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ABSTRACT

For environmental in situ diagnostic, as well as for medical point of care diagnostic, quick and
affordable sensing devices are of importance. Label-free biosensors based on electrical or
electrochemical detection methods can provide such features. In previous studies, we have
demonstrated for the first time the feasibility of using semiconductive SnO; 2D dense films for
non-faradic electrochemical impedance DNA detection. The aim of the present study is (i) to
improve the sensing performances by using SnO» nanostructures in order to benefit from high
specific surface, and (ii) to study the influence of the morphology and microstructure on the
impedimetric DNA detection signal.

We performed the cathodic electrodeposition of SnO»> nanostructures. By changing relevant
processing parameters, two kinds of nanostructures were deposited: 3D nanoporous films and 1D
nanowires. Both nanostructures have been characterized in terms of morphology, microstructure
and electrochemical properties.

Our results emphasize the importance of both the microstructural and morphological organizations
on the impedimetric signal upon DNA hybridization. Opposite tendencies are found. DNA
hybridization induces a decrease of the impedance in the case of 3D-nanoporous films, whereas
an increase of impedance is obtained in the case of 1D NWs. Indeed, following the dimensionality
of the nanostructures, either external cause - ion transport - or internal cause - field effect
phenomenon - can contribute to the impedance variation.

The performances of the sensors have also been analyzed, namely: sensitivity, selectivity and
reusability. Compared to the 2D dense and 3D nanoporous films, the 1D SnO; nanowires are more
favorable in term of sensitivity, showing a detection limit of 2 nM.

Key words: SnO», nanostructure, electrodeposition, DNA biosensor, impedance spectroscopy.
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INTRODUCTION

For environmental in situ diagnostic, as well as for medical point of care diagnostic, quick and
affordable sensing devices are of importance. Label-free biosensors based on electrical or
electrochemical detection methods can provide such features. However their development is still
challenging mainly due to low reproducibility, limited detection sensitivity, weak robustness and
stability.

A label-free biosensor is a sensor where the detection of the biological element is directly linked
to a variation of a specific physical parameter of the sensitive element (transducer). More
specifically, in the case of non-faradic electrochemical impedance spectroscopy (EIS) for DNA
hybridization detection, the response is based on the impedance change of the sensor transduction
element. The latter is generally a semiconductive material. The presence of charged molecules
such as DNA strands on its surface induces the creation of a subsurface space charge layer, via the
field effect phenomenon (FET). The space charge layer is characterized by band bending
introduced into the flat-band potential near the surface of the semiconductor. As a result, the
impedance of the interface electrolyte/DNA/semiconductor is modified depending on the n or p
type doping of the semiconductor.

In previous studies carried out by our group, A. Zebda demonstrated, during his thesis [1] for the
first time, the feasibility of the use of semiconductive metallic oxide film electrodes as sensitive
elements for DNA detection based on non-faradic electrochemical impedance spectroscopy. These
films were CdIn,O4, pure or doped SnO,. They were deposited by the aerosol pyrolysis technique
and they exhibited 2D dense polycrystalline film surfaces.

The results have shown that although CdIn,O4 is much more sensitive than SnO», this metallic
oxide presents many drawbacks. It is affected and chemically weakened by the functionalization
steps, which is not the case of SnO,. Indeed, SnO; is well known for its chemical inertness.
Moreover SnO, deposition is easier than CdIn204 and does not involve toxic compounds such as
Cd, or scarce and expensive compounds such as In. For these reasons, it is of interest to develop
SnO, based DNA biosensors.

In this context, the aim of the present study is twofold:

(1) to improve the performances of SnO> based DNA sensors through the use of controlled SnO»
nanostructured surfaces, namely 1D nanowires or 3D nanoporous matrix in order to develop the
specific surface to volume ratio compared to a 2D surface electrode,

(i1) by the same method, to study how the morphology and microstructure variations of the SnO»
electrode can influence the DNA impedance signal.
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To fabricate the SnO; nanostructures, the chosen strategy is based on the electrodeposition method
which is a simple and low cost technique. During the first months of the thesis, this technique was
set up and optimized to obtain reproducible films. The desired morphology, 1D nanowires or 3D
nanoporous matrix, was obtained by modifying relevant deposition parameters. The characteristics
of the obtained nanostructures - microstructure, morphology, chemistry and electrochemical
properties - have been thoroughly investigated using XRD, SEM, TEM, XPS and EIS.

Then, a multi-step functionnalization process using a silanization method, either in liquid or in
vapor phase, has been tested in order to covalently graft the single strand (ss) DNA probes on the
different nanostructured surfaces.

Finally the DNA detection has been thouroughly investigated using EIS on both 3D and 1D
nanostructures. In parallel, the detection was also performed using fluorescence microscopy, in
either epifluorecence mode or confocal mode, to validate and to locate DNA hybridization on the
SnO; nanostructures.

Finally, the performances of the sensors were also analyzed, namely: sensitivity, selectivity and
reusability.

This thesis is divided into four main parts:

The first chapter presents a literature review of non-faradic electrochemical impedance DNA
biosensors. Their characteristics and related sensing electrode materials are reported via a listing
of the different kinds of semiconductor materials such as Si or metallic oxides. A review on the
different techniques available to deposit SnO; nanostructures closes this chapter.

The second chapter is dedicated to the description of the experimental fabrication of the SnO»
based DNA sensors. It includes the electrodeposition process and the different characterization
techniques to analyze the SnO; nanostructures, as well as the impedance technique. Then the
process for DNA grafting via silanization and its hybridization is presented.

In the two following chapters (chapters 3 and 4), we detail the results corresponding to the two
different SnO, nanostructure morphologies: 3D (chapter 3) and 1D (chapter 4). For each chapter,
the presentation is similar. First, we detail the properties of the obtained SnO; nanostructures as a
function of the electrodeposition parameters. Then, we present their performances in terms of
impedance and fluorescence response signals upon DNA hybridization.

The end of chapter 4 presents several comparisons and a discussion regarding the different
impedance behaviors upon DNA hybridization obtained with the different SnO, nanostructures.
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Chapter I: State of the art

CHAPTER I: State of the art: Non-faradic

electrochemical impedance DNA biosensors
and sensitive materials

17



Chapter I: State of the art

1.1 Label-free impedance DNA biosensors
1.1.1 Whatis a DNA biosensor?

The origin of the field of biosensor technology was initiated in 1956 when Professor Leland C
Clark, known as the father of biosensor concept, published an experiment [1] in which glucose
oxidase (GOX) was entrapped in a Clark oxygen electrode using dialysis membrane [2].
Consequently, the term “biosensor” began to spread in scientific literature in 1977 when Rechnitz
et al. [3] immobilized living microorganisms at the surface of an ammonia gas sensing electrode
to construct a selective electrode for the amino acid arginine, which they called a “bio-selective
sensor”. Later, bio-selective sensor was shortened to “biosensor” and has remained for the
combination between a material of biological origin and a physical transducer.

According to the International Union of Pure and Applied Chemistry (IUPAC) in 1996 [4], a
biosensor is a self-contained integrated receptor-transducer device, which is capable of providing
selective quantitative or semi-quantitative analytical information. Basically, a biosensor consists
of a biological recognition element, so-called bioreceptor, connected in series with a physico-
chemical transduction element, a transducer, which converts the biological recognition event into
a usable output signal [5].

Figure 1.1 schematically represents a biosensor. The bioreceptor recognizes the target analyte and
translates the information into a chemical or physical output signal with a defined sensitivity. The
transducer then converts the signal from the output domain of the recognition system, mostly to
an electrical signal which is proportional to the concentration of the analyte. The amplified signal
is then processed by signal processor where it can be stored, displayed and analyzed [6].

E § ,
‘ C Enzyme reaction
})
Ab .
0 mmune
reaction SAMPLE U[]

[
$SDNA W DNA hybridization
(SNEINRINEEY;

Figure 1.1: Schematic diagram of a biosensor device.
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Chapter I: State of the art

On the basis of the bio-recognition element, biosensors can be divided into different major

categories as shown in Table 1.1. The bio-recognition elements (or bioreceptor) consist of a

biological material or a biologically derived material: a tissue, a microorganism, enzymes,

antibodies, nucleic acids, etc. These bioreceptors are responsible for binding the analyte of interest

to the sensor for the measurement.

Table 1.1 Classification of biosensors according to bio-recognition element.

Name of Biosensor

Types of Biological Recognition

Enzyme sensor

Immunosensor
DNA sensor

Microbial sensor

Enzymes
Proteins

Antibody/antigen
Nucleic acids (DNA/RNA)

Microbial cells
Plant and animal tissues

DNA biosensors are defined as a subgroup of the broad biosensor field. Their principle relies on

the hybridization of deoxyribonucleic acid (DNA). The DNA structure, represented in Figure 1.2,

is a double helix configuration of two complementary polynucleotide strands.
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Figure 1.2: The helical structure of DNA. (a) Schematic model and (b) Detailed structure
showing base pairings and the phosphodiester linkages of the backbone.
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Chapter I: State of the art

The sugar-phosphate backbone forms the structural framework DNA and RNA. This backbone is
composed of alternating sugar and negatively charged phosphate groups, and defines directionality
of the molecule. Each strand is constituted of a polymeric chain that contains bases: Adenine,
Thymine, Cytosine and Guanine. These bases are complementary by two through two hydrogen
bonds in the Adenine-Thymine (A-T) base pair and three in the Guanine-Cytosine (G-C) base pair.
This base-pairing interaction forms the basis for the specificity of bio-recognition in DNA
biosensor [2]. In other words, it provides the ability of one single strand to recognize its
complementary strand to form a duplex (hybridization process).

In a typical configuration as presented in Figure 1.3, a well-defined single-stranded probe
sequence is immobilized onto a solid platform within recognition layer. Then, a DNA target
sequence is added from an unknown sample. If the DNA target is complementary with the probe
DNA, base-pairing interaction recruits the DNA target to the surface, detection and identification
are performed [7].

Analyte

Recognition layer

' Signal transduction

Electronic readout
Figure 1.3: Typical configuration of a DNA biosensor [7].

Because of the difficulty in detecting biological analyses directly through their intrinsic physical
properties (mass, size, electrical, etc), biological research has relied upon attachment of various
labels to the molecules being studied.

The common labels used in molecular biology studies to analyze DNA hybridization involve
fluorescent dyes, redox active enzymes magnetic particles or different kinds of nanoparticles [8].
For example, the DNA target sequence is labeled with a proper fluorescent tag. With the aid of a
fluorescence microscope, fluorescence is observed at place where complementary hybridization
takes place. Although the technique is highly sensitive, fluorescence markers are photochemically
unstable and they require extra time, expense, sample handling. Additionally, labels might, in some
cases, interfere with the detection, the base-pairing interaction, thus resulting in false-positives [9].
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Chapter I: State of the art

The challenge is to develop simple, reliable and economical methods. Label-free strategies have
emerged as potential methods for detecting DNA hybridization with lower cost and at high
sensitivity.

Label-free biosensors, by definition, do not require the use of reporter elements to facilitate
measurements [6]. Unlike label methods that simply confirm the presence or absence ofa molecule
to be detected, label-free techniques can provide direct information on target molecules in the form
of changes in a physical bulk property of a sample. Basically, label-free DNA sensors rely on the
modification of a given physical parameter of the supporting material (transducer), which is
induced by DNA hybridization.

The choice of suitable substrate/platform to immobilize the DNA is a fundamental part since the
immobilized single stranded ss-DNA has to be stable and efficiently attached to the surface to
facilitate the hybridization event.

1.1.2 DNA immobilization on electrodes

The ability to immobilize the DNA probes on an electrode while maintaining their affinity for
complementary DNA targets is a crucial aspect of DNA biosensor development. Consequently,
the immobilization of DNA probes on the electrode surface needs to be well controlled for the
achievement of high sensitive and selective DNA biosensors. It is necessary to ensure that the
functionalized-DNA-probe-surface is highly reactive and stable without non-specific bonding.
DNA probes can be immobilized on solid electrode using several methods: adsorption, film
entrapment, affinity binding and covalent attachment. The appropriate immobilization is strictly
dependent on the characteristics of the electrode. Each of the different immobilization strategies
can lead to the proper orientation of DNA probes, allowing to control the probe conformational
freedom, making them accessible for interaction with DNA target.

Physisorption: DNA immobilization by physical adsorption is the simplest method. This
technique is based on ionic interaction between the negatively charged groups present on DNA
probes and positive charges covering the surface [10-11]. This method has been widely used on
carbon electrodes such as glassy carbon [12] or carbon paste electrodes [13], and to a lesser extent,
on Au [14] and ITO [15] electrodes. In some cases [16-18], the adsorption of the DNA probes on
the electrode surfaces is carried out under positive potential which favors the adsorption of the
polyanions through the phosphate skeleton.

Film entrapment: Direct DNA entrapment has been mostly employed onto polymers, dialysis
membranes and cationic layers [11]. Based on polyanionic nature, DNA molecules are
immobilized as dopant anions [19] or by electrostatic way on cationic electrode surface [20]. This
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method is carried out by applying an appropriate potential to the working electrode immerging in
solution containing DNA probes and an electropolymerizable monomer. However, the
conformational mobility of the DNA is restricted leading to kinetic and barriers to hybridization.

Affinity binding: The strong interaction between avidin and biotin is the form of affinity binding
which is the most often used for immobilization purposes. Biotinylated DNA molecules are
immobilized by use of two approachs:

e Electrode / avidin / biotinylated DNA [21-22].
e Electrode / biotin / avidin / biotinylated DNA [23-24].

Variations of the first strategy rely on the way in which avidin is attached to the surface-physical
adsorption onto Au [21] or C electrodes [25], cross-linking with glutaraldehyde or covalent
binding onto a SAM on gold electrodes. Regarding to the second scheme, biotin-bearing mercapto
[23] or pyrrole groups [24] have been synthesized onto gold electrodes by chemisorptions or
electropolymerisation, respectively.

Covalent bonding (chemisorption): Among different techniques for DNA immobilization,
covalent attachment is the most often used strategy with different methods on different supports.

Thiol-modified DNA probes are frequently immobilized onto gold electrode surface due to the
strong affinity of the thiol groups for the Au metal surface, which formed the covalent bonds
between the sulfur and gold atoms [10]. For example, Sun et al. [26] immobilized of ssDNA
monolayer on the gold electrode surface with self-assembled aminoethanethiol monolayer for
voltammetric detection of sequence-specific DNA. By the same way, DNA sequences also could
be attached onto gold micropads [27] or gold ultra-microelectrode arrays [28].

