the RC circuit acts as a capacitor.
w

Now, to simplify Eq. 2.25, it can be written as:
R R
(Zre - 5)2 + Zi2m = (5)2 (2'26>

The last equation represents a half-circle curve in the complex plane as in

Figure 2.9 where the curve has radius of R/2 and circle centre of (R/2, 0).

Zl
Figure 2.9: Nyquist example of a RC circuit in parallel.

The EIS is frequently used to evaluate the charge-transfer parameters and
for studies of double-layer structure. The equivalent circuit should represent the
electrochemical system as best as possible considering at least the electrolyte
resistance, a double-layer capacity, and the impedance of the Faradaic or
non-Faradaic process.

The most common and simple model of an electrochemical interface is the
Randles circuit show in Figure 2.10a. This circuit is composed by electrolyte
resistance or solution resistance (Rg), the double-layer capacitance (Cdl) and the
charge transfer resistance (R;) that is the charge transfer resistance of the electrode

process.
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(@)

Figure 2.10: The electrochemical interface model. In (a) the Randles circuit and
the correspond Nyquist curve in (b). R correpond to electrolyte resistance or solution
resistance, Cdl the double-layer capacitance and R the charge transfer resistance telated
to the electrode process.

As already discussed above, the high frequency is associated with the Rg,
while the low frequency corresponds to the sum of the R.; and R, and the diameter
of the semicircle correspond to the R.;. The Warburg impedance (Zy ) is due to the
diffusion to and from the electrode in the charge transfer and, on Nyquist plot, is
a line at an angle of approximately 45°. Therefore, the theory try to interpret the

equivalent resistance and capacitance values in terms of interfacial phenomena.

2.2.6 Electrochemical Capacitance Spectroscopy

All the theory presented above show the electrochemical interface without
any modifications on the electrode surface. The presence of films adsorbed on the
surface introduces new capacitance and resistance contributions to the system that
affect the electrochemical responces.

One of the most simple models for electrode modifications is the organized
monolayers, or self-assembled monolayer (SAM), which are single molecules, forming
nanometer thick films with common orientation, aligned on a surface. The SAM are
considered as a dielectric layers on top of the electrode and are typically modeled

as a parallel plate capacitor. Mathematically, a capacitor is describe as:

EmEoA
d

where ¢,, is related to the dielectric constant of the SAM, g the permittivity

C:

(2.27)

of free space, d is the thickness of the dielectric layer (or the SAM) and A the
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electrode area. The electronic blocking of these SAMs can also be studied through
equivalent circuits and EIS measures.
In a classical approach, Cy is the resultant capacitance formed by the two

series capacitances as:

L1 1
Ca Cuxp Cp

where Cpy in the Helmholts-layer capacitance and Cp the diffuse-layer

(2.28)

capacitance. For label-free SAM, the EIS measurement is normally performed in a
solution with a redox marker. In these case, Cp, or faradaic capacitance, has more
influence in the final result. However, for label-free SAM without redox marker in the
electrolyte solution or with a redox probe confined in the SAM, the Cy component
stands out, giving information of intrinsic properties of the monolayer, or the storage
characteristics of the interface.

The capacitance information can be mathematically extracted from the EIS.
Admittance (Y) the ability of a circuit to conduct an AC. The inverse of impedance,

expressed as:

1 .
Y=7= Yoe = Yo + iYim (2.29)

From equation 2.29, the complex capacitance can be define as:

Y Y, Y. :
C=—=-m_"re 0 4 iCm (2.30)

w w w

The result as complex capacitance can be plot similar to Nyquist.

2.3 Principles of Piezoelectricity

Piezoelectricity from the Greek (piezin) means to press and the electricity
that is generated by the pressure [15]. In this way, piezoelectric effect is the ability
of certain materials to generate electric charge in response to applied mechanical
stress. The reversibility, where the materials has the converse piezoelectric effect (the

generation of stress when an electric field is applied) is also one of the characteristics.
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2.3.1 Quartz Crystal Microbalance

The piezoelectric quartz crystal microbalance (QCM) is an ultrasensitive
weighting device, consisting of a disk of single quartz crystal, with metal electrodes
deposited on each side of the disk [16]. When the crystal is connected to an external
driving oscillator circuit it can oscillates at its resonant frequency (f). QCM works
as a balance: any mass added to the electrode induces a frequency shift (Ay) lineraly
related to the change of mass (A,,).

In 1959, Sauerbrey was the first to recognize the potential usefulness of QCM

and demonstrate (in vacuum) [17], as:

Co
n

Ap = ——2A; (2.31)

where Cg is a constant related with the thickness and intrinsic properties of
the quartz and n is the overtone.

QCM was first used in vacuum and in gaseous environments. However,
Nomura showed that the piezoelectric crystal completely immersed in liquid can also
oscillate in a stable manner [18]. This approch paved the way for many different
applications, specially as a sensor in biomedical sciences.

The common electrical equivalence, Butterworth van Dyke (BVD) electrical
model, for a quartz crystal resonator is shown in Figure 2.11. This model is often

used to represent the electrical behavior of a crystal resonator near series resonance.
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Figure 2.11: Illustration of a QCM system (a) with the correspond eletric circuit (b).

The BVD electrical model consists of two parts. On the top, the components

are modified by the mass and viscous on the crystal: the resistor (R;) is the
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dissipation of the oscillation energy, C7, the capacitor, corresponds to the stored
energy in the oscillation and is related to the elasticity of the quartz and the
surrounding medium and L1, the inductor, corresponds to the inertial component of
the oscillation. The second part has the componente C};, the parasitic capacitance,
which represents the sum of the static capacitances and connector capacitance.

During a QCM measurement Ay is the indicator of mass, the frequency
decreases as mass increase. It is also convenient to use the dissipation factor (D).
In liquid, D increases due to viscous coupling.

The QCM operation in liquids is extremely sensitive to mass changes at the
solid /solution interface. When QCM comes in contact with a solution, there is a
decrease in frequency that is dependent on viscosity and density of the solution.
The treatment of the influence of the solution on the crystal permits the prediction

of the change in resonance frequency according to:

Ay = — 32 LI y1/2 2.32
1=l (quﬂq) (2.32)

where p, and i, are the quartz density and shear modulus, respectively, 7; is
the liquid viscosity and p; is the liquid density. The f, is the quartz resonator
frequency. A; and Ap measurements are both routinely used as independent

indicators of mass loading and viscosity at the crystal-liquid interface.

2.4 Principles of Field-Effect Transistors

Field-effect transistors (FET) are semiconductor devices that can be used as
potentiometric sensors since they are able to detect the eletric potencial change at
the surface of a solid material when placed in contact with an electrolyte [19].

FETs has a basic structure of a metal-oxide-semiconductor field-effect
transistor, or MOSFET. It consists of a p-type single crystal silicon semiconductor
substrate with two heavily doped n-type regions (source and drain), a gate dielectric
and a metal gate electrode on top of the gate dielectricc. MOSFET has a high
entrance impedance due to its insulate gate. The current flow between drain and

source when a very small potential is applied to the gate terminal.
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2.4.1 Extended Gate Field-Effect Transistor

In 1970, Bergveld introduced the ISFET (Ion Sensitive Field-Effect
Transistor) [20] where the metal gate from the MOSFET is removed and the gate
dielectric placed in contact with a liquid solution. The ions absorbed on the surface
generates an electric field similar to applying a voltage at the metal gate. This
devices were incorporated as pH-sensitive insulators or ion-selective membrane.

A new device was proposed in 1983 by Spiegel [21], the Extended Gate
Field-Effect Transistor (EGFET). This FET has the sensitive part separated and
coupled through a wire that is further attached to the transistor’s gate. This new
structure is easily constructed and does not require the fabrication of the MOSFET,
being simple to produce. Other advantagen include that the field-effect electronic
part does not enter in contact with the solution [21].

The physical principle involved on EGFET device is essentially potenciometric
since the surface suffers a potentiometric change. The potential is directly driven to
the MOSFET’s gate through the extended gate wire and this potential controls the
current flowing between Drain and Source terminals of the MOSFET.

To develop an EGFET device is necessary to link a sensible structure and
an electronic component with a high entrance impedance. Figure 2.12a show the
classical system where a commercial MOSFET is used and linked with the sensing

structrure, that is inside a beaker, through the wire.
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Figure 2.12: Comparison between the classical EGFET system built with a MOSFET
(a) and an anlternative EGFET systems built with an instrumental amplifier (b).
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It is also possible to use an instrumental amplifier as show in Figure 2.12b.
In this case, the amplifier is set as unitary gain buffer. This modification reduces
the hysterettic effect, reducing the input leakage and capacitance [21].

EGFET can be used for detection of charged biological species. When
the gate is funcionalized with a biological recognition element, the FET is called
BioFET. In this case, the change in the charge density of a biolayer immobilized
on the gate induces a change in the electrode surface charge density, which in turn
alters the surface potential and the BioFET acts as a potentiometric transducer [19].

The miniaturization and compatibility with microfabrication technologies
make the BioFETs promising for the development of low-cost portable devices,

especially for diagnosis.



CHAPTER

DNA PROBE IMMOBILIZATION

Chapter 3 discusses the first challenge of this work: find the best protocol
to develop a homogenous and stable self-assembled monolayer in order to have
reproducible results. The electrode preparation protocol, sample preparation and

different immobilization strategies are discussed.

3.1 DNA self-assembled monolayer

DNA hybridization sensors are based on DNA probes of known sequence
immobilized on an electrode surface to detect a target DNA in solution. For the
hybridization detection ocurs with success, the probe immobilization is the first
crucial step in the sensor development.

Many efforts have been directed to develop different strategies to electrode
surface modification. One of the most commonly strategies used involves the
formation of self-assembled monolayers (SAM). The discovery of spontaneous
alkenethiolate molecular film formation on gold [22] and the ability to form
SAM on metal surfaces, initiated the research looking for different applications.
Therefore, this modification consists in formation of a monomolecular layer with
high organization that is spontaneously formed when the electrode is immersed in
a solution composed of amphoteric molecules [23].

The SAM formation is based on the adsorption of functionalized alkanes
on metallic surfaces. Thiols on gold surfaces are the most widely studied SAM
type. It is characterized by perfect pairing between the alkanes with a slope of 20

to 30 degrees and in a high degree of organization and have been used in several

24
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studies, including electron transfer, which is fundamental for the development of
electrochemical sensors.|24]

Single-strand DNA (ssDNA) SAM use synthetic probes sequences modified
with thiol group (Figure 3.1(a)) immobilized on gold surface through a sulfur-gold
linkage.  This design structure can exhibiting greater biological activity and
selectivity once applied the correct protocol. For exemple, Herne and Tarlov [25]
demonstrated that optimization of surface density of probes also depends on the ionic
strength of the immobilization buffer. For hybridization sensors, the accessibility
of immobilized probes to complementary target sequences can be enhanced by
adding to the SAM a small molecule that work as a blocking agent and a spacer.
6-mercapto-1-hexanol, or MCH, commonly used. This small molecule can displaces
the weaker adsorptive contacts between DNA nucleotides and the substrate due to

thiol group, wich leads to a compact monolayer [26].
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Figure 3.1: lllustration of ssDNA immobilization on a gold surface (a), followed by a
MCH immobilization (b) to built a self-assembled monolayer (SAM) and the hibridization
event (c).

The SAM configuration illustrated in Figure 3.1(b) presents a compact
and organized layer where the spacer can effectively prevent the adsorption of
hydrophobic DNA bases directly onto the gold surface, consequently, improving
hybridization eficiency (Figure 3.1(c)) and reduces the non-specific adsorption of
targets on the electrode surface.

Furthermore, the monolayer dimension (nanometers) avoids the slow diffusion
of the electroactive species to the surface, reduces non-faradic residual currents, and

also, promote the surface passivation once the accumulation of unwanted species on
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the surface of the electrode is reduced.

3.2 Pretreatment of gold electrodes

Gold is an appropriate substrate for self-assembled monolayers, and the
properties of this substrates play an important role on the formation of the SAM [23].
Gold substrate has a lot of advantages, but at the same time, is easily contaminated.
This contamination can affect the SAM, creating defects that will dominate the
electron transfer process, and consequently, affect the DNA hybridization detection.
So, it is important to pretreat surface before.

Pretreatments can be divide between physical, chemical and electrochemical.
Physical treatments involves mechanical polishing with different alumina particle
sizes to remove a thin layer of gold and re-generate the surface of reusable electrodes.
Chemical treatments are based on different methods to oxidize the surface, for
example: piranha solution (a mixture of HoSO4 and Hy0Os), ozone or aqua regia .
Cycling the electrode potential between limits at which the gold surface is oxidized
and reduced is an effective electrochemical method to remove adsorbed impurities
[27].

