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1. Introduction and theoretical background

With healthcare shifting towards early diagnostics and personal health man-
agement, increasing attention has been focused on direct biomarker detec-
tions and their applications in diagnostics, especially in point-of-care devices
[1-3]. The main aim in biomarker-based diagnostics is to quickly collect
information from as many biomarkers as possible and to analyze them for a
global overview of the patient’s health condition. This task requires fast,
miniaturizable and easy-to-use devices, preferable with the capability of
multiplex detection [4]. One important area of the research currently being
carried out for this purpose is biosensors [5—7].

1.1. Emergence of electrochemical biosensors

A biosensor is a relatively simple analytical system consisting of a biorecep-
tor coupled to a signal transducer. Upon specific interaction with the analyte,
the bioreceptor undergoes physical and chemical changes. These changes are
registered by the transducer and converted to an output signal. Ideally, the
output signal should be a function of the analyte concentration.

+

Analyte Bioreceptor | Transducer ————>Signal

Figure 1.1 A schematic view of a biosensor

In the recent decades, electrochemical biosensors have been one of the major
interesting research subjects due to high sensitivity, rapid response, label-
free quantification, and low cost [5,8]. An electrochemical biosensor is a
biosensor with an electrochemical transducer [5]. Various electrochemical
methods, such as voltammetry [9], chronocoulometry (CC) [1], electrochem-
ical impedance spectroscopy (EIS) [10] and potentiometry [11] have been
employed in the development of electrochemical biosensors.
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1.2. Gold based electrochemical DNA sensors

Electrochemical DNA sensors commonly consist of a single-strand DNA
(ssDNA) with known sequence on the transducer surface, which is used as
the bioreceptor to detect its complementary target strand [10,12]. The high
affinity between two complementary DNA strands makes the recognition
event (DNA hybridization) rapid and selective. Moreover, the intrinsic nega-
tive charge on the DNA phosphate backbones enables multiple choices of
electrochemical detection methods [13]. For example, the negatively charged
DNA can repel the negatively charged redox molecules (i.e., ferri- and ferro-
cyanide) [10]. The hybridization of the probe-target DNA can then change
the charge transfer behavior between the redox molecules and the electrode.
The quantitative information of the target DNA could be reflected as either
the change of redox current registered by voltammetric methods, or the
change of charge transfer resistance (Rcr) registered by EIS [14]. Moreover,
the negatively charged DNA could also directly cause changes in either ca-
pacitive behavior or surface potential and both changes could be registered
using an ion-selective field effect transistor (ISFET) [11,15].

Thiol-modified DNA can be immobilized on a gold surface easily via a
self-assembly process based on thiol-gold chemistry [9]. Due to the ease of
formation of a self-assembled monolayer (SAM) and the chemically inert
properties of gold, gold-based electrochemical DNA sensors have been
widely adopted. Usually a linker, typically mercaptohexanol (MCH), is
linked to the ssDNA therefore allowing straightforward immobilization of
ssDNA.

1.3. Gold surface functionalization via SAM

The functionalization of a gold surface with DNA (e.g., ssDNA or DNA
aptamer) is via a self-assembly process. A smart interface design should also
consider many issues, such as controlling the surface coverage density of the
probe DNA (I'pyone) and the conformation of the probe DNA, minimizing
avoiding non-specific interactions. A better understanding about the SAM
modified gold surface can benefit the interface design.

1.3.1 SAM on gold

The preparation of a SAM is easy to perform and can be done both in gas
phase and in liquid environments (from solutions of different solvents) [16].
Figure 1.2 depicts a simplified schematic view of the self-assembly process.
The reaction between the thiol and gold is shown as Equation 1.1
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1 :
RSH + Au — RS — Au +EH2 Equation 1.1

3/2 H,
SH SH SH

Figure 1.2. A schematic view of the formation of an alkanethiol SAM on Au.

The SAM on gold usually have relatively high stability due to Au-S bonds
with the substrate and van der Waals interactions between molecules
[16,17]. Figure 1.3 depicts a typical alkylthiol on gold, adopting a standing
conformation. The thiol molecule consists of three parts. The first part is the
sulfur head group, which forms a strong, covalent bond with the gold sub-
strate. The energy for the Au-S bond is approximately 40 kcal/mol. The se-
cond part is a hydrocarbon chain (of variable length), which stabilizes and
crystallizes the SAM through van der Waals interactions. Usually, the ener-
gy for van der Waals interaction between hydrocarbon chains is 1-2 kcal
/mol per methylene. A relatively longer hydrocarbon chain could result in a
better organized SAM. Thirdly, there is a terminal group, which determines
the functionalities of the SAM. By tailoring the terminal group of the thiol,
the physical and chemical properties of the SAM can be changed [18]. For
example, -COOH, —-NH, or —OH groups yield hydrophilic surfaces, which
can decrease the non-specific adsorption of biomolecules.
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Figure 1.3. Scheme of an alkylthiol adsorbed on Au (vellow) in a standing up
configuration.

1.3.2. Defects in SAM

Theoretically, SAMs form highly ordered interfaces with few defects, due to
the thermodynamically-driven self-assembly process [19,20]. However, in
practice many defects can occur in SAMs [17], which could be due to many
factors as shown in Figure 1.4.

SAM defects at
substrate defects Gauche

SAM defects at Disordered defects

contaminated sites f SAM defects at
S 8§ S S SSSSSSs
(. ! [

§$S
111 |

Substrate defects

Figure 1.4. Schematic illustration of possible defects in SAMs formed on gold sur-
face

The quality of SAMs is highly dependent on the cleanliness and the structure
of the gold substrates. Contaminations on the gold surface could block bind-
ing sites, thus causing defects. Moreover, defects are very often found on
gold grain boundaries [21]. Besides, some defects may be due to some in-
trinsic factors [17]. As is known, the SAM forms within a few minutes but
the reorganization takes time [16].Pinholes, and gauche defects usually could
be found on the well-ordered SAM [19]. Large defects, such as liquid-like
domains, or regions with other phase domains can also occur [22]. On the
other hand, the introduction of terminal groups (-SH, -COOH, —OH, —NH,)
different from the —CHj group usually results in a decrease in SAM ordering
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because they add another strong interaction between adsorbate molecules
[16].

1.3.3. Probe DNA on gold and DNA hybridization regime

A ssDNA is a kind of large, flexible and negatively-charged molecule. When
the probe DNA is immobilized on the surface, the structure of probe DNA
and the DNA hybridization behavior on the surface are highly dependent on
the I'probe and the salt concentration in the buffer. [23,24]

S

+ 8 +

(1)
Brushes
region

& -
+

ALty 2L Mushroom
TIOHL®+ region

|-Pmbe
NP
+
_IV\*/\
+
_w
+

Salt concentration

Figure 1.5. A schematic view of the influence of salt concentration and I probe on
the DNA conformation on the gold surface.

The starting model for a ssDNA modified surface is a Langmuir isotherm
[25]. At low Ipyoe, it is assumed that DNA molecules do not interact with
each other (the mushroom region) [23]. The hybridization efficiency is usu-
ally higher in this region. Increasing the I'ppe could give rise to the for-
mation of polyelectrolyte brushes, leading to deviations with the Langmuir
isotherm [12]. In this region, the interactions between the neighboring DNA
molecules are enhanced, which could decrease the DNA hybridization effi-
ciency and rate. Therefore, it is essential to control the I'pope.

The persistence length (P), defined as “the length over which the tangent
vectors at different locations on the chain are correlated”, is a parameter
describing the flexibility of the DNA.[26] Usually, P is 1-2 nm for a ssDNA
[26]. The ssDNA as a probe in the DNA sensor is usually between 16 and 30
nucleotides, corresponding to a contour length (the maximum physical
length) of 10-18 nm (assuming 0.60 A/base). This suggests the ssDNA is
very flexible. The flexibility of ssDNA can be influenced by the salt concen-
tration of the buffer. In a low salt concentration buffer, the repulsion be-
tween the negatively charged phosphate backbones is high, resulting in an
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increased P, thus decreasing the flexibility of the ssDNA. Increasing the salt
concentration could shield more negative charge thus decreasing P. Further-
more, for the same reason, DNA hybridization is also affected by the salt
concentration. Lowering the salt concentration could decrease the hybridiza-
tion efficiency and rate. Therefore, a high salt concentration is beneficial for
high hybridization efficiency.

Moreover, P is around 50 nm for a double strand DNA (dsDNA). There-
fore, dsDNA is more rigid than ssDNA. The variations in flexibility of the
ssDNA and the dsDNA suggest there will be a conformation change of the
DNA upon hybridization. Usually, the hybridization could enable the twisted
ssDNA to form a linear dsSDNA. This conformational change should also be
considered during the sensor development.

1.4. Label-free and electrochemical methods for
detection of DNA and their limitations

1.4.1. Potentiometric DNA detection with ISFET

Potentiometric detection with FET is a label-free approach for detection of
DNA with direct electrical readout [27]. Due to the properties of rapid re-
sponse, sensitivity, and compatibility with CMOS technology, it has attract-
ed much attention in recent years [15,28-30]. Figure 1.6 depicts a schematic
view of an ISFET DNA sensor with gold substrate. In this ISFET DNA sen-
sor, the gate surface is modified with probe DNA, using Au-S bonds.

Ya | Re

T 3\

__ Gate oxide

SOUI‘CE CharTneI
p-Si

Isd

Figure 1.6. A schematic view of an ISFET DNA sensor. The gate oxide is coated
with gold for DNA immobilization via gold-thiol chemistry.
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In an ISFET DNA sensor, the source and drain current (Isp) can be expressed
by Equation 1.2 [31]:

w 1
Iy, = ox“?|:(VG - VT)VDS _EV;S:l Equation 1.2

Where Cyy is the oxide capacitance per unit area, W and L are the width and
length of the channel, u is the electron mobility in the channel. Vg is the
applied gate potential. Vg is the applied source-drain potential. Both Vg and
Vps can be kept constant during the measurement. V7 is the threshold voltage
of the ISFET. The DNA hybridization at the sensor surface causes the accu-
mulation of additional net negative charge on the gate surface. The addition-
al negative charges could effectively change the Vp of the ISFET, thus
changing the Isp, provided both Vg and Vps are constant. It is also worth
noting that due to the charge screening effect, only the additional charge
within the Debye length [32] (Ap, shown as Equation 1.3) could electrostati-
cally change the Vrand be registered by the ISFET measurement.

2x10°N e°I Equation 1.3
A

In Equation 1.3, / is the ionic strength of the electrolyte in molar unit, & is
the permittivity of free space, ¢, is the dielectric constant, kp is the Boltz-
mann constant, 7 is the absolute temperature in Kelvins, N, is the Avogadro
number and e is the elementary charge.

1.4.2. Limitations in potentiometric DNA detection with ISFET

Numerous publications have reported the development of ISFET-based la-
bel-free detection of DNA molecules [15,33]. However, the results of poten-
tiometric detections of DNA differ largely from report to report. One of the
limitations in the potentiometric DNA sensing is the contradicting require-
ments for the charge registration and DNA hybridization. As Equation 1.3
shows, a lower ionic strength could yield a longer Ap. Given a certain surface
coverage density of target (I'targe) induced by DNA hybridization, a longer
Ap means that more negative charges on the hybridized DNA phosphate
backbones could locate within Ap, thus contributing to the potentiometric
signal. However, as discussed in section 1.3.3, lower ionic strength at the
same time enhances the repulsion between negatively charged DNA phos-
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phate backbones, and thus reduces DNA hybridization efficiency. Moreover,
the conformational change before and after DNA hybridization could cause
charge redistribution.[12,23] As a ssDNA usually adopts a twisted structure
and a dsDNA is more linear, it is difficult to know the absolute charge
change within Ap upon DNA hybridization, considering the charge redistri-
bution effect. Furthermore, the sensing surface could also interact with other
charges in the liquid sample; these interactions may buffer the signal gener-
ated by the DNA hybridizations if they are more overwhelming. Finally,
potential drift is very often observed during potentiometric measurements.
However, the reason for the drift is very complicated. It can be from the
solid-state device or from the interface interactions. The noise level in the
sensing system can also be the limiting factor for the low detection limits of
DNA.

1.4.3. EIS analysis of DNA hybridization

EIS belongs to the most sensitive tools for label-free analysis of DNA hy-
bridization [34]. Moreover, EIS is harmless to the DNA SAM modified sur-
face compared to voltammetry or chronocoulometry since EIS measure-
ments are usually performed at open circuit potential (Eqc) with a small ex-
citation signal, which avoids the use of a ramping potential bias [14].

EIS detection of DNA is usually based on the repulsion between the nega-
tively charged DNA with negatively charged ferri- and ferrocyanide redox
molecules [12]. EIS measurements on DNA-modified gold surfaces usually
yield a semicircle at high frequencies and a straight line with a slope corre-
sponding to an angle of 45° (ideally) at low frequencies, when plotting the
results as Nyquist plots (Figure 1.7). Information regarding the Rct and dou-
ble layer capacitance (Cpr) can then be extracted by fitting the data to the
Randles equivalent circuit model [34,35]. Rer could reflect the ability of the
surface to block to ferri- and ferrocyanide molecules and the Cpy could re-
flect the DNA layer thickness and the gold electrode area. The DNA hybrid-
ization could thus modulate the concentration of the ferri- and ferrocyanide
molecules near the gold electrode and cause Rcr changes.
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Figure 1.7. A typical Nyquist plots (up figure) with ferri- and ferro cyanide as a
redox probe fitted with Randles equivalent circuit model (bottom figure). Z,, depicts
the imaginary part of the complex impedance (Z), Z, depicts the real part of Z,
w=2xfrepresents for the frequency (f), Rs is the solution resistance, Rcr is the
charge transfer resistance, Cpy is the double layer capacitance, Zy is the Warburg
impedance.

Rcr changes induced by the hybridization of target DNA can be either posi-
tive or negative, which is dependent on not only the accumulation of addi-
tional negative charge on the surface but also the physical blocking of the
access of the redox molecules to the electrode surface [12]. Upon DNA hy-
bridization, more negative charge should be present on the surface, which
could result in an increased repulsion of the negatively charged ferri- and
ferrocyanide complexes. This should decrease the ferri- and ferrocyanide
concentrations near the electrode surface which should result in an increase
in Rer. However, ssDNA is less rigid compared to dsDNA as illustrated in
1.3.3. After the hybridization, the twisted ssDNA can be stretched to a more
linear state, yielding a reduced blocking of ferri- and ferrocyanide thus de-
creasing the Rer [10]. As illustrated in Figure 1.5, the conformation of the
ssDNA on the surface is dependent on both the I'p,ope and the salt concentra-
tion. A smart sensor design should take these parameters into consideration.