Carbodiimide is often used as a regent for covalent reactions to form the bonding between the
DNA probes and the functionalized groups of the surface such as amino, phosphonate, carboxylate
[11]. For example, DNA probe molecules are immobilized to the carboxylated or aminated single
walled carbon nanotube multilayer films using 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) [29]. DNA probes are also covalently attached on conducting polymer electrode such as
polythiophene [30], polypyrrole [31] and poly(aniline) [32] with the aid of EDC. For example,
Peng et al. reported an acid functionalized polypyrrole, poly[pyrrole-co-4-(3-pyrrolyl) butanoic
acid], where amino-functionalized DNA was covalently attached to the polypyrrole polymer film
using EDC as catalyst [31].

Another way to graft DNA onto electrode surface is via self assembled monolayers (SAMs) with
appropriate group. Functionalized surfaces are created by chemical treatment using silanization
process with differently functionalized organosilanes. Silanization process has been successfully
performed on Pt [33], carbon nanotubes [34] and silicon/silicon oxide [35] film surfaces.
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Especially, 3-aminopropyltriethoxysilane (APTES) is commonly used for the modification of
silica surfaces for biological implants or lab-on-a-chip applications [36-37]. Surface modification
of metal oxide thin films with organosilanes is developed from the protocol of modifying silica
surface as represented in Figure 1.4. Silanization of the oxide surface involves the coupling of the
functionalized silane on the metal oxide at the hydroxylated sites. The metal oxide electrodes could
be hydroxylated by immerging either in a NaOH solution [38-39] or in a piranha solution of 1/3
H>0» and 2/3 H,SO4 [35], or by treating with oxygen plasma [40].

Self-assembly of organosilane molecules, with general formula (X)3-Si-Y, where X is an alkoxy
group (O-CHj3 or O-CH2-CH3) or halogen (-Cl) ligand, occurs via the reaction of the X groups with
hydroxyl (-OH) groups at substrate surface to form Si-O-Si linkage [41]. The silanization reaction
is performed in liquid phase with the use of hydrocarbon solvents such as ethanol, toluene, and
benzene. Then, a cross linker glutaraldehyde (HCO(CH>);CHO) is used to achieve a strong
covalent bonding between the APTES and the DNA probes. This strong link between the DNA
strands and the electrode is important in the context of electrochemical detection [42].
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Figure 1.4: Schematic view of (a) an ideal metal oxide surface (b) an oxide surface undergoing
hydrolysis to produce hydroxylated sites and (c) a cross-linking silane surface, with relatively

few unreacted —OH groups left on the oxide surface [41].
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1.1.3 Classification of label-free DN A sensors

Depending on the nature of transducers, label-free DNA sensors are divided into several
approaches including optical, mass-based, electrochemical and electronic methods. Although all
these types of transducers are constantly developed for use in biosensors, the electrochemical
transduction is given importance in this thesis. Hence, electrochemical detection will be further
discussed in detail in this review. Optical, mass based sensors are only briefly mentioned.

Label-free optical detection: This type of DNA sensor is based on the measurement of light
absorbed or emitted as a consequence of DNA hybridization. Commonly used techniques are
Surface Plasmon Resonance (SPR) and Surface Enhanced Raman Spectroscopy (SERS).

SPR biosensors, represented in Figure 1.5, investigate changes in refractive index caused by
structural alterations in the vicinity of a thin film metal substrate [43]. SPR occurs when polarized
light is directed from a layer of higher refractive index (RI) to a layer of lower RI (typically gold
film). Incident light travels through the higher RI layer and is totally reflected back into the high
RI layer when the angle of reflection is greater than or equal to the critical angle. When the light
is incident on the prism side at a particular angle called the resonance angle, the intensity of the
reflected light is at its minimum.
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In the presence of the biomolecules on the gold surface, this angle variation is very sensitive. By
measuring the shift of resonance angle in response to the biomolecular interactions, SPR
biosensors can detect various binding reactions on a quantitative basis in real time [44-46]. As a
label-free technique, this technique has been used frequently to develop biosensors, especially to
detect DNA hybridization. To detect DN A hybridization, DNA probe is immobilized onto the gold
surface either via a thiol linker [47] or using enzymatically digested DNA [48]. However, if short-
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chain DNA molecules are involved, the resonance angle shifts are very small and SPR is not
sensitive enough to monitor the binding events accurately [10]. Besides, due to its complex and
costly system, SPR is generally more suitable for research application [6].

SERS is another label-free optical technique for the detection of DNA hybridization. To remind,
SERS is a surface sensitive technique that results in the enhancement of Raman scattering of
molecules adsorbed on rough metal surfaces or metal nanoparticles. The enhancement of the
Raman scattering cross-section (>10°) is believed to be due to a surface plasmon providing
stronger electromagnetic coupling at the analyte site. SERS-active systems depends critically on
(among other parameters) the geometry of the metal nanostructures. Different sensing platforms
have been proposed including silver mirror substrate [49], roughened silver sheets [50], Si0/Si
substrates coated with Ag® nanoparticles (NPs) [51] and Ag NPs distributed on TiO; thin film [52].
Figure 1.6 shows the obtained Raman spectra of ssDNA and dsDNA grafted on an Ag®TiO»
platform [52]. The comparison between ssDNA and ds DNA spectra indicates significant
modifications in the relative intensities of Adenine (A) and Cytosine (C) lines located near 731 cm
I'and 784 cm’!, respectively. Accordingly, the A:C intensity ratio appears to be about 2:1 in the
case of ss DNA probes, while it is closer to 1:1 after DNA hybridization. SERS-based method of
DNA detection is feasible, however, SERS spectra reproducibility is still challenging.
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Figure 1.6: Raman spectra of single strand (a) and label-free double strand (b) DNA grafted on
an Ag°/TiO; heterostructure. (c) Raman spectrum of the Ag%/TiO> heterostructure without DNA
grafting where only the second order Si Raman spectrum is visible [52].

Label-free mass detection: Mass sensors are also capable of detecting label-free DNA
hybridization. These DNA biosensors are based on small changes in mass due to the presence of
DNA molecules. The main type of mass based biosensor is Quartz Crystal Microbalance (QCM).
Basically, mass changes are measured by using QCM. The frequency of vibration varies according
to the mass of single stranded DNA or double stranded DNA immobilized on the surface of QCM.
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Therefore, when the mass increases due to hybridization process between probe and target DNA,
the frequency of the crystal changes. This change is then analyzed to distinguish the double
stranded from a single stranded DNA [53-55]. Although reliable and high sensitivity, QCM has
been a technical challenge (specialized technician is often required).

Recently, microcantilever sensors, represented in Figure 1.7, have emerged as a promising tool
for label-free detect biomolecular interactions. This technique is based on a response due to either
stress variation or mass loading [10]. Hybridization of the DNA target to the immobilized DNA
on the cantilever surface causes a change of the surface stress of the cantilever, which can be
detected as changes in the cantilever deflection [56].

§ e :

Figure 1.7: Microcantilever DNA sensor [56].

Label —free electrochemical detection: Electrochemistry has received much attention recently
for the DNA hybridization detection. As a result, almost recent reviews dealing with DNA
biosensors focus on electrochemical transduction [7-10, 57-60]. These systems offer several
advantages over their optical or mass-based counterparts such as low cost, simple design and small
dimension. The DNA probe sequences can be readily confined to variety of electrode substrates
such as Au, conductive polymers, semi-conductive materials. Finally, the compatibility between
electrochemical DNA sensors and micro-fabrication technologies make them excellent candidates
for DNA diagnostics [7, 57-59].

Electrochemical DNA biosensors are based on the investigation of current or potential evolution
due to interactions occurring at the sensor-sample matrix interface. The different methods are
usually classified into two main categories: label or label-free approaches, depending on the nature
of the electrochemical signal.

Label-based approaches are mainly based on the differences in the electrochemical behavior of
labels with single-stranded DNA (ss-DNA) or double stranded DNA (ds-DNA) modified
electrode. A label is an electroactive species which is used with the aim of enhancing the difference
in the signal obtained between the probe immobilization and the hybridization with a
complementary sequence. Different protocols (represented in Figure 1.8) have been recently
employed for labeled-DNA detection by electrochemical techniques with the use of redox markers
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[61], metal nanoparticles [62-63], redox active enzymes [64-65] and intercalators [66-67]. In this
case, the response signal upon DNA hybridization is a current measured at a given potential
depending on the involved redox species.
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Figure 1.8: The basic schemes using labels for electrochemical DNA detection. (4) Intercalator.
(B) Redox marker (Fc = ferrocene). (C) Enzyme [68].

On the other hand, in label-free methods the signal arises from the hybridization event by itself,
without the need of any special electroactive species.

The label free detection is based on different strategies. A first approach can be based on the
intrinsic electroactivity of the nucleotide residues present in DNA. Palecek [69] proved that DNA
is an electroactive compound producing reduction and oxidation signals after hybridization.
Signals of adenine, cytosine and guanine are observed on oscillopolarograms in the case of ssDNA
but absent with dSDNA. Among the bases, Guanine is the most redox-active base in DNA and
thus, the oxidation of guanine moieties can be exploited for sequence-specific DNA detection.
However, if both DNA probes and targets contain Guanine residues, it is difficult to assign the
oxidation signal to the probes or to the targets. The problem can be solved by substituting guanine
by inosine which can also base-pair with cytosine in the probe DNA [70]. The detection limit was
estimated at 1.25.10* M of DNA target.

27



Chapter I: State of the art

The second strategy is based on some intrinsic properties of DNA, such as the negative charges
from phosphate groups which are used for the direct detection of hybridization. As the
consequence, DNA hybridization alters the dielectric properties of conductive surfaces. Thus,
DNA hybridization events can be detected from a measured electrical signal. The Electrochemical
Impedance Spectroscopy (EIS), an effective method for probing interfacial properties
(capacitance, electron transfer resistance) of the modified electrode primarily used for affinity
biosensors, is rapidly developing as a tool for studying DNA hybridization. Because EIS detection
is the major technique to detect DNA hybridization in this thesis, it will be reviewed and discussed
in more detail.

1.2 Impedimetric DNA biosensors
1.2.1 Theoritical background

Electrochemical Impedance Spectroscopy (EIS) is a characterization technique which measures
both the resistive and capacitive properties of an electrode upon perturbation of the
electrode/electrolyte interface by a small amplitude sinusoidal ac excitation signal [9].

Electrochemical impedance is measured by applying an AC potential to an electrochemical cell
and by measuring the resulting current across the cell.

If the applied sinusoidal potential is E; = E, sin(wt) (Figure 1.9a), the resulting current is [, =
I, sin(wt + @), where, E; and [; is the potential and the current at time t; E, and I, is the amplitude,
o = 2nfis radial frequency, fis the frequency.

According to Ohm’s law, the impedance of the system is:

Eo sinwt sinwt

Z(w) = 'f—tt = (1.1)

I, sin(wt+ @) — %o sin(wt+ @)
The impedance Z(®) has magnitude Z, and a phase shift ¢. An impedimetric spectrum is obtained
when a small AC excitation voltage is applied to the system within a frequency range, resulting in
an AC current response for each frequency value. In impedance biosensor, excitation voltage is
usually less than 10mV or less to avoid damaging the probe layer [9].

A common way to represent the impedance is vector model with the real and imaginary axes
(Figure 1.9b). Herein, all the components related to the formation of insulating layer (double layer,
barrier) that generate a phase shift (capacitance) contribute to the imaginary part of the impedance
Zi, while the ones that do not induce any phase shift (resistance) contribute to the real part Z; [8].
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v

Figure 1.9: (a) AC excitation signal applied and sinusoidal current response at an electrical
system, (b) a typical Nyquist diagram [§].

“Nyquist plot”, in which the imaginary part Z; is plotted versus the real part Z, of the impedance,

is mostly used to represent impedimetric data. Each data point corresponds to a different
frequency. The low frequency data are represented in the right part of the diagram and high
frequency data are on the left one. The impedance spectrum ideally exhibits a semicircle beginning
in the point R; and ending in the point corresponding to the sum of R; + R, (Figure 1.9b) which
represents the semicircle diameter.

The interpretation of this Nyquist plot is based on the correlation between the obtained data and
an equivalent electrical circuit formed by basic electrical elements such as resistance, capacitance,
etc (presented in the inset of Figure 1.9b). Since all the current must pass through the electrolyte
and the electrode, the ohmic resistance R represents the sum of the resistance of the solution and
the one of the electrode. R, in most cases, corresponds to the polarization resistance of the
interface which has to be overcome during the charge transfer to/from the electroactive species
[59]. The capacitance C is the double layer capacitance which can be calculated by maximum
value of Z;. Once the electron transfer gets started the Warburg impedance W due to mass transport
begins to play a role in determining the electrode kinetics.

However, the semicircles of Nyquist diagrams commonly present a not completely symmetric
shape in many systems under study. It is due to the non-ideal behavior of most capacitors. In this
case, the use of' a Constant Phase Element (CPE) instead of a capacitor is required. The impedance
of'a CPE is given by: Zcpe = (jo)*/C. where o is an empirical coefficient [71].

Based on its ability of directly investigating the interfacial properties of a modified electrode, EIS
is developing as an attractive method for studying biorecognition events especially for detection
of DNA hybridization.
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Currently, EIS has emerged as an attractive technique to investigate the interfacial properties of
the modified electrode for studying biorecognition events [72] notably for DNA hybridization
detection. The most important advantage for studying impedimetric DN A biosensors is that DNA
labeling is not required [73]. The changes in the electrical properties of the modified electrode
surface can result from the presence of the target molecules (i.e. DNA target). It is important to
distinguish between nonfaradic and faradic sensors.

1.2.2 Faradic EIS for DNA detection

In the case of Faradic impedance spectroscopy, charges are transferred across the
electrode/electrolyte interface. The addition of a redox-active species, such as [Fe(CN)q]*/* or
[Ru(NH3)]>"3", is required. An electrode/electrolyte interface may be simplified as shown in
Figure 1.10a.

When a dc voltage is applied to the electrode, the solvated counter ions form an electrical double
layer along the electrode surface. Depending on the applied voltage, the added redox species in the
electrolyte are alternately oxidized and reduced by the transfer of an electron to and from working
electrode surface. Their activity is altered by DNA hybridization. As a consequence, the EIS signal
is acquired at the redox voltage of this compound. In this case, redox species is not considered as
a label because it is indirectly concerned to the sensing events.
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Figure 1.10: (a) Schematic diagram for an electrode/electrolyte interface and (b) Common
circuit models for faradic interfaces [9].