Generally, these different pretreatments can be combined to obtain a clean
and reproducible surface roughness. Some studies [28, 29| reported that chemical
cleanning, which leaves gold oxide on the surface, affect the SAM formation leading
to non-reproducible results. As one of the main concern in this work is to obtain
reproducible SAM, chemical methods as piranha will be avoided. Alternative

procedures can combine physical and electrochemical methods.

3.2.1 Cleanning procedure

The final cleanning procedure presented in this section is an optimized
pretreatment developed after different results obtained over the experiments.
Polycrystalline gold working electrode (2mm diameter, 99.99%, Metrohm
6.1204.020, Switzerland) and a platinum counter-electrode ( Metrohm, Switzerland)

were used in all the experiments.

1. First the electrodes are electrochemically desorbed by scanning the potential
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4.

[FRTT-Y

between -2.0 and -0.8 V (vs Hg/HgySO,4) in a 0.5M NaOH solution. The
negative potential reduce any remaining thiol groups adsorbed on the surface
in previous experiments. Figure 3.2(a) shows the electrochemical dessorption

highlighting the reduction peak of thiols.

. Gold electrodes were polished using 1, 0.3 and 0.05 pum alumina particle

size (Struers, Denmark) for 3 minutos each one. Between the polishes, the
electrodes were sonicated in MilliQQ water for 5 mins to remove alumina oxide

particles residue.

. Electrochemical cleaning by cycling from -0.5 V to 1.1 V (vs Hg/HgsSO,) in

0.5 M HySO, for 50 cycles or until no change in the voltammograms. Figure
3.2(b) show the electrochemical cleaning voltammogram. The reduction peak

and capacitive area are used to determine the surface roughness.

Finally, the electrodes are rinsed with MilliQQ water, dry with nitrogen gas and

immediately used.
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Figure 3.2: Cyclic voltammetry of the cleanning procedures. First, in (a), the dessorption
in 0.5 NaOH follow by the eletrochemical cleanning (b) in 0.5 M HySOy4. Both using
Hg/Hg2S504 as reference electrode.

3.2.2 Determination of the surface roughness

The properties of the gold electrode surface depends on the topography or

roughness and chemical state. These factors affect the reproducibility, packing
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density and ordering of the SAM. The pretreatment procedures presented above
are able to remove organic impurities and reduces surface roughness.
Electrochemical cleanning, on step 3 above, repetitively oxidizes and reduces
the gold surface in diluted acid and the voltammogram (Figure 3.2(b)) is used to
determine the roughness factor (r). This factor is defined as the ratio between the

real area (or microscopic area) and the geometric area (Areag).
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Figure 3.3: Cyclic voltametry of the electrochemical cleanning procedure from -0.5 to
1.1 mV vs. Hg/HgaSOy4 in 0.5 M HySOy. In gray, region 1 correspond to the capacitive
area while region 2 correspond to the reduction peak. Both are used to determine the real
surface area from an electrode.

The reduction peak area represent the charge needed to reduce a monolayer
of adsorbed oxygen on the gold surface in an anodic potential scan. Mathematically,
the real area (Areag) can be calculated by the area of the reduced peak subtracted
from the capacitive area, both illustrated in Figure 3.3. The result is divided by the
constant 390 C/cm? for polycrystalline gold, as show in Eq. 3.1:

1-2

A = - 3.1
reag 390 (3.1)
Arear
= 3.2
" Areac (3:2)

where Areag correspond in this case to m.radius® cm?

. The roughness factor was
limited from 1 to 1.5 as acceptable values to use the electrodes in an experiment. The

real areal is also used to normalize the electrochemical signals from each electrode.
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3.3 Sample preparation

All reagents were obtained from Sigma-Aldrich and the solutions were
prepared with MilliQ water (Millipore system) with a Biopak Polisher Ultrafilter
(CDUFBIO01) to remove pyrogen, nuclease and protease. = DNA synthetic
oligonucleotides were purchased from Sigma-Aldrich. The folowing sequences

correspond to microRNAs related to breast and ovary cancer used in this study.

Table 3.1: DNA sequences used in the work. The probe with thiol modification, the full

complementary sequence (target), 4 mismatch and a non-complementary sequence. In red
1s highlighted the mismatch bases.

Sample Sequence

Probe (miR-200a) | 5 -HS(CHy)s- TTTT ATTGTGACAGACCATTGCTACA-3’
Target (miR-200a) 3TAACACTGTCTGGTAACGATGT-5

4 mismatch

(miR-200b) 3-TAATACTGCCTGGTAATGATGA-5’

non-complementary

(miR-200c) 3-TAAACTGCCGGTAATGATGGA-5’

Note that in the sequence the bases U from RNA were replaced by T from
DNA. This change gives the systems more stability and resistance against enzyme

degradation. Indeed, these samples preparation need some care in order to maximize

the shelf life.

3.3.1 Complementary sequences

All the complementary sequences are provided ready to use after
resuspension. The sequences are resuspended adding TE buffer (10mM Tris e 1mM
de EDTA), pH 7.5 with 100uM of stock solution. The samples are divided and

maintained at -20°C.

3.3.2 Thiol-modified probe

Thiol-modified oligos are provided in protected form with disulfide bonding to

minimize the oxidation potential. Sigma-Aldrich recommend to reduce the disulfide
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bond with DTT in order to have a free thiol bond (-SH). DTT structure is illutrate
in Figure 3.4.

To activate the thiol modification, 100mM DTT in sodium phosphate buffer,
at pH 8.5, was added in the ependorf and kept at room temperature for 1 hour.
After that, to remove the DTT, the sample was eluted in a NAP-10 column (GE
Healthcare Life Science) with 50mM sodium phosphate buffer. The column should
completely remove the DTT in the sample. However, after non-reproducible results
was suggested that the DTT could still be in the probe sample, affecting the SAM

formation.

OH

SH
HS

OH

Figure 3.4: Ditiotreitol (DTT) structure illustration.

To elucidate this hypothesis a mass spectrometry was performed. MSMS
m/z 177 shown in Figure 3.5 is the ion that was selected for fragmentation while
the m/z is the mass to charge ratio used in the analysis of DTT. The molecular
weight of this compound correspond to 154 g/mol. However, in solution, DTT can
get charged or associated with other elements. One strong suggestion is the DTT
association with sodium, which confers 177g/mol, as a high intensity peak in the
spectrum.

The others less intensity peaks correspond to the possible breaks in DT'T, as
an example the second high intensity peak, 149.1 g/mol, may correspond to the loss
of two CHa. Figure 3.7 shows the electrospray ionization (EIS) positive of a ssDNA
sample prepared using DTT where the 177 g/mol is present. So, it’s possible to
confirm that even using the elution column DTT is not completely removed from

the samples interfering in the SAM formation.
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Figure 3.5: MSMS m/z 177 is the ion that was selected for fragmentation while the m/z
s the mass to charge ratio used in the analysis of DTT.
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Figure 3.6: Electrospray ionization (ESI) positive of a ssDNA sample prepared using
DTT where the 177 g/mol is present
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Figure 3.7: FElectrospray ionization (ESI) negative of a ssDNA sample prepared using
DTT where the 177 g/mol is present
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3.4 DNA probe immobilization strategies

In the last decade many procedures describing the oligo probe immobilization
have been reported. As mentioned before, the probe immobilization is the key step
to the hybridization sensor once the interactions with the target sequence occur in
a heterogenous surface. Therefore, first the immobilization method was optimized
to produce a sensor surface with good control on the reproducibility.

Generally, the procedures have in commum the SAM formation, at room
temperature, take from minutes to many hours, using different buffers with
neutral pH and examined using different techniques to provide information on the
electrode/SAM interface [23].

The following sections will discuss the immobilization strategies developed
over this thesis. Briefly, the immobilization procedure can be divided in two groups:
ssDNA immobilization followed by spacer immobilization or co-immobilization,
where both species are immobilized at the same time. Apart from this, different
buffers can be used. The first and second methods are based on probe immobilization
followed by spacer, using a weak ionic strength immobilization buffer in the first, and
a strong ionic strength buffer in the second. The third method use co-immobilization

and a strong ionic strength immobilization buffer.

3.4.1 Weak ionic strength immobilization buffer

Literature describes different immobilization buffers for DNA hybridization
sensors. Most of them are composed of Tris, sodium or potassium phophate buffer
(PB) with NaCl (sodium chloride) and EDTA (Ethylenediaminetetraacetic acid),
pH 7 - 7.5.

The first procedure started with 1uM ssDNA probes in TE buffer (described
above) for 18 hours. The surface is washed with 10 mM NaCl in 5 mM Tris pH
7.4. After that, the electrodes are exposed to 1 mM MCH (in MilliQ water) for 2 h
and washed again with 10 mM NaCl in 5mM Tris. The hybridization occurs with 1
uM target sequence in TE buffer for 1h. The electrochemical characterization was
performed with 2.5 mM hexacyanoferrate II and IIT (1:1) in 10 mM Tris pH 7.4

Figure 3.8 shows the cyclic voltammogram(a) and the EIS (b) results of
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this protocol. The voltammogram presents a resistive and irreversible profile
for ssDNA before and after the spacer MCH. Likewise, EIS does not provide a

half-circumference as response.
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Figure 3.8: Cyclic voltammetry (a) and electrochemical impedance spectroscopy (b) (vs.
AgAgCl) for probe immobilization (black) followed by MCH immobilization (red) to block
the surface avoiding non specific interaction. Both using 2.5 mM hexacyanoferrate II and
III (1:1) in 10 mM Tris, pH 7.4, 100 mV /s

It was already reported that the surface density of the probe depends on
the ionic strength of the immobilization buffer [25]. The ionic strength can screen
the DNA charge to allow high probe densities. In this case, TE buffer used for
immobilization has a low ionic strength, which reduces the probe densities and the
ssDNA can flat on the electrode surface, blocking it. Once it happens, MCH may
not be enough to remove all non-specifically adsorbed probe from the surface [30].

As a result, a non-compacted SAM is formed.

3.4.2 Strong ionic strength immobilization buffer

To improve the electrochemical signal from the DNA hybridization sensor
other reagents were added to the immobilization and hibridization buffers. In the
second procedure tested the immobilization buffer was replaced by 1 M potassium
phophate buffer, pH 7, where 1 uM ssDNA where diluted and kept 18 hours at
room temperature. After that, the electrodes were exposed to 1 mM MCH (in
MilliQQ water) for 1 h and washed with 10 mM NaCl in 5 mM PB, pH 7.4. The
hibridization of 1 uM tDNA occured in 1 M NaCl, ImM EDTA and 10 mM PB, pH
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7.4,in 1 h. The CV and EIS were performed in 2.5 mM hexacyanoferrate IT and I1I
(1:1) in 10 mM PB, pH 7.4.

Potassium phophate buffer was tested as immobilization buffer in a high
concentration. The EDTA, now into the hybridization solution, is known as a
chelating agent that has high affinity for ions, mainly cations with +2 and +3 charge.
It is widely applied for biological purposes, mainly to avoid DNA degradation [31].
As DNA has negative charge due to phosphates groups it is interresting to add
a positive charge as Na-+, from NaCl, on the hibridization buffer to promote the
neutralization of these charges.

The electrochemical characterization of this procedure is presented in Figure
3.9. In the voltammogram, on the left, and in the EIS, on the right, the three curves
correspond to the ssDNA immobilized (in black), the surface blocked with MCH (in
red) and the hibridization with 1uM of target DNA (in blue).

By blocking part of the gold surface with the ssDNA an initial resistance
arises. This resistance can be interpreted as the resistance to the charge transfer
between the electrode surface and the redox marker in solution. When MCH is
added it increases the surface block, increasing the resistance proportionally to the
number of species adhered. Hybridization, on the other hand, is responsible for
changing the DNA conformation and its mobility, making it more rigid. It also
interferes in the charge transfer, increasing it. Both responses are observed in the
voltammogram and the impedance spectra.

The displacement of the oxidation to more positive values and reduction
peaks to more negative values, in Figure 3.9(a), indicates the surface blocking.
The hybridization was able to be detected, but its displacement, in relation to the
previous curve, was significantly lower. Table 3.3 shows the information extracted
from the voltammogram.