1.4.4. Limitations in EIS analysis

Due to the sensitivity of EIS, a small change occurring on the sensor inter-
face could lead to a significant Rcr change. This property is very beneficial
to achieve high-sensitivity of the sensors. However, this also indicates that it
can pick up Rer change from other non-specific interactions or changes oc-
curring on the interface, which can cause severe stability and reproducibility
issues for the sensor. Therefore, to reliably measure the Rcr change caused
by the DNA hybridization, one key requisite is that the biosensor interface is
stable and reproducible during the acquisition of the spectrum [36]. Alt-
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hough many articles have been published using EIS, few of them have ad-
dressed the inherent instability and non-reproducibility problems present
within this type of system [37]. Commonly observed instability issue in-
cludes drift, which yields poorly reproducible EIS results [37-39]. EIS
measurements on DNA/MCH modified gold have shown the drift when re-
peating the measurement multiple times [39]. Moreover, the drift was also
observed on the protein modified surface. It has been reported that an in-
crease in Rer may not only be seen as a result of the target binding but also
occurs 1) when performing the measurements several times, ii) after subse-
quent voltammetric measurements, or iii) as a result of incubations in a buff-
er between the measurements [37]. Without proper understanding of the
origin of the drift, the increase in Rer can be misinterpreted as a positive
signal [37]. If the Ry drift is significant, it clearly becomes difficult to ac-
quire reliable analytical results.

1.5. Scope of this thesis

This thesis aims at a comprehensive investigation of the factors influencing
the performance of gold-based electrochemical DNA sensors during the
surface preparation and the sensor characterizations. Since microfabricated
gold electrodes are used in this thesis and the gold surfaces are contaminated
after the microfabrication process, the gold surface needs to be pretreated
prior to surface functionalization. Paper I compares three pretreatment
methods, i.e., (i) CV in dilute H,SO,, (ii) gentle basic piranha incubation
followed by linear sweep voltammetry in dilute KOH and (iii) oxygen plas-
ma treatment followed by incubation in ethanol. These methods were com-
pared in terms of cleaning efficiency, reproducibility and thiolated molecule
binding. It has been found that structural changes can be induced to
gold surfaces by “CV in dilute H,SO,” pretreatment and that these
changes can influence the thiolated molecule binding. Therefore, Paper
II studies the factors influencing gold surface prepared by this pretreatment
method. Paper III demonstrates the combined effects of the I'p,ope and salt
concentrations on the DNA hybridization by using surface plasmon reso-
nance (SPR) analysis. Finally, two types of electrochemical sensors are
characterized. Paper IV investigated the stability issue of the aptamer/MCH
modified gold surface on the EIS analysis of DNA aptamer hybridization.
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2. Step-by-step fabrication and
characterization methods for gold sensing
electrodes

As the performance of the DNA sensor is highly dependent on the surface
preparation and the detection method, the fabrication of DNA sensors was
characterized step by step. This section will describe how the experiments
and characterization were conducted.

2.1. Gold electrode fabrication

Microfabrication processes are used to produce devices with dimensions in
the micrometer to millimeter range. Moreover, microfabrication processes
can fabricate a batch of electrodes in parallel, which not only reduce the cost
but also enable production of electrode arrays with similar surface proper-
ties. In this thesis, the gold electrodes were fabricated with standard micro-
fabrication processes.

Specifically, gold electrode chips were fabricated on optically polished
PYREX borosilicate glass (Prazisions Glas & Optik, Germany). A 100 nm
thick thermally evaporated gold layer on 10 nm titanium was patterned by a
standard UV photolithography and lift-off process. SU-8 2002 photoresist
was used to define the 0.00785 cm® (diameter 1 mm) and the 0.0707 cm’
(diameter 3 mm) electrodes. There were two identical electrodes with differ-
ent sizes, distributed symmetrically on the same chip. (Figure 2.1)
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Figure 2.1. Schematic illustration of the size and location of the gold electrodes on
the chips.

2.2. Gold electrode pretreatment methods

Three pretreatment methods adapted from literature [40] for cleaning gold
surfaces prior to surface functionalization studied in Paper I were described
below. The basic principle of these pretreatments is to oxidize the surface
then reduce the possible gold oxide.

Dilute Basic Piranha and Linear Potential Sweep in Potassium Hydrox-
ide. Au electrodes were incubated in 50 mM KOH and 25% H,0, for 10 min
and then rinsed with deionized water 5 times. Then electrode potential was
linearly swept from —0.2 to —1.2 V at 50 mV/s scan rate (v) in 50 mM KOH.
Afterward the electrodes were rinsed with water and dried with N,. This
method is abbreviated to “KOH + H,0, & LSV”.

Cyclic Voltammetry (CV) in Dilute Sulfuric Acid. CV in 50 mM sulfuric
acid solution is often used for cleaning and evaluating the state of gold elec-
trodes.[41,42] Au electrodes served as working electrodes, and the potential
was swept from —0.4 to 1.4 V for 15 cycles at a v of 100 mV/s. After the CV,
the electrodes were rinsed with water and dried with N,. This method is ab-
breviated to “CV in H,SO,”.

Oxygen Plasma Treatment and Ethanol Incubation. Au electrodes were
cleaned in N, and O, plasma at 100 W for 5 min in a Tepla 300 plasma pro-
cessor (PVA TePla, Germany). Since plasma treatment can damage the pas-
sivating SU-8 layer, the passivating layer thickness was measured before and
after treatment. The plasma treatment parameters were optimized to not alter
the passivating layer thickness. Afterward, the electrodes were incubated in
ethanol for 30 minutes, rinsed with water, and dried with N,. This method is
abbreviated to “O, plasma & ethanol”.
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2.3 Gold surface functionalization
2.3.1 Gold surface functionalization with DNA

Au surface functionalization is usually achieved by thiol-gold chemistry.
Basically, a MCH molecule is conjugated to the DNA thus enable direct
immobilization of DNA on gold surface. By tailoring the probe DNA con-
centrations in the immobilization solutions (from 10 nM to 1 pM), different
I'probe can be achieved on the gold surface. Afterwards, the MCH molecule is
applied to remove the non-specifically bonded DNA, to enable the sterically
favorable DNA configuration, and to passivate the surface [43].

Thiol modified probe DNA is used in Paper III and IV with the following
sequence:

5’-HO-(CH,)6-S-S-(CH,)GCATTGGTCTACAAGTGAATCTCGA-3’

Specifically, the 50 uM probe DNA was reduced with 50 mM tris(2-
carboxyethyl)phosphine (TCEP) for one hour at room temperature and dilut-
ed to different concentrations (10, 50, 100, 1000 nM in Paper III). The
probe DNA was heated at 95 °C for five minutes and cooled on ice for ten
minutes prior to immobilization, in order to linearize the DNA. Then a fresh-
ly-pretreated gold electrode was incubated in solutions containing probe
DNA for 16 hours at room temperature. Afterwards, the electrode was incu-
bated in a tris buffer (10 mM TrisxHCI, pH 7.4) with 0.05% IGEPAL for
five minutes with stirring to remove non-specific adsorption and then was
incubated in the tris buffer for another five minutes to remove the surfactant.
Afterwards, the electrodes were rinsed five times with tris buffer and were
immediately incubated in 1 mM MCH in tris buffer for three hours to re-
move the non-specifically adsorbed probe DNA and to block the remaining
gold surface area. After backfilling MCH, the electrode was washed as fol-
lows. First, the electrodes were washed with the tris buffer for 15 seconds
and with the water for 15 seconds. Next, the electrodes were ultrasonicated
in water for 30 seconds. Finally, the electrodes were rinsed with water for
another 15 seconds.

2.3.2 Gold surface functionalization with DNA aptamer

Aptamers are synthetic oligonucleotides (RNA, ssDNA, etc.) or peptide
molecules that can adopt secondary or tertiary structures after binding to
certain targets with extremely high specificity [44]. Owing to the highly
specific affinity of aptamers to target molecules, aptamers have been adopted
as recognition elements in the development of ultrasensitive biosensors. In
Paper IV, a thiol modified DNA aptamer with 38 bases was used with the
following sequence:

5’-HO-(CH,)6-S-
S(CH,)s§GGGATGCCGTTTGGGCCCAAGTTCGGCATAGTGTGGTG-3’
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Specifically, the 50 uM aptamer was reduced with 50 mM TCEP for one
hour at room temperature and diluted with binding buffer (100 mM NacCl, 5
mM KCI, 2 mM MgCl,, 1 mM CaCl,, 20 mM Tris-HCI (pH 7.5)) yielding a
final concentration of 5 nM. The aptamer was heated at 95 °C for five
minutes and cooled on ice for ten minutes prior to immobilization. This heat-
ing step was used to linearize the aptamer and to decrease the self- and het-
ero-dimerization of the aptamers hence enabling a more uniform distribu-
tion. Then a clean gold electrode was incubated in 5 nM aptamer solution for
17 hours at room temperature. Afterwards, the electrode was incubated in the
binding buffer for five minutes with stirring and then rinsed ten times with
binding buffer. After washing, the aptamer-functionalized electrode was
incubated in 1 mM MCH in the binding buffer for one hour to remove the
non-specifically adsorbed aptamer and to block the remaining gold surface
area. The electrode was washed with binding buffer ten times and directly
employed in the electrochemical measurements.

2.4. Characterization methods

The main surface characterization methods used in this thesis are described
here.

2.4.1 General introduction of electrochemical methods and
measurement setup

Electrochemistry deals with the interrelation of electrical and chemical ef-
fects occurring at interfaces, namely the interface between a solid electrode
and an electrolyte [35]. Electrochemical methods are very powerful and sen-
sitive. Moreover, there are many electrochemical methods. Therefore, in the
field of gold-based biosensors, electrochemical methods have been widely
used in almost every step of the development of the sensors.

In Paper I-1V all the electrochemical experiments were performed using a
VSP 300 electrochemical workstation (Bio-Logic, France). A conventional
3-electrode cell setup was used. The working electrode (WE) was the lab-
fabricated gold electrode either with or without functionalization. The coun-
ter electrode (CE) was either a platinum wire (diameter 0.5 mm, ALS Co.,
Japan), a graphite rod, or a lab-fabricated gold electrode. All potentials were
measured and are quoted against the Ag/AgCl/saturated KCI reference elec-
trode (RE, ALS Co., Japan). The solutions used were degassed with N, for
30 min prior to each measurement. The temperature was room temperature
(around 21 °C).

26



2.4.2. CV of gold in H,SO,

CV studies of gold in sulfuric acid solutions represent a powerful electro-
chemical approach for both gold surface pretreatments and analyses of the
gold surface properties. During the CV measurement, a linearly-swept poten-
tial is applied to the gold electrode and then is reversed. The current flowing
through the electrode/electrolyte interface in response to the potential is rec-
orded. A redox reaction occurring on the electrode could give rise to a cur-
rent increase, and a peak could be registered given a finite supply of the re-
dox species.

In a typical cyclic voltammogram for gold in H,SO,4 (Figure 2.2), three
fingerprint regions have been conventionally defined®: the electric double
layer (EDL) charging region where anion adsorption takes place, the gold
oxide formation and subsequent reduction (Ox/Re) region where the differ-
ent crystalline structures display characteristically different profiles, and the
hydrogen evolution and oxidation reactions (HER/HOR) region where the
catalytic performance of gold on HER can be assessed.

Figure 2.2. A typical cyclic voltamogram for gold in H,SO, solution

The integration of the gold oxide reduction peak can determine the electro-
chemical surface area (ESA) of gold electrodes as described by Trasatti and
Petrii.[42] This method has been used in Paper I-IV to pretreat the gold sur-
face and characterize the ESA. Briefly, the CV measurement was performed
in degassed 50 mM H,SO, solution in the potential range from —0.4 to 1.4 V
at a v of 100 mV/s. Then the electrochemical surface area (ESA) was deter-
mined by the Qa0 (the reduction charge). The latter was calculated by inte-
grating the cathodic current profile area in the Ox/Re region. A theoretical
value for polycrystalline gold of 400 pC/cm” was used under the assumption
that oxygen was chemisorbed on Au in a one-to-one ratio.
The ESA can be expressed by roughness factor (R)
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R=—- Equation 2.1
A q

geo

Ageo (0.00785 cm?) is the geometric area of the electrode (diameter 1 mm)
defined by SU-8 passivation.

2.4.3. Reductive desorption of MCH using CV

The SAM layer on the gold electrode can be reductively desorbed by apply-
ing a negative potential in a basic electrolyte. Figure 2.3 depicts a typical
voltammogram for this reaction. The reductive desorption of one thiol con-
sumes one electron (See Equation 2.2). Therefore, by calculating the amount
of the electron transferred during the reduction, the surface coverage density
of the SAM can be determined, given a certain electrode surface area.

S—Au+e — Au+ RS Equation 2.2

The surface coverage density can be used to evaluate not only the quality
of this SAM but also the cleanliness and the structure of the gold surface.

Figure 2.3. A typical cyclic voltamogram for reductive desorption of MCH on gold.

In Paper I, pretreated gold electrodes were immersed in 1mM MCH aqueous
solution for 1 h to form a SAM. To determine the ['yicy, reductive desorption
was performed in degassed 100 mM KOH solution by means of CV. The
potential was swept from 0 V to —1.3 V at a v of 100 mV s '. The surface
coverage density of MCH (I'ycy) was calculated as

Lo = O /(F X Agm) Equation 2.3

where Qgg is the charge involved in MCH reductive desorption, F is the Far-
aday constant, and A, (0.00785 cm’) is the geometric area of the electrode
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(diameter 1 mm). To circumvent the contribution from the charging current,
the baseline was set immediately before MCH reductive desorption. In the
case of two peaks occurring, both peaks were integrated.

2.4.4. Chronocoulometry

With the negatively charged phosphate backbone, the DNA can electrostati-
cally trap cations. When a DNA modified electrode is in a low ionic strength
electrolyte with a multivalent redox cation, the redox cation could be elec-
trostatically adsorbed on the DNA modified electrode. Usually, one phos-
phate could adsorb on redox cations. Therefore the I'p.pe at the electrode
surface can be calculated from the number of adsorbed redox cations [45].