Figure 1.10b shows the most common equivalent circuit used to fit the faradic impedance data [9,
71, 74]. The capacitance Csurr between the electrode surface and the ions in the solution depends
on the thickness and the dielectric constant of the modified layer. The charge transfer resistance
(R¢) 1s a manifestation of two effects: (1) the energy potential associated with the oxidation or
reduction event at the electrode, (2) the energy barrier of the redox species reaching the electrode
due to electrostatic repulsion or steric hindrance.
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Faradic EIS detection of DNA hybridization is generally based on the variation of the charge
transfer resistance between the solution and the electrode surface. In most cases, because of nature
negative charges of phosphate groups, the immobilization of DNA sequences on the electrode
surface generates a repulsion of the anionic redox species, thus inhibiting the redox reaction and
enhancing Re: [59].

1.2.3 Non-faradic EIS for DNA detection: what causes an impedance change
according the electrode material?

Redox indicator with a certain volume can reduce the accessibility of the DNA target, leading to a
modification of the yield of probe/target coupling process. To encounter this problem, it is essential
to avoid the use of redox species. According to Daniels and Pourmand [9], transient current can
flow without charge transfer in nonfaradic process. No additional reagent is needed. In this case,
a sufficiently sensitive electrode material is needed. Bio-modification of the electrode leads to the
variation of the capacitance of the double layer formed between the solution and the electrode
surface. Figure 1.11 shows the most common models used to fit impedance spectra for nonfaradic
measurements. In non-faradic mode, the resistive part is modeled as Ricax. For an ideal insulator or
when no redox species is present, Rieak 1s theoretically infinite.
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Figure 1.11: Common circuit models for non-faradic interfaces [9]

In non-faradic detection, the relation between DNA target binding and impedance change might
not be easy to interpret. Various theoretical models have been proposed to explain the observed
change of the impedance upon DNA hybridization according to the electrode materials.

a. Case of metal electrodes

For the DN A-modified-metallic electrode, the changes in the impedimetric response are usually
discussed in term of variation of capacitance of the probe layer. The DNA hybridization event
results in a capacitance change at the metal-solution interface due to alterations of the electrical
double layer created in close proximity to the electrode [71, 75].
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Gold (Au) nanoparticles have received extensive attention in view of their easy synthesis and good
stability in aqueous solution. Many efforts have been made to explore Au nanomaterials-based
impedimetric biosensors. First, in 1999, Berggren et al. [75] demonstrated that the decrease in
capacitance of a probe-modified gold film, accrued to the DNA hybridisation can be used for
monitoring with high sensitivity and speed the hybridisation event. The decrease of capacitance
upon DNA hybridization is explained by displacement water and solvated ions away from the
electrode surface. Similar phenomenon was observed by An-Lai et al. [76] who presented non-
faradic impedimetric detection of avian influenza virus (AIV) DNA on modified Pt electrode.

b. Case of semiconductive electrodes

Semiconductive materials are the promising platforms for non-Faradic EIS detection. The reason
is that investigating the interfaces “semiconductor/solutions” may lead to the information of the
part played by charge transfer at the interface of biological system.

e Inner cause: internal part of the electrode

The negatively charged DNA probe immobilization followed by the additional increase of negative
charges upon DNA hybridization induced an electrical perturbation near to the surface of the
semiconductor through a field effect. Theoretically, an increase of negative charges induced a
decrease of the electronic density in the space charge region [77]. As a result, a negative shift of
the flat-band potential from the starting position leads to an increase in the energies levels of flat-
bands.

Depending on semiconductor type, n-doped (electrons act as charge carriers) or p-doped (holes act
as charge carriers), different changes in impedance modulus are obtained in relation of what occurs
beneath the surface, in the space charge layer [78].

e  When the electrode is p-doped semiconductor, DN A hybridization results in a decrease in
the resistive part of the impedance due to an increase of the holes density [79-80].

e In contrary, the measurement showed an increase of the real part of the impedance in the
case of n-type semiconductor due to a decrease of the electron density [38-39, 81].

Schematic representations of the energy diagrams at the n-type or p-type semiconductor/electrolyte
interfaces are showed in Figure 1.12.
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Figure 1.12: Schematic representations of the energy diagram at the semiconductor/electrolyte
interface. Extra negative charges, located at the surface upon DNA hybridization, will change
the electric field and the band bending in the space charge region in different ways according to
the semiconductor types.

e [External cause: outer part of the electrode

Elsewhere, the change of the non-faradic impedance could be caused by the conformation changes
of the DNA [82-83] and hydrophilic character of hybridized DNA [84]. According to Piro et al.
[82], DNA conformation changes from random coils on the probe-immobilized film to rigid helix
double stranded upon hybridization (Figure 1.13). Consequently, the electrode surface is liberated
and the ion-exchange process at the electrode/electrolyte interface is easier. Besides, hydrophilic
character of ds-DNA could partially facilitate the ions reaching the electrode surface and

consequently, speed up the rate of electron transfer at the electrode electrolyte interface.
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Figure 1.13: Schematic representation of DNA conformation on the poly(JUG-co-JUGA) film.
(a) before, and (b) after hybridization [82].
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bl. Silicon based materials

In 1997, Souteyrand pioneered in applying semiconductive material to develop label-free
impedimetric DNA biosensors with the use of Si/SiO» substrates as a transducer to detect homo-
oligomer DNA sequences [77, 80, 85]. Impedance measurements allow the detection of the charge
distribution changes at the oxide/solution interface following modifications of the oxide surface.
When the Si/Si0; substrate surface is modified, the impedance measurements show that the flat
band potential of the semiconductor shifts negatively of 150 and 100mV following the
immobilization of DNA probe (Img/ImL) and the complementary hybridization (I1mg/1mL),
respectively (Figure 1.14).

The limit of the detection presented is 10 ug/uL with the use of peptide nucleic acid (PNA) as
the probe layer [85].
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shows the impedance measurements after
denaturation [80].

—o—18s-DNA

300 |- 2hybridization
=o= 3 denaturation
100 1 06 02 02 0.6

V (VI(Ag/ACY)

In 2005, Cai et al. [78] investigated interfacial electrical changes when DN A-modified either n-
type or p-type Si (111) surfaces are exposed to the solution containing DNA targets. The
impedance spectra show that incubation with the complementary sequences produces the increase
in magnitude of both real and imaginary components of the impedance on the n-type samples. In
contrast, when a p-type sample is used, hybridization causes the impedance to decrease. Moreover,
from the comparison of results on different silicon bulk doping it can be concluded that the
sensitivity to DNA hybridization arises from DN A-induced changes in the resistance of the silicon
substrate and the resistance of the molecular layers.
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An impedimetric DNA sensor based on nanoporous silicon platform was developed by Vamvakaki
and Chaniotakis [86]. The controlled pore size in the range of 20 to 40nm matches with the size of
the 21-mer dsDNA molecules. It allows the efficient adsorption and stabilization of DNA
molecules inside the pores of p-Si. The DNA double helix formed based on the strong hydrogen
bonds between the base pairs leads to a decrease in the hydrated sphere and thus the amount of
electrolyte surrounding the initial single strands of DNA. The resulting decrease of interface
charge density upon the presence of the complementary DNA strand justifies the observed
impedance increase.

b2. Conductive polymers

Conducting polymers (CPs) have emerged as potential candidates for biosensors. CPs are
polyconjugated polymers which possess their unique electronic structure regarding to their
electrical conductivity, low ionization potentials and high electron affinity [87]. The
immobilization of DNA probes and the hybridization reaction induce the changes both in the
intrinsic properties of the CPs and in the interfacial film properties [88]. The most widely studied
CPs for EIS detection of DNA hybridization includes polypyrrole (PPy) [83-84, 89-91],
polyaniline [92-93], and polythiophene [94-96].

In 2001, the non-faradic EIS detection of the DNA hybridization reaction was accomplished by
Lee et al. [30] on carboxylated polythiophene films prepared on glassy carbon electrode. A
significant decrease in impedance was observed only for the complementary target, not in the
mismatched targets. The difference in impedance values before and after hybridization is attributed
to a higher conductivity of ds-DNA compared to ss-DNA.

Later in 2005, Tlili et al. [83] reported non-Faradic DNA detection based on DNA immobilized
precursor copolymer, poly(3-acetic-acid pyrrole, 3N-hydrophthalimide pyrrole). The impedance
measurements were performed at a DC potential of -1.4V (vs. ref) at which polypyrrole is in
semiconducting state. The resulting impedance spectra (Figure 1.15) showed a decrease of charge-
transfer-resistance upon grafting DNA probes and an increase upon complementary hybridization.
According to the authors, these phenomena are explained due to the effect of the negative charges
of ss-DNA and ds-DNA and their conformational structures. Under the experimental condition,
polypyrrole is considered as a p-type semiconductor. Consequently, immobilization of the
negatively charged DNA probes led to an increase in the majority carrier density and a decrease
in the resistance of the space charge region. Another possible reason is that the DNA probes can
penetrate into the pores to increase the ionic concentration in the polymer electrode. On the other
hand, ds-DNA is in helical conformation, which results in significant stiffness of the functionalized
polypyrrole leading to a decrease in intrinsic conjugation of the polymer backbone and causing an
increase in the charge transfer resistance. The charge transfer resistance shows a linear variation
versus the complementary targer DN A concentration. The detection limit of this sensor is 0.2 nM.
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Figure 1.15: (a) Nyquist plots of PPy films prepared at the bare gold (o) before and after grafted
of ss-DNA probe (m). (b) Nyquist plot of the PPy-DNA films after hybridization reaction with its
complementary target under various concentrations: 0 nmol ml—1 (+); 0.5 nmol ml—1 (0);

2 nmolml—1 (0); 3.5 nmol ml—1 (V) and 5.5 nmol ml—1 (0) [83].

In 2006, Gautier et al. [94-96] studied the differences between the impedance modulus obtained
either in Faradic and non-Faradic EIS detection of DNA hybridization on functionalized
polythiophene sensing matrix. In the case non-Faradic impedance, the hybridization caused a
decrease in the semicircle diameter in Nyquist plot (Figure 1.16a). The authors suggested that the
decrease of the resistive components under hybridization was caused by the formation of the
double helix structure which liberates the surface from the random coil conformation of the ss-
DNA and restores a partial anionic exchange at the interface between film and the electrolyte. That
means that the DNA free surface coverage increases after hybridization, enhancing the ionic
exchanges. Besides, the increase in the density of negative phosphate groups at the surface was
attributed for the raised of the capacitance. In contrast, the results showed an increase in the
impedance after hybridization in the case of the Faradic measurement (Figure 1.16b). It is due to
electrostatic repulsion between negative charges of the [Fe(CN)g]* ™ redox indicator and the
negatively charged DNA.

Additionally, the same authors also investigated the influence of the length of the DNA target
sequence on the non-Faradic response signal [94]. Results proved that when the probes and the
target have the same length (37 bases), hybridization event makes a decrease in the impedance
modulus, in accordance with an opening of the interface to the mobile ions in the solution. In
contrast, when the DNA target (675 bases) is much longer than the DNA probe (37 bases), the
double helix is extended in the solution, which prevents the ion access. This phenomenon finally
leads to an increase of the total impedance.

In 2007, Peng’s group studied the use of terthiophene for non-Faradic EIS detection of DNA
hybridization [97-98]. The impedance spectra also showed a decrease in the impedance similarly
to ref [30]. The authors attempted to study the mechanism by using electrochemical quatz crystal
microbalance (EQCM) and recognized the important role of the dopants in the impedance change.
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EQCM results illustrated the dominant ion movement during the process is cation movement. As
aresult, the increase ofthe negative charges due to DN A hybridization facilitated cation movement
during doping process, causing an increase in the conductance of the polymer film.
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Figure 1.16: Nyquist plot for (a) Non-Faradic and (b) Faradic impedance measurements of DNA
probe-modified copolymer before (4) and after exposure to the non-complementary (m) or
complementary 37 bases DNA target (®) [94].

b3. Diamond

In 2007, Vemeeren et al [99] used nanostructured p-type diamond (NCD) to improve the
performance of impedimetric DNA sensors. The decrease of the impedance upon DNA
hybridization was demonstrated, mainly due to the negative charges of the DNA target molecules
inducing a field effect in the semiconductor substrate. Upon DNA hybridization, the amount of
negative charges near the diamond surface increases. It reduces the electric field at the interface
leading to a less pronounced band bending. Consequently, the depletion zone will be smaller for
samples with dsDNA.

b4. GaN

In 2008, Chen et al. [100] developed a label-free DNA sensor based on p-type semiconductive
GaN nanowires (represented in Figure 1.17). According to the authors, the immobilization of
DNA probes on the NWs surface provides a negative charge layer, which creates an additional
capacitive element in series with NWs. Hybridization occurs recruiting DNA targets to the
electrode surface leading to more negative charges accumulation on the surface. Consequently,
the impedance of the DNA/electrolyte interface increases due to electrostatic repulsion, while the
impedance of the GaN/DNA interface decreases. The schematic diagrams of immobilization and
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hybridization of DNA on GaN NWs, the band bending evolution due to each step and Nyquist
plots and corresponding Bode plots of as-grown, pLF-modified, and dsDNA-modified GaNNWs
are presented in Figure 1.17. The detection limit of detection is 50nM of target DNA.
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Figure 1.17: (4) Schematic diagram of immobilization and hybridization of DNA on GaN NWs.
(B) The band-bending of GaN NWs: bare GaN NWs, reduce band-bending due to immobilization
of probe DNA and Further flattening by hybridization [100]. (C) Nyquist plots and
corresponding Bode plots of as-grown, pLF-modified, and dsDNA-modified GaNNWs (at
different concentrations of LF targets, in situ DNA hybridization detection).

b5. Metal oxides

In the previous work performed in our team by Zebda [101], the non-Faradic impedance detection
of DNA hybridization have been developed on different kinds of semiconductive metal-oxide thin
films such as Sb-doped-SnO,, CdInoO4 [38-39, 81]. The impedance measurements showed a
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significant increase in the impedance modulus in both used electrode upon DNA hybridization.
The observed increase of the impedance is particularly much higher in the case of CdInO4 than in
the case of SnO». The increase has been explained by the field effect phenomenon occurred at the
modified semiconductive metal oxide surfaces.

To the best of our knowledge, no other publication reports on this kind of semiconductive material
for non-faradic EIS detection of DNA.

b6. Conclusion

Non-faradic EIS DNA sensors involve various semiconductive sensitive materials: silicon,
conducting polymers, diamond, GaN and metal oxides. The comparison between the obtained
detected signals is not straight forward. It can be concluded that depending on both the doping and
on the intrinsic-characteristics of semiconductive materials, increase or decrease of the impedance
characteristics such as resistance charge transfer are obtained upon DNA hybridization.