From EIS, in Figure 3.9(b), it is possible to observe the charge transfer
resistance (R ) from the half-circumference of the Nyquist diagram and the values
are described on Table 3.3. R from a clean electrode correspond to 300 €2. With
ssDNA immobilization this value increased to 5.01 k2. When the surface is blocked
with the spacer, R, increases to 27.86 k€2 and the hidridization correspond to 42.62
k2.
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Figure 3.9: Cyclic voltammetry (a) and electrochemical impedance spectroscopy (b)
(vs. Ag/AgCl) for probe immobilization (black) follow by MCH immobilization (red) and
hybridization with 1uM target DNA. Both using 2.5 mM hexacyanoferrate 11 and III (1:1)
in 10 mM PB, pH 7.4, 100 mV/s

Table 3.2: From the voltammogram in Figure 3.9(a) it is possible to extract the potentials
of the anodic and cathodic peak. Also, the difference betwenn them, AFE, for each step of
the immobilization and hybridizaiton.

Step Ey. (V) E,. (V) AE (V)

ssDNA  0.30 £ 0.01 0.15 £ 0.01 0.15 = 0.02
MCH 0.38 +0.02 -0.04 &£ 0.01 0.42 4+ 0.16
tDNA  0.41 £ 0.02 -0.04% 0.03 0.45 &+ 0.04

Table 3.3: The main information extracted from EIS (Figure 3.9(b)) is the charge
transfer resistance (Rei). This value is show for each step for, at least, three different
electrodes.

ssDNA MCH dsDNA

R (kQ) 5.01 £ 1.10 27.86 + 11.14 42.62 +£11.91

The second procedure demostrates the importance of NaCl and EDTA in the
formation of the monolayer. Using EIS, it is observed 71.44% R.; increase with 1uM
tDNA. This concentration is described in the literature as sufficient to hybridize
all the ssDNA immobilized [5]. The limit of detection (LOD) of the hybridization

correspond to the lowest analyte concentration likely to be reliably distinguished
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from the monolayer and at which detection is feasible. It can be determined by an
analytical curve decreasing the concentration of the target DNA in solution until no
charges are detected.

Figure 3.10 shows the CV (a) and EIS (b) results for ssDNA, MCH and
different tDNA concentrations. In (a) the distance between the oxidation and
reduction peaks increase with the increasing tDNA concentrations. In (b) Re

increases from 4.7 k€2 with MCH to 13 k2 with 1 M.
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Figure 3.10: The ssDNA immobilization follow by MCH immobilization is tested over

different target DNA concentrations. The CV in (a) shown a shift in the peaks with the
target DNA increase while the EIS (b) shown a increase in the Re; in the same conditions.

The impedance spectra gives a linear R.; increase as a function of tDNA
concentrations, as show in the analitical curve in Figure 3.11.

However, despite the apparent success of this immobilization method, the
electrochemical characteristics were not reproducible. This suggests that this low
reproducibility was caused by a non-compact SAM, where the ssDNA interact
with the gold surface and the post-immobilization treatment with MCH were not
enough to remove all non-specifically adsorbed probe [30]. At the same time, the
immobilization buffer with PB was not able to promote a SAM formation with high

probe density.

3.4.3 Co-immobilization with a strong ionic strength buffer

Finally, the third strategy applied is based on the mixed SAM structure
proposed by Herne and Tarlov [25], where they demonstrated that the density of
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Figure 3.11: The R, values from the Figure 3.10(b) are presented a linear behavier when
the concentration of target DNA increase.

probes strongly depends on the ionic strength of the immobilization buffer. They
also confirmed that the adsorption of DNA bases on gold, especially the interaction
of base A with gold, is so strong that it can dehybridize duplex sequences with this
base, which results in low stability.

In this method the thiol modified probes are co-immobilized with a the same
spacer, MCH. The new SAM prevent the adsorption of DNA bases directly onto
the gold surface, improving hybridization efficiency and reducing the non-specific
adsorption of targets [32].

Considering molecular size thickness of the SAM and the substrate is not
completely flat, the defects in the monolayer are inevitable. These defects, as holes
for example, may have a significant effect on the electrochemical behavior. The
protocol to prepare a mixed SAM structure was also reported by Estrela adding a
backfilling step [5]. After the SAM formation, the electrode is exposed to a high
concentrate MCH solution to cover any remaining hole. The improved protocol
proved to have a better control of probe density and good reproducibility [5].

The final method tested to DNA probe immobilization and followed over the
thesis is based on the report above. The procedures, results and discussion will be

shown in details in the next chapter.



CHAPTER

DNA HYBRIDIZATION DETECTION

The use of the intrinsic negative charge from the phosphate backbone of
DNA molecules is the base for hybridization detection and has achieved considerable
interest [3|. Hybridization results in an increase of negative charge at a funcionalized
surface probe and change the interface potential [5|. This change in potencial can
be transduced using different potentiometric techiniques, including Electrochemical
Impedance Spectroscopy (EIS) [5] and Field Effect Transistors (FET) [33].

One of the main advantages of these techniques is that they are promissing
for label-free detection. EIS measures the charge transfer resistance (R.) in the
presence of a negatively charge redox couple, in this case ferri/ferrocyanide in
solution. Hybridization increases the negative charge on the electrode interface,
but also, increases the repulsion for the negatively charged redox couple, increasing
R [34].

FETs can also be used to transduce when the system has a shift in the
current-voltage characteristics. The devices are built with different designs based on
funcionalization of the gate, which gives them different names as ISFET or EGFET.
In the EGFET system, the extended gate allows to connect thin films modified
with polymers and biomolecules [35]. Both techniques gives important information
about the detection. However QCM also give information in real time about the
SAM immobilization as the detection dynamics.

The third immobilization method discussed in chapter 3 is used in this
chapter to develop the DNA hybridization sensor. Electrochemical detection
with the presence of redox marker in solution is investigated. Probe surface

density is controlled by the thiol molar ratio in solution and determined using

40
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chronocoulometry.  The limit of detection without further amplification is
determined and the non-complementary sequences of microRNA 200b and 200c are
tested. The same system is tested using QCM and FET detection to compare with
EIS signal.

4.1 MicroRNA

MicroRNAs (miRNA) have emerged as a new class of biomarker with
potential to be applied in the next generation of cancer therapeutics [36]. They are
defined as a class of non-protein-coding and small RNAs (12 - 25-mer). Since their
discovery in 1993 [37|, these RNAs have been shown to play important regulatory
roles in different gene expression and cellular processes [36].

Between all the cellular processes some studies show that specific miRNAs
regulate cell proliferation and apoptosis processes, which are important in cancer
formation. Though different molecular techniques, it was possible to determine that
more than 50% of miRNA genes are located in cancer-associated genomic regions.
Thus suggesting that they may play a more important role in human cancers than
previously thought [38].

In a few words, these non-coding RNAs are divided into ribosomal RNA
(rRNA), transfer RNAs (tRNA), nuclear RNAs (snRNAs) and nucleolar RNAs
(snoRNAs). They also are subdivided into short and long non-coding RNAs (more
than 200-mer). Long non-coding RNAs are particularly well suited to epigenetic
regulation once they bind to complementary target sequences in the genome. After
binding to their genome targets, they help recruit proteins that modify chromatin
[39].

Short non-coding RNAs (including microRNAs) work by binding to target
mRNA, where they can repress translation or cause the target degradation, as briefly
illustrated in Figure 4.1. As consequence, miRNAs reduce the amount of protein
produced by an mRNA.

MicroRNAs can be detected in blood and urine [39] providing the possibility
for the development of new biosensing technologies based on oligonucleotides that

are complementary miRNAs associated with disease and useful biomarkers for cancer
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Figure 4.1: The MicroRNA biogenesis process begins in the nucleus where the RNase
III enzyme Drosha, coupled with its binding partner DGCRS, cleaves pri-miRNA into
pre-miRNA. Pre-miRNAs are exported from the nucleus into the cytoplasm, where the
hairpin precursors are cleaved and its binding partner the transactivator RNA-binding
protein TRBP into dsRNA duplex that contains both the miRNA strand and its
complementary strand. Reproduced from [39].

diagnostics.

For this work the miR-200a was chosen as the probe for biosensor
development. The sequence was tested with its full complementary or target, and
also with miR-200b and miR-200c. These microRNAs are involved with ovarian and
breast cancer [40]. In ovarian cancer these three sequences are overexpressed and

miR-200a plays an important role in breast cancer initiation and progression.

4.2 Biosensor Fabrication

4.2.1 Materials

All DNA sequences were purchase from Sigma-Aldrich. All chemical used in
the experiments were also purchased from Sigma-Aldrich and used as received. The
aqueous solutions were prepared using Ultra-pure water (Millipore) with a Biopak
Polisher Ultrafilter (CDUFBI001) filter to remove pyrogen, nuclease and protease
and filter with 0.22 pm syringe filter before using.
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4.2.2 Sample preparation

Thiol-modified probe and complementary sequencies were prepared using TE
buffer adding a specific volume to obtain 100 pM. The samples are divided in small
aliquots and frozen at - 20 °C until use. The sequences were previously described in

Table 3.1.

4.2.3 Electrode preparation

Electrode preparation is based on the cleanning procedure described on
section 3.2.1. Briefly, the electrodes are scanning to negative potential to remove
thiol adsorbed groups in the surface. After that, the electrodes are polished with
different alumina particle sizes, washed and electrochemically cleanned in sulfuric
acid. Electrodes are rinsed in water, dried in steam of nitrogen and immediately
exposed to ssDNA with MCH in the immobilization buffer.

MCH is first diluted in ethanol (BioUltra) (100 mM) and then, rediluted in
water (10%) to obtain 1 mM. DNA immobilization buffer (I-BFR) consisted of 0.8
M phosphate buffer (PB) + 1.0 M NaCl + 5 mM MgCl, + 1 EDTA, pH 7.0. ssDNA
and MCH were co-immobilized in different molar ratios to optimize the probe surface
density, for 16 h at 4 °C.

After immobilization, electrodes were sequentially rinsed in I-BFR followed
by 200mM PB, 10mM PB + 10mM EDTA and finally 10mM PB to remove any
remaining Mg?". To ensure the complete thiol coverage of the gold surface, the
electrodes were backfilled with 1 mM MCH (10%) immersion for 1 h at room
temperature. Electrodes were finally rinsed with water.

All the electrochemical characterization was performed in 2.5 mM
ferri/ferrocyanide in 50 mM PB + 100 mM K,SO,, pH 7.0 (E-BFR). Hybridization
were performed using different complementary sequencies in 50 mM PB + 100 mM

K>SOy, pH 7.0 (H-BFR) for 30 min.

4.2.4 Instrumentation

All electrochemical characterizations were carried out in an electrochemical

cell with the 3 electrodes configuration, using a Hg/HgSO, electrode (FATEC) as
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the reference electrode and a platinum wire as the counter electrode (Metrohm).
An Autolab PGSTAT20 (Metrohm) was used to perform the electrochemical

experiments with a FRA module.

4.3 Electrochemical characterization of modified
electrodes

Once the protocol for ssDNA immobilization is well defined and the results in
a compact and reproducible monolayer, it is importante to have an accurate control
of probe density to optimize it and improve the hybridization signal. Now, the SAM
is formed by a simultaneous co-immobilization of thiol-modified ssDNA and a thiol
spacer MCH. So, first, the probe density is investigated through chronocoulometry
(CC) and EIS.

4.3.1 DNA surface density

The ssDNA density on the SAM can be quantified with the chronocoulometry
(CC) method developed by Steel et al. [26]. The electrodes modified with SAM are
immersed in 10 mM tris buffer, pH 7.4. The potential is stepped from - 300 to
- 800mV (vs. Hg/HgSO,) for 500 ms to determine the capacitive charge. After
that, the eletrodes are immersed in 100 pM hexaammineruthenium(III) chloride
(Ru(NH3)¢*t) in Tris buffer and the measurement repeated. Both solutions used
were purged with argon for 30 min before the experiments.

The positively charged Ru(NHs)s*t, in this case, interacts electrochemically
with the negatively charged probe being trapped stoichiometrically (1/3) to the
amount of DNA bases [25]. To optimize the detection, different molar ration between
thiol-modified ssDNA and MCH or the total thiol (ssDNA + MCH) varied from
zero, where only MCH was immobilized, to 100% that corresponds to just ssDNA
on the surface. The typical chronocoulometric curve for ssDNA with and without
Ru(NH;3)6*" and the hybridization with Ru(NHjz)*" is presented in Figure 4.2.