The number of the trapped redox cations can be determined by CC. In this
technique, a potential step is applied to the electrode and the resulting cumu-
lative charge vs. time is observed (See Figure 2.4). The charge Q, as a func-
tion of time t in a CC experiment is given by the integrated Cottrell expres-
sion,

_ 2nFAD,’C,

1/2

"+ Q,, +nFAL Equation 2.4

In the equation, n is the number of electrons per molecule for reduction, F is
the Faraday constant (C/mol), A the electrode area (cm?), D, is the diffusion
coefficient (cm*/s), Cy" is the bulk concentration (mol/cm?), Qpy is the capac-
itive charge (C), and nFAT is the charge from the reduction of I'y (mol/cm?)
of adsorbed redox cations. The term T, represents the amount of redox
marker confined near the electrode surface. The CC intercept at t = 0 is then
the sum of the double layer charging and the charge from the reduction of
adsorbed redox cations. The number of charges from the reduction of ad-
sorbed redox cations can be determined from the difference of the CC inter-
cepts measured with an identical potential step experiment in the presence
and absence of the redox marker.
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Figure 2.4. A typical CC result for DNA modified electrode in the presence
and absence of RuHex. The open dots are the measured data and the solid
lines are the fit of the linear region (diffusion part).

In Paper III and IV, the CC measurements were conducted using tris buffer
solutions with or without 50 uM RuHex. The CC was performed in the
above solutions stepping from 0 to -350 mV with a pulse period of 250 ms.
The time resolution was 1 ms.

2.4.5. EIS

As illustrated in section 1.4.3, EIS is a sensitive and versatile method in the
development of biosensors. In this thesis, faradaic EIS measurements with
the ferri- and ferrocyanide as the redox probe were performed to monitor the
aptamer-P1 hybridization in Paper IV.

The faradaic EIS measurements were conducted in binding buffer solu-
tions containing 10 mM ferri- and ferrocyanide at room temperature (21 °C).
The solutions used in all the EIS measurements had been degassed with
buffer-saturated N, for over 30 minutes prior to the measurements. During
the experiments, a flow of buffer-saturated N, was maintained above the
solution to prevent oxygen from leaking in, as well as to limit evaporation of
the solution. The solution mass was compared before and after an extended
measurement and the results showed a difference of less than 1%. For all the
EIS measurements, the results were based on 10 points in the range from 100
kHz to 0.1 Hz. To stay within the linear current-voltage region the ac poten-
tial amplitude was set to =10 mV versus the open circuit potential. For all the
measurements, the initial open circuit potential was 224 + 1 mV and the
open circuit potential changed less than 10 mV during the long time faradaic
EIS measurements.
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2.4.6 Potentiometric measurements with ISFET

The potentiometric detection of DNA was conducted using gold coated-
silicon nanowire FET (SINW-FET). The SINW-FET was lab-fabricated. The
SiNWs were coated with 40 nm-thick gold film (see Figure 2.5a and b), the
latter are 500 nm wide, 1 pm long and 120 nm high. On each chip, half of
the SINWs were modified with probe DNA and the other half were modified
with only MCH. The functionalization process was described in Section
2.3.1. The probe DNA concentration for the immobilization was 100 nM.
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Figure 2.5. (a) SEM image of gold-coated SINW FET. (b) Schematics of a cross
section view of a gold coated-SiNW. (c) Schematics of the measurement setup. (d)
The transfer curve of a gold coated-SiNW modified with probe DNA and MCH in
tris buffer containing 10 mM NaCl.

Microfluidic system with Pump 11 Pico Plus Elite programmable syringe
pumps (Havard Apparatus) was used for changing solutions. Microfluidic
channel was fabricated with polydimethylsiloxane (PDMS, SYLGARD 184
Silicone Elastomer).

The potentiometric measurements were performed using HP4155 Semi-
conductor Parameter Analyzer. Upto 24 SiNWs can be measured simultane-
ously using a switching box (Keithley 3706). A schematic view of the meas-
urement cell is shown in Figure 2.5¢. A constant Vg was applied to RE, the
Vps was set to 1 V, and the Isp current was monitored during the measure-
ment. The Isp was then converted to Vr shift (AVt) based on the transfer
curve (Ips versus Vg) (see Figure 2.5d for an example).

31



2.4.6. Surface Plasmon Resonance (SPR)

SPR is a powerful optical technique to measure biomolecular interactions in
real-time in a label-free environment. It is very sensitive to mass concentra-
tion change on the surface. Therefore, it can be used to quantify the adsorp-
tion-desorption or association-dissociation activities that take place on the
surface.

In Paper III, SPR is used to quantify the immobilized ['pop. and the hybrid-
ized target. The 'pope Was quantified by the SPR response decease prior to
and after the DNA digestion by 1 Unit/ul benzonase nuclease. Usually, 1
SPR response unit (1RU) change is assumed to be equal to 1 pg/mm” mass
concentration change. For the probe DNA, there are 7.84 x10" molecules in
1 pg. Therefore, 1 RU change corresponds to a I'ppe Of 7.84x10° mole-
cules/cm’. The T Target Was quantified by the SPR response increase prior to
and after probe-target hybridization. For the target DNA, 1 RU change cor-
responds to a I'ryree 0f 7.88x 10° molecules/cm>.

2.4.7. X-ray photoelectron spectroscopy (XPS)

Based on the photoelectron effect[46], XPS was developed in the mid-
1960’s by Kai Siegbahn and his research group at Uppsala University, Swe-
den.[47] XPS is widely used to investigate the chemical composition of sur-
faces. It can measure the elemental composition, chemical state and electron-
ic state of the elements within a material.

In Paper I, XPS was used for analyzing the gold surface cleanness and the
MCH surface. In Paper II, XPS was used to detect the sulfate and chloride
complexes formed on the gold surface. In both papers, XPS was performed
on a Physical Electronics Quantum 2000 Scanning ESCA microprobe with
monochromatized Al Ka radiation (hv = 1486.7 eV). The background pres-
sure was 6.7 x 10° Pa (5 x 10 '° Torr). All spectra were referenced to Au
417/2 (84 eV). A spot of 100 um and pass energy of 93.9 eV were used for
survey spectra, and a pass energy of 23.5 eV was used for high-resolution
spectra of C 1s and O 1s. The atomic concentrations were calculated using
the sensitivity factor from Casa XPS software.
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3. Gold electrode pretreatment

From section 1.3, we know that the gold surface functionalization based on
thiol-gold chemistry is highly dependent on the gold surface cleanliness and
the surface structure. The gold electrodes used in this thesis are microfabri-
cated electrodes with SU-8 photoresist passivation, which can be severely
contaminated during the fabrication process. To achieve efficient and repro-
ducible surface functionalization, the gold surface should be cleaned with a
reliable pretreatment method. In this chapter, different pretreatment methods
were compared regarding the cleaning efficiency, the surface reproducibility
and importantly, the influence on the thiolated molecule binding.

3.1. Relationship between gold surface pretreatment and
thiolated molecules binding

3.1.1. Characterizations of bare gold electrodes before and after
three pretreatment methods

Three pretreatment methods have been used to clean the gold surface, i.e.,
“0, plasma & ethanol”, “H,0, + KOH & LSV”, and “CV in H,SO,”. The
detailed information about these three methods can be found in section 2.2
and in Paper I. The surface cleanliness has been compared based on the
elemental composition results from XPS and the ESA from the CV meas-
urements.

Firstly, XPS survey spectra of microfabricated bare gold electrodes
showed marked increases in carbon and oxygen signals indicating contami-
nation. The elemental composition of the differently pretreated surfaces as
well as the control sample (i.e., as-deposited gold surface) is provided in
Figure 3.1. As the results show, the “O, plasma & ethanol” pretreatment was
the most effective in terms of the gold element percentage. “H,0, + KOH &
LSV” pretreatment was the second most efficient method and “CV in
H,S0O,” was the least efficient with gold percentage increase.

33



FZa o HEMc

Elemental composition (%)

Control Non- CVsweep H,0, + KOH O, plasma
cleaned in & &
H:S0, Lsv ethanol

Figure 3.3. Elemental composition of gold electrode (diameter 1 mm) surfaces pat-
terned with SU-8 photolithography before and after pretreatments of “KOH + H,0,
& LSV, “CVin H,SO,” and “O, plasma & ethanol”.

In addition to XPS analysis, electrochemical evaluation of the ESA and its
reproducibility was performed. ESA not only indicates the surface cleanli-
ness but also reveals the relative quantity of sites available for thiol binding.
For this reason, CV measurements were recorded in 50 mM H,SO, in the
potential range between -0.4 V and 1.4 V. The voltammograms of differently
pretreated samples are shown in Figure 3.2. The integrated cathodic current
profile areas are depicted in color.
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Figure 3.2. Cyclic voltammograms recorded in 50 mM H,SO, for Au electrodes
(diameter 1 mm) before and after using different pretreatment methods: (a) non-
cleaned, (b) after “CV in H,SO,”, (c) after “H,0, + KOH & LSV and (d) after
“O, plasma & ethanol”. The scan direction was positive and the scans were initiat-
ed at the potential of 0 V. The RE is Ag/AgCl/sat. KCI and the CE is Pt rod.

In the case of the non-cleaned SU-8 passivated electrode (Figure 3.2a), the
gold oxidation peak was largely suppressed and the peak potential was shift-
ed positively. This indicates that contamination strongly decreased the gold
atom availability. Consequently, on the return scan the gold oxide reduction
peak at =0.9 V also exhibited the lowest intensity out of all the investigated
samples.

Large increases in the peak current accounting for the gold oxide for-
mation were observed after all pretreatments. In the case of “H,0, + KOH &
LSV” (Figure 3.2c) and “O, plasma & ethanol” (Figure 3.2d) pretreatments,
they yielded different oxidation current profiles. Distinct gold oxidation cur-
rent profile shapes have been assigned to different surface crystallinities
[48]. During the reverse sweep, increases in the gold oxide reduction peak
current were observed as well.

Interestingly, electrodes exposed to “CV in H,SO,” pretreatment exhibit-
ed a notably different current profile shape than those pretreated by the other
two methods. It had three distinct characteristics. First, the current in the
gold oxide formation region was markedly elevated and constituted of two
overlapping peaks at 1.15 V and 1.2 V. Second, the reduction peak was also
split into two: a larger peak at 0.9 V and a smaller one at 0.8 V.

In order to evaluate reproducibility of the ESA, roughness factor R values
were calculated and provided in Table 3.1. The detailed information of the
calculation can be found in section 2.4.1 and Paper 1.

Table 3.1. R obtained from CV of Au in H,SO, before and after using different pre-
treatments.

Pretreatment Rutean Rgsp
Non-cleaned 0.93 0.10
CV in H,SO, 1.50 0.14
H,0,+KOH & LSV 1.34 0.11
O, plasma & ethanol 1.39 0.06

Based on the student’s t-test, statistically significant differences in the R
values were observed when comparing non-cleaned and differently pretreat-
ed electrodes. The increase in the R value was up to 1.5 times for “O, plasma
& ethanol” pretreated surface. However, no significant differences were
observed among the R values obtained after different pretreatments includ-
ing “CV in H,SO4” pretreatment, which exhibited a distinct current profile
shape. Furthermore, the reproducibility values of both non-cleaned surfaces
and the pretreated surfaces were not statistically different according to the F-
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tests. Thus, despite the observed differences in cleanliness and surface struc-
ture, all three surface pretreatments equally effectively increase R in compar-
ison to that of the non-cleaned electrodes.

3.1.2. Characterizations of MCH-modified gold electrodes after
different pretreatments

After the evaluation of bare gold electrodes, the effect of surface pretreat-
ment on thiolated molecule binding was evaluated. For this reason, a MCH
SAM was formed on differently pretreated electrodes.

The I'ycy was calculated by integrating the MCH reductive desorption
peak at around -1 V. Moreover, the reductive desorption peak position, its
area and shape reflect the adsorption energy, stability, coverage and mor-
phology of the monolayer. Voltammograms of MCH reductive desorption
are shown in Figure 3.3.
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Figure 3.3. Reductive desorption of MCH (solid line) formed on Au electrodes (di-
ameter 1 mm) patterned with SU-8 photolithography after using different surface
pretreatments: (a) non-cleaned, (b) after “CV in HSO,”, (c) after “H,0, + KOH &
LSV and (d) after “O; plasma & ethanol”. Background current is depicted in a
dotted line. Electrolyte was 100 mM KOH. The scan direction was negative, the v
was 100 mV/s and the scans were initiated at the potential of 0 V. The RE is
Ag/AgCl/sat.KCl and the CE is Pt rod.

From Figure 3.3, it can be seen that after the electrodes were exposed to

different pretreatment methods, the current profiles changed compared to the
non-cleaned sample. First, increases in the peak current density of MCH
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reductive desorption were observed. The extent of the increase varied slight-
ly for each pretreatment method. The peaks were also narrower than the one
registered on the non-cleaned electrode indicating more ordered MCH SAM
structures on the pretreated electrodes. Additionally, small broad peaks
traceable to oxidative MCH molecule re-adsorption were observed at -0.8 V
on anodic scans after the investigated surface pretreatments. Finally, signifi-
cant decreases in current at the negative potential limit were observed after
all pretreatments.

However, it worth noting that after all the investigated pretreatments a se-
cond, broader peak at -1.2 V occurred. The highest intensity of this peak was
observed after “CV in H,SO,” pretreatment. A search in the literature re-
vealed that multiple peaks have been observed in some reductive desorption
measurements but a consensus on their origin has not been reached.[49] The
different explanations regarding the occurrence of the double peaks from the
literature have been provided in Paper 1.

Since the majority of explanations from the literature do not convincingly
explain the origin of the second peak, this uncertainty hampers the under-
standing of surface functionalization. It also leads to uncertainties in the
determination of I'ycy. For instance, if the second peak arises from other
phenomena than the reduction of the gold-thiol bond, it should not be in-
cluded in the determination of I'ycy.

In order to investigate the origin of the second peak, partial reductive de-
sorption of MCH was performed (See details in Paper I). The sample was
then analyzed by XPS (Figure 3.4).

Figure 3.4. S2p spectrum of MCH on Au electrode surface after partial reductive
desorption.

The S2p spectrum of the sample is shown in Figure 3.4. The S,,3, peak at
162 eV is attributed to chemisorbed sulfur atoms. This result was in agree-
ment with those reported in the literature.[50] Thus, it was confirmed that
the second peak arises from reductive cleavage of the gold-thiol bond.
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As mentioned before, the highest intensity of the second MCH reduction
peak was observed after the “CV in H,SO,” pretreatment. Interestingly, this
pretreatment also yielded the most distinct profile of the bare gold voltam-
mogram indicating alterations in surface gold morphology. To explore the
relationship of the two phenomena, a non-cleaned gold electrode was pre-
treated by “CV in H,SO,” for 50 cycles as opposed to the 15 cycles used
earlier.
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Figure 3.5. (a) Cyclic voltammograms recorded in 50 mM H,SO, using bare Au
electrodes and (b) reductive MCH desorption in 100 mM KOH after surface pre-
treatment by “CV in H,SO,” for 15 (black) and 50 (red) cycles. The v was 100 mV7/s.