1.2.4 Metal oxide thin films as sensing matrix

Metal oxides are TCOs films which exhibit simultaneously high visible wavelength transparency
and electrical conductivity. The majority of known TCO materials are n-type semiconductors
where defects such as oxygen vacancies, impurity substitutions and interstitials donate electrons
to the conduction band providing charge carriers for the flow of electric current [102-103]. These
films are used in low emissivity windows, gas sensors, flat panel displays, thin film transistors,
light emitting diodes and solar cells.

Thanks to their semiconductor characteristics and particularly to their chemical stability, DNA
sensing platforms constituted of TCOs are an interesting alternative over the commonly used type
for electrochemical detection of DNA hybridization. Reported electrochemical DNA sensors based
on TCOs films are listed in Table 1.2.
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Table 1.2: Different TCOs sensing platforms used in electrochemical DNA sensors.

Immobilization Redox

Electrode Technique . Year [Ref]
method mediator
With label redox mediators: Faradic mode
ITO (0)% Covalent link Ru(bpy)s** 1997 [104]
ITO CV, EIS, DPV  Adsorption Co(phen)s** 2001 [105]
ITO ()% Covalent link Ru(bpy)s** 2001 [106]
ITO CV,CA Covalent link Ru(bpy)s** 2002 [107]
ITO (0% Covalent link Au-NPs 2007 [108]
ns-ZnO/ITO DPV Physisorption [Fe(CN)g]** 2009 [109]
ns-ZnO/ITO EIS Electrostatic Methylene blue 2010 [110]
71O, EIS, DPV Affinity Methylene blue 2009 [111]
ZrOs/Au DPV Covalent link Methylene blue 2010 [112]
ZrO,/Diamond DPV Covalent link Methylene blue 2012 [113]
Sn0,-QDs EIS, DPV Electrostatic [Fe(CN)s]*"* 2013 [114]
Without label redox mediators: Non-faradic mode
CdIn204 EIS Covalent link No 2006 [38]*
Sb-daped S0z and EIS Covalent link ~ No 2006 [39]*
CdInyO4
CdInyO4 EIS Covalent link No 2010 [817*

CV = Cyclic Voltammetry, EIS = Electrochemical Impedance Spectroscopy, DPV = Differential
pulse voltammetry, CA = chroamprometry
* from our group.

1.2.4.1 Faradic mode

From this review, various TCOs based electrochemical DNA sensors have been developed with
number of DN A immobilization strategies. However, most of fabricated TCOs based DNA sensors
rely on the use of different kinds of redox labels including Ru(bpy)s>*, Co(phen)s**, [Fe(CN)¢]*>"*+

and Methylene blue to enhance the response signals.
a. Indium tin oxide (ITO)

The most widely used TCO is a solid solution of indium (III) oxide (In,O3) and tin (IV) oxide
(Sn0»), with typically 90%wt In2O3, 10%wt SnO,. The use of ITO for electrochemical DNA
detection was first reported by Napier et al. [104] in 1997. In this work, the DNA probes were
immobilized to the ITO surface through self-assembled-monolayer of 12-dodecanedicarboxylic
acid (DDCA). DNA hybridization was electrochemical detected by cyclic voltammetry technique
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via the catalytic oxidation of guanine using Ru(bpy)s;*>* as the mediator. The development of ITO
based electrochemical DNA sensors later focused on the immobilization method of DNA on the
electrode surface. Xu et al. [105] fabricated electrochemical DNA sensors in which the DNA
probes were immobilized on the ITO surface by adsorption. According to the authors, the DNA
molecules could be adsorbed onto the silanized ITO surface with high concentration. On the other
hand, Yang et al. [106] performed DNA immobilization by direct attachment of nucleic acid
molecules to the ITO electrode, which is realized by treating the electrode with a solution of DNA
in 9:1 DMF/acetate solution. In addition, sensitivity of detection of DNA hybridization on ITO
surface could be much enhanced by labeling the target ssDNA with Au nanoparticles [108].

b. Zinc oxide (ZnO)

Nontoxicity, high chemical stability, and high electron transfer capability make ZnO as a
promising material for immobilization of biomolecule. Hence ZnO can be employed for
developing biosensors, especially DNA sensors. Furthermore, the high isoelectric point (IEP) of
ZnO results in unique property to immobilize biomolecules having low isoelectric point through
electrostatic interaction. Consequently, ZnO has wide applications in biosensors. Different kinds
of electrochemical biosensors based on ZnO or various nanostructured ZnO have been fabricated.
They include enzymes, antigens, glucose, etc. However, only a few of papers have been reported,
that utilized ZnO platform for electrochemical detection of DNA hybridization. Ansari et al. [109]
presented a sol—gel derived nano-structured zinc oxide (ZnO) film dip-coated onto an ITO glass
substrate for the fabrication of a DNA biosensor for sexually transmitted disease (gonorrhoea)
detection. A 20-mer thiolated oligonucleotide probe (th-ssDNA) specific to Neisseria gonorrhoeae
was immobilized on the sensing electrode. Electrochemical measurements show that the sol—gel
derived nano-structured ZnO film is an excellent matrix for the immobilization of th-ssDNA onto
the ZnO/ITO electrode surface. The detection limit was 7.0 x 10 fM. Das et al. [110] fabricated
an electrochemical DNA sensor based on electrodeposited nanostructured ZnO on ITO substrate.
DNA probes were immobilized via physisorption based on strong electrostatic interactions
between positively charged ZnO and negatively charged DNA. The DNA—nsZnO/ITO sensor has
detection range of 1.0x10 to 1.0x10-'? M, with a detection limit of 1.0x10"'> M (complementary
target).

¢. Zirconium oxide (ZrQz2)

In recent years, the fabrications of electrochemical DNA sensors on zirconium oxide (ZrO;) have
drawn much attention due to their unique physical, chemical and optical properties such as
thermally stable and chemically inert. Besides, ZrO, has affinity for groups containing oxygen
which facilitates covalent immobilization of biomolecules. The use of ssDNA immobilized sol-
gel-derived nanostructured ZrO, sensing platform to detect specific-sequence of Escherichia coli
was reported by Solanki et al. [111]. This DNA sensor showed a high selectivity and sensitivity
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with the detection range of 10 to 10° pM of DNA target. In another study, electrodeposited
nanostructured ZrO, on gold substrate was used as the sensing matrix of a DNA sensor for
Mycobacterium tubercolosis detection with detection limit of 20nM [112]. Recently, Liu et al.
[113] reported a DNA sensor based on electrodeposited ZrO» on a diamond substrate. This device
shows a selective and linear response to the logarithm of complementary DNA concentration in
the range of 101 to 107 M.

d. Tin oxide (SnO2)

SnO; is a chemically robust material which is known to be highly sensitive to its chemical and
charged environment by inducing an electronic band bending in relation with an electrical field
effect. SnO; films and nanostructured SnO, have been widely used as gas sensing materials for
detecting NOy, COx, Ha, C;HsOH, and H»S [115]. Moreover, due to its ability to be functionalized
by OH" groups on the surface, tin oxide exhibited as a promising sensing material for
electrochemical DNA sensors. However, only one paper reports about the use of SnO; for DNA
faradic electrochemical detection. Indeed, Patel et al. [114] reported the application of tin oxide
quantum dots (SnO»-QDs) for electrochemical detection of Vibrio cholerae based on DNA
hybridization technique. SnO,-QDs have been synthesized by laser ablation technique onto
hydrolyzed surface of indium tin oxide (ITO) coated glass electrode. It is showed that the
developed DNA sensor of ssDNA/SnO»>-QDs/ITO exhibits high sensitivity with detection limit of
31.5ng/L.

1.2.4.2 Non-faradic mode

We are the only group to present non-faradic label-free detection of DNA hybridization based on
TCOs films [38-39, 81]. Label-free detection of DNA using EIS has been studied for several years
in our group. We demonstrated the feasibility of using Sb doped SnO; [39] and CdIn,O4 [38-39,
81] thin films to act as sensing element for label-free electrochemical impedance DNA sensors.
The TCOs films were deposited directly on glass substrates using an aerosol pyrolysis deposition
technique. The deposited films revealed dense and polycrystalline structure with a naturally rough
2D surface. Importantly, these films show a strong adherence on the substrate.

The process of DNA functionalization involving a covalent DNA grafting via APTES was
performed on the deposited films. The impedance spectra measured before and after DNA
hybridization showed a significant increase of the real part at low frequencies of the impedance in
both used electrodes. We evidenced that the sensitivity is strongly dependent on the resistivity of
the sensing electrode [81]. This phenomenon could be explained by the relationship between the

42



Chapter I: State of the art

thickness of the space charge region and the film electrical resistivity. Indeed, an increase of the
sensitivity to the DNA detection with the electrode resistivity has been found indicating that the
more resistive is the oxide, the more sensitive is the sensor. A comparison of the performances
between Sb-doped-SnO; and CdIn,O4 films was performed. The results indicated a much higher
sensitivity for CdInoO4 over Sb-doped-SnO> film[39]. However, CdInoO4 possesses several limits.
This oxide is chemically fragile and suffers from aging. On the contrary, SnO» is particularly robust
and stable oxide.

Besides, the usually used planar configuration of the surface suffers from limited probe
immobilization capacity and inaccessibility of targets to probes due to steric hindrances. In
contrast, the collective use of high aspect ratio nanostructures increases the immobilized probe
concentration and hence the number of available sites for target-probe recognition thereby
reducing steric hindrance. Thus, because of their high specific surface area and excellent biological
compabilities, nano-materials are used to increase the amount of DNA immobilization.
Consequently, nanostructured materials based DNA sensors may possess several advanced
features including high sensitivity, high selectivity, and fast response time [8]. That is why in the
present work, our objective is to fabricate SnO, nanostructures based DNA sensors in order to
enhance the sensitivity.

In recent years, the development of advanced electrochemical DNA sensing strategies based on
nanomaterials have been considered as important tool in the field of genomics, diagnosis and drug-
DNA interation [116-117]. A wide variety of nanoscale materials of different sizes, shapes and
compositions are now available. The aim of using nanomaterials in impedimetric DNA sensors is
to enhance the sensitivity of the technique (i.e the impedimetric response). In this review, different
types of impedimetric DNA biosensors are discussed following the kind of substrates.

As for other kinds of sensing materials including carbon-based materials, nanostructures such as
nanowires, nanotubes, nanoparticles and nanoporous with their large surface areas promote the
performance of the DNA biosensors compared to their bulk counterparts.

Hence it is expected that nanostructured semiconductive SnO» opens the opportunities and future
challenges for the development of label-free DNA sensors. Up to date, no paper which reports the
use of nanostructured semiconductive metal oxide for label-free EIS detection of DNA
hybridization has been found.

In the following, we present a brief review on SnO; crystal physical properties as well as on some
different SnO, nanostructures and their ways of elaboration.
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1.3 Tin dioxide SnO;

SnO is one of typical kinds of transparent conducting oxide (TCO) materials with ITO and ZnO.
It has been widely used in many applications such as catalysts agent [118-119], heat reflecting
mirrors [120], varistors [121], transparent conducting electrodes for solar cells [122-123], and
optoelectronic devices [124]. Especially, SnO> is the most attractive material for gas sensor
applications [125].

1.3.1 Crystal structure and physical properties of SnO2

Tin oxide is special in the respect that tin possesses a dual valency, with tin preferably attaining
an oxidation state of 2+ (stannous oxide SnO) or 4+ (stannic oxide SnO»). This dual valency
facilitates a variation of the surface oxygen composition. It is the key for understanding many
aspects of SnO, surface [126].

SnO; crystallizes with tetragonal rutile structure with symmetry D' (Cay, P42/mnm point group)
[126]. The unit cell contains six atoms, two tin and four oxygen atoms as illustrated in Figure
1.18. Each tin atom is at the center of six oxygen atoms placed approximately at the corners of a
regular octahedron, and every oxygen atom is surrounded by three tin atoms approximately at the
corners of an equilateral triangle. Thus, it is the structure of 6/3 coordination. The lattice
parameters are a= b =4.737 A and ¢ = 3.185A. The c/a ratio is 0.673. The ionic radii for O* and
Sn*" are 1.40 and 0.71 A, respectively. The corresponding heat of formation is AH = 1.9 x 103 J
mol !, the heat capacity of Tin dioxide is C, = 52.59 J mol'! K-!, the density at 300 K is 6.95 g cm"
3 and the melting point is 1630°C.

Oxygen /

Figure 1.18: The crystal structure of SnO; [126].

Remarkably, SnO, is an unique “transparent conductor” presenting the contradictory properties of
high conductivity due to massive structural non-stoichiometry with nearly insulator-like
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transparency with up to 97% optical transparency in the visible range (for films of thickness 0.1 -
1.0 um) in the visible range [127].

In the case of intrinsic semiconductor, it was shown that Sn interstitials and O vacancies, which
dominate the defect structure of SnO> due to the multivalence of Sn, explained the natural non-
stoichiometry of this material and produced shallow donor levels, turning the material into an
extrinsic “n-type” semiconductor. Hence, SnO; is an n-type broad-band gap (3.6eV) oxide
semiconductor. Particularly, undoped SnO, has a carrier density of up to 10%° cm™ which is
comparable to that of semimetals (10'7 to 10?° cm™) [127].

In addition to its natural non-stoichiometry, the electrical properties of tin dioxide nanostructures
also critically depend on amount of dopants present and on their size and shape. In order to improve
the electrical properties of SnO; for certain application, selective doping of the SnO» films by
normal, transition or inner transition elements offers a broad variation in the optical and electrical
properties. The dopants can give off either electrons to the conduction bands (donors) or holes to
the valence band (acceptors) to provide free carriers.

The optical properties of SnO» including transmission, reflection and absorption are determined
intrinsically by its solid structure and extrinsically by its geometry including film thickness,
thickness uniformity and surface roughness.

Additionally, SnO, is chemically inert, mechanically hard, and can resist to high temperatures
[128].

1.3.2 SnO: nanostructures
1.3.2.1 Physical properties and related applications

Semiconductor nanomaterials have attracted much attention due to their potential scientific
significance and technological applications [129]. Owing to their small size, metal oxides
nanostructures with large surface areas exhibit superior chemical and physical properties that are
different from those of bulk materials and can be used to enhance the performance of sensing
devices. Among the variety of nanostructured metal oxides, SnO, semiconducting nanostructures
are particularly interesting because of their promising applications in electronic devices and
especially in gas sensors.