From the CC curve it is possible to extrapolate the ssDNA dada without
Ru(NH3)¢*t to y-intercept which corresponds to capacitive charge (Qg). Likewise,

the ssDNA with Ru(NH;)*" extrapolation correspond to the sum of Qg + n. AT,



4.8 - Electrochemical characterization of modified electrodes 45

T T T T
—— SAM (absence of Ru(NH_),™
1.44 —— SAM (presence of Ru(NHa}:' b
2] ——dsDNA (presence of Ru(NH,),"

0.00 0.05 D.|10 0.15 0.20
2, 112

Figure 4.2: Chronocoulometric response curves for DNA probe co-immobilized with
MCH. In black the SAM in the absence of Ru(NH3)63+, in red the SAM in the presence of
the complex and in blue, after hybridization with 1uM of target DNA and in the presence
of Ru(NHz)g>".

the charge from the reduction of I'y, the amount of surface confined redox marker
(mol /cm?).

Figure 4.3(a) show the CC curve for ssDNA in the molar ratio: 0, 1:10, 1:6,
1:5, 1:4, 1:3, 1:2 and 1:1 DNA:total thiol. The EIS curve for the same proportions
are show in (b). The probe surface density varies from 2.84 .10 cm™2 at 10%
fraction of ssDNA to 9.47 .10'* cm™2 at 50%, while the R,; varies from 5.1 to 12.2

k2 at the same fractions.
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Figure 4.3: FElectrochemical characterization of the SAM wusing different proportions of
probe and spacer. Chronocoulometric response curves in (a) show the SAM in the absence
of RU(NH3)63+ in black and the different proportions with the presence of the complex. In
(b) the EIS response curves in 2.5 mM ferri/ferro in E-BFR at OCP value.
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The I'y values are describe in Table 4.1. Error bar show the spread for at

least three electrodes at each molar fraction.

Table 4.1: ssDNA surface density and charge transfer resistance values are presented for
each probe and spacer proportion tested.

DNA:Total thiol Ty (10'2 cm™2)

0 2.30 £ 0.23
1:10 2.84 +£0.24
1:6 3.27 £ 0.36
1:5 3.26 £ 0.34
1:4 3.61 £ 0.28
1:3 3.78 £0.48
1:2 4.31 £0.24
1:1 947 £ 1.18

The ssDNA surface density as a function of the molar ratio in the
immobilization solution is show in Figure 4.4. Zero DNA /Total thiol correspond
to the electrode immobilized with MCH. The fractions 1:10 and 1:6 (correspond to
0.1 and 0.16) show a small variability between electrodes in the same molar fration.
It may be related to the decrease of electrostatic repulsion between probes. It, also,
presented a linear relation between 10 and 50%.

High density values are interesting for DNA hybridization sensors due to
the high target hybridization that can be obtained. This method has already been
reported to investigate probe density by Steel et al. and Keighleyet al. |26, 5] using
different sequences, linkers and immobilization methods. The first one reported the
high hybridization efficiency for the 4 x 10'* ¢cm™2, while the second one reported the
maximum change in R, with around a 20% molar fraction (1:5), which correspond
to, in this case, 5.4 x 10'? cm™2.

The hybridization efficiency was tested with 1 uM fully complementary DNA

in E-BFR for 30min. The result as a function of probe density is shown in Figure

4.5 and as a function of molar fraction in Figure 4.6.
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Figure 4.4: Probe surface density as a function of fraction of DNA to total thiol
concentration in immobilization solution. FError bars show the mean and spread for, at
least, three samples at each DNA mole fraction.
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Figure 4.5: Charge tranfer resistance (Ret) as a function of probe surface density. EIS
measurements are preformed in E-BFR with 2.5 mM ferri/ferro at OCP wvalue.

The Ry from ssDNA SAM changes according to the ssDNA molar ratio as
described in Figure 4.3(b). So, the R after hybridization considering this change
in shown in Figure 4.6. The maximum change in R, after hybridization occurs
around a 20% fraction of DNA /total thiol in the I-BFR, which corresponds to 1:4
sample. This molar fraction is close to the reported by Keighleyet al., where the
immobilization method is based. However, Keighleyet al. used a ssDNA sequence
with a different and longer linkers.

Considering these parameters optimized, the molar fraction 1:4 is tested over

lower tDNA concentrations. The electrode was sequentially exposed from 10 fM to
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Figure 4.6: Increase in the charge tranfer resistance (Re) after hybridization as a
function of the fraction of DNA to total thiol. FEIS measurements after hybridization
are preformed in E-BFR with 2.5 mM ferri/ferro at OCP value.

1pM for 30 min each. The analitical curve (Figure 4.7) shows the R.; increase. From

these values the LOD correspond to 100fM.
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Figure 4.7: Data points represent average Re recorded using EIS from four independent
samples at different concentration of tDNA.

The LOD is high compared to the current literature. However, this system
does not have any signal amplification as nanoparticles, redox intercalators or probes
without charge. Also important, Figure 4.8 presents the negative controls.

The electrodes are exposed to 1 M miR-200b and 200c sequences for 30min.
The R.; for miR-200b with four mismatch, increased 2.4% while miR-200c, that is

non-complementary sequence, show a small reduction.
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Figure 4.8: The negative control. R comparison between non-specific miR-200b and
miR-200c sequences hybridization with miR-200a probe in the SAM.

In this platform the hybridization efficiency was lower than previous results.
However, the system has able to distinguish full complementary sequence from 4

mismatch bases and non-complementary sequences.

4.4 Hybridization Troubleshooting

4.4.1 Thermal Melt Analysis

The optimized DNA immobilization protocol described and discussed until
this point ensure the best conditions for oligo immobilization on gold surfaces.
However, once immobilized it does not ensure that the hibridization will successfully
occur. The electrode surface hybridization could not occur for different and unknown
reasons.

It is possible to test if the hybridization occurs in solution using a thermal
melt analysis system. In this experiment, a Shimadzu UV-1800 spectrophotometer
equipped with the TMSPC-8 was used for the thermal melt experiment. 1 pyM
concentration of DNA probe, target DNA and the mixture of probe and target
DNA was prepared separately in E-BFR. The first cell is used to measure the blank
with E-BFR followed by 2 cells for probe DNA, 2 cells for target DNA and 2 cells
for mixture (probe + target) respectively. The programme is set with a complete
cycle where the temperature is raised linearly from 19°C to 90°C and back. Using

a ramp rate of 0.5°C/min, the absorbance was recorded at a wavelength of 260 nm.
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Figure 4.9: Melting curve of DNA probe and target DNA in E-BFR buffer, pH 7.4. The
zero absorbance correspond to the cell with E-BFR. The four different lines with a small
increase over the temperature correspond to probes and targets in individual cells. The
two curves with a significante increase around 66°C correspond to the cells with probe and
target sequence together.



4.4 - Hybridization Troubleshooting 51

Absorption can be used to detect the sample hybridization, in solution, as
a function of temperature. Figure 4.9 demonstrated the real-time melting curve
obtained. The DNA strands hybridize at room temperature and with the increase
of temperature, the conformation changes until 60°C. Up to this value, the double
helix denatures, increasing the absorbance. When the temperature decreases, the
single strands hybridize again and the absorbance reduces. The temperature at
which half of DNA strands are in the single-stranded state is termed as melting
temperature (T,,). From the software analysis, the T,, was found to be 66°C. The
analysis confirmed that the strands obtained were well hybridize even when it does

not hibridize on the electrodes surface.

4.4.2 Linker

Oligo sequences are provided with different modification, as thiol or amine
i.e., depending on the surface where it will be immobilized. Between the modification
and the oligo sequence, there is a short structure, called linker. This struture
normally depends on the company that it is synthetized. Some common linkers
are (CHy)g, (CHs)s-POy4-(CH2CH50)s and AEEA (8-amino-3,6-dioxaoctanoic acid).

The linker increases the probe length and, also, can interfere in the
electrostatic interaction between the probes on the electrode surface. A different
linker is tested with the same DNA sequence to evaluate it’s influence over the probe
immobilization followed by hybridization. This part of the project was developed in
the University of Bath (UK).

The HS-(CHj)s-POy4-(CH2CH20)g-ssDNA  sequence was purchased from
ATDbio (University of Southampton) and prepared as previously described. 1uM
ssDNA was co-immobilized with ImM MCH (10% ethanol) in the molar fraction 1:5
(DNA /total thiol) in 0.8 M phosphate buffer (PB) + 1.0 M NaCl + 5 mM MgCl, + 1
EDTA, pH 7.0, for 16 h at 4 °C. The electrode pretreatment and sample preparation
was the same described in this chapter and in Section 3.4.3.

After immobilization, electrodes were rinsed with 10mM PB and backfilled
with 1 mM MCH (10% ethanol) for 1 h at room temperature. Electrodes were
rinsed with water. The electrochemical characterization was performed in 2 mM

ferri/ferrocyanide in 50 mM PB + 100 mM K,SOy4, pH 7.0. Hybridization were
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performed using complementary sequencies in the same buffer for 30 min.
The EIS responce, Figure 4.10, demonstrates the R,; increase as a function

of target DNA concentration.
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Figure 4.10: The HS-(CHs)s-POy-(CHy CH2O)s-ssDNA sequence co-immobilized with
MCH in 1:5 molar fraction. In (a) the EIS responce to 10nM, 100nM and 1M target
DNA. In (b) the Re increase for each target DNA concnetration.

The R values from (CHj)g linker, previously presented in this chapter, for
the SAM are greater than the values from (CHy)-PO4-(CHy,CH30)g shown in this
section. The increase in probe length reduces it immobilization on the electrode
surface, reducing the charge transfer resistance. However, the linker does not show

a relevant influence in the hybridization event.

4.5 BioFET and QCM sensor for DNA hybridization

Label-free detection of DNA hybridization has been achieved by employing
different techniques. Electrochemical detection is the main technique due to the
intrinsic negative charge from de oligonucleotides and is extremely promising.
However, others approches can provide complementary information about the
system or reduce the cost, developing reliable sensors with low cost.

QCM can provide valuable and real-time information on the status of the
SAM, as the amount of mass absorbed and the viscoelastic properties [8]. In this
case, the same platform was tested on QCM to compare the detection.

An other option already reported for DNA hybridization is the Field Effect
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Transistor (FET). This class of devices has low cost and can also be easily integrated

into portable systems.

4.5.1 Hybrization detection using QCM

QCM measurements were carried out in Q-Sense System (QCM-D, E4) using
5MHz sensor crystals with 14 mm diameter, AT-cut, covered with gold. The crystals
were first sonicated in ethanol for 15 min followed by 1 min in piranha solution (1:3
hydrogen peroxide solution and concentrated sulfuric acid). Cleaned crystals were
rinsed successively with ultrapure water and dried with nitrogen gas.

The crystals were modified with 300 pl of 1:5 (ssDNA:total thiol) in the
I-BFR, for 16h, at 4 °C. After that, the modified crystals are rinsed with E-BFR
and put in the QCM system to stabilize with E-BFR. The oscillator is excited at
its fundamental resonance frequency and integer odd multiples and the resonance
frequency and energy dissipation changes were monitored. In this case, the
fundamental frequency and 3¢, 57 7" and 9" overtones are monitored.

After stabilization of the system at 25 °C, different concentrations of target
DNA were injected at 100 pl/min and the flow was turned off. After 30 min E-BFR
was injected to remove the remaining tDNA. In Figure 4.12 from 1 fM to 100 pM
tDNA were injected over the time. The Af is show in Table 4.2 with the respective
values of Am and the amount of hybridized molecules.

In an other crystal the same procedure was reproduced injecting higher
concentrations of tDNA (Figure 4.12). The 10nM was injected and after washing
the Af correspond to - 200 Hz. When 1 uM was injected the frequenct decreased
more 84 Hz.

The Af was applied in Sauerbrey equation (2.31) to determine Am value,
where, the Cg was replaced to 17.7 Hz.ng.cm™?, a typical value for 5 MHz crystals
and n correspond to 3. The amount of hibridized DNA (I") value was calculated
considering:

MW.Tr
A, = N, (4.1)
The target DNA has molar weight (MW) equal to 6749 g/mol. The result

for each concentration is presented in Table 4.2.
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Figure 4.11: Real-time curve of frequency response for Sth overtone upon small target
DNA concentration in flow-condition. Arrows indicate the injection of target DNA over
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Figure 4.12: Real-time curve of frequency response for 3th overtone upon increasing

target DNA concentration in flow-condition. Arrows indicate the injection of target DNA
and E-BFR to wash.

The information from Table 4.2 can also be interpreted according Figure 4.13,
where in (a) the frequency decrease linearly from 1 fM to 100 fM and from 100 pM
to 1 uM. This correspond to a similar behavior on mass charge. The range between
100 fM and 10 pM presented a small decrease in frequency that can be related to

sample homogeneity.
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Table 4.2: Amount of DNA hibridized. From Figure 4.11 and /.12 were extracted the
Af, Am and the theoretical amount of DNA.

tDNA concentration Af (Hz) Am (ng) I (10" cm™?)