The voltammograms of the 15" and 50™ cycles for “CV in H,SO,4"were pro-
vided in Figure 3.5a. As it can be seen from the figure, after “CV in H,SO,”
for 50 cycles the oxidation current was markedly increased and exhibited
two well-defined peaks at 1.1 V and 1.2 V. The reduction peak at 0.9 V re-
tained its intensity. However, the intensity of the reduction peak at 0.8 V
increased significantly with increasing cycles.

These two pretreated electrodes were then incubated in MCH solutions
and subjected to reductive desorption. The voltammograms are provided in
Figure 3.5b. It showed a clear relation between the structural state of the
surface and molecule binding. The intensity of the second peak at -1.2'V
markedly increased with decreasing intensity of the peak at -1.1 V suggest-
ing the formation of more stable gold-thiol complexes.
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Figure 3.6. XPS S2p spectra of MCH adsorbed on Au electrodes pretreated by
“CVin H2S04" for (c) 15 and (d) 50 cycles.

The MCH formed on gold electrodes pretreated by “CV in H,SO,” for 15
and 50 cycles were further investigated with XPS. The S2p spectra of MCH
formed on gold electrodes are provided in Figures 3.6. The S2 spectra of
both samples were fitted to three doublets. A doublet with the S2ps/, peak at
162 eV (shown in red, Au-S1 has been attributed to the bound sulfur. No
differences in the binding energy of this doublet between the two samples
were observed. The S2p;, peak of the second doublet (shown in blue, Au-
S2 was located at 163.2 eV. Notably, with the CV cycle increasing from 15
to 50, this peak intensity increased pronouncedly. Such variations in gold-
thiolate bonds could explain the correlation between the changed surface
structures after the “CV in H,SO,” pretreatment, reductive desorption and
photoemission spectra. The last doublet (shown in green, R-SH with the
S2p;, component at 164.3 eV for the 15 cycles swept electrode and at
164.7 eV for the 50 cycles swept electrode was attributed to the unbound
sulfur species.

15

Figure 3.7. AFM results of Au electrodes after CV in 50 mM H,SO, for (a) 15 cy-
cles; (b) 50 cycles.

To demonstrate the reason for the different binding properties of thiolated
molecules, AFM was performed on the gold surfaces after CV for 15 and 50
cycles (Figure 3.7). It can be seen that the grain sized increased with increas-
ing CV cycles. The results suggest structural changes of the gold surface
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after CV pretreatment may cause changes in the binding properties of the
thiolated molecules.

Since it was determined that the second peak observed in the reductive
desorption measurements arises from the gold-thiolate bonds, the areas of
both peaks were integrated in order to calculate the I'yicy and their reproduc-
ibility before and after the investigated pretreatments. The calculated results
of I'vcy before and after different pretreatments are provided in Table 3.2.
Similarly to the case of bare gold electrodes, differences in I'ycy were statis-
tically significant before and after different pretreatments based on t-test
analysis. The average ['vcy was up to 2.75 times higher in the case of “O,
plasma & ethanol” pretreatment. However, after “CV in H,SO,” and “H,0,
+ KOH & LSV” pretreatments, the difference between these was insignifi-
cant. Interestingly, the highest reproducibility was obtained in the case of the
non-cleaned electrode. However, when comparing different pretreatment
methods, no significant differences in reproducibility among them have been
observed.

Table 3.2. I'ycy on differently pretreated Au electrodes.

['yvcy (mol cm'z)

Pretreatment Mean STD

Non-cleaned 1.05 x 107 6.92 x 101
CV in H,SO, 2.09 x 107 4.58 x 1071°
H,0,+KOH & LSV 2.19 x 107 2.05 % 10710
0, plasma & ethanol 2.75 x 107 3.95 x 107"

*The mean and STD were calculated from 4 different electrodes of each pretreatment method.

3.2. Factors influencing gold electrodes pretreated using
CVin HzSO4

CV in H,S0;, electrolytes is a widely used method for surface preparation
and characterization of gold electrodes in several research areas [41,51,52].
A standard CV pretreatment involves a gold WE in an oxygen-free H,SO,
solution, which is repeatedly swept in the potential range between -0.4 and
1.4 V with a Ag/AgCl/sat. KCI RE and a platinum CE [51,52]. However, we
have found that structural changes can be induced to gold surfaces by the
standard CV pretreatment and that these changes can influence the thiolated
molecule binding [52]. Therefore, in this section, the factors influencing the
gold electrodes prepared using “CV in H,SO,4” pretreatment is investigated.

3.2.1. Experimental setups

From the literature, we found that some factors originating from the experi-
mental setup (i.e., the Ag/AgCl/sat. KCl RE and the platinum rod CE) may
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affect the shape of the voltammograms, thus may change the gold structure
after the CV pretreatment. One of the factors could be CI released into the
electrolyte from the RE as this may lead to the formation of soluble gold-
chloride complexes during the anodic scan and hence etching of the gold
electrode [53,54]. Some of the dissolved gold is re-deposited on the WE on
the return scan giving rise to a new cathodic peak at more negative potentials
compared to the potential of the gold oxide reduction peak [55]. Another
factor may come from the platinum CE. Some of the platinum may dissolve
during the formation of platinum oxide [56]. If this occurs, the dissolved
platinum could deposit on the gold WE thus changing the property of the
gold surface [48,57]. Moreover, as the CI” can also react with platinum and
form the soluble complexes, the dissolution of platinum can be accelerated if
there is Cl” leaking from the RE [35].

In order to obtain a more comprehensive understanding of the separate and
interdependent effects of the aforementioned factors on gold surface pre-
pared by “CV in H,S0O,”, a series of experiments using a conventional con-
figuration including an Ag/AgCl/sat. KCl RE and a platinum CE (as sche-
matically shown in Figure 3.8) were designed and tested.

AglAgClisat.KCl Au Pt wire  Ag/AgClisat.KCl Au Pt wire Ag/AgClisat KCl Au Graphite rod
RE WE CE RE WE CE RE WE CE

(a) (b) (c)
‘ |

Figure 3.8. Schematic view of the experimental setups: (a) a conventional configura-
tion with an Ag/AgCl/sat. KCI RE and a platinum wire CE; (b) an alternative setup
with the RE placed in a bridge filled with the electrolyte; (c) an alternative setup
with the RE placed in a bridge filled with the electrolyte and a graphite rod CE.

3.2.2. Influence of CI leakage from RE

To investigate whether there was Cl” leaking from the RE, CV experiments
were conducted using the setups shown as Figure 3.8a and b, i.e., without
and with a bridge. The bridge was serving as a double junction to eliminate
the contamination of CI" leaking from the RE.
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Figure 3.9. Cyclic voltammograms recorded in 50 mM H,SO, for gold electrodes
with the experimental setup shown in (a) Figure 3.7a (b) Figure 3.7b. In the figures
the current densities in the EDL region have been magnified by a factor 10, respec-
tively.

As shown in Figure 3.9a and b, the cyclic voltammograms shows clear dif-
ferences between the setups with and without the bridge for RE. Firstly, the
peaks in the Ox/Re region were not stable during the cycling when there was
no RE bridge. In the gold oxidation region, the current at the positive limit of
the potential range decreased whereas the size of the peaks at around 1.28 V
and 1.14 V increased and the peak positions were also shifted slightly in the
negative direction with increasing cycle number. On the reverse scan, the
gold oxide reduction peak was registered at 0.92 V but an additional reduc-
tion peak shown like a shoulder also developed at around 0.80 V with in-
creasing cycle number. In contrast, reproducible gold oxidation and reduc-
tion peaks were seen when the Cl leakage from RE was minimized with the
bridge. Two gold oxidation peaks were registered at 1.14 V and 1.32 V
while the subsequent reduction peak occurred at 0.89 V throughout the cy-
cling. The disappearance of the shoulder during the reduction of gold oxide
suggesting the shoulder at around 0.8 V was from the reduction of gold chlo-
ride complexes.

Secondly, a cathodic feature current, which could be attributed to the
HER process, became apparent at potentials below -0.2 V during the cycling
for both Figure 3.9a and b. With increasing cycle number, the HER current
increased and the HER onset potential shifted in the positive direction. Inter-
estingly the HER peak was more pronounced and the HOR current appeared
when the C1I” was minimized with the RE bridge (Figure 3.9b)

Finally, broad and small peaks were found at around 0.50 V for Figure
3.8a and around 0.6 V for Figure 3.9b in the EDL region. The peaks in both
figures were slightly shifted in the negative direction with increasing cycle
number.

The above observations confirm the leakage of Cl” from the RE. Howev-
er, there are still developing features in the HER/HOR region even with the
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RE bridge. Interestingly, the HER/HOR currents profiles showed clear dif-
ferences between the setups with and without the RE bridge. Moreover, the
origin of the peaks in the EDL region is not clear. Therefore, more experi-
ments were conducted to demonstrate these issues.

3.2.3. Influence of platinum CE

As the platinum CE was used during the measurements (see Figure 3.8a and
b), the observed HER/HOR effect can most likely be ascribed to the result of
catalytic properties of a deposition of dissolved platinum from CE on the
gold WE [57]. It has been found that the dissolution of platinum takes place
at potentials above 0.8 V in H,SO, electrolytes [56,58]. In the present study,
the potential of the platinum CE was found to reach values up to 0.96 V
when CI” were present in the H,SO, (i.e. without the RE bridge) whereas the
corresponding potential was 1.35 V with the RE bridge. It is thus reasonable
to assume that there was platinum dissolution from the CE both with and
without the bridge and that the dissolved platinum could be deposited on the

gold electrode during the cathodic CV scan.
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Figure 3.10. Cyclic voltammograms for gold electrodes recorded in 30 mL of 50
mM H>SO, using the experimental setup shown in Figure 3.7c. (a) In 50 mM H,SO,
solution, (b) In 50 mM platinum-enriched H>SO,solution. The Pt-enriched H,SO,
solution was prepared by CV with Pt rod as WE for 50 cycles in the range of 0.40 V
to1.35V.

To further confirm that platinum deposition on the gold electrode was indeed
the cause of the high HER catalytic performance, the Pt CE was replaced by
a graphite rod (as seen in Figure 3.8c). As expected, the HER current then
became negligible and did not increase with increasing cycle number (see
Figure 3.10a). To further support this conclusion, CV experiments were con-
ducted in a platinum-enriched H,SO, solution (see the results in Figure
3.10b). The HER activity then increased with increasing cycle number as a
result of the platinum deposition taking place upon each cycle (Figure
3.10b). It can consequently be concluded that the HER/HOR catalytic activi-
ty seen for the gold electrode was in fact due to platinum dissolving from the
CE and depositing on the surface of the gold WE.
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3.2.4 Influence of CI" on platinum deposition

When comparing the HER currents in Figure 3.9, it can be seen that the HER
current actually was higher with than without the bridge, i.e. for a lower CI’
concentration. This is unexpected since a lower Cl” concentration would be
expected to result in less dissolved Pt [59]. In order to cast more light on this
problem, inductively coupled plasma mass spectrometry (ICP-MS) experi-
ments were carried out to determine the concentrations of the dissolved gold
and platinum species in the electrolyte after the experiments with and with-
out the RE bridge. As seen in Table 3.3, the concentration of dissolved Pt
species was indeed lower with than without the bridge (i.e. for a lower CI’
concentration) as could be expected. The ratio between the platinum and
gold concentrations was, however, much higher with the bridge. This
demonstrates that the etch rate was significantly higher for platinum than for
gold at the lower CI” concentration. This finding can then be used to explain
the HER results as the surface concentration of Pt would be higher after the
CI' leakage was minimized since less Au would be co-deposited together
with Pt during the cathodic scan. When there was leaked CI', the etching rate
of the gold was increased and the co-deposition of Au and Pt would hence
decrease surface concentration of Pt and therefore cause a less pronounced
HER effect. The difference in the magnitude of HER current demonstrates
that the electrochemical property of the Au electrode is determined by the
ratio between the dissolved amounts of Au and Pt rather than the absolute
amount of the dissolved Pt.

Table 3.3. Concentrations of dissolved platinum and gold species in the electrolytes
after 50 CV cycles in 6 mL of 50 mM H,SO,.

e (g Concentration ratio

Sample - = (Cp/Cru)
Control <0.1 <0.1 -
Without a bridge (CI” leakage) 183.9 21.7 0.13
With a bridge (smaller CI leakage) 3.0 9.1 3.13

It should be noted that the deposited platinum on the gold WE should be less
than one monolayer and could not be detected by XPS, but greatly impacted
the electrochemical behavior of the gold electrode. It is therefore highly rec-
ommended to avoid use of a platinum CE.

3.2.5. Origin of peaks in the EDL region

As shown in Figure 3.9, small peaks were seen in the EDL region when cy-
cling the gold electrodes in the H,SO, electrolyte both with and without the
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RE bridge. The peaks were, however, found at more negative potentials in
the Cl'-containing electrolyte. Specifically, the peak on the anodic scan in
Figure 3.9a (i.e. in the absence of the RE bridge) was found at around 0.515
V on the first cycle and at about 0.480 V on the 50" cycle. When using the
RE bridge (see Figure 3.9b), a peak on the anodic scan nevertheless was seen
at 0.555 V on the first anodic scan and this peak underwent slight broaden-
ing during the cycling. The change in the corresponding reduction peak was,
on the other hand, less pronounced as a broad peak was seen throughout the
experiment.

It was obvious that the peaks in the EDL region could be influenced by
the CI" concentration. Moreover, as the other reasons for the peak in the EDL
region, e.g., the surface reconstruction of the gold, the oxidization and reduc-
tion of metal or organic contaminations from the microfabrication process
have been excluded (see Paper II for more information), the only remaining
plausible reason for these peaks is due to the oxidation and reduction of the
gold electrode, specifically, electron transfers accompanied by anion adsorp-
tion [60—-62]. While such a partial or full charge transfer reaction has been
proposed, the electrochemical reaction responsible for these peaks in the
CVs has not yet been identified. This issue will therefore be investigated
further below.