In fact, the synthesis of SnO> nanostructures including nanoparticles [130-132], nanowires [133-
134], nanorods [135-137], nanotubes [138], etc, has been mostly performed for gas sensing
application in which structural properties play a key role. As mentioned above, SnO> is an n-type
semiconductor with oxygen deficiency. The chemical sensing mechanism of semiconductive metal
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oxides is governed by the fact that the oxygen vacancies on the oxide surfaces are electrically and
chemically active. Thus, the conductivity of oxide is strongly affected by the adsorbed molecules.
That is why with a large surface-to-volume ratio, the electronic properties of the nanostructures
being strongly influenced by the surface processes, yield superior sensitivity than the thin film
counterpart.

In addition, SnO, has been presented to act as an excellent subwavelength waveguide because of
its defect-related bands at 2.5¢V and 2.1eV [139]. As a result, SnO; nanostructures are attractive
in developing nanophotonic devices including light-emitting-diodes (LEDs), lasers and detectors.

Elsewhere, by using nanoindentation, Mao et al. [140] investigated the mechanical strength of
SnO, nanobelts. Their results showed the possibility of nanomachining these nanobelts using an
atomic force microscope tip. Additionally, the thermal conductivity of a single nanobelt was found
to be significant lower than the bulk values of SnO» [141]. This phenomenon could be attributed
to the increased phonon boundary scattering and modified phonon dispersion.

Besides, the SnO» nanostructures show an extraordinary electrochemical behavior based on their
ability to provide more reaction sites on the surface which enhance the charge transfer in
electrochemical reactions. As a result, the SnO> nanostructures have represented a promising
strategy to achieve high-power-density as well as high-energy-density Lithium-ion batteries
(LIBs). Young-Dae et al. [142] presented a SnO;-nanowire-electrode which exhibited high
electrochemical performance with stable cycling behaviors and delivering a high specific
discharged capacity. In other research [143], SnO. nanorod-arrays present an excellent
performance as a LIB anode in properties such as capacity retention and rate capability.

For biosensor applications, metal oxide nanostructures have good conductivity and catalytic
properties, which could enhance electron transfer between the redox species and the electrode
surface for electrochemical sensors. Ansari et al. [144] prepared sol-gel derived nanostructured
SnO; film onto indium-tin oxide (ITO) for glucose sensing. A high bioaffinity of the enzyme
(GOx) was observed which can be attributed to higher GOx loading due to microenvironment of
nanoporous sol—gel derived SnO, film. The proposed sensor was highly sensitive and selective
toward glucose sensing. In 2013, Patel et al. [114] applied nano crystalline tin oxide quantum dots
(Sn0O»-QDs) for electrochemical detection of Vibrio cholerae based on DNA hybridization
technique. DNA probes (23 bases) have been designed form the virulent gene sequence of V.
cholerae and have been immobilized onto SnO,-QDs/ITO surface. The electrochemical response
indicated that SnO, QDs provides an effective surface to bind with the phosphate group of DNA.
The hybridized electrode exhibits linear response high sensitivity 35.20 nA/ng/cm?, low detection
limit (31.5 ng/uL), faster response time (3 s) and high stability of 0—120 days when stored under
refrigerated conditions.
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1.3.2.2 Different ways of elaboration of SnO2 nanostructures

Different methods have been used to prepare SnO, nanostructures exhibiting 2 or 3 dimensions:
thermal vapor evaporation, carbothermal reduction, chemical vapor deposition (CVD), laser
ablation, sol-gel, oxidation of tin metal nanostructures and electrodeposition.

Thermal evaporation method involving a vapor-liquid-solid (VLS) growth process has been
considered as an effective technique to synthesize semiconductor NWs with a good level of
geometry. A typical diagram of the setup is showed in Figure 1.19.
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Figure 1.19: Schematic diagram describing the furnace setup used for growing the SnQO;
nanorods via thermal evaporation process [145].

Tin oxide powder is first evaporated at temperatures higher than 1300°C at one end or at the center
of'a furnace and then transported in a gas flow to other side of the tube where tin oxide molecules
condense onto a cold substrate. This technique has been used for the formation of SnO;
nanowires/nanobelts of high quality from SnO; or SnO powders [135-137, 145-147]. Although,
the growth mechanism has not been completely resolved, it is important to point out that the SnO>
nanostructures do not require a metal-catalyst to grow. In addition to nanowires and nanobelts,
other SnO, nanostructures can be elaborated by this technique such as nanodiskettes [148],
fishbone-like nanoribbons [149]. Furthermore, by employing RuO; as a nucleating agent, Ramgir
et al [150] found the formation of SnO» nanobipyramids and cubes.

SnO, nanowires and nanoribbons can also be elaborated by carbothermal reduction technique
which is a slight modification of thermal evaporation technique performed at lower synthesis
temperature (about 800°C) [151-152]. Besides, laser ablation method has a similar mechanism of
SnO; formation to thermal evaporation method. The difference comes from the way to obtain metal
oxide which results from the ablation of the Sn target with suitable laser power. This technique is
efficient in large-scale synthesis of SnO; nanowires with controlled diameters [153].
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Chemical vapor deposition (CVD) is a chemical process often used to produce semiconductor thin
films. CVD is practiced in a variety of formats classified according to which the chemical reactions
are initiated. Via CVD, Ma et al. [154] successfully prepared SnO> nanowires. SnO>
nanoboxbeams, or nanotubes with square or rectangular cross-sections (Figure 1.20) were
synthesized on quartz substrates using a combustion chemical vapor deposition (CCVD) method
in an opened atmosphere from 850 °C to 1150 °C [155]. Mathur et al. [156] fabricated single-
crystalline SnO, nanowires with a control over diameter and morphology by employing a
molecular precursor, Sn(OtBu)s in molecule-based chemical vapor deposition MB-CVD process
using Au nanoparticles as catalyst.

Figure 1.20: SEM images of SnO: tubes synthesized by combustion chemical vapor deposition
(CCVD) (a) tilted view (b) a single tube [155].

Sol-gel approach is a solution-phase technique for the fabrication of SnO; nanostructures starting
either from a chemical solution (sol) or colloidal nanoparticles to produce an integrated network
(gel). Different precursors may be used for preparation of SnO; using a sol-gel process such as tin
alkoxide and tin tetrachloride [157]. The precursor sol can either be deposited on a substrate to
form a film or infiltration cast into a suitable template such as nanoporous membranes or carbon-
nanotubes with the desired shapes and sizes. SnO> nanoparticles [157-158], nanorods [159],
nanotubes [160-162] have been successfully fabricated via sol-gel route. However, the
morphologies of the nanostructures are limited due to the difficulty in fabricating templates with
various shapes and sizes.

In addition to sol-gel, hydrothermal method is another solution-phase route that has been used to
prepare SnO> nanostructures [163]. For the synthesis of SnO» nanowires, a tin salt such as chloride
or oxalate is reflxed in a suitable solvent with a boiling point of 100 — 300°C. In short, the solution
methods have the disadvantages of low levels of crystallinity compared to those involving higher

temperatures [164].
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Additionally, SnO, nanowires [165] nanofibers [166] and porous nanobelts [167] could be
prepared by electrospinning method. Especially, Kumar et al. [168] reported a SnO, nanoflower-
like morphology by controlling the Sn precursor concentration in a polymeric solution. The
nanoflowers (Figure 1.21) were made up of 70-100 nm nanofibrils, which in turn consisted of
linear arrays of single crystalline SnO» nanoparticles. Their size is between 20—30 nm. Moreover,
Mott—Schottky analysis shows that flowers have an order of magnitude higher electron density
compared with the fibers despite their chemical similarity.

Electraspinning Setup
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Figure 1.21: Schematics showing the evolution of flower morphology in electrospun inorganic
nanostructures with (al) low (a2) high precursor concentration. (b2) Highly populated growth
of SnO: grains outstrips the fiber boundary giving rise to flower morphology [168].

The SnO; nanostructures could be achieved using a two-step process involving the deposition of
Sn metal nanostructures followed by oxidizing the deposited Sn to form SnO,. The oxidation
process could be performed either by anodization process [169] or by heat-treatment [170].
Moreover, metal anodization is a promising way to prepare porous structures of corresponding
metal oxides. Yamaguchi et al. [171] fabricated a transparent nanoporous tin oxide film by
anodizing a tin film on a fluorine-doped tin oxide (FTO) electrode. By the same way, Hossain
[172] prepared mesoporous SnO; spheres of tunable particle size by facile anodization of tin foil
in alkaline media.

Finally, electrodeposition is a powerful process that can be applied to synthesized films and
powders. Compared to the other techniques, electrodepostion offers several advantages which
include: low-temperature process, low cost for material and devices and the ability to deposit thin
films on complex surface. This technique has been used to synthesize metallic coatings for long
time. In the past decade, electrodeposition has emerged as an effective technique to prepare metal
oxides. Nanostructured coatings with a variety of morphologies could be achieved through a
proper parameter control. The important processing parameters are: nature and concentration of
precursors, the bath temperature, current density, the applied potential, charge passed density
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during the deposition and deposition temperature. The electrodeposition of SnO; films and SnO,
nanostructures are reviewed and discussed in more detail in the next section.

1.3.2.3 Electrodeposition of SnOz2 thin film and nanostructures
a. Anodic method

An oxide film can be grown by anodic oxidation of a metal surface. Depending on the process
condition and the electrolytes, either a thin dense oxide film or a film containing high density of
microscopic pores is grown.

In 1974, SnO: films were prepared Giani and Kelly [173] by anodizing Sn sheets from an ethylene-
glycol-based electrolyte at voltages ranging from 6 to 50 V. The anodic SnO; films exhibited a
polycrystalline structure with thickness ranging from 250 to 690 nm. Later in 2010, Hossain et al.
[172] reported the synthesis of mesoporous SnO; spheres of tunable particle size were synthesized
by electrochemical of tin foil in alkaline media containing NaOH and NH4F in ethylene glycol.
The obtained mesoporous SnO; spheres have a uniform size of 60 nm. These spherical particles
are composed of agglomeration of SnO> nanocrystals with grain size 5-6nm (Figure 1.22). In the
same year, a transparent tin oxide film was fabricated by anodizing a tin film on a fluorine-doped
tin oxide (FTO) by Yamaguchi et al [171]. The resulting anodized nanoporous tin oxide film has
a columnar-type pore channels with around 50 nm in diameter.

Figure 1.22: SEM and TEM images of mesoporous SnO2 spheres.
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b. Cathodic method
e SnO:2 nanoporous films (3D)

To perform the electrodeposition of SnO; or any metal oxide, the presence of either the hydroxyl
ions (OH") or O-radical on or near the working electrode is necessary [174]. Different types of
oxygen precursors have been used namely, hydrogen peroxide [175], nitrate ions [176] and blown
oxygen [177]. Depending on the type of the oxygen source, different two-half reactions on the
working electrode occur as follows:

e Nitrate ions (NO3):  NO3 + H>O + 2e"— NO> + 20H" (1)
e Hydrogen peroxide: H>O,+ 2e¢"— 20H" ()
e Dissolved oxygen: Oz +2H;0 + 4e” — 40H" 3)

O, +2H,0 + 2¢- — H,0, + 20H" 4)

Typically, for electrodeposition of SnO,, when the potential is applied to the working electrode,
the reduction reaction of the oxygen precursors leads to the formation of OH~ groups. These formed
anions then accumulate on the electrode surface and cause an increase of the local pH.
Subsequently, the Sn*" ions derived from tin salts present in the solution react with the OH" ions
to form tin hydroxide (Sn(OH)4) on the cathode. This hydroxide compound is unstable. It rapidly
dehydrates and precipitates to form SnO,), as described in the following reaction:

Sn** + 40H" — Sn(OH)4 — SnOz + 2H,0 (5)

The published conditions for SnO, cathodic electrodeposition are listed in Table 1.3.

Commonly, SnO; is electrodeposited at temperatures lower than 100°C in aqueous solutions of tin
salts. Several salts have been used as precursors of cations Sn*" including SnCl,.2H,0 [178-183],
SnCl4.5H,0 [184] and SnSO4 [185]. In the case where SnCl,.2H,O and SnSO4 were used as
precursors, HNOj3 is most often served as the oxidizing agent to transform Sn’* ions to Sn** ions
in the solution.
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Table 1.3: Preparation of tin oxide (SnQO3) by cathodic electrodeposition

Electrode Electrolyte Conditions Mode References Year
25 mM SnCL.2H,O . o Galvanostatically
Cu 100 mM NaNOs T3h}f Eiefgtr?xg ;illfiflpt o 865ri§el;°tr I t0 15 mA cm? Chang et al. [178] | 2002
75 mM HNO; £ exp (for 10 - 200 min)
Oxygen is blown into the
electrolyte with a rate of 300 sccm Potentiostatically
Cu 251r;1(l;/lmsl\r/1[C}llzI;12CI){ 20 for 1h before experiment. -0.2 t0 -0.6'V vs. Chang et al. [179] | 2004
. The electrolyte is kept at 85 °C Ag/AgCl (for 10 min)
before and during experiment
25 mM SnCly.2H,0 Potentiostatically
Au 100 mM NaNOs Polycarbpnate membrape with -0.3 t0 -0.5V vs. Lai etal. [183] | 2006
75 mM HNO pore radius of 100 nm is used Ag/AgCl
: (for 50 to 120 min)
100 mM SnCl».2H,O
400 mM NaNO; . o Potentiostatically
Pt 500 mM HNO: The temperature is kept at 45 °C 1025 V vs. Ag/AgCl Spray et al. [180] | 2007
0.2 wt.% SDS
20 mM SnCl>. 2H,0 Potentiostatically
ITO 100 mMNaNO; The temperature is kept at 50 °C -0.6 to -0.9V vs. Ishizaki et al. 2009
75 mM HNO; Ag/AgCl (for 10 min) L181]
5 mM SDS g8
Cu 20 mM SnCls.5H,0 The temperature is kept 0.1 lt)c(: toel;t\i;) it: ti"l??rilylate Chen ctal . [184] | 2010
80 mM HNO; at 65 to 85 °C ' . . mp '
(for 10 min)
30 mM SnSO4 Oxygen bubbling 0.5 L/min Potentiostatically Vequizo et al.
ITO . 0.1t00.7V vs. Ag/AgCl 2010
1.07M HNO3 during the process . [185]
(for 10 min)
100 mM SnCl,.2H,0 Potentiostatically
Cu 500 mM NaNOs The temperature is kept at 50 °C -0.4 to -0.8V vs. Kimetal. [182] | 2012
400 mM HNO3 Ag/AgCl (for 2 min)
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In 2002, Chang et al. [178-179] were the first authors who reported the fabrication of
nanostructured SnO> films on Cu electrode by electrodepostion from a solution containing nitrate
ions at 85°C via both potentiostatic and galvanostatic manners. In their work, pre-treatment of the
electrolyte is required to convert Sn>* ions to Sn*" ions. The deposited SnO; layers presented a low
degree of crystallinity with two layer microstructure composed of an upper porous layer and an
underlying dense layer (Figure 1.23). Later, various electrodeposition setups of SnO» thin films
were developed by other authors with controlled deposition parameters [182, 184-185].