1fM -39 230.1 2.0
10fIM -79 466.1 4.15
100fM -97 572.3 5.1
1pM - 103 607.7 5.4
10pM - 111 644.9 5.7
100pM - 119 702.1 6.2
10nM - 200 1180 10.5
1uM - 284 1675.6 14.9
300 * . . o

(a) (b)

Figure 4.13: Information from Table 4.2. The frequency response over the target DNA
concentration in (a) and the change of mass over the target DNA concentration in (b).

Comparing the QCM results with the surface probe density presented in
Table 4.1, is possible to verify that QCM show a hibridization 10x higher than
the probe density. The QCM electrode has a roughness greater than the others
electrodes, which increase the surface area or the real area. The probe surface
density was calculated using Cottrell equation and considering the real area from
the potenciostat electrodes. Now, this approach can not be compare with QCM

system. Even though, QCM show a interesting correlation.
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4.5.2 BioFET detection

The detection is based on the modulation of the gate voltage associated with
the increased negative charge on the gate upon hybridization. The method can be
applied to other bio-reactions that result in a modification of surface charge.

Using an instrumental amplifier the potentiostat electrode was connected to
the gate of the EGFET system after the surface modification with SAM (1:4). Each
potential value was redorded over 5 minutes for five different samples in E-BFR
without redox marker.

The electrodes were incubated with different target sequence concentration
for 30 min. After the incubation, the electrodes were rinsed with E-BFR and
connected to the gate. The potential average over the 5 minutes was calculated

and presented in Figure 4.14.

AV (mV)
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Figure 4.14: Difference of potential as a function of the target DNA concentration.
Hybridization is performed at E-BFR without redox marker in solution.

The increase of negative charge in the gate due to hybridization leads to a
shift in the potential. However, the results presented a high standard deviation
between the samples, with low reproducibility and low detection.

The FETs are a class of low-cost device that can be improved through signal

amplification and explored in futures works for biomarkers recognition.



CHAPTER

HER2 APTAMER

Breast cancer is one of the most common cancers and the second cause of
women deaths [41, 42]. More than 90% of these deaths are related to metastatic
growth [41]. Therefore, early stage detection of cancer is crucial to increase the
chances of survive. Human epidermal growth factor receptors (HER/erbB) are
involved in normal growth and cell differentiation. A malignant growth can be
related with HER2 overexpression and it is present in some cases of breast, ovarian,
lung, gastric, oral, prostate and other cancers [43].

HER2 has been shown overexpressed in around 20-30% of aggressive breast
cancers and associated with poor-prognosis [42]. Breast cancer patients have high
HER2 concentrations in their blood (15-75 ng/mL) compared to normal individuals
(2-15 ng/mL) [44, 45]. To evaluate these concentrations, different HER2 detection
techniques have been reported, including fluorescence in situ hybridization (FISH)
assays and immunohistochemical (IHC) assays [46]. However, these techniques
require sophisticated instrumentations, special training, are labour-intensive and
time-consuming.

To satisfy these unmet clinical needs, several biosensors that recognize
enzymes, receptors and antibodies have been reported [47, 48]. One of the
disadvantages of using antibodies is their instability due to irreversible denaturation.
Therefore, alternative biorecognition elements are demanding to develop stable
biosensors. Synthetic molecules such as aptamers can fulfil these gaps associated
with biomarkers. Aptamers are single strand oligonucleotides (DNA or RNA)
that are design to bind specific targets, as proteins [49]. The unique aptamers

property has shown great potential for biosensors using optical, electrochemical,

o7
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and mass-sensitive approaches [49, 50].

In the recent years, several electrochemical aptasensors based on Faradaic
approach have been reported for the detection of cancer specific antigens, but just
few of them are focused on HER2. In this study, gold electrodes were modified with
DNA aptamers [51] designed to specifically bind HER2 protein. The electrochemical

impedance spectroscopy was used to characterize binding events.

5.1 Biosensor Fabrication

5.1.1 Materials

All DNA aptamer sequences were purchase from Sigma-Aldrich. Recombinant
human ErbB2 / HER2 Fc Chimera protein were purchased from R&D Systens
(Bio-Techne, Minneapolis, MN, USA). All chemical used in the experiments were
also purchased from Sigma-Aldrich and used as received. The aqueous solutions
were prepared using Ultra-pure water (Millipore) with a Biopak Polisher Ultrafilter
(CDUFBI001) filter to remove pyrogen, nuclease and protease and filter with 0.22

pm syringe filter before use.

5.1.2 Sample preparation

Thiol-modified probe were prepared adding a specific volume of TE buffer to
obtain 100 uM. HER2 protein are prepared adding a specific volume of phosphate
buffered saline (0.01 M phosphate buffer, 0.0027 M potassium chloride and 0.137
M sodium chloride, pH 7.4) to obtain 100 uM. Both samples are divided in small
aliquots and frozen at - 20 °C until use. The aptamer sequence tested are shown in

Table 5.1.

Table 5.1: DNA aptamer sequences. The two sequences tested for aptasensor
development.
Probe 5 -HS(CHz)6 - Sequence - 3’

1 AACCGCCCAAATCCCTAAGAGTCTGCACTTGTCATTTTGTATA
TGTATTTGGTTTTTGGCTCTCACAGACACACTACACACGCACA

2 ATTAAGAACCATCACTCTTCCAAATGGATATACGACTGGG
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5.1.3 Electrode preparation

HER2 aptamers were heated to 95°C for 10 min and cooled immediately on
ice for 15 min. MCH is first diluted in ethanol (BioUltra) (100 mM) and then,
rediluted in water (10%) to obtain 1 mM. DNA aptamer immobilization buffer
(I-BFR) consisted of 0.8 M phosphate buffer (PB) + 1.0 M NaCl + 5 mM MgCl,
+ 1 EDTA, pH 7.0. Aptamer and MCH are co-immobilized on the top of clean
electrodes (according to section 3.2.1) for 16 h at 4 °C.

After immobilization, the same procedure for DNA in the last chapter is
repeated. Electrodes were sequentially rinsed in I-BFR followed by 200mM PB,
10mM PB + 10mM EDTA and finally 10mM PB to remove any remaining Mg®*. To
ensure the complete thiol coverage of the gold surface, the electrodes were backfilled
with 1 mM MCH (10%) immersion for 1 h at room temperature. Electrodes were
finally rinsed with water.

The aptasensor is exposed to differrent concentrations of HER2 protein in
PBS for 30 min. All the electrochemical characterization was performed in 2.5 mM
ferro/ferricyanide in PBS.

For surface plasmon resonance (SPR) experiments, gold coated SPR sensors
were immobilized with the aptamer overnight and measurements carried out in 10
mM PBS under flow conditions. The flow rate was kept constant at 25 1/min upon
injection of 50nM HER2 and ACT-PSA protein for 10 min binding and followed by

5 min for dissociation of unbound protein.

5.1.4 Instrumentation

All electrochemical characterizations were carried out in an electrochemical
cell with the 3 electrodes configuration, using a Hg/HgSO, electrode (FATEC) as
the reference electrode and a platinum wire as the counter electrode (Metrohm).
An Autolab PGSTAT20 (Metrohm) was used to perform the electrochemical
experiments with a FRA module. SPR experiments were carried out in a

dual-channel SPR7000DC from Reichert Technologies (Depew,NY, USA).
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5.2 Electrochemical characterization of modified
electrodes

The aptasensor development started in the University of Bath (UK) using
probe 1 [51]. The method applied for aptasensor is similar to the previous one for
DNA hybridization sensor. DNA aptamers has also negative charge and interact
with the redox probe (ferri/ferro) in solution repelling it.

The first sequence was one of the few HER2 aptamers in the literature until

2015. The predicted second structure is illustrated in Figure 5.1.

Figure 5.1: Predicted aptamer 1 secondary structures. Reproduced from [51].

Most of the aptasensors already developed use DNA sequences between 20 -
40 nucleotides, however, this sequence has more than 80 nucleotides. The increase
in the probe lengh leads to increase in the size of the secondary structure, which,
in electrode surface, cover a large area. Therefore, the molar fraction between the
aptamer and the MCH tested was 1:100, 1:200 and 1:500. Figure 5.2 presents the
the percentage of R; increase after 1uM HER2 binding for 30min.

The maximum percentage change of charge transfer resistance upon binding
was obtained from DNA aptamer probe electrodes co-immobilized with MCH at a
molar fraction of 0.5%, where the R, increased 35.61% compared to 10.05% and
19.9% for 1:100 and 1:500 respectively. Negative controls were conducted using
HER4 proteins. The few electrodes tested were not sufficient to ensure reliable
statistical values, but indicate that the aptamer has low non-specific binding.

The electrodes modified with aptamers are also negatively charged as the

DNA sequences presented in the previously chapters. The protein binding leads to
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1:100 1:200 1:500
Aptamer : Total Thiol

Figure 5.2: Influence of different molar fraction in Re:. Electrodes were co-immobilized
with HER2 aptamer and MCH in different molar fraction. The bars show the Rq after
1uM HERZ2 binding for 30min.

an increase of charge transfer resistance due to a high mass loading on the surface of
the electrodes, which will reduce the redox probe approaching the surface. However,
when the system was tested with low HER2 protein concentration, close to human
values, the aptasensor presented a non-linear behavior with insignificant R.; increase.

An other point that has to be considered is the Kd value or dissipation
constant. The smaller the Kd value, the greater is the binding affinity of the aptame
for its target. In this case Kd = 18.9nM, which correspond to a low value as
necessary.

Surface plasmon resonance was used to test the aptasensor with low HER2
concentrations. Figure 5.3 shows the results for 50nM HER2 and the same
concentration of non-specific ACT-PSA protein. After removing the unbound
protein, the specific binding is 72.7% higher than the non-specific.

SPR as an optical technique is able to detect the binding event in lower
concentrations than EIS. In this specific system, the huge sequence length can lead
to binding events far from the electrode surface and, consequentetly, out of the
double layer. In this case, the electrochemical techniques are not able to detect.

In 2016 new HER2 aptamers were reported using a small DNA sequence,
described in Table 6.1 as probe 2. This sequence is illutrated in Figure 5.4.

The second aptamer tested has 40 nucleotides and Kd = 28.6nM [52].
Comparing to the DNA sequences from chapter 3, 4 and 5 is the double, but at the
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Figure 5.3: SPR specific and non-specific binding. The aptamer was tested with 50nM
of HER2 and AT-PSA.
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Figure 5.4: Predicted aptamer secondary structures for probe 2. Reproduced from [52].

same time, half of the first one. The predicted secondary structure is directly related
with the sequence length and, consequentetly, with the aptamer molar fraction on
the electrode surface.

Co-immobilized aptamer with MCH was tested with 1:5, 1:10, 1:50 and 1:100
molar fractions. The charge tranfer resistance results for binding with 1uM HER2
are presented in Figure 5.5(a). The increase corresponds to 3.5, 4.1, 9.3 and 6.4%
respectively.

The maximum percentage R.; upon binding was obtained from DNA aptamer

probe electrodes co-immobilized with MCH at a molar fraction of 2.0%. Electrodes
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Figure 5.5: Aptasensor detection. Co-immobilized aptamer with MCH was tested with
1:5, 1:10, 1:50 and 1:100 molar fractions with 1uM of HERZ2 protein (a). The optimized
molar fraction (1:50) was tested with different HER2 concentrations using EIS (b).

with this molar fraction were exponsed sequentially from 1 nM to 1 uM of HER2
protein concentration. The R.; responce is show in Figure 5.5(b). The human values
of interest come from 1 nM to 10 nM. For this range the aptasensor respond to the
presence of specific protein. However, it was not possible to obtain an analytical
curve.

The aptasensors for HER2 protein presented promising results. However,
further improvements are required to conclude the linear range for detection and its

limit with the necessary reliability.



CHAPTER

CONCLUSION

Label-free DNA biosensor was investigated to detect target analyte
in solution using different techniques. Electrochemical transduction was
explored through cyclic voltammetry, electrochemical impedance spectroscopy and
chronocoulometry, followed by quartz crystal microbalance and biofet where the
same parameters were reproduced. The oligo sequence used as probe and target
correspond to a DNA form of microRNA 200a, related with breast and ovary cancer.