3.2.5.1. Influence of anion concentration on the peaks in the EDL region

In the literature it has been demonstrated that CI and SO,> can adsorb on the
gold electrodes during the anodic scan and desorb in the cathodic scan re-
spectively [63—65], and that adsorption of CI is stronger than that of SO,
[63,65,66]. Moreover, it should be mentioned that when metal-ion complex-
es (or ion-pairs) are formed, negative shifts in the peak potentials are gener-
ally observed with increased ligand concentrations [35]. To further investi-
gate the relationship between the peaks in the EDL region and the anion
concentration, CV measurements were conducted with gold electrodes in the
potential range between 0 and 0.8 V using the experimental setup shown in
Figure 3.7c¢ for different concentrations of H,SO, (see Figure 3.11a) as well
as with different KCl concentrations in the H,SO,4 solutions (see Figure
3.11b).
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Figure 3.11. Cyclic voltammograms recorded for gold electrodes using the
experimental setup shown in Figure Ic for different: (a) H,SO, concentrations and
(b) KCl concentrations in 50 mM H>SO,. Note that different current density axes are
used in the voltammograms in a) and b).

As shown in Figure 3.11a, the oxidation peak potential gradually shifted
from 0.678 V to 0.564 V with the H,SO, concentration increasing from 5
mM to 500 mM. A calculation of the peak charge, however, showed that the
charge of the peak was practically independent of the SO,> concentration.
This suggests that the oxidation gave rise to a passivation of the electrode
surface via the formation of a poorly soluble oxidation product, e.g. a neutral
gold-sulfate complex. An analogous cathodic potential shift was also ob-
served when increasing the KCl concentration (see Figure 3.11b). With the
KCI concentration increasing from 0 to 10 pM, the anodic peak potential
thus decreased from 0.565 V to 0.552 V. Finally, the peak size decreased and
the peak became broader when the KCI concentration increased from 100
UM to 1 mM. A plot of the peak charge versus the KCI concentration for the
oxidation peak also indicated a Langmuir-like dependence (see Figure 3.12)
supporting the hypothesis involving the formation of a poorly soluble (and
hence passivating) layer of a gold containing complex (or ion-pair) on the
gold surface.
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Figure 3.12. The peak charge density of the oxidation peak in the EDL region as a
function of the KCI concentration: the black dots are the data points while the red
solid line represents a Langmuir-type fit using the equation of y = 7.24 In (x+29)
yielding R°=0.99997.

Furthermore, the reaction mechamism for the peak in the EDL region was
investigated. First, experiments were conducted to demonstrate whether the
reaction is a surface confined redox reaction or a diffusion controlled
reaction. If the reaction is surface confined, the peak current should be
proportional to v, otherwise it should be proportional to v'2.[35] CV experi-
ments were therefore carried out using a range of scan rates, i.e. 10, 25, 50,
75 and 100 mV/s in 50 mM H,SO, solutions containing 0, 10, and 1000 uM
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KCI. As can be seen in Figure 3.13, linear plots of the peak current (f) versus
v were obtained in all three cases indicating the presence of a surface con-
fined redox reaction.
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Figure 3.13. The oxidation peak current density as a function of vfor a KCI concen-
tration of (a) 0 uM, (b) 10 uM and (c) 1000 uM in 50 mM H,SO, solution. The black
dots are the data points while the red solid lines represent linear fits to the data
points.

Secondly, the valence of Au after oxidation in the EDL region was investi-
gated. Usually, gold oxide formation (Au,O;) requires potentials above 1.1
V.[67] The peaks in the EDL region are therefore unlikely to be due to an
oxidation of the gold electrode yielding Au(Ill). It is therefore proposed that
the peaks seen in the EDL region are due to the formation of a passivating
surface layer composed of Au(I) complexes with CI” or SO4>. Here it should
also be mentioned that large cathodic shifts in the redox potential compared
to the standard potential can be observed when the metal ion concentration
in the solution deviates greatly from 1.0 M (i.e. the concentration associated
with the standard potential). Ag nanoparticles have hence been found to un-
dergo oxidation at potentials about 0.4 V more negative than the Ag'/Ag
standard potential due to a low local concentration of Ag' caused by the fast
diffusion of Ag” away from the silver nanoparticles [68]. In the present case,
the local concentration of Au(I) may be decreased via the formation of poor-
ly soluble complexes with C1” or SO,”.

To confirm the formation of the Au(I) complexes with CI” or SO,*, XPS
has been performed on the gold electrodes scanned from 0 to 0.8 V in 50
mM H,SO, solutions containing 10 pM or 1 mM KCI. The presence of the
Cl and S on the Au surface has been confirmed and their dependence on the
anion concentrations has been observed (see Figure 6 in Paper II). However,
it was difficult to detect a Au(I) peak, most likely due to the overlap with the
signal due to metallic gold (not shown).

Based on the experimental findings, the oxidation peak observed in the
EDL region is proposed to stem from a one-electron transfer gold oxidation
process yielding a neutral Au(I)complex with Cl" or SO,*. The complexation
with the ligand would then help to stabilize the Au(I) oxidation state and the
voltammetric data also indicate that passivating layers of the complexes
were formed on the gold surface. The proposed reaction can be illustrated
using the equations below:
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Au — Au’ + e Equation 3.1
Au" +Cl - [AuCl]s Equation 3.2

and 24u” + I:SO?:I - [Au2SO4] Equation 3.3

s

Upon the formation of the complexes, the free concentration of Au(I) would
decrease at the electrode surface which, according to the Nernst equation,
would result in a cathodic shift in the redox potential, the magnitude of
which would increase with increasing ligand concentration. The results fur-
ther indicate that when KCI was added to the H,SOj, solution, the Au,SO,4 on
the electrode surface was gradually replaced by AuCl, as the peak potential
was shifted in the negative direction.

Such oxidation peaks should hence always be expected when CV experi-
ments are carried out in H,SO, electrolytes and the peak shifts seen for these
peaks with increasing cycle number may then be due to the increase of the
concentration of the CI leaking from the RE.

3.3. Practical guidelines for pretreating gold surfaces
prior to functionalization

In this chapter, pretreatment methods to clean the microfabricated gold sur-
face have been systematically characterized in terms of surface cleanliness,
thiolated molecule binding and reproducibility. The investigated methods
were (i) CV in H,SOy, (i1)) KOH + H,0, & LSV and (iii) O, plasma & etha-
nol. It was shown that all three methods significantly decreased the contami-
nation and increased MCH surface coverage.

Most importantly, it was also revealed that surface pretreatment and char-
acterization method, particularly CV in H,SO,4, may induce structural chang-
es to the gold surfaces due to the factors from the experimental setup. Ac-
cordingly, these alterations influence the characteristics of MCH functionali-
zation. The factors include the leakage of CI from the Ag/AgCl/sat. KCl1 RE
as well as the dissolution and re-deposition of Pt from the Pt CE. Therefore,
the use of the RE bridge to minimize the CI” leakage and avoid using the Pt
CE are highly suggested. Moreover, as there may be poorly soluble Au(I)
complexes formed on the gold surface during the CV in H,SO4, we also sug-
gest to make sure the complexes have been reduced after the CV. Based on
these findings, in the later experiments, we combined the “O, plasma & eth-
anol” and “CV in H,SO,” to pretreat and characterize the gold surface prior
to the DNA immobilization. During the CV pretreatment, the RE bridge has
been used and the big gold electrodes on the same chip (see section 2.1 for
the electrode design) have been used as the CE.
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4. Sensor characterization

4.1. DNA hybridization on the gold surface

The performance of electrochemical DNA biosensors is highly dependent on
the target-probe DNA hybridization behaviors. With the negatively charged
phosphate backbone and the relatively large size, the steric hindrance and the
charge screening are two key factors determining the target-probe hybridiza-
tion behavior. Usually, increasing the I'ppe could increase the steric hin-
drance, thus decreasing the hybridization efficiency. As the D'ty 1S deter-
mined by the I'ppe and the hybridization efficiency, to increase the I'rarget,
the ['pope should be tailored. On the other hand, high salt concentration is
favored for DNA hybridization. However, high salt concentration will re-
duce the Ap and increase the charge screening effect, with should be avoided
for potentiometric detection.

In this section, the target-probe DNA hybridization on the sensor surface
and its dependence on the surface probe DNA coverage and the ionic
strength were systematically investigated and quantified by surface plasmon
resonance (SPR).

4.1.1. Tailoring the I'pyope

Currently, the most frequently used method to tailor the I'pype is varying the
probe DNA concentration in the solution for the electrode surface modifica-
tion. Figure 4.1 shows the relationship of the probe DNA concentration and
the I'p;ope measured by CC and SPR. As is seen, when DNA concentration in
the immobilized solution was lower than 100 nM (see the inset figure in
Figure 4.1), the average ['p;o. increased quasi-linearly (from 2.1 £ 0.6 x10"'
to 5.8 = 2.1 x10"* molecules cm™ with increasing probe DNA concentration.
The I'prope reached it steady state at the probe concentration higher than 250
nM. The maximum [pyope was 7.6 £ 1.7 x10'? molecules cm™ for CC meas-
urements while it was 1.73 + 0.03 x10" molecules cm™ for SPR analysis.
This deviation is probably due to the different gold surfaces (lab-fabricated
gold electrodes for CC measurements and commercial SPR gold chips for
SPR measurements).
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Figure 4.1. CC and SPR results of I o versus immobilized probe DNA concentra-
tion. Black dots and line: CC results; Red dot: SPR results. The inset figure shows
the enlarged view of results at low probe DNA concentrations with linear scale.

Each point depicts the average and standard deviations from 4 electrodes (or SPR
sensorchip channels).

4.1.2. Relationship between the I'p,y,. and the target-probe DNA
hybridization

The dependence of the probe-target hybridization on the I'yhe Was investi-
gated. The hybridization experiments were conducted in the tris buffer (10
mM Tris-HCI, pH 7.4) with 1 M NaCl. Figure 4.2a shows the SPR analyses
of surfaces with four different I'p;ope (i.€., 1.49 X10“, 2.49 ><1012, 7.82X1012,
and 1.70x10" molecules/cm?) after injecting 50 pl of 1 uM target DNA for
ten minutes. As is seen in Figure 4.2a all the hybridization of probe-target
increased and reached steady state within ten minutes of injection, and the
maximum I’y increased with increasing I'pone. Notably, the surface with
the highest I'pope had the slowest hybridization rate. The slow hybridization
rate on the high I'pp. may be due to the large steric hindrance effects. In
addition, the maximum hybridization efficiency decreased from 90 % to 22
% with increasing the ['pope (Figure 4.2b).
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Figure 4.2. The influence of probe surface coverage density on the target hybridiza-
tion. (a) The relationship of [ 'p,.p. o1 the hybridization response. At point ¢, 1 uM
target DNA was injected; at point d, the injection was finished; (b) The influence of
Lprope O the I'ryyeer and maximum hybridization efficiency. The running buffer and
inject buffer was the tris buffer with 1 M NaCl. The flow rate was 5 ul per minute.

4.1.3. Relationship of ionic strength and the target-probe DNA
hybridization

As illustrated above, lower ionic strength could reduce the probe-target hy-
bridization efficiency due to the charge repulsion of the DNA phosphate
backbone. This could be reflected by the melting temperature (T,,) of the
probe-target duplexes at different salt concentrations [69]. To confirm this,
the Ty, of the DNA duplex was measured in the tris buffer with four different
NacCl concentrations (1, 10, 100, 1000 mM). As shown in Table 4.1, both the
measured T,, and the theoretical T,, decreased with decreasing NaCl concen-
tration. It is worth noting that all the measured melting temperatures of the
DNA duplexes are higher than room temperature (25 °C), which indicates
the hybridization could take place at room temperature even at the lowest
tested salt concentration. However, due to steric hindrance on the surface,
the DNA hybridization behavior could be quite different comparing to that in
the bulk solution [12]. Therefore, the hybridization behavior of the probe-
target DNA on the surface versus the NaCl concentration was also investi-
gated.
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Table 4.1 T,, versus NaCl concentration in the tris buffer.

NaCl concentration Measured T (°C) STheoretical T (°C)
(mM) o m
1000 =¥ 78.5
100 66 61.9
10 48 453
1 45" 28.7

*The T,, could not be measured due to too high salt concentration that has an impact on
PicoGree fluorescence.

*The large deviation between the measured T,, and theoretical T,, may be due to the presence
of 10 mM tris.

SThe theoretical T,, was calculated using nearest neighbor method using OligoCalc calcula-
tor.[70]

Figure 4.3 shows the SPR results of the probe-target hybridization on gold
surfaces in the buffer solutions with different NaCl concentrations. General-
ly, it can be seen that the probe-target hybridization rate decreased with de-
creasing NaCl concentration for all the surfaces. Moreover, low salt concen-
tration had stronger influence on the hybridization occurring on the surface
with higher I'p;one. When the salt concentration was reduced to 10 mM and 1
mM, the hybridization efficiency decreased remarkably for all the surfaces
and none of the surfaces could reach steady state, even with 15 minutes’
injection time. Notably, almost no hybridization was registered on the sur-
face with 1.70x10" molecules/cm in 10 mM NaCl, even though the target
concentration was increased from 1 uM to 3 pM for this surface (Figure
4.3a). The hybridization also became invisible for the other 3 surfaces with
lower I'pope When the NaCl concentration was reduced to 1 mM (Figure
4.3b-d). Although T,, results suggest the hybridization could take place in
the low salt buffer, the deviation between the results of SPR and T,, analysis
confirmed the difference of the DNA hybridization in the bulk solution and
on the surface, due to the extra steric hindrance effect on the latter.
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Figure 4.3. The SPR response of the gold surfaces immobilized with the I p,qp. of (a)
1.70 x10"; (b) 6.78x10"; (c) 2.58 x10", and (d) 1.49 x 10", molecules cm™ ver-
sus different NaCl concentrations. At point e, either 3uM for for (a) or 1 uM for (b),
(c) and (d) target was injected. At point f and after the dashed line, the injection was
finished. The flow rate was 5 ul per minute.