500 nm J

—r—

500 nm

Figure 1.23: SEM micrographs of (a) top view and (b) cross-sectional view for the as-
deposited SnO; coatings [179].

e 1D SnO:2 nanostructures: nanowires

The template-assisted electrodeposition is one of the most effective methods for the synthesis of
controlled nanostructures of metals and metal oxides. The templates are either so-called “hard”
templates such as porous membranes with 1D channel that present on the surfaces of a solid
substrate, or “soft” templates such as mesoscale structures which are self-assembled from block
copolymers, liquid crystal materials and surfactants [186].

By using a hard template of nanoporous polycarbonate membrane, Lai et al. [183] successfully
electrodeposited large aspect ratio SnO> nanotubes. The template was then dissolved by
dichloromethane. The as-deposited nanotubes were recovered by centrifugation. Spray et al [180]
used sodium docedyl sulfate (SDS) as a surfactant. According to the authors, well-organized
arrangements of Sn*" ions can be achieved on the working electrode by the presence of interfacial
SDS assemblies. When the electrodeposition begins, this arrangement of Sn*" ions becomes
directly the skeleton of the SnO» film forming mesoporous frameworks (Figure 1.24).
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working electrode " working electrode

Figure 1.24: Schematic representation of electrochemical interfacial SDS surfactant [180].

Recently, Ishizaki et al. [181] used a surfactant assisted electrodeposition process to synthesize
SnO» nanowires by using SDS surfactant (Figure 1.25). It was proposed that the micelles of SDS

in the solution led to the aggregation of the SnO, particles and the anisotropic growth of the SnO»
nanowires.

A
b

30nm

100nm

Figure 1.25: FESEM images of the surface morphologies of the SnO> NWs deposited at —0.8 V
with SDS [181].
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1.4 Conclusions

Non-faradic EIS DNA sensors involve various semiconductive sensitive materials: silicon,
conducting polymers, diamond and GaN. The comparison between the obtained detected signals
is not straight forward. Depending on both the doping and the intrinsic characteristics of
semiconductive materials, increase or decrease of the impedance characteristics such as resistance
charge transfer are obtained upon DNA hybridization.

Over these commonly used semiconductive materials, metal oxides (or TCOs) are an interesting
alternative particularly thanks to their chemical stability. However, most of fabricated TCOs based
DNA sensors rely on the use of redox labels to enhance the response signals.

Our group pioneered to study the non-faradic label-free detection of DNA hybridization based on
TCOs films. The feasibility of using polycrystalline SnO» film electrode has been demonstrated.
As a n type semiconductor, SnO» is sensitive to the negative charges of DNA immobilized on the
surface which induces a change in its space charge layer by field effect phenomenon. As a result,
an increase of the impedance was obtained. However, the 2D planar configuration of SnO> film
surfaces is a limiting factor reducing both the DNA probe immobilization capacity and
accessibility of targets to probe. To overcome this issue and to increase the response signal
performances, efforts must be put to increase the developed specific surface through the controlled
elaboration of SnO> nanostructures. No paper has been reported on the elaboration of SnO»
nanostructures for label-free detection by non-faradic EIS measurements.

Among the different ways to elaborate SnO; nanotructures, it appears that the electrodeposition
technique offers several advantages: low-temperature process, low cost for material and devices.
In the past decade, authors have shown that several kinds of SnO> nanostructures can be obtained
by cathodic electrodeposition: SnO2 nanoporous films (3D) and 1D SnO2 nanowires via a hard
or soft template-assisted electrodeposition process.

In this context, and based on these different backgrounds, the following parts of the thesis will
present:

(1) the study of the elaboration of different SnO, nanostructures -nanoporous films and
nanowires- by electrodeposition process,

(i1) for the first time, the study and investigation of their performances in term of
functionnalization and label-free non-faradic electrochemical DNA detection.
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Chapter I1: Experimental procedures

This chapter describes the whole experimental process leading to the final DNA biosensor. It is
schematically presented in Figure 2.1.

In the first part, we present how the different SnO> nanostructures are fabricated using the
electrodeposition method according to different experimental conditions.

The second part presents different characterization techniques used to study their morphology,
microstructure and electrical properties.

The third part deals with the functionalization process used to bio-modify the deposited SnO»
nanostructures including silanization, DNA probe immobilization and DNA hybridization.

Finally, in the last part, we describe the detection of DNA hybridization by both impedance and
fluorescence techniques.
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r

Elaboration of the SnO2 nanostructures

/\

Nanoporous SnO: films SnO:2 nanowires

Potentiostatic electrodeposition 1. Template-free electrodeposition Sn NW's

2. Thermal oxidation of Sn NWs

Characterization of the SnO2 nanostructures

Morphology: Scanning electron microscopy (SEM)
Transmission electron microscopy (TEM).

Microstructure: X-ray diffraction, Grazing Incidence diffraction.

Chemical composition: X-ray photoelectron spectroscopy (XPS).

Functionalization/ DNA probe grafting on the SnO:2 surface

Hydroxylation: in plasma/oxygen atmosphere.
Silanization: Liquid or Vapor phase deposition of APTES.
(Cross linker glutaraldehyde)

DNA probe grafting: Concentration Cp = 10 uM.

.

Hybridization with DNA targets

Different kinds of DNA target: complementary, non-complementary,
1 and 2 base mismatch.

DNA target concentration: from 2 uM to 2 nM.

These targets are labeled with Cy3 fluorescent dye.

/\

Electrochemical detection Optical detection

Label-free non-faradic EIS analysis Optical fluorescence microscope

No redox species label or intercalator is used Confocal laser scanning microscope

Figure 2.1: Flow chart of overall work in this study

Detection of DNA hybridization Part 4
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2.1 Elaboration of SnO; nanostructures
2.1.1 Electrodeposition system

The electrodepostion system that we have mounted is the same for the deposition of both
nanoporous SnO; films and Sn NWs. It is described first, and then the specific conditions for each
case are reported.

The electrodeposition is performed in a 3-electrode-electrochemical configuration (Figure 2.2-
left). Practically, the electrochemical cell could be made up of two electrodes. In this case, the
second electrode must maintain a constant potential to gauge the potential of the working electrode
while passing current to counter redox events at the working electrode during the process.
However, a current passing through an electrode can also change its potential. Therefore, it is
extremely difficult for an electrode to do both of the works at the same time. By using 3-electrode
cell, the roles of supplying electrons and providing a reference potential are divided between two
separate electrodes. The reference electrode, with a known potential, acts as reference in measuring
and controlling the working electrode potential. On the other hand, the counter electrode passes all
the current needed to balance the current observed at the working electrode.

Electrochemical cell: A rounded glass cell with 3 necks is used. Its volume is 250 ml. The
temperature of the solution inside the cell is regulated using a programmed heater and a
thermometer.

Working electrode: Commercial ITO (Indium tin-oxide) coated soda-lime-glass substrates,
purchased from Advanced Film Services Company, USA, are used for all electrodeposition. The
size of one commercial sheet is 200 x 200 x 1.1 mm. The thickness of the ITO layer is 300 nm,
with a sheet resistance of 10Q/[]. Before performing electrodeposition process of SnO> on the ITO
surface, the sheets are cut to a final size of 10 x 25 mm and are subjected to a cleaning process in
order to remove all the impurities on the surface collected after fabrication or during the storage.

These substrates are first cleaned with commercial soap and rinsed with boiled deionized water.
Then the substrates are sonicated with the following sequence: 15 minutes in ethanol, 15 minutes
in acetone and 15 minutes in iso-propanol. Between each bath of solvent, the substrates are rinsed
with boiled deionized water and dried by cleanroom-tissues. Then, the ITO/glass substrate is
installed into the cell with a vertical arrangement by using a specific Teflon holder which has been
made in our laboratory (Figure 2.2-middle). It also controls the area of the working electrode
exposed to the electrolyte, the surface of which is 1 cm? for all experiments.

Reference electrode: A commercial Ag/AgCl (KCI saturated) purchased from Radiometer
Analytical. Its potential is determined by the reaction AgCI(s) + e" = Ag(s) + CI of which relative
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to the normal hydrogen electrode (NHE) is 0.208 V at room temperature. The reference electrode
is located as close as possible to the working electrode in the cell.

Counter electrode: A rolled platinum wire (d = 0.5 mm) (Figure 2.2-right). The counter electrode
is mounted parallel and with a distance of 10 mm from the working electrode surface.

Figure 2.2: Pictures of the electrodeposition sytem, working electrode and counter electrode.

Electrolyte: To prevent the contamination, the electrodeposition experiments were carried out with
solutions freshly prepared with MilliQ water. The volume of the electrolyte is 80 ml for all
experiments. All the reagents employed are of analytical grade. The composition of the electrolyte
is adapted according to the kind of SnO» nanostructures (Table 2.1).

Table 2.1: Chemicals used for the electrolyte preparation

Chemical Formula Supplier Purity
Dihydrated tin chloride SnCl,.2H,0O Sigma Aldrich (>99.99%)
Nitric acid HNO3 Sigma Aldrich (> 65%)
Sodium nitrate NaNO3 Sigma Aldrich (>99%)

Instrumentation: The three electrodes of the electrochemical cell are connected to a
potentiostat/galvanostat Model 263A (Princeton Applied Research) controlled by the software

Powersuite (Figure 2.3).
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Figure 2.3: Picture of the electrochemical equipment: potentiostat/galvanostat Model 263 A
(Princeton Applied Research)

2.1.2 Electrochemical techniques

Cyclic voltametry: This technique consists of scanning the potential of the working electrode,
which is immersed in a solution, and measuring the resulting current. It is a popular tool for
studying the general electrochemical behavior of the different solutions used to grow the material
nanostructures under both unstirring and stirring conditions.

The voltage applied to the working electrode is scanned linearly versus time from open circuit
potential E., at which no current is detected toward negative potentials. Eo is automatically
determined from the potentiostat. During the negative scan, the reduction of the electroactive
species takes place. When the potential reaches a predetermined negative limit, the scan is
reversed. During scanning toward positive potential, the total or partial oxidation of the species
previously electrodeposited on the working electrode occurs. The cycle completes when the scan
returns to the initial potential Eoc. The potential limits are adjusted to cover all the range where the
electrochemical reactions of the electroactive species happen. Usually, cyclic voltammetry is
carried out at a scan rate of 50 mV s°!.

Cyclic voltammetry allows us to determine the potentials at which the electrochemical reaction
takes place on the electrode surface. In addition, by comparing the charges recorded (or the sizes
of the peaks) during both reduction and oxidation processes, we can evaluate the presence of side
reactions taking place simultaneously with electrodeposition.

Electrodeposition: Depending on the applied signal, electrodeposition can be conducted following
a chronoamperometry regime (potentiostatic technique) or a chronopotentiometry regime
(galvanostatic technique).
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A potentiostatic synthesis is performed by polarizing the working electrode to a desired potential
with respect to the reference electrode. The variation of the cell current is recorded as a function
of time (I-t). During the process, the cell current decays as electrochemical reaction begins. It is
due to the low rates of diffusion of the reactants from the bulk solution to the electrode surface or
due to reduction in activity of the reactant. Generally, a pure single-phase product is obtained. The
nature of the product relies on the electrochemical reaction occurring on electrode surface at the
selected applied potential. Usually, the deposition potential is chosen from the cyclic
voltammogram of the system.

In a galvanostatic synthesis, the cell current is held at a constant value and the potential -time curve
is recorded (E-t). Because the rate of the reaction is monitored, the deposits often present a good
adhesion and a controlled morphology. However, the cell potential drifts as the reactant activity
decreases at the working electrode surface. It may lead to a multiplicity of products.

In practice, in addition to applied potential (E) and cell current (I), the deposit characteristics also
depend on other processing parameters. For example, concentration of the electroactive species
strongly affects the rate of electrode reaction. Consequently, it will much influence on the deposit
characteristics: microstructure and morphology of the deposit. The important parameters in the
electrochemical cell are shown in Figure 2.4.

Potentiostat/Galvanostat

Voltage (V) RE WE CE Current density (mA)
«—— Quantity of total charges (C)

Electrolyte pH

Concentration of electrospecies (mM)
Concentration of other species (mM)
Temperature (°C)

Mass transfer mode
(diffusion, convection)

Figure 2.4: Important parameters in an electrochemical cell.
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2.1.3 Electrodeposition of SnO2 nanoporous films

The nanoporous SnO> thin films are potentiostatically electrodeposited onto ITO substrates in an
electrolyte with composition as showed in Table 2.2. For all the experiments, the concentration of
HNOs is fixed at 7SmM, in which the solution pH is approximately 1.25. For deposition conducted
at a temperature, the cell is first heated up to reach the desired temperature. Then it is maintained
at this point for 10 minutes to achieve temperature homogeneity for whole the cell before the
experiment is started. To avoid a decrease in the volume of the electrolyte due to water evaporation
at high temperatures, a water-circulated condenser is used during heating process.

The present work started from the deposition process proposed by Chang et al. [1] but with some
important modifications that are listed in the following table (Table 2.2).

Table 2.2: Comparison of processing parameters between the Chang et al. deposition process

and our process

Parameters Chang et al. [1-2] Our work
Substrate Cu ITO

Pre-treatment The electrolyte was held at 85°C | No
for 3h without oxygen blowing or
for 1h with oxygen blowing

Te electrolyte 85 °C 50°C
(during process)
Electrolyte 20 mM SnCl,.2H,0O 20 mM SnCl,.2H,0
100 mM NaNOj3 100 mM NaNOs3
75 mM HNO3 75 mM HNO3
Stirring Not mentioned No
Regime Galvanostatic Potentiostatic
[=1to 15 mA cm? Deposition voltage is selected from the

cyclic voltammogram, which is from -
1.0to -0.5 V (vs. Ag/AgCl).

First, Chang et al [1] deposited SnO2 on Cu electrode which is not the case here as we use ITO.
Second, the electrolyte was held at a temperature of 85°C for 3h prior to deposition experiment in
order to obtain stabilized solution. In this study, as will be explained in section 3.1 chapter 3, such
process is omitted and the temperature of the cell is kept at 50°C during deposition process. The
nanoporous SnO thin films are electrodeposited potentiostatically onto ITO electrodes in an
electrolyte consisted of 20 mM SnCl».2H>0, 100 mM NaNOs3 and 75 mM HNO3 under unstirring
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condition. The deposition potentials are selected from the voltammograms obtained in these same
conditions. To achieve the desired thickness of the film, total passed charge density is controlled.