The platform was first optimized starting with the immobilization procedure,
including electrode cleaning, probe and spacer immobilization, buffers and probe
density quantification. The electrode surface roughness or the real area was
determined by electrochemical cleanning and limited to 1.5 x geometric area. High
ionic strenght immobilization buffer combined with co-immobilization of probe and
spacer gives a better quality in terms of probe orientation, control of probe density
and reproducibility. This procedure follow by backfilling with high concentration of
spacer avoid non-specific interation.

Immobilization procedure was optimized using cyclic voltammetry and
electrochemical impedance spectroscopy. The probe surface density was determined
through chronocoulometry. For that, a mix using different molar fraction of probe
and spacer were prepared in the immobilization buffer. This method provide an
effective control of probe surface density. A linear relationship between molar
fraction and probe surface density was observed changing the probe from 10 to
50% and getting as result from 2.84 to 4.31 x 10" molecules/cm?.

The optimized system was tested with 1 uM target sequence and the

increase of R.; was compared to probe density to obtain the optimized hybridization
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efficiency. In this case, 20% of probes on the immobilization buffer leads to the
highest increase of the R.; due to hybridization. From these parameters was possible
to set up a calibration curve, where 100 fM as limit of detection was observed. This
limit is high compared with the literature, however any amplification was used and
the platform was able to distinguish non-specific sequences with 4 mismatch bases
decreasing more than 80% of the R;.

The platform was reproduced on top of QCM electrodes considering the
same parameters. The frequency decrease with the hibridization over different
target concentrations. The frequency can be used to estimate the density of target
sequences that hybridized. However, the values are higher that the probe surface
density estimated electrochemically. In this case, the real area of QCM electrodes
are higher due to it roughness, which also affects the area value used on Cottrell
equation.

The bulk gold electrode modified with SAM was also connected with the gate
of the EGFET system using an instrumental amplifier. The charge increased on the
electrode surface due to hybridization was just able to detect high concentrations
of target DNA. This low cost detection have to be improved with further signal
amplification.

For the system used in this work, further improvement on performance are
required, such as nanoparticles or DNA intercalators for signal amplification. The
electrode modification presented here has a classical approach, however, different
different surface modifications already reported show it as a possibility.

Aptamers are single strand of DNA or RNA that as design to bind proteins
with high affinity and specificity. The same SAM was developed replacing the short
ssDNA by DNA aptamer with a longer sequence. In this case, two different HER2
aptamers bind the target with different dissociation coeffcient and have different
sequence length. The effect of these parameters are reflected on the bind event
identification. The increase of sequence length increase the binding event from the
SAM surface, decreasing the detection. At the same time, low dissociation coeffcient
are required to increase the detection. Playing with these parameters were possible
to optimized the platform for HER2 detection. However, further improvements are

required to distinguish low variations on clinically relevant values.
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Promising results have been achieved from the study of DNA hybridization
sensor system. The electrochemical impedance spectroscopy proved to be a versatile
technique for biomarker detection supported by other electrochemical techniques.
The biosensor platform can also be reproduced using other transducing or even
others biomarkers. This first study opened the way for a lot of possibilities of

biomarker detection and improvements.
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APPENDIX

BIOLOGICAL ASPECTS

Cell lines are widely used in laboratory and particularly as in vitro models in
cancer research. They have a number of advantages as, easy to handle and represent
an unlimited selfreplicating source that can be grown in almost infinite quantities,
a relatively high degree of homogeneity and are easily replaced from frozen stocks if
lost through contamination [53].

The first breast cancer cell line was established in 1958. 20 years later
breast cancer cell lines became more widespread. The most commonly used breast
cancer cell line in the world, MCF-7 was established in 1973 at the Michigan Cancer
Foundation [53].

MCF-7 was first isolated in 1970 from the breast tissue of a 69 year old
Caucasian woman. Since then this cell line has been widely studied [54]. The
popularity of MCF-7 is largely due to its exquisite hormone sensitivity through
expression of estrogen receptor (ER), making it an ideal model to study hormone
response. Relatively few breast cancer cell lines have been established in the more
recent past [53]. Therefore, this was the cell line chosen fot this study.

MiRNAs were described on chapter 4 as a small (18-25 nucleotides),
noncoding RNAs that regulate gene expression on a post-transcriptionallevel by
degrading mRNA molecules or blocking their translation |55]. Hence, they play an
essential role in the regulation of a large number of biological processes, including
cancer.

Lawrie et al. were the first to demonstrate the presence of circulating
miRNAs in cell-free bodily fluids such as plasma and serum [56]. Since then,

circulating miRNAs have been reported as being expressed in blood plasma or serum
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in different types of cancer, e.g., prostate, colorectal and esophageal carcinomal57].

Expression of miR-200 family members is frequently down-regulated in
metastases compared to that in primary tumors, and reduced miR-200 levels
are associated with a poor outcome in several human epithelial malignancies .
Furthermore, overexpression of miR-200 was demonstrated to suppress metastasis
in mouse models of lung adenocarcinoma and breast cancer [58|.

The PhD project in Brazil and at University of Bath developed a biosensor
with singles strands of miRNA-200a synthetic sequence immobilized. Therefore, this
part of the project focus on show some biological aspects of miRNA extraction from
breast cancer cell line in two different situations, normoxia and hypoxia.

Most solid tumors contain hypoxic parts. Hypoxia affects a variety of
tumor-associated events as cell growth rate, metastasis and sensitivity to treatment
[59]. Recent reports revealed that the status of hypoxia in tumor tissue is a marker
of poor prognosis in several types of solid cancers including carcinoma of the uterine
cervix, head and neck cancers, brain tumors and breast cancer. Around 40% of all
breast cancer and half of the locally advanced breast cancers include regions affected
by hypoxia [60].

It is postulated that hypoxia-induced differentiation is a mechanism of tumor
progression. From the therapeutic point of view, a number of data demonstrated
that oxygen concentration alters the sensitivity of chemotherapeutic agents [59].

Therefore, it would be beneficial to characterize and identify genes up and
downregulated by hypoxia in cancer. Many studies have already focused upon
hypoxia-induced alterations in gene expression. However, specific genetic changes
involved in the adaptation of tumors to hypoxia have not yet been fully understood.
Therefore, identifying the modulated genes by hypoxia in cancer is great benefit
[60].

Techniques

Alterations on cells can be identify using differents techniques. Some of them
are used to identify and quantify levels of miRNA expression and other to quantify
proteins. Looking for a better understanding different techniques were applied to
analize the samples.

Eletrophoresis



A - Biological Aspects 76

Electrophoresis is the migration of charged particles or molecules in an
electric field [61]. Agarose gel electrophoresis is a used procedure in various areas of
biotechnology. This simple, but precise analytical procedure is used in research,
biomedical and forensic laboratories [62]. It is a powerful separation method
frequently used to analyze DNA fragments generated by restriction enzymes, and
it is a convenient analytical method for determining the size of DNA molecules in
the range of 500 to 30,000 base pairs. It can also be used to separate other charged
biomolecules such as dyes, RNA and proteins [61].

The horizontal electrophoresis apparatus (Figure 1) is essentially a
rectangular box with electrodes at each end. The separation medium is a gel
made of agarose, which is a polysaccharide derivative of agar and contains buffer for

conductivity.
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Figure A.1: Horizontal gel electrophoresis apparatus with the sample inside. Reproduced
from [61]

A power source is connected to the apparatus and a potencial is applied.
Charged molecules in the sample enter the gel through the walls of the wells.
Molecules having a net negative charge migrate towards the positive electrode. The
buffer serves as a conductor of electricity and to control the pH, which is important
to the charge and stability of biological molecules [62].

DNA/RNA has a strong negative charge at neutral pH, it migrates through
the gel towards the positive electrode during electrophoresis. Gels separating DNA
require staining in order to be visualized. Although DNA samples that are prepared
for electrophoresis typically appear bluish-purple, the DNA itself does not have

color. The color comes from a dye in a gel loading solution that is added at the end
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of typical DNA reactions. The gel loading solution stops the reaction [61].

The most commonly used stains for visualizing DNA contain ethidium
bromide. Visualization also requires a short wave ultraviolet light source.

The separation occurs because smaller molecules pass through the pores of
the gel more easily than larger ones. If the size of two fragments are similar, they will
migrate together in the gel. If chromosomal DNA/RNA is cleaved many times, the
wide range of fragments produced will appear as a smear after electrophoresis|61].

qPCR

The Polymerase Chain Reaction (PCR) has been invented in 1983 by Kary
Mullis (Nobel Price in 1993). Three years after, there was an incredible expansion
of its use thanks to the commercialization of the Taq polymerase, a polymerase that
resists high temperatures. In 1992, the technique was again improved by the use
of Ethidium Bromide, thanks to the fluorescence that results from the binding to
duplex DNA. The kinetics of fluorescence accumulation during thermocycling was
directly related to the starting number of DNA copies. This was the starting point
of Real-Time qPCR [63].

Both PCR and qPCR are widely used technologies today. The principle, and
aim, of the PCR technology is to specifically increase a target from an undetectable
amount of starting material. In classical PCR, at the end of the amplification, the
product can be run on a gel for detection of this specific product. In Real-Time
PCR (¢qPCR), this step can be avoided since the technology combines the DNA
amplification with the immediate detection of the products in a single tube.

Current detection methods are based on changes in fluorescence, which are
proportional to the increase of target. Fluorescence is monitored during each qPCR
cycle providing an amplification plot, allowing the user to follow the reaction in real
time.

The steps that need to follow after extract the samples will be:

1. Perform the Reverse Transcription (RT) step before your qPCR assay. The
RT step lasts 30 minutes around 50°C. The cDNA generated should be stored
at -80°C.

2. Use specific primers, which bind to the gene of interest. In this case,
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miRNA-200a primer. The specific primers are used in the PCR step, leading
to specific cDNA.

3. Analysis takes the Ct (cycle number) value, at the point when the signal is
detected above the background and the amplification is in exponential phase.
The more abundant the template sample, the quicker this point is reached,
thus giving earlier Ct values. Differences in Ct then have to be correlated to

some other quantitative values to make them meaningful.

Double-Dye Oligonucleotides, or Double-Dye Probes are the most widely
used type of probes, which consisted of a single-strand probe sequence that was
complementary to one of the strands of the amplicon. The Exiqon ®) kit comes with
LNA (Locked Nucleic Acid). LNA is a bicyclic RNA analogue, in which the ribose
moiety in the sugar-phosphate backbone is structurally constrained by a methylene
bridge between the 2’-oxygen and the 4’-carbon atoms.

LNA changes the conformation of the helix and increases the stability of
the duplex. Increasing the stability of the duplex allows an increase of the melting
temperature of the duplex. It is therefore possible to reduce the size of the probe,
which increases the specificity of the probe.

Each qPCR cycle is control by a thermocycle increasing and decreasing the
temperature according the protocol. One exemple in Figure 1.2 illustrate.

The first step at 50°C cleaves any contaminating template containing U bases.
The 10 minutes step at 95°C activates the LNA. 15 seconds at 95°C is the first step
of the repeated PCR cycles.

The dsDNA template denatures at this temperature. 60°C for 1 minute,
allows the annealing and extension of the primers by the LNA. Depending on your
thermocycler, and the characteristics of your primers, the protocol can be shortened
and the temperatures adapted.

To understand the results graphs it is necessary to be familiar with some
definitions and concepts. The amplification Curve is usually as Figure 1.3, It shows
the increase of fluorescence level on the Y axis, compared to the run cycle number

on the X axis.

e The baseline is the average background. It is calculated according to the noise
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Thermal Profile
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Figure A.2: Fzxample of a thermal profile. The amplification curve will be performe on
the segment 3. Reproduced from [63]
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Figure A.3: Example of amplification curve.

level in the early cycles, when there is no detectable increase in fluorescence,

due to PCR products.

e The threshold is the level of fluorescence above the baseline, at which the

signal can be considered not to be background.

e The Ct value is defined as the cycle in which there is a significant increase in
reporter signal, above the threshold. It is consequently related to the initial

amount of DNA and shows also the sensitivity of the assay. The Ct value is
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consequently in inverse proportion to the expression level of the gene. The
Ct is therefore dependent on the threshold level, and it is then important
to compare the threshold value from one run to another, if no normalization

method is used.

The normalization and quantification will be present in the results of this
report.

Western Blot

The term blotting refers to the transfer of biological samples from a gel to a
membrane and their subsequent detection on the surface of the membrane. Western
blotting - WB (also called immunoblotting because an antibody is used to specifically
detect its antigen) was introduced by Towbin, in 1979 and is now a routine technique
for protein analysis. The specificity of the antibody-antigen interaction enables a
target protein to be identified in the midst of a complex protein mixture. Western
blotting can produce qualitative and semiquantitative data about that protein |64].