4.2. Potentiometric detection of DNA

The potentiometric signal of the ISFET based DNA sensor is generated by
the additional surface charge induced within the Ap by the hybridized target
DNA molecules [11,27,28]. As illustrated in last section, the hybridized tar-
get DNA amount is determined by the ['p.ope and their hybridization efficien-
cy. The hybridization efficiency decreased significantly with increased I'p;ope,
due to the steric hindrance [71,72]. On the other hand, Ap is determined by
the ionic strength [32]. Lower ionic strength could yield larger Ap to benefit
the signal [73]. However, due to the charge repelling on the DNA phosphate
backbone, lower ionic strength could also reduce the probe-target hybridiza-
tion efficiency. In this section, the trade-off for I'p,op. and ionic strength has
been investigated to estimate the theoretical potentiometric signal. The po-
tentiometric detection of DNA was also performed. The estimated results
and the measured results were compared.
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4.2.1. Estimation of the potentiometric signal for DNA detection

4.2.1.1. Estimation of the potentiometric signal for DNA detection with
diluting buffer method

Firstly, the potentiometric signal for the results in Figure 4.3 was estimated.
In the estimation, we simply assume that potentiometric signal is the surface
potential change (Ag) caused by the net surface charge induced by the hy-
bridized target DNA (Q,) charging up Cp; [74]. It is again noted that only
the charge within the Ap can contribute to the net surface charge. Therefore,

Ap= 2 Equation 4.1
CDL quation 4.
Where, Cp, is around 2 pF cm in the tris buffer for a DNA/MCH modified
gold surface as measured by CC (See Table 4.2). It is also known that each
nucleotide in the DNA chain contains one negative charge [33]. So the
amount of Qj, is determined by the number of nucleotides within Ap (Npycleo-
tide)-

Table 4.2. The typical values for Cp; measured CC in 10 mM tris buffer. AE=-0.35
14

Op; (nC cm™) Cpr=0p/AE (uF/cm’)
0.72 2.05
0.65 1.87
0.67 1.93
0.47 1.30
0.69 1.96

Ap in the tris buffer solutions with 1 to 1000 mM NaCl was calculated and
listed in Table 4.3. Nyuceoide Was calculated after subtracting the length of
linker (around 1 nm) from Ap, given the distance between two neighboring
bases is 0.34 nm (for dsDNA) and assuming the DNA molecules stand on
the surface (Table 4.3). Note that no side interactions on the sensing elec-
trode, such as surface protonation/deprotonation which could buffer the
DNA signal, nor the DNA conformation change, were considered in the
estimation. The estimated amount should thus be the upper limit of the signal
generation.

The estimation of the potentiometric signal is also summarized in Table
4.3. For all the conditions with the salt concentration higher than 100 mM,
no DNA nucleotide is located within Ap, resulting in no detectable charge.
This indicates that the ISFET could not be applied directly in physiological
solutions (ionic strength at 200-300 mM) with Ap about 0.8 nm [73]. In the
tris buffer with 10 mM or 1 mM NaCl, no potential change could be regis-
tered for the surface with highest I'pype (i.€., 1.70 x10" molecules cm’z)
since no hybridization took place under this condition. The largest potenti-
ometric signal was estimated to be 121 + 5 mV, with I'p,op. of 2.58 x 10"
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molecules cm™ and in the tris buffer with 10 mM NaCl. Besides, as the hy-
bridization efficiency was significantly decreased in the tris buffer with 1
mM NaCl, the estimated potentiometric signal in this salt concentration was

small (around 10 mV).

Table 4.3. Estimation of the potentiometric signals for different I'p,.. and salt con-

centrations.
e CNa al 7\1[) Nnuc!eotide i Target . *Qh *A(p
(molecules/cm ) (mM)  (nm) LTIz (molecules/cm ) (C em?) (mV)
12
1000 0.30 0 3.85+0.04 x10 0 0
100 0.92 0 2.85+0.03 x10 0 0
1.70x10"
10 214 3 L0.04£0.01x10 0 0
1 2.90 5 - - -
1000 0.30 0 3.08 % 0.08x10 0 0
100 0.92 0 293+ 0.04x10 0 0
12
6.78x10 . 5
10 214 3 3.68 £0.17x10 1.77+£0.08x10 8844
10 -8
1 2.90 5 3.35+ 1.88x10 2.68+1.50x10  13+8
1000 0.30 0 1524 0.16x10" 0 0
100 092 0 1534 0.11x10 0 0
12
2.58x10
1 7 121 +
10 214 3 504+020x10  2.42+0.10x10 s
10 -8
1 2.90 5 2.76 +1.18%10 221+095x10  11£5
1000 030 0 144003 x10' " 0
100 092 0 146+ 0.04 10" 0
11
1.49x10 -
10 214 3 88606510 HHEOIX0 5y,
1 290 5 276+ 0.88 x10 2212071 x10®°  11+4

*The results contain the mean and the standard deviations. The standard deviation was calcu-
lated from 3 to 4 measurements.

55



The sensitivity of the surface with I'p,ope 0f 2.58 X 10" molecules cm™? and in
the tris buffer with 10 mM NaCl was further investigated. Figure 4.4 shows
the SPR results and the corresponding estimated potentiometric signals of
the probe-target hybridization on this surface with different target concentra-
tions. It can be seen that I'rye and the corresponding estimated potentiom-
etric signal decreased with reduced target concentration. The estimated po-
tentiometric signal from 100 nM target concentration was only 10 mV. As-
suming the intrinsic potential fluctuation of RE is 1 mV [75], considering the
signal-to-noise ratio (STN > 3), this indicates the lower detection limit of
this method is about 30 nM with 3 mV potentiometric signal. Notably, these
estimations assume no side interfacial interactions are taking place, thus this
is in the ideal case. Therefore, reported signals higher than these estimations
should be carefully evaluated.

80

——100nM |
70 4——250nM d — 504 (b) 120
e 500 M I £ s
5 60 o=——1000nM| ‘z 201 L100E
o & —
- 3 w0 §
W H i =
540 g% £
@ 30 5 L60 °
] 2 T
= 20 2 204 b=
Z F40 g
. H o
10 510 i &
9 = Mprone: 2.58 X 1012
-10 T T T T T 0 T T T T T 0
0 200 400 600 800 1000 0 200 400 600 800 1000
Time (s) Target concentration (nM)

Figure 4.4. The calibration curve for probe-target hybridization in the tris buffer
solution with 10 mM NaCl and on the surface with the probe coverage of 2.58 x10"
molecules cm™. (a) The SPR results. At point ¢, the target was injected; at point d
and after dashed line, the injection was stopped. Due to the slow hybridization rate,
the injection time was 15 minutes. The flow rate was 5 uM per minute. (b) The target
coverage and the estimated potential change versus target concentration. The indi-
cated error bars denote the standard deviations based on 3 to 4 measurements.

4.2.1.2. Estimation of potentiometric detection signal for DNA detection
with an alternative method

The major reason for the low potential signal with diluting buffer method is
the contradicting requirements of salt concentration for hybridization and
charge registration (i.e., Ap). An alternative method is to separate these two
processes to different buffer solutions: hybridization at high salt concentra-
tion followed by potentiometric measurement at low salt concentration.
Since a prerequisite for this alternative method is that the hybridized DNA
duplex is stable in the low salt buffer, the stability of DNA duplexes in the
tris buffer with different NaCl concentrations has been examined (See Figure
4.5).
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Figure 4.5. The SPR results of the stability of DNA duplexes in the tris buffer con-
taining different concentrations of NaCl on the gold surfaces with the probe cover-
age of (a) 1.73x10" molecules cm™; (b) 7.82 x10" molecules cm™; (c) 2.58 10"
molecules cm™; and (d) 1.49x 10" molecules cm™. In all the figures, at point d, 3
UM (for a) or 1 uM (for b, c and d) of target DNA was injected; at point e, the injec-
tion was stopped and the running buffer flowed, the subject numbers depict the dif-
ferent times of stopping injection; at point f, the tris buffer containing 100 mM NaCl
was injected for 5 minutes, at point g, the 10 mM tris containing 10 mM NaCl was
injected for 5 minutes, at point h, the 10 mM tris buffer containing 1 mM NaCl was
injected for 5 minutes. The flow rate was 5 ul per minute.

As seen from Figure 4.5a for the surface with highest I'p,ope, after the target
was injected for 200 s, the SPR response reached steady state (maximum).
After the target injection was stopped at e, the response change was 490
RU, corresponding to the I'ragee at 3.86 x10'? molecules cm™>. After 5
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minutes’ injection of buffer containing 100 mM, 10 mM and 1 mM NacCl,
the SPR response decreased to 289 RU, corresponding to a I'ragee Of
2.28x10"* molecules cm™, suggesting 60% of the target was remaining in tris
buffer with 1 mM NaCl. Specifically, on the surface with I'p,ope Of 7.82% 10"
molecules cm™, the SPR response after hybridization was 420 RU. The 5
minutes’ injections of the tris buffer containing 100 mM, 10 mM and 1 mM
NaCl yielded 336 RU(Figure 4.5b), corresponding to a final I'ryge Of
2.65x10" molecules cm™ (80 % target remained). On the surfaces with the
IMrarger Of 2.58% 10" molecules cm™ and 1.49x10"" molecules cm™ (Figure
4.5c and 4.5d), after injecting the buffers with 1mM NaCl, 91 % and 95 % of
the target remained. The corresponding remaining I'ryrger Were 1.53% 10" and
1.45x10"" molecules cm™.

As the results show, the surface the Tpgpe 0f 7.82% 10" molecules cm™ had
the most remaining targets after the washing with low salt buffer. The corre-
sponding potentiometric signal in the tris buffer with 1 mM NaCl was esti-
mated to be 1059 mV. Furthermore, the SPR analysis has been conducted for
estimating the potentiometric signals for different target concentrations using
the alternative methods. The SPR analysis is shown in Figure 4.6a. The re-
sulting I'rarer after hybridizing in the tris buffer with 1 M NaCl as well as the
estimated potentiometric signal at 1 mM NaCl are shown in Figure 4.6b. It
can be observed that with decreasing the target concentration, the hybridiza-
tion rate decreased. When the target concentration decreased from 1000 nM
to 10 nM, the D'y decreased from 3.36 + 0.03x 10" molecules cm™ to 1.60
+ 0.02x10"" molecules cm™, corresponding to potentiometric signal chang-
ing from 1074 = 10 mV to 51 £ 6 mV. Provided that the intrinsic potential
fluctuation of the RE is about 1 mV, the lower detection limit with the pro-
posed alternative method is around 0.6 nM for 3 mV (STN > 3) potentiom-
etric signal.
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Figure 4.6. The calibration curve of the hybridization signal versus target concen-
tration. (a) The SPR response of the surface immobilized with 100 nM probe to
different target concentrations. The sample buffer and running buffer was tris buffer
with 1 M NaCl. (b) The as-hybridized target coverage and the estimated potentiom-
etric change versus the target concentration.
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4.2.2 Potentiometric detection of DNA with gold coated -SiNW-
FET

In the last section, we have estimated the detection limits of potentiometric
DNA sensors using SPR analyses without considering the side reactions
occurring on the sensing interface. Herein, the potentiometric detection of
the DNA was performed with the gold coated SINW-FET. The SINW-FET
has a n-channel. The detailed information for SINW-FET and the measure-
ment setup could be found in section 2.4.6. The gold surface was functional-
ized with probe DNA and MCH as the sensing layer. 100 nM of probe DNA
was used for immobilization, which could yield a I'p,ope 0f around 5.8 x 10"
molecules/cm” (Figure 4.1).

As the estimation in Section 4.2.1 shows, with the method of diluting
buffer, the maximum potentiometric signal could be obtained occurring in
the tris buffer containing 10 mM NaCl. Therefore, potentiometric detection
of DNA was first performed in this buffer (Figure 4.7). In principle, the hy-
bridized target DNA could introduce additional negative charge on the gold
surface, thus increasing the V1 of the SINW-FET. As seen in Figure 4.7, the
Vr drifted initially and after the AVt was stabilized, 10, 100, and 1000 nM
target DNA in was injected successively. However, the injection of target
DNA even upto 1 pM target concentration did not change the Vr. The meas-
urements were repeated on four different SINW-FETs. None of them could
register the shift in Vr caused by the DNA hybridization.

Figure 4.7. Real-time potentiometric detection of DNA in the tris buffer containing
10 mM NaCl. The injected target concentration was 10 nM, 100 nM and 1000 nM.
The flow rate was 5 pl/min. For each injection, the time is around 15 minutes.

The potentiometric DNA detection with the alternative method, i.e., DNA
hybridization in the tris buffer containing 1M NaCl and measurement in the
tris buffer containing 1mM NaCl, was also demonstrated. As different salt
concentrations were used for hybridization and for the charge registration, it
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is important to know the influence of the high salt concentration buffer on
the potentiometric signal registered in the low salt concentrations buffer
(Figure 4.8a). As can be seen in the Figure 4.8ai, the tris buffer containing
ImM NaCl and the buffer containing 1 M NaCl were injected alternatively.
The difference of the AVy in the buffer with 1 mM NaCl was calculated
before and after the injection of 1 M NaCl buffer, yielding the AVt of -39, -
20, and -16 mV, respectively. The measurement on the MCH modified de-
vice on the same chip exhibited a similar decrease of the AVt (see Figure
4.8aii) after injecting the tris buffer containing 1 M NaCl. The differential
AVt was obtained by subtracting the change in Figure 4.8aii from 4.8ai. The
yielded differential AVt before and after three times of injection of the tris
buffer with 1 M NaCl was around -20, -3, and -3 mV, respectively. Since the
noise level of the measurement was upto 2 mV, with STN>3, only the poten-
tial change above 6 mV could be registered reliably. This suggests the influ-
ence of using different buffer for the measurement could be eliminated by
repeating the injections and using the differential signal.

Figure 4.8. (a) Real-time potentiometric measurement to study the influence of 1 M
NaCl; At point c, the tris buffer containing 1 M NaCl was injected for 10 minutes,
the subscript numbers represent for different runs; at point d, the tris buffer contain-
ing 1 mM NaCl was injected. (b) The real-time potentiometric measurement of DNA
hybridization with the alternative method. This measurement was performed imme-
diately after (a).

The potentiometric detection of DNA was performed immediately after the
differential AVt caused by injection of 1 M NaCl was eliminated. The real-
time response after injecting 1, 10, 100, and 1000 nM target DNA was
shown in Figure 4.8b. The registered differential AV in the tris buffer con-
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taining 1 mM NaCl after the injections of different concentration of target
DNA was -8, -13, -13, and -13 mV. Moreover, as the SINW-FET used in this
study is n-channel FET, the DNA hybridization should introduce more nega-
tive charge on the surface, thus increasing the V. The negative AVr may
come from the drift of the system. The result suggests no AVt could be reg-
istered with increasing the target DNA concentration. This experiment was
repeated on six different SINW-FETs. However, the results were similar as
the results shown in Figure 4.8b, suggesting no potentiometric signal could
be generated by DNA hybridization.