We also investigated the impact of some experimental factors including: convection force (stirring
speed), concentration of SnCl>.2H>0 and NaNOs, cell temperature on the electrochemical behavior
and the obtained phases and morphology of the as-deposited films.

2.1.4 Elaboration of SnO2 nanowires

The elaboration of the 1D SnO> NWs based on a two-step-process. The first step is the template-
free electrodeposition of Sn NWs on the ITO electrodes. The second step deals with converting
these deposited Sn NWs to form SnO, NWs by thermal oxidation.

2.1.4.1 Electrodeposition of Sn nanowires

Although template-assisted electrodeposition has been successfully employed for the preparation
of 1-D Sn morphology [3], to our knowledge, no other reported in template-free electrodeposition
of Sn NWs.

In our work, Sn nanowires are galvanostatic electrodeposited on the ITO/glass substrate from a
colloidal solution of 20mM SnCl,.2H>0 in 80 ml of deionized water. Processing parameters of the
electrodeposition process are detailed in Table 2.3.

Table 2.3: Processing parameters of electrodeposition Sn NWs process

Substrate ITO

Pre-treatment The electrolyte is sonicated for 10 min

Te electrolyte 2242 °C

(during process)

Electrolyte 20 mM SnCl.2H,0

Stirring No

Regime Galvanostatic
Current density: 5 mA cm™
Deposition time: 20 s

The electrolyte is sonicated for 10 minutes before pouring it into the cell to obtain a homogeneous

colloidal solution. The deposition experiments are performed at room temperature, 2212 °C. The
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effects of current density and the deposition time on the Sn NWs growth process as well as on the

morphology of the NWs are investigated.

2.1.4.2 Thermal oxidation of Sn nanowires

To convert the deposited Sn nanowires to SnO> nanowires, thermal oxidation is carried out in a
process approximating rheotaxial growth and thermal oxidation (RGTO) published elsewhere [4].
The RGTO method has proved to be effective for complete oxidation of Sn films, and nanowires
[4-5]. The crucial feature of this process is that the shapes of the Sn nanowires are maintained
during their conversion to tin oxide. The first stage of the process involves heating the Sn sample
(in ambient condition) to a temperature just below the melting point of Sn (about 200 °C) in order
to grow on the surface of the tin nanowires a thin supporting oxide skin. This oxide supports the
Sn core and resists deformation during a subsequent higher temperature process (500 °C) which
completes the oxidation of the tin nanowires to tin oxide nanowires. The heat-treatment profile is
shown in the Figure 2.5.
T
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Figure 2.5: Profile of the heat-treatment process for full oxidation of electrodeposited Sn NWs

2.2 Characterization of the elaborated SnO; nanostructures

2.2.1 Morphology

The morphology of the electrodeposited SnO> nanostructures is observed by scanning electron
microscopy (SEM). The type of apparatus used is a Quanta 200 FEG / ESEM (FEI Phillips). The
electron microscope is operated at a Sk'V accelerating voltage in high vacuum mode (total vacuum
of 10 mbar) and has a resolution of 3 nm. The two signals mainly used in microscopy are the
secondary and backscattered electrons (Figure 2.6). The secondary electrons are of low energy
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electrons (<50eV) which emitted by atoms near the surface of a sample material when their
electrons become excited and have sufficient energy to escape the sample surface. On the other
hand, the backscattered electrons have higher energy, which are the electrons that have been
scattered out of the sample by elastic collision with the sample atoms. Of the two, secondary
electron imaging has greater resolution. However, backscattered electrons have the advantage that
they are sensitive to the atomic mass of the atoms they scatter from. As a result, heavier elements
which backscatter more efficiently appear brighter than lighter elements in a backscattered electron

image.

Due to their low conductivity resulting in a charging of the films, the deposited SnO; films are
often coated with a thin carbon layer before SEM observation. Film thickness, diameters and
lengths of the nanowires are measured from the SEM image taken in cross-sectional view. The
cross-sectional view could be achieved by cutting the samples. The cutting process consists of
making a scratched line at the back side of the sample using a diamond tip and separating it into
two parts at this line by a specific tool.
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The morphology of the deposited SnO> nanostructures is also studied by a high resolution
transmission electron microscopy (HRTEM). From the cross-sectional observation, the substrate,
the thin film layers, and the interfaces between them can be imaged either simultaneously or
individually.

Importantly, selected area electron diffraction (SAED) can be performed inside a transmission
electron microscope (TEM). This crystallographic technique obtains diffraction patterns that result
from the electron beam scattered by the sample lattice. From an SAED pattern the structural
information of the sample: crystalline symmetry, unit cell parameter and space group, can be
obtained.
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Figure 2.7: Transmission electron
microscopy JEOL 2011

TEM and electron diffraction were carried out on a JEOL 2011 (Figure 2.7) operating at 200 kV
with a 0.19-nm point-to point resolution. Cross-section samples were obtained by the tripod
method. Samples were polished on both sides using diamond impregnated films from 15 mm
sequentially down to 0.5 mm until they were less than 15 mm thick. Low-angle ion Ar" beam
milling was used for final perforation of the samples and to minimize contamination.

2.2.2 Microstructure

The X-ray diffraction (XRD) is a technique commonly used to determine the structure and the
crystallographic orientation of a solid material. In this method, the sample is irradiated with an X-
rays monochromatic beam at an incident angle (represented in Figure 2.8). The incident X-ray
radiation excites the atoms in the crystal and relaxes by emitting radiation of spherical waves.
When the sample has a crystalline structure, diffraction is observed when the waves associated
with X-rays are in phase together (constructive interferences). This phenomenon happens when
the Bragg condition following is satisfied:

A = 2dpq.sind Q2.1

where, duq 1s the distance between the lattice planes (hkl) of the crystal lattice, 0 is the incident
angle of X-rays relative to the surface of the sample, A is the wavelength of the incident beam and
n is an integer representing the order of diffraction mode.
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Figure 2.8: Schematic of Bragg spectrometer

In the present work, measurements are performed on a Siemens X-ray diffractometer Bruker
D5000 Diffraktometer using the Bragg-Brentano geometry (0-20scans). X-rays were produced
from a source of copper Ka radiation (A = 0.154 nm), with an accelerating voltage of 40 kV and a
current of 20 mA. The scans are performed between 20 and 70° with a step 0of 0.02°.

The phase identification and crystal orientation could be done by comparing the obtained spectra
(positions and intensities of the diffracted rays) with the spectra of known phases of reference
compounds stored in the database JCPDS-ICDD data.

Peak widths and shapes provide important information about the structural and microstructural
properties of the material: crystallite size and defects. The crystallite size can be calculated from
the peak widths at half maximum or FWHM (Full Width at Half Maximum) according to the
Scherrer formula (assuming that the crystallites are spherical), which is defined by:

0.9
d= B cos 0 (2.2)

Where, A is the X-ray wavelength (in the case of Cu target, A = 0.154 nm), d is the average
crystalline size, 0 is the half of the diffraction angle, B is the full width at half maximum (FWHM).

Grazing Incidence Diffraction (GID): X-ray radiation has a large penetration depth into any matter.
Consequently, this technique is difficult to analyze thin films due to their small diffracting
volumes, which results in low diffracted intensities compared to the substrate and background.
Grazing Incidence Diffraction (GID) is the technique to overcome this restriction. GID
measurements are performed at very low incident angles to maximize the signal from the thin
layers.

For the GID, the incident and diffracted beams are made nearly parallel by means of a narrow slit
on the incident beam and along Soller slit on the detector side. The stationary incident beam makes
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a very small angle with the sample surface (typically 0.3°to 3°), which increases the path length
of the X-ray beam through the film. This helps to increase the diffracted intensity, while at the
same time, reduces the diffracted intensity from the substrate. During the collection of the
diffraction spectrum, only the detector rotates through the angular range, thus keeping the incident
angle, the beam path length, and the irradiated area constant. Grazing incidence analysis is
performed by the same apparatus as that of X-ray diffraction test.

2.2.3 Chemical composition of the extreme surface

X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic technique that measures
the elemental composition, empirical formula, chemical state and electronic state of the elements
that exist within a material. XPS measurements are performed by irradiating a material with a
beam of X-rays while simultaneously measuring the kinetic energy and number of electrons that
escape from the top 1 to 10 nm of the analyzed material. The kinetic energy of the photoelectrons
detected is:

Exinetic = hU - Ebinding (2.3)

Where, hv is the energy of incident X photons and Epinding 1s the binding energy ofthe photoelectron
emitted.

The calculation of the binding energy of the detected electrons allows knowing the nature of the
photoelectron emitting atom (except hydrogen and helium) and the orbital from which the electron
originates. The measured area of the detected peak determines the relative concentrations of these
species in the studied material. The obtained chemical shift provides the information about the
chemical groups presenting in the film. Thus the decomposition of an XPS peak is commonly used
to calculate the concentrations of various chemical groups and to have an idea of the structure of
the material.

XPS analysis were carried-out by means of XPS (XR3E2) located at laboratory SIMAP — Grenoble
INP, in an UHV chamber (107'° mbar), using a Mg K, radiation. The samples were irradiated
under normal incidence and the probed thickness was around 10 nm. To study compositions of the
deposited thin films, the measurement is only qualitative. Moreover, the measurements do not
reflect the overall structure of the sample and on the other hand, the absorbed surface species (such
as carbon, oxygen) take a significant part in the quantification of elements.

2.2.4 Electrochemical properties
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Electrochemical impedance spectroscopy (EIS) has been well established as a powerful tool for
investigating the mechanism of electrochemical reactions, for measuring the dielectric and
transport properties of materials, for exploring the properties of the porous electrodes and for
investigating passive surfaces [6].

In present work, the study of the electrochemical properties of the elaborated and bio-modified
SnO; nanostructures has been performed. The impedance measurements are carried out on the
deposited SnO» electrode by using a laboratory-made microfluidics cell involving a Plexiglass
three-electrode setup (Figure 2.9-left).

The electrolyte used is the pure DNA hybridization buffer (NaCl: 0.5M, PBS 0.01M without DNA
molecules). The volume of the liquid in the cell is 500 pL for each measurement. The SnO, films
act as the working electrode with an area of 0.19cm? which is exposed to the electrolyte. The
reference electrode Ag/AgClis made by immerging an Ag wire (0.5 mm diameter) into the solution
of FeCl, for a few seconds. The counter electrode is a platinum wire with a diameter of 0.5 mm.

A multi-potentiostat (VMP, Biologic S.A, France) is used for the electrochemical measurements
(Figure 2.9-right). It is linked to a computer for data acquisition and monitored by EC — Lab
program. For EIS measurements, this apparatus is used between 10 mHz to 200 kHz with potentials
ranging from -0.5 to 0.5 V (vs. ref) and a modulation of 10 mV.

The impedance spectra are analyzed with Z-fit within EC-lab software using Non linear Least
Squares Fit principles.

Figure 2.9: Equipments used for impedance measurement: Plexiglass three-electrode cell and
multi-potentiostat VMP2, Biologic S.A, France.

83



Chapter I1: Experimental procedures

2.3 Functionalization, DNA grafting and hybridization

The functionalization process is similar to the one used previously for dense 2D oxide films, except
for the vapor silanization part, which has been experimented in this thesis.

Hydroxylation step: The electrodeposited SnO; surfaces are treated with oxygen plasma for 4
minutes. RF power is set at 12W and air pressure is about 0.4 Torr. The plasma ionizes the
dioxygen molecules of air which removes the carbonic pollution on the sample and creates
hydroxyl groups on the surface (Figure 2.10a). As a result, the surface becomes hydrophilic. These
OH groups allow obtaining a chemically bonding of the functional silane onto the SnO, surface
(Figure 2.10b).

Silanization step: Both liquid-phase and vapor-phase procedures have been tested for deposition
of 3-aminopropyl-tri-ethoxyl-silane (APTES) on SnO; surface.

Liquid phase deposition of APTES: The silanization is carried out in an organic solvent. The
samples are located into a solution containing 0.5M of APTES (Sigma-Aldrich) in 95% absolute
ethanol and 5% deionized water under agitation for a night (Figure 2.11a). To remove the unbound
silane, the samples are carefully rinsed with ethanol and then, with deionized water. This process
is followed by curing the samples in an oven at 110°C for 3 hours.

Vapor phase deposition of APTES: The samples first are placed in a teflon holder, which then is
put into a glove bag (Figure 2.11b). The next step is to draw out the air from the bag using a rotary
pump and fill the bag with an argon gas. This step is repeated three times to make sure that the
humidity in the bag is as low as about 5%. After 200 pL of APTES is delivered, the lid of the
sample holder is closed tightly. This holder is kept at 82°C for 1 hour to cause the evaporation of
APTES. To finish, the samples are rinsed carefully with absolute ethanol and deionized water to
remove unreacted silane and cured in an oven at 110°C for 1 hour.

In order to achieve a cross binding between NH» termination of APTES and the 5’NH> termination
ofthe DNA probes, molecules of glutaraldehyde (GA, Sigma-Aldrich) are grafted onto the APTES
functionalized surface (Figure 2.10¢). To perform this step, the samples are immersed in a solution
of 10% GA for 90 minutes at room temperature. The double aldehyde terminations are very
reactive and bind immediately with each NH» termination.
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Figure 2.10: Schematic representation of successive functionalization steps performed on all
SnO: nanostructure surfaces (a) hydroxylation (b) silanization (c) glutaraldehyde grafted onto
the silane (d) DNA probe (with NH > termination) grafted onto the glutaraldehyde (e)
stabilization of the molecule by modifying imine bonding into amine bonding (f) DNA

hybridization with DNA targets
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Figure 2.11: Manipulation of liquid and vapor phase deposition of the APTES on the
hydroxylated SnO; surface.

20-base pre-synthesized DNA probes are used (purchased from Biomers). A standard-type probe
sequence was chosen: 5’-NHz-TTTTT GAT AAA CCC ACT CTA-3’. These DNA probes are
diluted in a sodium phosphate solution 0.3M/H>O to a concentration of 10 uM. 3 pL drops of this
solution are manually applied on the sample surface (Figure 2.12-left) and incubated for 2 hours
at room temperature (Figure 2.10d). The probes were then reduced and stabilized using a NaBH4
solution (0.1M) which modifies the CH=N imine into a CH>-NH amine bond and also deactivates
the non-bonded CHO termination of the glutaraldehyde transforming them into CH>-OH (Figure
2.10e).

DNA target e
DNA probe 7Y Hybridization iE
P T spread over the 1" yorelz
drop (2uL) surface area

Figure 2.12: Top-view schema of DNA immobilization and hybridization on SnO: surface.