WB is often used in research to separate and identify proteins. In this
technique a mixture of proteins is separated based on molecular weight, and thus by
type, through gel electrophoresis. These results are then transferred to a membrane
producing a band for each protein. The membrane is then incubated with labels
antibodies specific to the protein of interest.

The bound antibodies are then detected by developing the film. As the
antibodies only bind to the protein of interest, only one band should be visible. The
thickness of the band corresponds to the amount of protein present [65].

The first step in a WB procedure is to separate the macromolecules using gel
electrophoresis. After electrophoresis, the separated molecules blotted onto a second
matrix, generally a nitrocellulose membrane. The membrane is blocked to prevent
any nonspecic binding of antibodies to the surface of the membrane. The transferred
protein is complexed with an enzyme labeled antibody as a probe. An appropriate
substrate is then added to the enzyme and together they produce a detectable
product such as a chromogenic precipitate on the membrane for colorimetric
detection. The most sensitive detection methods use a chemiluminescent substrate
that, when combined with the enzyme, produces light. The intensity of the signal

should correlate with the abundance of the antigen on the blotting membrane.
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e Electrophoresis Gel: The gel is typically cast in buffer containing sodium
dodecyl sulfate (SDS) and protein samples are heated with SDS before
electrophoresis so that the charge-density of all proteins is made roughly equal.
Heating in SDS denatures proteins in the sample and SDS binds tightly to the
uncoiled protein molecule. So, when samples are electrophoresed, proteins

separate according to the mass.

e Electro-Transfer: After electrophoresis, the protein must be transferred from
the gel to a membrane. The transfer method that is used most commonly for

proteins is electrophoretic transfer because of its speed and transfer ef ciency.

e Blocking: To block the unreacted sites on the membrane and reduce
the nonspecic binding of proteins during subsequent steps. The blocking
buffer should improve the sensitivity of the assay by reducing background
interference. The proper choice of blocker for a given blot depends on the
antigen and on the type of enzyme conjugate to be used. The ideal blocking
buffer will bind to all potential sites of nonspecic interaction, eliminating

background.

e Primary Incubation: The choice of a primary antibody for a Western blot will
depend on the antigen to be detected and what antibodies are available to

that antigen.

e Wash: WB consists of a series of incubations with different immunochemical
reagents separated by wash steps. Washing steps are necessary to remove
unbound reagents and reduce background. It can be performed in a
physiological buffer such as Tris-buffered saline (TBS) or phosphate-buffered
saline (PBS) without any additives.

e Secondary Incubation: A secondary antibody aids in the detection, sorting or
purification of target antigens by binding to a primary antibody, which directly
binds to the target antigen. Secondary antibodies offer increased sensitivity
through the signal amplication. After the second antibody the membrane need

to be wash again.
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e Incubation with Substrate: The appropriate substrate choice depends on
the enzyme label, desired sensitivity, and desired form of signal or method
of detection. Chromogenic substrates or chemiluminescent substrates are
widely used and offer perhaps the simplest and most cost-effective method

of detection.

e Target Detection: There are several methods for capturing data generated from
WB, including X-ray, cooled CCD cameras and phosphorimagers. Cooled CCD
cameras, which offer the advantages of instant image manipulation, greater
resolution and a larger dynamic range, also eliminate the need for a darkroom

and processing equipment.

After the image acquisition it can be treat using a software that correlate the
intensity of the signal with the abundance of the antigen on the blotting membrane.

Methodology

The methodology present in this chapter include the cell culture, hypoxia,
microRNA extraction, electrophoresis gel, gPCR and Western blot experiments.

Cell line and culture

The experiments were performed with MCF-7 cells from American Type
Culture Collections (ATCC; Middlesex, UK). The cell lines were cultured in their
respective growth media in cell culture flasks according to their manufacturers
recommendations.

Before start the experiments all solutions and equipment were sterile and all
the solutions were pre-warmed.

The cell grown in a culture vessel (T25) with cell culture media supplemented
with 10% Fetal Bovine Serum, 1% L-Glutamine and 1% penicillin-streptomycin
solution, incubated at 37°C, 5% COs,.

When the cells become confluence, the culture media was removed and the
flasks were wash with Phosphate Buffered Saline (PBS). MCF7 are adhering cells
and in order to remove them from the bottom of the flasks a small amount of trypsin
was add and the flask was incubated at 37°C for approximately 5 minutes.

The cells were observed under the microscope for detachment. If around 90%

of the cells were detached, add 4mL growth medium. The medium was pipetted over
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the cell layer surface several times. The grownth medium with cells was transfered
to a 15mL conical tube and centrifuged at 1300 rpm for 5 minutes.

The cell pellet was resuspend in a volume of pre-warmed growth medium and
pipetted the appropriate volume into new cell culture vessels, and returned the cells
to the incubator. This steps are call passage.

Hypoxia Experiment

In order to evaluate the hypoxia, at least two identical twin cell cultures were
prepare the day before as described above.

The tubes used for the injection/purging the hypoxic gas were attach to
the chamber and gently opened the steel ring clamp. The cell culture were placed
in the hypoxic chamber. Also place a Petri dish containing sterile water was add
the chamber to provide adequate humidification. A twin cell culture was placed in
normoxia as control in the same incubation.

The steel ring clamp was position to ensure the hermetical closure of the
chamber and closed it. To create hypoxia, attach the tubing to a "hypoxia tank"
containing a 1% Oy 5%CO, rest nitrogen gas mixture. The gas was opened tank at
a flow rate of 20 liters per minutes for 4 minutes. Then quickly turned off the gas
flow and completely close the chamber by closing both white clamps. The chamber
was placed in the incubator for 48h.

microRNA extraction

The microRNA were extract from normoxia and hypoxia cells using the
miRCURY RNA Isolation Kit - Cell & Plant from Exiqon.

The cells grew in monolayer and to detach them from the flasks was added
trypsin, incubated and removed as described above. After centrifuge they were
washed with PBS and centrifuge again. The PBS was removed, added 350uL of
lysis solution and gently pipetted to mix and transfer the lysate to a microcentrifuge
tube. Added 200 uL of 96 % ethanol to the lysate. Evething was mix by vortexing
for 10 seconds.

A column with one of collection tubes was assembled and added 600 pL of
the lysate with the ethanol onto the column and centrifuged for 1 minute at 3 500 x
g. The flowthrough was discated and reassembled the spin column with its collection

tube.
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400 pL of wash solution was added to the column and centrifuged for 1 minute
at 14 000 x g. This step was repeated 2 more times by adding another 400 uL of
wash solution and centrifuging for 1 minute at 14 000 x g. By the end, the column
was spun for 2 minutes at 14 000 x g in order to thoroughly dry the resin.

The column was placed into a fresh 1,7 mL elution tube provided with the
kit. Added 50 pL of elution buffer to the column and centrifuged for 2 minutes at
200 x g, followed by 1 minute at 14 000 x g. The purified RNA sample was stored
at - 20°C for a few days when necessary.

qPCR

To perform the qPCR the miRCURY LNA Universal RT microRNA PCR

kit was used. It is based in two steps:

1. One first-strand cDNA synthesis reaction provides template for all microRNA

real-time PCR assays.

2. Real - time PCR amplification with the specific primer to microRNA

expression profiling and for quantification of individual microRNAs.

This procedure can be ilustrate in Figure 4.1 and will be describe with more
details in sequence.

Concentration

The concentration of microRNA extracted previously was adjusted to a
concentration of 5 ng/ul using nuclease free water. The value was checked using a
NanoDrop Spectrophotometer with absorbance spectra at 260nm.

First is necessary to calculate de number of samples or wells that will be
used. Each plate well will be full with 10uL of reverse transcription (RT) working
solution. The RT solution was prepared according Table 4.1.

After prepare the required amount of RT solution it was placed on ice. The
RT solution was dispensed into nuclease free tubes, mixed very gentle vortexing and
spun down.

The tubes were incubated for 60 min at 42°C. Heat-inactivated the reverse
transcriptase for 5 min at 95°C and immediately cooled to 4°C. Stored at 4°C or

freeze if it is necessary.
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Phase |: Prepare RNA sample
See page 52 for recommendations

Phase ll: cDNA synthesis
See protocol page Z3.

Phase lll: real-time PCR amplification

See protocol page 25.

- Prepare adequate amount of pre-mixed primer
+ PCR Master mix and distribute into wells

- Add cDNA to all primer sets to be analyzed

Phase IV: Data analysis

See data analysis guide online

- Export data for further analysis

- Data pre-processing, normalization
and statistical analysis

Figure A.4: Workflow for ¢PCR

The amount of ¢cDNA template needed for the planned real-time PCR
reactions was diluted 80x in nuclease free water.

To prepare multiple real-time PCR reactions with the same microRNA primer
set, the master mix working-solution of the PCR primers and the PCR Master mix
were prepared according to Table 4.2:

The required amount of primer was prepared and placed it on ice. The
relevant volume of primer was placed in PCR wells and spun plate briefly in a

centrifuge (1500g for 1 minute), to remove air bubbles. The cDNA template was
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Reagent Volume (uL) RT reaction
5x Reaction buffer 2
Nuclease-free water 4.5
Enzyme mix 1
Synthetic RNA spike 0.5
Template total RNA 2
total volume 10

Table A.1: Reverse transcription reaction setup.

Reagent Volume (pL)
PCR Master mix 5
PCR primer mix 1
Diluted ¢cDNA template 4
total volume 10

Table A.2: Real - time PCR reaction, pr. 10ulL reaction.

added to each well.
The plate was sealed with optical sealing and centrifuged. The qPCR

amplification was performed followed by melting curve analysis according to Table

4.3.

Process step Settings
Polimerase activation 95°C, 10min
Amplification 45 amplifications cycles 95°C 10s, 60°C 1min

Table A.3: Real-time PCR cycle conditions

CT values were automatically determined by the Step One Plus”™ Real-Time
PCR system (Life Technologies, UK). Relative expression of target mRNA in

different samples were normalised to a set of reference genes.

The use of reference genes as endogenous controls in qRT-PCR is one of
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the most common methods used in the normalization of qRT-PCR data. However,
the expression of reference genes may vary considerably between experiments as no
single gene is stably expressed from sample to sample or under all experimental
conditions.

Agarose gel electrophoresis

MicroRNA can be separate using molecular grade agarose. A 2% agarose
gel was prepared by dissolving agarose powder in 1x TAE buffer and heating in a
microwave until the agarose powder was dissolved in the buffer. Ethidium bromide
(10mg/ml) was added to a final concentration of 0.5ug/mL and the solution was
poured into a gel tray and left to set at room temperature for 15 minutes. DNA
samples were loaded onto the gel and subjected to electrophoresis at 120V for 1
hour. DNA hyperladder run simultaneously to allow estimation of DNA fragment
sizes. DNA was visualised under UV light on a MiniBis gel documentation system.

Western blot

The cells in normoxia and hypoxia were analysed by Western blot technique.

Before star the experiment it is necessary to prepare all the buffers as

described:

1. RIPA + PI
One tablet protease inhibitor (PI) to 10mL of RIPA buffer.

2. 10x running buffer (1L)
30g Tris (250mM) +140g glycine (1.9M) + 10g SDS made up to 1L with D.I.
water. pH 8.3

3. 1x running buffer (700ml)
70mL 10x running buffer + 630mL D.I. water

4. 10x transfer buffer (1L)
30.29g Tris (250mM) + 142.63g glycine (1.9M) made up to 1L with D.I. water

5. 1x transfer buffer (1L)
100mL 10x transfer buffer + 200mL methanol + 700mL H20
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6. 10x TBS (1L)
Dissolve 60.6g Tris + 87,6g NaCl in 600mL D.I. water. Add 100mL of dilute
HCI (1N). pH to 7.6 with HCL. Make up to 1L with D.I. water.

7. Buffer A (200mL)
36.34g Tris (1.5M) in 150mL dH20, pH to 8.8 and make up to 200mL

8. Buffer B (200mL)
24.23g Tris (1M) in 150mL dH20 pH to 6.8 and make up to 200mL

The cells were removed from the flasks and washed with phosphate buffered
saline (PBS) as already described. After centrifuge 500-1000uL RIPA + PI buffer
were added to the cells and put in Eppendorf tube on ice for 30 mins. Frozen-thaw
3 times. Spun down for 15 mins at 12,000 RPM at 4°C. The cells was apellet and
the supernatant was protein. The supernatant was tranfered to fresh 1.5mL tubes
and the pellet was discarded.