4.2.3. The limitations in the potentiometric DNA detection

Although the estimation based on the SPR analysis suggests the DNA hy-
bridization can be registered by potentiometric methods, the experimental
results suggest that the potentiometric DNA detection with the gold-coated
SiNW-FET is not a feasible method. As the estimation did not take the side
interactions occurring on the sensing interface into consideration, the results
of the real-time potentiometric measurements suggest these side interactions
may overwhelm the potentiometric signal induced by DNA hybridization.

Indeed, many factors could decrease the potentiometric signal caused by
DNA hybridization. In the estimation, it is assumed that all the negative
charge on the DNA within the Ap could be registered. Actually, the charge
on the DNA could be shielded or neutralized to a great extent by the counter-
ions in the solution [33]. According to Manning’s counter-ion condensation
theory, upto 76 % of the negative charge on the DNA could be shiclded by
monovalent cations [76]. Therefore, this counter-ion condensation effect can
reduce the expected hybridization signal and prevent successful measure-
ments.

Moreover, the pH buffering effects on the surface could be another factor
accounting for the decrease of potentiometric signal. The study on protein
modified FET shows, the pH sensitivity on the surface could buffer the po-
tential change based on Donnan equilibrium [77]. In this study, the author
proposed that if the ISFET shows a Nernstian behavior, no potentiometric
signal could be caused by proteins adsorbed in the membrane on the gate of
an ISFET. Besides, studies on the potentiometric detection of Ca*" shows
competing reactions occurring on the surface could reduce the potentiom-
etric signal [78]. In this study, the pH sensitivity of the gold surface was also
found could reduce the sensitivity of Ca*". The pH sensitivity of the probe
DNA/MCH modified gold surface was demonstrated (see Figure 4.9a). As
seen in Figure 4.9a, the pH sensitivity of the gold, MCH modified gold, and
the probe DNA/MCH modified gold was 10.7+1.8, 349428, and
20.1 £ 1.4 mV/pH. This result confirms the pH sensitivity of the sensing
interface could be another factor decreasing the potentiometric detection
signal of DNA hybridization.
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Figure 4.9. (a) The pH sensitivity results of the gold, MCH modified gold, and probe
DNA/MCH modified gold; (b) The pH sensitivity of probe DNA/MCH modified gold
in the presence of 100 uM ferri- and ferrocyanide. The indicated error bars denote
the standard deviations based on five different measurements.

In addition, since there is no fixed couple presenting on the gold surface,
gold could directly sense the change occurring in the bulk solution. This
suggests that the potential of the buffer solution may dominate the gold sens-
ing potential. To confirm this, the pH sensitivity of the MCH and the probe
DNA/MCH modified gold surface in the presence of ferri- and ferrocyanide
was investigated (Figure 4.9b). As expected, the pH sensitivity of both the
MCH and the probe DNA/MCH modified surface decreased to 23.1 + 0.9
and 4.3 £ 0.8 mV/pH.

Finally, the STN and the DNA conformational change before and after
DNA hybridization could also limit the potentiometric detection signal of
DNA hybridization.

4.3. EIS analysis of DNA hybridization on DNA
aptamer/MCH modified gold

DNA aptamers are synthetic oligonucleotides that can adopt secondary or
tertiary structures after binding to certain targets with extremely high
specificity [44]. Owing to the highly specific affinity of aptamers to target
molecules, aptamers have been adopted as the recognition probes in the de-
velopment of ultrasensitive biosensors [44,79]. Recently, target- induced
strand displacement (TISD) has been proposed to increase the sensitivity and
selectivity of aptamer sensors [80,81]. By introducing a short-length probe
DNA, which can hybridize with a partial aptamer, the conformational
change of an aptamer can be enhanced after the target displaces the probe
thanks to the different flexibility of the ssDNA and dsDNA [82]. To achieve
a sensitive and selective aptamer with the TISD method, the requisite is that
the aptamer can hybridize with the probe efficiently. Importantly, the hybrid-
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ization of the aptamer-probe DNA is supposed to induce a significant and
reproducible signal change to enable a large detection signal when the target
displaces the probe.

In this section, EIS analysis of DNA hybridization was studied on the ap-
tamer/MCH SAM modified gold surfaces, combined with ferri- and ferrocy-
anide (i.e. Fe(CN)s>™ and Fe(CN),") as redox-active mediators. A DNA ap-
tamer with 38 bases and a short sequence probe DNA (P1) were used. The
drift issues within this system are studied. The importance of a stable and
reproducible interface is demonstrated and addressed.

4.3.1. Irreproducible EIS results for aptamer/MCH modified gold
electrodes after hybridization with P1

The EIS measurements were performed prior to and after aptamer/P1 hybrid-
ization on the aptamer/MCH modified gold electrodes. As mentioned in
Section 2.3.2.2, during the hybridization, the aptamer/MCH modified gold
electrode was incubated in the 95 °C buffer with P1. During the incubation
with P1, the solution slowly cooled to room temperature and the hybridiza-
tion took place. To differentiate these data from the results shown later in the
text, the EIS results obtained immediately after aptamer/MCH modification
and after hybridization with P1 were marked with “first cycle”. The results
of the faradaic EIS measurements following the hybridization with P1 on the
aptamer/MCH mixed SAM modified gold were, however, not reproducible.
Figure 4.10a and 4.10b show the results of the EIS measurements for two
electrodes, before and after the P1 hybridization. Note that the diameter of
the semicircle, i.e., the Rer, in the Nyquist plot decreased slightly after the
hybridization for one electrode while it increased for the other electrode.
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Figure 4.10. Faradaic EIS analyses of aptamer/MCH modified gold electrodes in
the binding buffer solution containing ferri- and ferrocyanide at room temperature.
(a, b) The first cycle EIS results of two independent measurements for ap-
tamer/MCH modified gold electrodes before and after hybridization with Pl1; (c)
The first cycle EIS results for the aptamer/MCH electrodes after ten minutes of in-
cubation in the measurement solution, (d) Rcr changes after hybridization with P1,
and after ten minutes of incubation in measurement solution, respectively. The Rcr
values were obtained by fitting the results to the Randles cell equivalent circuit
model. The Rcr changes were then calculated as (Rer, aier-Rct, iniiat)/Rer, initiar X 100%.
The indicated error bars denote the standard deviations based on six different elec-
trodes.

As illustrated in 1.4.3, Rer changes induced by the hybridization of target
DNA can be either positive or negative, which is dependent on not only the
accumulation of additional negative charges on the surface but also by the
physical blocking of the access of the redox molecules to the electrode sur-
face [12]. More negative charge should be present on the surface after the
aptamer-P1 hybridization, which could result in an increased repulsion of the
negatively charged ferri- and ferrocyanide complexes. This should result in
an increase in Rcr. However, the conformation changes of the aptamer after
hybridization with P1 could decrease the Rcr [10]. As illustrated in section
1.3.3, the extent of conformation change after hybridization is dependent on
the surface coverage. Given a similar coverage measured by CC, i.e. 9.2 +
0.9 x 10" molecules cm™ of the aptamer on the different electrodes in this
study, the aptamer should undergo similar conformational change after the
hybridization. Analogous Rcr changes should therefore be seen for the elec-
trodes. The irreproducible changes after P1 hybridization here indicate that
either the surface conformations of aptamer varied between two electrodes
or the surface was not stable during the measurements.

Moreover, when carrying out repeated faradaic EIS measurements on the
aptamer/MCH mixed SAM modified gold electrode after ten minutes of
incubation in the measurement solution, an additional increase in Rcr was
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observed (Figure 4.10c). This suggests that the irreproducible results for the
aptamer/MCH modified gold electrodes prior to and after the P1 hybridiza-
tion in Figure 4.10 could be caused by the Rer drift.

The reproducibility issue on the Rcr change after the hybridization and af-
ter the incubation in the measurement solution was statistically studied on
six different electrodes. The obtained average change in Rcr showed that the
Rer increased after the hybridization with P1 while the uncertainty in the
average change was significant (see Figure 4.10d). A student’s t-test based
on the results in Figure 4.10 d showed that there was no significant differ-
ence between the Rer changes caused by the hybridization with P1 and those
seen during the subsequent measurements. This clearly made it difficult to
determine whether the increase in Rcr was caused by random variations,
drift or the hybridization process.

4.3.2. Drift in Rcr and Cpy. for aptamer/MCH modified gold
electrodes

To get a better understanding of the drift in Rcr for aptamer/MCH modified
gold electrodes, the faradaic EIS measurements were carried out for 18 hours
to investigate whether the system would reach a stable state or not. As the
results in Figure 4.11 show, the EIS measurements need roughly 12 hours to
be stabilized. During the stabilization, Rcr and Cpp. both increased.

o |45
@ 18h S T I —
> e e 4.0
3504 - -
00,7 d 3%~
T 150 P 4 = F3.0g
5 £ 2504 P s
2 a / (25
hl‘;mo- = 2007 / t20 =
150 / b5 ®
50 1:2-_, — 5
: Lo.5
0 - 0. s C:\ o
H 100 400 7 4 B 8 10 12 14 16 18

200 I
Z,, (0cm’) Time (h)

Figure 4.11. Faradaic impedance drift for an aptamer/MCH electrode in the bind-
ing buffer solution containing 10 mM ferri and ferrocyanide during continuous
measurement at room temperature. (a) Nyquist plots for different times with a one-
hour interval between two measurements, (b) The extracted Rcr and Cpy values
versus time.

It has previously been reported that repeated measurements can give rise to
an increase in Rcr[37] However, this explanation was excluded with the
experiments. Comparable increases in Rcr were observed for the electrodes
with and without repeated measurements during conditioning in the meas-
urement solution (see details in Paper IV and Figure S5 in the Supporting
information). It is reasonable to assume that the drift in Rcr and Cpp was
caused by some changes taking place on the electrode surface upon the incu-
bation in the measurement solution.
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4.3.3 Faradaic EIS analyses on aptamer/MCH modified gold
after hybridization and after stabilization

After the faradaic EIS measurements for the aptamer/MCH modified gold
stabilized, the stabilized Rct was evaluated. The electrode was then washed
and incubated in the 95 °C binding buffer solution either in the absence or
presence of P1 for 1 hour. The solutions were initially at 95 °C and then
cooled down to room temperature during the incubation process. Finally, the
electrodes were washed and the faradaic EIS measurements were performed.
A gradual increase in Rer was also seen for the electrode after the hybridiza-
tion with P1 or after incubation in the hot buffer (See Figure S6 in Paper
IV). The stabilized Rcr value was then taken as the Rer value for the hybrid-
ized electrode. In Figure 4.12a and 4.12b, the stabilized Rcr values obtained
for the aptamer/MCH electrode prior to and after incubating in the hot buffer
with and without P1 were compared. Moreover, the statistics on six different
electrodes for each experiment show, the Rcr increase was 30 £ 10% for the
former (with P1) and was 112 + 12% for the latter (i.e., without P1). Since a
Student’s t-test showed the difference between the Rt values obtained in the
presence and absence of P1 hybridization was significant at the 95% level, it
is immediately clear that the change in Rcr was not only caused by the hy-
bridization. Moreover, the results indicate that the increase in Rcr due to the
increased temperature actually was larger than the change seen in the pres-
ence of the hybridization.

This is surprising as it would be assumed that the main change in the Rer
value should be due to the hybridization. As the experimental results demon-
strate that the changes in Rcr depend on both the hybridization reaction and
the temperature, it would hence not be straightforward to employ the present
sensing protocol. This suggests that hybridizations in hot buffer solutions
either should be avoided or that results obtained with the present protocol
should be verified using another approach prior to use. From a fundamental
point of view, it is clearly important to identify the reasons for the large
changes seen in Rer when changing the temperature. This issue is therefore
discussed in the next section.
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Figure 4.12. Stabilized faradaic EIS results for (a) an aptamer/MCH modified gold
electrode before and after hybridization with Pl1, (b) an aptamer/MCH modified
gold before and after incubation in the hot binding buffer solution. (c) Rcr changes
obtained after hybridization with Pl and incubation in the hot binding buffer, re-
spectively. The Rcr values were obtained from fits of the data to the Randles equiva-
lent circuit for six electrodes and the Rcr changes were calculated as (Rer, afie-Rer,
initia)/Ret, initiat X 100%. The error bars denote the STD calculated based on the data
from six electrodes. The EIS measurements were conducted at room temperature.

4.3.4. Reasons for R¢t and Cp, drift for aptamer/MCH modified
electrodes

Many authors have attributed drift in Rer to interactions between ferri- and
ferrocyanide complexes and gold electrodes [38,39]. They proposed that the
drift due to cyanides, which were released from the ferri- and ferrocyanide,
could etch gold. As the cyanide etching should decrease the Rcr, which is
different from the trend observed here, the cyanide etching could not be the
reason for the Rer drift here. A detailed discussion on this can be found in
Paper IV. 1t can consequently be concluded that there must be another rea-
son for the drift seen in the EIS results for the present aptamer/MCH modi-
fied gold electrodes. As the same buffer was used for the whole process and
no water rinse and no nitrogen blow was applied, no other factors from the
measurement or preparation could account for the Ry drift. Since a SAM
passivated gold surface is a “high resistance surface”, the reorganization
defects in the SAM may influence the EIS signal significantly via the crea-
tion of “routes” for the ferri- and ferrocyanide molecules [20,83]. Therefore,
it is reasonable to think the Rer drift comes from some structure change in-
volving defect redistribution on the aptamer/MCH SAM.
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4.3.3.1. Rcr and Cpy, drift of MCH modified gold electrodes prior to
hybridization

To identify the origin of the drift in Rcr and Cpy, one first needs to deter-
mine whether the drift is caused by structural changes induced by the ap-
tamer or the MCH. Intuitively, it would be straightforward to attribute the
Rcr and Cpp drift to a gradual structural change of the aptamer due to the
fact that the latter is a flexible and charged molecule. However, the long-
time EIS analysis on the MCH modified gold electrode showed the same
drift pattern as on the aptamer/MCH modified gold electrodes (see Figure
4.13). This suggests the faradaic impedance drift for the aptamer/MCH mod-
ified electrode was dominated by the change in the MCH SAM, probably
due to a gradual reorganization of the MCH SAM.
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Figure 4.13. Faradaic EIS drift for a MCH modified gold electrode in the binding
buffer solution containing 10 mM ferri- and ferrocyanides. (a) Nyquist plots record-
ed at different times, (b) The extracted Rcr and Cpy as a function of the time.

While the increase in Rcr can be explained based on a reorganization of the
MCH layer yielding a more close-packed layer (with fewer defects) the re-
sults also indicate that this likewise gives rise to an increase in the Cpp val-
ues. Since the increase in Rer indicates that the access to the gold surface
area decreased during the reorganization, it is reasonable to assume the in-
crease in the Cp values also was a result of the MCH layer becoming thin-
ner (and more compact) during the reorganization.