To prepare BSA (bovine serum albumin) was added 2mg in a 1.5mL. Added
1ImL of nuclease-free water. And prepared four 1.5mL tubes diluting it into 1mg,
0.5mg, 0.25mg and 0.125mg. 30uL of stock protein was diluted with 30uL water.

To determine the total volume of working reagent (WR) required the equation
was used: (# standards + # unknowns) x (# replicates) x (volume of WR per
sample, 0.2mL) = total volume WR required.

WR was prepared by mixing 50 parts of BCA reagent A with 1 part
of BCA Reagent B (50:1, Reagent A: B). In a 96 well culture plate 25uL of
standard /sample/blank was added in each well in triplicate.

200 pL of the WR was added to each well and placed on a shaker for 30
seconds to mix. The plate was covered with foil and placed at 37°C in the incubator
for 30 minutes. After cooled the plate to room temperature, the absorbance at or
near 562nm was verified on a plate reader generating a standard curve to read off
proteins concentration (from 2mg to 0.125mg).

The gel for electrophoresis is compouse by two parts: stack gel on the top
and separating gel. They were prepared according to the Table 4.4

The running buffer was prepared with 900mL Milli DI water and 100mL 10X

running buffer stock. And for 1-3 gels 800mL of running buffer was used. Overlaid
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Stack Gel Separating Gel

30% Acrylamide mix 0.67mL 3.3mL
Buffer A 2.5mL

Buffer B 0.5mL
Water 2.4mL 4.1mL
10% ammonium persulfate (APS)  100uL 100uL
TEMED 40uL A0

Table A.4: Acrylamine gel preparation.

with stack gel and placed a 10 or 15 well comb.

The protein was prepared in 1:1 ratio of lamelli buffer. Loaded 20ug per well.
Boiled at 100°C on heat block for 5 mins then hold on ice for at least 3 minutes.
The samples were loaded to wells, along with protein marker and controls.

The tank was filled up until the middle with 1x running buffer and 100V was
applied for 1 hour.

To do the wet transfer 1L transfer buffer is necessary (100mL 10x transfer
buffer + 200mL methanol + 700mL Milli DI water).

6x blotting paper and 1x PVDF membrane to size (7 x 8.5 x 6 cm) were cut.
It is necessary to remember scribe what the membrane is for identification in pencil
and cut the top left hand corner off to know which way round it goes and which
side has the proteins.

The membrane was actived in methanol for 5 mins and washed for 3 mins.
The blotting paper and cassette sponges were left on ice cold transfer buffer.
Carefully the stacking gel was removed from the acrylamide gel. To assemble the
cassette in a dish with transfer buffer (from bottom up) in the follow sequence was
used: black side down, sponge, 3 sheets of blotting paper, gel, membrane, 3 sheets
of blotting paper (roll with a roller to get rid of air bubbles), sponge and the red
side, as you can see in Figure 4.2.

A freezer pack was placed into the transfer tank and 100V potencial was
applied for 1 hour.

First, the following solutions were made:
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Figure A.5: Assembly of a sandwich in Western Blot. Reproduced from [65].

1. TBS-T: 100ml 10xTBS, 900ml Milli DI water and 500ul Tween-20.

2. 5% Blocking Solution: 2.5¢ milk powder and 50ml TBS-T.

The membrane was block in 5% blocking solution for 1 hour at R and
incubated overnight at 4°C in primary antibody solution on a roller or shaker.

In the next day, the membrane was washed 3 times in 1xTBST for 10 mins.
The secondary antibody (1:5000) was added (1ul antibody in 5mL blocking solution).
The membrane was incubated in secondary antibody for 1 hour at room temperature
on shaking machine. Washed 3 times in 1xXTBST for 5 mins.

The final procedure need to be done on the dark room. The membrane was
incubated in 1000uL of substrate for 1 minutes, cleaned and placed on the cassette.
A plastic acetate sheet was used to cover the membrane.

The lights need to be turned off at this point. The film box has to be open in
the dark to remove one sheet. This film was placed over the membrane and marked
the top and side on the plastic acetate to help to draw your ladder later.

The film was exposed for 30s initially. After the exposure period, the film
has to be develop in the developer solution checking it every 5 seconds until the
bands appear. After that, the film was washed quickly in the water before placing
it in the fixer for 15 seconds. Placed again in water. Washed under the sink and air
dried.

Results

This section will present the main results divided according to the technique.

Cell Culture
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The cell cultures started with one flask of MCF-7 cells. The cells grown and
were replicated after get confluent. Normally, once a week until they were enought

to start the experiments in T25 flaks, as Figure 5.1:

Figure A.6: Cell culture flasks before incubation.

The cells are adherent, which means that they grown as monolayers on an
artificial substrate will not be free-floating in the culture medium. In Figure 5.2

show the confluent MCF-7 cells 6 days after the passage.

Figure A.7: MCF-7 cells confluent. Passage number 28.

By the middle of April after one of the passages where the cells where diluted

in a lower concentration they started to grown really slow. Not all cell lines grown
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fine in low concentration. The distance between them can favor the comunication.
After 2 or 3 weeks the cells went back to the normal grown.

During all cell culture no contamination was notice.

Hypoxia

As hypoxia affects a variety of tumor-associated events including in breast
cancer. The number of miRNAs are differentially expressed in response to hypoxia.
The same happens with proteins. To evaluate different miRNA and protein
expression with MCF 7 cells in normoxia and hypoxia conditions using different
techniques.

A simples picture of cell culture after 48h in hypoxia is present in Figure 5.3.

No significant changes can be observed.

Figure A.8: MCF-7 cells confluent and after 48h in hypoxia. Passage number 28.

The miRNA from normoxia and hypoxia cell culture were extract and
evaluated using electrophoresis and qPCR.

Electrophoresis Gel

Electrophoresis is a technique used in order to separate macromolecules based
on size. Figure 5.4 presents the ladder on the left and the samples on the right. In
this case ,two different passages of MCF-7 cells in normoxia, P22 and P23. The size
of the miRNA fragments can be compared with the ladder. The same ladder were
used in all electrophoresis experiments.

In this case, two different size of fragments can be observed. The different in
intensity between the samples are related with the amount of miRNA extract from

each one.
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microRNA microRNA
Marker P22 P23

Figure A.9: FElectrophoresis gel tested with microRNA extracted from MCFEF7 cells in
different passages.

Throughout the months, three groups of MCF-7 cells were analyzed. All
them come from the same cell line, but are in different passage to check if this
parameter can affect the miRNA expression.

Figure 5.4 synthesizes the results. In the left there is the ladder. The samples
can be divided in couples. P refers to the cell passage, and there is three different
passages (8, 31 and 33). H refers to hypoxia and C to control. The experiment was
repeates twice. In this case, the miRNA extract present the same fragments. The
electrophoresis gel has not only the miR-200a, but all the miRNA extract from the
cell culture.

Numerous studies show miRNAs with oncogenic and tumor suppressive
signatures correlated with various types of cancer and, in particular, the miRNAs
interact with conditions in the tumor microenvironment, such as hypoxia. Recently,
a few reports revealed that miRNAs were associated with several key signaling
pathways that respond to hypoxia and played important roles in hypoxic adaptation
including miR-200a. This specific miRNA was found to be down-regulated, in
response to hypoxia [66].

However, the miR-200a can not be analyzed just looking to the band in
Figure 5.5. To verify the expression and quantify, qPCR was employed.

qPCR
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Figure A.10: FElectrophoresis gel tested with microRNA extracted from MCF7 cells in
different passages. The P represents the passage, H hypoxia and C control or normozia.
The experiment was repeated twice.

The Real-Time experiments has to deal with several uncontrolled variables,
as the amount of starting material, enzymatic eficiencies, and differences between
tissues, individuals or experimental conditions. In order to make a good comparison,
normalization can be used as a correction method, for these variables. The most
commonly known and used ways of normalization are housekeeping genes and using
internal or external calibrator.

Normalization using housekeeping gene excludes some of the above-mentioned
drawbacks, but is also not the perfect method. The advantage is that the variation
due to different amounts of RNA can be excluded. However, one must assure oneself,
that the housekeeping gene is expressed constantly at the same level throughout the
experiment and between samples. In relative quantification, the expression of the
gene of interest in a sample is expressed relatively to another gene, another sample,
used as a reference [63].

In Figure 5.6 the amplification curve is present to compare the miR-200a
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(red) to the housekeeping gene curve (blue).

?oooo__ ® Gene being tested
® Housekeeping

Figure A.11: Amplicification curve for 45 cycles. In blue are the curves from microRNA
200a being tested and in red the housekeeping gene for normalization.

To analyze the data, one of the most comum methods "delta delta Ct"
(AACt) method will be explain here. This method is the simplest one, as it is
a direct comparison of Ct values between the target gene and the reference gene.
However, PCR efficiencies of both gene should be close to 100 % and not differ by
more than 10 %.

Firstly, the ACt between the target gene and the reference gene is calculated

for each sample:

ACt = Cttarget - Ctr@f@rence (A]-)

Then the difference between the ACt of the unknown and the ACt of the
calibrator is calculated, giving the AACt value:

AACt - (Cttarget - Ctreference)calibrator - (Cttarget - Ctreference)sample (AQ)

2—AAC’t and

The normalized target amount in the sample is then equal to
this value can be used to compare expression levels in samples.
The Tables 5.1 present jst one of the data obtain from qPCR and the AACt

method applied to them as an example to the cells in passage 5:
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Exp. Ct Con. C. Exp. ACt Cont. ACt AACt 2 248¢

Housekeeping Gene — 21.43 20.66 1.88 4.0 -2.12 4.35

Gene being Tested 23.31 24.67

Table A.5: Example of data analize from P5 cells. The Exp. Ct and Con. Ct values are
the average of three results.

In the Table 5.1, the Exp. Ct and Con. Ct values are the average of

three experiments. Ct values less than 29 are strong positive reactions indicative of

abundant target nucleic acid in the sample.

Table 5.2 show the AACt and 2722 values to different cell passage.

Passage AACt 274AC¢

P5 -2.12 4.35
P28 - 2.16 4.45
P30 -2.12 4.35

Table A.6: AACt and 2722t values to different cell passage without use any passive
reference dye.

The Exiqon kit used to qPCR analysis do not come with a component to

normalize the fluorescence. One other experiment was repeated adding ROX passive

reference dye to the wells.

Passage AACt 2 4AC

P8 1.10 0.46
P30 -2.09 4.26
P32 -2.12 4.35

Table A.7: AACt and 2-22C values to different cell passage using ROX as passive
reference dye.
Western Blot

One other techniques helpful to evaluate changes in protein expression is

Western Blot [65]. For example, HER2 proteins are receptors on breast cells that
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control how a healthy breast cell grows, divides, and repairs itself. But in 25% of
breast cancers, the HER2 gene doesn’t work correctly and breast cells grow and
divide in an uncontrolled way. Breast cancers with HER2 gene amplification or
HER2 protein overexpression are called HER2-positive.

HER2 was tested in the first part of this project at University of Bath to
develop a biosensor. However, MCF7 are HER2 negative, what means that this cell
line does not have a overexpression of this protein. In this case, we could evaluate
CA protein in normoxia and hypoxia conditions, using the M75 as antibody.

The principal aim of this experiments is learn one other technique that could
be used to compare the values with a future biosensor.

After the procedure described in the Methodology, the Figure 5.7 representes
the result. The experiment was repeted twice. In both of them the sequence of the

columns are the same. P means the passage, H hypoxia and C control or normoxia.

Figure A.12: Western Blot result for MCF7 cells exposed to hypoxic conditions.

According to the literature, MCF7 cells exposed to hypoxic conditions has
a increase of protein expression. If we have this increase, the band in WB should
be thicker in hypoxic conditions when compare to normoxic. Actually, no difference
could be observed. One of the reasons can be the difficult do perform the Western

Blot, since it is a quiet complicated technique.
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Conclusions

In this collaborative part of the project focus on biological analize and
quantification of microRNA and proteins.

In biological research the common techniques to analize DNA, RNA and
protein were explored in this collaboration. Since the basic things as cell culture,
passages and extraction from flasks follow by miRNA extraction were develop.

Electrophoresis gel was employed to check the fragments after miRNA
extraction in normoxia and hypoxia. The specific miRNA used as probe in this
owrk, miR-200a, was analized using qPCR. The results give the idea about how to
compare the biosensor detection to standard techniques. To improve the aptsensor
ideia the Western Blot technique was tested with different conditions.

Finally, all biological standard techniques were employed to understand how
the biosensor can be compare with them. Also, different cell condicions, as hypoxia,
was tested to undersatand one of the factors that can affect miRNA and protein

expression.
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