4.3.3.2. Rt changes for aptamer/MCH modified electrodes after
incubation in hot binding buffer

After figuring out that the Rcr and Cpy. drift seen for the aptamer/MCH mod-
ified gold electrode prior to hybridization was due to the reorganization of
the MCH SAM, the reason for the impedance drift after incubation in hot
binding buffer was investigated. The question is whether this drift was also
from the MCH reorganization. Figure 4.14 and 15 depict the faradaic EIS
drift for aptamer/MCH and MCH modified gold electrodes found after incu-
bation in the hot binding buffer. The Rcr first increased and then stabilized
after 22 hours for both the aptamer/MCH and MCH modified gold electrodes
(Figure 4.14 and 4.15). It has been reported that high temperature annealing
could cause SAM reorganization [84]. The longer times required for the
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stabilization suggest that the exposure to the hot buffer result in a larger dis-
turbance on the structure of the aptamer/MCH SAM, which needed a longer
time to be stabilized.
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Figure 4.14. Faradaic EIS signal drift for an aptamer/MCH modified gold electrode
after incubation in the hot hybridization buffer. (a) Nyquist plots. The time interval
between two line was one hour; (b) The evaluated Rcr and Cpy values as a function
of time; (c) The Rcrand Cpy change rates versus time. The EIS measurements were
conducted at room temperature in the buffer solution containing 10 mM ferri- and
ferrocyanide.

The Cpp and Rer drift patterns for the aptamer/MCH and MCH modified
gold electrodes were then closely examined. First, it can be observed that
both aptamer/MCH and MCH modified gold experienced the gradual struc-
ture change during the EIS measurements after incubation in the hot binding
buffer and the MCH structure change still dominated the Rer drift. The slight
differences in the Cpp drift (i.e., the different drift rates for aptamer/MCH
and MCH modified gold electrodes) suggests the structure change of the
aptamer also contributed to the impedance drift.

These two hypotheses could be further supported by the statistical com-
parison of the Rer increases induced by the hot buffer on the aptamer/MCH
and MCH modified electrode. The statistics on six electrodes show that the
Rer increased 91 = 10 % on MCH modified gold after incubation in the hot
binding buffer. As mentioned earlier, the Rcr increased 112 + 12 % for the
aptamer/MCH modified gold after incubation in the hot binding buffer. This
further confirmed that the change in Rcr seen for the aptamer/MCH modi-
fied gold electrodes likewise was dominated by the reorganization of the
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MCH induced by the hot buffer. Additionally, the structure change of the
aptamer, e.g. involving an unfolding of some aptamers, should account for
this difference of Rcr change.
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Figure 4.15. Faradaic EIS signal drift for a MCH modified gold electrode after
incubation in the hot hybridization buffer. (a) Nyquist plots, (b) The evaluated Rcr
and Cpy values as a function of time, (c) The Rcrand Cpy change rates versus time.
The EIS measurements were conducted at room temperature in the buffer solution
containing 10 mM ferri- and ferrocyanide.

4.3.5. Importance of stabilization process on hybridization signal

After identifying the main reason for the Rcr and Cpp drift prior to and after
hybridization, the influence of the stabilization step on the hybridization
signal should be discussed further. This can be done using a modified
Randles equivalent circuit and a simplified physical model of the ap-
tamer/MCH functionalized gold surface. As indicated in Figure 4.16, this
modified equivalent circuit included three current branches where Cp repre-
sents the double layer capacitance (incorporated with the aptamer/MCH
SAM), while Rerap and Rermen denote the Rer at the aptamer and MCH
SAM sites, respectively. Ideally, the change in Rt should only be due to the
aptamer-P1 hybridization (i.e., a change in Rerap). As discussed above, there
may, however, also be a change in Rct due to the reorganization of the MCH
SAM (i.e., a change in Rcrmen) in which case the measured Rer change
would be affected by both Rerae and  Repmen (e
RCT,apt*RCT,MCH/(RCT,apt+RCT,MCH))- As the RCT drift prior to hybridization was
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dominated by the MCH, we can know Rerncn is smaller than Rer gy In this
case, Rcrmcn would therefore determine the Rcr value and the change in
Rerape Wwould remain invisible. After the stabilization, the Rermcn increased.
As a result, the Rerapy change would become visible. Given the significant
difference between the changes in Rcr due to the hybridization and the hot
buffer exposure, it can be inferred that the Rerap and Rerycn values should
have been similar after the stabilization as the changes in both Reray and
Rermcn were able to contribute to the measured Rt changes at this point.

Figure 4.16. (a) A modified Randles equivalent circuit in which Rcr .y represents the
Rcr for the aptamer coated surface while Rcr ycy represents the Rer for the MCH
modified surface.
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5. Summary

As illustrated in Chapter 1, many interface-related factors can influence the
performance of gold-based electrochemical DNA sensors. This thesis focus-
es on a comprehensive investigation of these factors and provides practical
guidelines for the development of gold-based electrochemical DNA sensors.
The major findings of this thesis are summarized as follow:

1. Contamination on gold electrodes induced during the microfabrication
process could block binding sites for the subsequent surface functionaliza-
tion. Three pretreatment methods for cleaning gold surfaces, (i) CV in dilute
H,SO,, (i) gentle basic piranha incubation followed by linear sweep volt-
ammetry in dilute KOH, and (iii) oxygen plasma treatment followed by in-
cubation in ethanol, are systematically investigated and compared regarding
the gold surface cleanliness and thiolated molecule binding. All three meth-
ods significantly decrease the contamination and increased MCH surface
coverage. In addition, surface pretreatment and characterization methods,
particularly CV in H,SO,4, may induce structural changes to the gold surface.

2. Factors from the experimental setup are responsible for the structural
change of the gold surfaces prepared by CV in H,SO,. CI” leakage from the
Ag/AgCl/sat. KCI RE is responsible for the poor reproducibility in the gold
Ox/Re region as the result of the etching and subsequent re-deposition of the
dissolved gold. Platinum dissolving from the platinum CE and depositing on
the gold WE gives rise to an increased catalytic behavior with respect to the
HER/HOR. Quantitative analysis reveals that the ratio between the dissolved
gold and platinum concentrations depends on the CI' concentration. The
surface ratio between the co-deposited platinum and gold rather than the
absolute amount of the deposited platinum on the gold electrode determines
the HER catalytic performance. In addition, the origin of the redox peaks
seen in the EDL region has been ascribed to the formation and decomposi-
tion of Au(l) chloride and sulfate complexes.

3. The hybridization of probe-target DNA is strongly dependent on I'pyope
and salt concentrations. The probe-target hybridization rates and efficiency
decreased with decreasing salt concentrations. Moreover, a low salt concen-
tration has a stronger influence on the hybridization occurring on a surface
with higher I'piope. Therefore, for a smart design of a DNA modified surface
aimed at DNA detection, the choice of I'p.y, and salt concentration should be
carefully considered.
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4. Lowering the salt concentration could increase Ap, thus resulting in
more registered charges on the DNA. However, due to the contradicting
requirements regarding the salt concentration for the hybridization and
charge registration, the potentiometric signal generated by DNA hybridiza-
tion with diluting buffer methods is very weak according to our estimation
based on the SPR results. An alternative method could be to separate these
two processes, i.e., performing DNA hybridization in a high salt concentra-
tion buffer and conducting the potentiometric measurement in a low salt
concentration buffer. This could increase the potentiometric signal theoreti-
cally.

5. Many factors can limit the potentiometric signal induced by DNA hy-
bridization using the gold-coated SINW FET, resulting in no potentiometric
signal. First, the negative charge could be shielded by the counterions in the
solution. The pH buffering effect of the sensing interface could be another
factor that limits the potentiometric signal generated by DNA hybridization.
Besides, the communication between the gold and the electrolyte, the con-
formational change of DNA before and after hybridization, and the noise
should also influence the potentiometric signal.

6. The EIS measurements on aptamer/MCH SAM modified gold surfaces
exhibited significant drift. This drift strongly affects the reproducibility of
the EIS signal from the aptamer-target hybridization. As a result, no signifi-
cant difference between Rcr changes induced by the aptamer-target DNA
hybridization and the 10 minutes’ incubation in the measurement solution. A
long time conditioning of the aptamer/MCH modified electrode in the meas-
urement solution is required to reach a stable Rcr baseline prior to the ap-
tamer-probe DNA hybridization. The MCH SAM on the gold surface reor-
ganization could be responsible for the drift during the EIS measurements.
The hot buffer used during the aptamer-P1 hybridization aimed at increasing
DNA hybridization efficiency could induce additional MCH and aptamer
reorganization, and thus further drift in Rcr. Therefore, it is suggested that
the use of high temperature in the EIS measurement should be carefully
evaluated or avoided.
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Sammanfattning pd svenska

Guldbaserade etikettfria elektrokemiska DNA-sensorer har studerats i stor
omfattning for diagnostik av biomarkorer. Kansligheten och reproducerbar-
heten hos dessa sensorer bestims av avkénningsgrinssnittet: for de DNA-
modifierade guldytorna. Denna avhandling studerar systematiskt processerna
for att preparera DNA-sensorgranssnitten savil som deras effekter pd sen-
sorns prestanda. De viktigaste resultaten i avhandlingen sammanfattas enligt
foljande:

1. Fororeningar pa guldelektroder som uppstér vid mikrofabrikationspro-
cessen kan blockera bindningar for efterfoljande ytfunktionalisering. Tre
behandlingsmetoder for rengoring av guldytor, (i) cyklisk voltammetri (CV)
i H,SO,, (i) mild basisk piranha-inkubation f6ljt av linjdr svep-voltammetri i
utspddd KOH och (iii) syrgasplasmabehandling foljt av inkubation i etanol,
har systematiskt undersokts och jamforts betriffande guldytans renhet och
tiolers molekylbindning. Alla tre metoderna minskade foéroreningarna signi-
fikant och dkade ytbeldggningen av MCH. Dessutom kan behandlingsme-
toder och karakteriseringsmetoder, sirskilt CV i H,SO,, inducera strukturella
forandringar av guldytan.

2. Faktorer fran experimentuppstillningen ger upphov till den strukturella
fordndringen av guldytorna framstillda med CV i H,SO,. Cl-lickage fradn
Ag/AgCl/sat. KCl-referenselektroden ger upphov till den daliga reproducer-
barheten i guld Ox/Re-omradet som ett resultat av etsningen och efterfol-
jande aterdeponeringen av det upplosta guldet. Platina som upploses fran
motelektroden av platina och som deponeras pa den guldelektroden ger upp-
hov till ett forstarkt katalytiskt beteende med avseende pa HER/HOR. Kvan-
titativ analys visar att forhallandet mellan koncentrationen av upplost guld
och platina beror pa Cl-koncentrationen. Ytforhallandet mellan det samde-
ponerade platinat och guldet, snarare &n den absoluta méngden av deponerat
platina pa guldelektroden, bestimmer den katalytiska prestandan for HER.
Dessutom har ursprunget till redoxtopparna som kan ses i EDL-regionen
tillskrivits bildandet och sénderdelningen av Au(I) klorid och sulfatkomplex.

3. Hybridiseringen av prob-bitar av DNA &r starkt beroende av probens
tackningdensitet (I'pope) Och saltkoncentrationer. Prob-bitens hybridiserings-
grad och effektivitet minskade med minskande saltkoncentrationer. Dessu-
tom har en lag saltkoncentration en starkare inverkan péd hybridiseringen som
sker pa en yta med hdgre ['pyope. Déarfor bor valet av I'pope 0ch saltkoncentrat-
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ion noga dvervigas for en smart design av en DNA-modifierad yta som ska
anvindas for DNA-detektering.

4. En sénkning av saltkoncentrationen kan 6ka Debye-ldngden (Ap), vilket
leder till fler registrerade laddningar pa DNA:t. P4 grund av de motstridiga
kraven pé saltkoncentrationen for hybridisering och laddningsregistrering ar
emellertid den potentiometriska signalen som genereras av DNA-
hybridisering med utspidande buffertmetoder mycket svag enligt var upp-
skattning som baseras pa ytplasmon-analys. Ett alternativt forfarande skulle
kunna vara att separera dessa tvd processer, d.v.s. genomfora DNA-
hybridisering i en buffert med hog saltkoncentration och utfoéra den potenti-
ometriska mitningen i en buffert med lag saltkoncentration. Detta skulle
teoretiskt kunna 6ka den potentiometriska signalen.

5. Ménga faktorer kan begriansa den potentiometriska signalen som indu-
ceras av DNA-hybridisering med anvindning av guldbelagd SiNW FET
forutom I'ppe OCh saltkoncentrationen. I forsta hand kan véxelverkan mellan
guldytan och elektrolyten orsaka drift och fluktuationer i bakgrundsnivan for
potentialen, vilket resulterar i osynlighet for den potentiometriska signalen
vid DNA-hybridisering. Dessutom kan pH-kénsligheten for den
DNA/merkaptohexanol (MCH) modifierade guldytan vara en annan faktor
som begrénsar den potentiometriska signalen. Tillsats av ferri- och ferrocy-
anid i mitbuffertlosningen kan stabilisera bakgrundsnivan for potentialen
och minska pH-kénsligheten for den DNA/MCH-modifierade ytan medan
den ocksa kan buffra den potentiometriska signalen fran DNA-hybridisering.

6. De elektrokemiska impedansspektroskopimitningarna (EIS) pa ap-
tamer/MCH SAM-modifierade guldytor uppvisade betydande drift. Denna
drift paverkar starkt reproducerbarheten hos EIS-signalen fran aptamer-
target hybridiseringen. Resultatet blir att det inte finns nigon signifikant
skillnad mellan Rcr-fordndringar som inducerats av aptamer-target DNA-
hybridisering och av den 10 minuter langa inkubationen i métlosningen. En
lang tidskonditionering av den aptamer/MCH-modifierade elektroden i mit-
16sningen kravs for att na en stabil Rer bakgrundsnivéa innan aptamer-prob
DNA-hybridiseringen. Omstruktureringen av MCH SAM pé guldytan kan ge
upphov till drift under EIS-métningarna. Den varma bufferten som anvindes
under aptamer-P1-hybridiseringen och som syftade till att oka DNA-
hybridiseringseffektiviteten skulle kunna inducera ytterligare omstrukture-
ring av MCH och aptamer och ddrmed ytterligare drift hos Rer. Dérfor fore-
slas att nyttjandet av hog temperatur vid EIS-métningen noggrant bor utvér-
deras eller undvikas.
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