The hybridization is carried out using DNA targets labeled with a Cy3 fluorescent dye (Figure
2.10f). The DNA target solution is diluted in a hybridization buffer solution (phosphate buffer
(PBS): 10mM, NaCl: 0.5M at pH 7.0) to a desired concentration and spread throughout the sample
surface (10 drops per samples, each drop of 2uL) (Figure 2.12-middle). The target DNA
concentration has been varied from 2 nM to 2 uM. The samples are then covered by a hybrislip
and placed into a hybridization chamber at 42°C for 45 minutes. Finally, the samples are rinsed
with saline-sodium citrate (SSC) buffer to remove all the unbound DNA targets from the surface
and dried with nitrogen (Figure 2.12-right).
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In order to study the selectivity of the process, different types of DNA target have been used in
this experiment including complementary, non-complementary, 1- and 2-base mismatch as

represented in Table 2.4.

Table 2.4: Different types of DNA target have been used in this study.

DNA target

Complementary 3> ACCTA TTT GGG TGA GAT AC-Cy3 5’
Non-complementary 3> AC TGG CGC AAT CAC TCT AC-Cy3 5’
1-base mismatch 3" ACCTATTT GCG TGA GAT AC-Cy3 5'
2-base mismatch 3' ACCTATTT GCA TGA GAT AC-Cy3 5'

2.4 Detection of DNA hybridization

Although the present work is aimed at the development of label-free impedimetric DNA detection
by EIS, the use of Cy3 labeled DNA targets allows the systematic comparison of electrical results
with fluorescence results.

2.4.1 Optical fluorescence detection

2.4.1.1 Epifluorescence detection

Fluorescence measurements are achieved using an Olympus microscope (BX41M), fitted with a
100W mercury lamp, a cyanide Cy3 dichroic cube filter (excitation 550nm, emission 580nm) and
a cooled Spot RT monochrome camera (Diagnostic). The Image Pro plus software is used for
image analysis. The processing parameters are detailed in Table 2.5.

Table 2.5: Processing parameters of fluorescence measurement

Objective 10 x
Gain 1
Bining 1

o Usually, the time is set at 2s.
Acquisition time

In some certain cases, the time is adjusted.

The fluorescence intensity is measured at two distinct regions of the sample: the spot where DNA
probes were grafted and the background outside the spot where no DNA probes were immobilized.
This background intensity is then subtracted from the intensity of each spot. An average intensity

value from different parts of the drop is reported.
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2.4.1.2 Confocal fluorescence detection

Fluorescence measurements are also performed with a confocal laser scanning microscope Zeiss
LSM700. The wavelength emission of the laser diode source is 550 nm. Confocal images were
collected (pinhole set at 1 Airy Unit) with MBS405 dichroics from 560 to 700 nm. A 3D
stereoscopic view of the surface can be built by assembling several pictures taken on numerous
consecutive focusing plans.

2.4.2 Impedimetric detection of DN A hybridization

The impedance measurements are performed without any redox species on the bio-modified films
in the same cell configuration with the same process as for the bare electrodes.

These measurements are carried out either on the silanized electrodes, and on DNA probe grafted
electrodes before and after DNA hybridization. The obtained impedance spectra are often
represented by Nyquist diagram in which the negative part of the imaginary part (-ImZ) of the
impedance is plotted versus the real part (ReZ). Each point corresponds to different frequency.
The interpretation of the impedance spectra is based on the corresponding equivalent circuit used
to fit it. As will be detailed in the result part, the sensitivity to DNA detection is evaluated based
on the difference between the values of resistances obtained at high and low frequencies before
and after DNA hybridization.
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In this chapter, we will study the steps of fabrication the label-free DN A biosensors based on SnO»

nanoporous films.

In the first part (part 3.1), we will study the signal responses of DNA sensors obtained from SnO»
films electrodeposited by varying the deposition potential at a fixed time.

In the second part (part 3.2), we will study the signal responses of DNA sensors obtained from

SnO; films electrodeposited by varying the passed charge density at a fixed potential.

The third part (part 3.3) will be devoted to the study of some characteristics of the DNA sensors
based on SnO; films giving the highest variation signal upon DNA hybridization.

The detailed presentation of each part is presented as following:

Part 3.1: Influence of the deposition
potential: micrometer-thick films
» Film deposition
» Film characterization:
e Morphology: SEM, TEM
e Microstructure: XRD, GID
e Chemical composition : XPS
e Electrochemical properties: EIS
» DNA detection
e Non-faradic EIS
e Epifluorescence

Part 3.2: From nanometer to micrometer thick

films: Influence of the passed charge density
» Film deposition
» Film characterization:
e Morphology: SEM, TEM
e Microstructure: XRD, GID
e Electrochemical properties: EIS
» DNA detection
e Non-faradic EIS
e Epifluorescence
e Confocal laser microscopy

Sensitivity
Selectivity
Reusability

Y V V

Part 3.3: Characteristics of DNA biosensors based on SnO> nanoporous nanometer-thick film
» Comparison between vapor and liquid phase deposition of APTES
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3.1 Influence of the deposition voltage: micrometer-thick films
3.1.1 Cyclic voltammetry

The electrochemical reactions related to the electrodeposition of tin dioxide film onto the
ITO/glass substrate have been studied by cyclic voltammetry. The experimental conditions are
detailed in Table 3.1.

Table 3.1: Processing parameters of the electrochemical cell used for cyclic voltammetry test

Condition Cyclic voltammetry
Electrolyte T | Stirrin Scan rate Eoc
ccy | P £l mVs!) | (Vvs. Ag/AgCl)
20 mM SnCl.2H>O
100 mM NaNO3 50 1.23 No 50 -0.15+0.05
75 mM HNO3

First of all, in a strong oxidizing environment as nitric acid solution, the Sn** ions dissolved from
tin dichloride are oxidized to Sn*" as follows:

Sn?>* + NOj3 + 2H" — Sn*" + NO;" + H,O (3.1)

By this way, we assumed that the Sn?" ions are completely oxidized to Sn*" in acid nitric solution.
Figure 3.1 shows a typical cyclic voltammogram recorded at potentials between -1.5 and 0 V (vs.
Ag/AgCl). The arrows show the scan direction. The potential is scanned from open-circuit
potential Eoc (-0.15 £ 0.05 V), reversed at -1.5 V to 0 V (vs. Ag/AgCl), and terminated at Ec.

When the potential of the electrode is moved negatively from Eoc to -1.5 V (vs. Ag/AgCl), the
cathodic current appears from about -0.5 V. Then a cathodic peak (peak 1) located between -0.75
and -0.9 V (vs. Ag/AgCl) is observed. It may be ascribed to the reduction of nitrate ions on the
electrode surface via electron transfer step as follows:

NOs3 +2H* + 2e-— NO2 + 20H" E°=0.01 V vs. NHE (3.2)
All the values of standard potential E, are versus the normal hydrogen electrode (NHE).

However, because of the complexity of the system, the following two reactions might coexist and
result in the deposition of metallic Sn on the electrode surface as follows:

Sn*" +2e — Sn?* E°=0.15 V vs. NHE (3.3)

Sn?*+2e — Sn °=-0.136 V vs. NHE (3.4)
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Figure 3.1: Typical CV curve obtained at ITO/glass electrode in 20 mM SnCl>.2H>0, 100 mM
NaNOs and 75 mM HNOj3 at 50 °C. The experiment was made under unstirring condition.

Further increases in the current density, at potential more negative than -1.0 V (vs. Ag/AgCl), can
be attributed to the hydrolysis of water expressed as follows:

2H,0 + 2¢° — H, + 20H" E°=-0.828 V vs. NHE (3.5)

On reversing the direction of the potential sweep from -1.5 V (vs. Ag/AgCl), an anodic (peak 2)
appeared at about -0.35 V (vs. Ag/AgCl). It is consistent with the oxidation of tin metal formed
during the forward scan, i.e reverse of reaction (3.3) and (3.4). The low intensity of this oxidation
peak indicates a small amount of metallic metal on the cathode. Consequently, it can be concluded
that the large cathodic peak 1 is negligibly affected by the reduction of the Sn*" ions in the solution.
The forward and the reverse scans show crossover at potential approximately -0.4 V (vs.
Ag/AgCl). The presence of the crossover between cathodic and anodic scan can be related to the
characteristic of the nucleation and growth process [1].

The OH™ ions are generated on the cathode. They induce a local increase of the pH at the electrode
vicinity. The OH- ions react with Sn*" ions to make the deposition of tin dioxide according to
reaction (3.6).

Sn** + 40H" — Sn(OH); — SnO, + 2H,0 (3.6)
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The obtained cyclic voltammetry curve suggests that the potential for potentiostatic deposition of
SnO; in the present experimental conditions ranges from -0.5 to -1.0 V (vs. Ag/AgCl). At voltage
below -1.0 V, the electrodeposition cannot be achieved because of the hydrogen evolution reaction.
The formation and release of hydrogen might hinder SnO> deposition on the ITO electrode.

3.1.2 Film cathodic electrodeposition

On the basis of the CV described above, we have performed the cathodic electrodeposition of SnO»
films by varying the deposition voltage from -0.5 to -1.0 V (vs. Ag/AgCl). The deposition time is
fixed at 300 seconds. The processing parameters are detailed in Table 3.2.

Table 3.2: Processing parameters used in the electrodeposition experiments

Condition Deposition
Electrolyte o o Potential Time
TEC) | pH | Strring | 0 AgAeCl) | (s)
20 mM SnCL.2H>0O 300
100 mM NaNO3 50 1.23 No -0.5t0-1.0 (5 min)
75 mM HNO3

Figure 3.2a shows the dependence of the total transferred charges as a function of deposition time
for different deposition voltages. The deposition rate is slower at lower potential. At a fixed
deposition potential, the growth rate is linear in time so there is no change in the rate of transfer
electrons. However, at potential of -0.9 and -1.0V, a slight acceleration of the growth rate is
observed after 50 s and 80 s, respectively.

Figure 3.2b and Table 3.3 present the total transferred charge value corresponding to each
deposition voltage for a deposition time of 5 min. The total passed charge density increases with
the deposition potential, indicating that more NO3™ ions are reduced resulting in more OH- groups
generated on the electrode surface.

Table 3.3: Evolution of the total transferred charges at different voltages for 5 min deposition

Deposition potential (V) -0.5 -0.6 -0.7 -0.8 -0.9 -1.0
Total passed charge (C/cm?) 0.86 1.62 2.29 3.49 4.32 5.23
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Figure 3.2: (a) Evolution of passed charge density as a function of deposition time, (b) Evolution
of passed charge density as a function of deposition voltage for a deposition time of 5 minutes.

In the following part, we study the physical characteristics of the as-deposited films. The influence
of the deposition voltage on their characteristics is further investigated.
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3.1.3 Film characteristics
3.1.3.1 Morphology

SEM was used to investigate the morphology of the deposited films. Whatever the deposition
voltage, the films present a nanoporous morphology that is composed of numerous nanoparticles
as presented in the typical top-view SEM images in Figure 3.3. The sizes of the nanoparticles do
not vary with the deposition potential and range from 20 to 100 nm. The formation of some cracks
on the film surface could be attributed to high thermal tension during drying process in air. Figure
3.4 shows SEM cross-sectional views of the as-deposited films obtained at different voltages. No
significant change of the porosity is observed. The observed pore size varies from about 20 nm up
to I um. The film thickness is measured and reported as the function of the deposition potential
(Figure 3.5). The film thickness increases from 1.9 to 4.1 um when the applied potential is driven
negatively from -0.5 to -1.0 V (vs. Ag/AgCl). More particularly, the thickness increases linearly
in the -0.5 to -0.8 V (vs. Ag/AgCl) range, then a saturation value of 4 um is reached. Because the
range of the obtained thickness is in the micrometer range, we call these films micrometer-thick
films.

Figure 3.3: Typical top-view SEM images of SnO: films deposited for 5 minutes onto ITO coated
glass electrode at voltage of -1.0 V (vs. Ag/AgCl)
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Figure 3.4: SEM images of SnO: films deposited for 5 minutes onto ITO coated glass electrode
in a solution of 20 mM SnCIl>.2H>0, 100 mM NaNO3 and 75 mM HNO3 at 50 °C under unstirring
condition at voltage in the range of -1.0 to 0.5 V (vs. Ag/AgCl).
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Figure 3.5: Evolution of the film thickness as a function of the deposition voltage with a fixed
deposition time of 5 minutes.

3.1.3.2 Microstructure

The evolution of the microstructure organization of the as-deposited films according to the
deposition potential can be deduced from XRD spectra (Figure 3.6). Except numerous peaks of
the ITO substrate, the XRD patterns of the films show three broaden peaks located at 20 equal to
26.3, 33.8 and 52.1°, respectively. Their positions and relative intensities according to different
deposition voltages are showed in Table 3.4. These peaks correspond to the cassiterite tetragonal
SnO; phase. Their relative intensities are similar to the value of powder as given in the ICDD 00-
041-1445 file. It indicates that the obtained films exhibit a non-preferred oriented structure. When
the applied voltage was driven negatively, the peaks of SnO, become more intense and well-
defined.
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Figure 3.6: XRD spectra of SnQO: films electrodeposited for 5 minutes onto ITO electrode at

different deposition potentials.

The ratio of the integral peak intensity of SnO> (110) to ITO (222), Isno2/Iito, changes from 0.6 to
2.4 (Figure 3.7) when decreasing the potential from -0.5 to -1.0 V (vs. Ag/AgCl), indicating that
the more negative potential electrodeposition was carried out, the more SnO> was deposited on

ITO electrode surface. This result is in agreement with the increase of thickness as seen from SEM

cross-section images (Figure 3.4). That is because a more negative applied voltage leads to a faster

formation of OH™ ions on the electrode surface and consequently to a higher pH value near the

electrode surface. As a result, it increased the deposition rate of SnO; coating.

Table 3.4: Data analysis from XRD patterns in Figure 3.6.

Film Peak positions Relative intensity | Grain

Samples | thickness of SnO: peaks size | Ig00/Liro

@m) | (110) | (101) | 211) | (110)] (101)] 211)| (nm)
1CDD-00-

041-1445 26.584 | 33.8695 | 51.766 | 100 75 57 - -
05V 1.95 26.218 | 33.783 - 100 65 - 7.1 0.6
-0.6 V 2.68 26.272 | 33.760 | 52.203 | 100 71 - 5.0 1.8
-0.7V 291 26.317 | 33.732 | 52.057 | 100 70 - 4.6 2.0
0.8V 3.95 26.332 | 33.855 | 52.311 | 100 71 - 4.5 2.2
09V 4.22 26.323 | 33.881 | 52.186 | 100 72 - 4.4 2.2
-1.0V 4.07 26.301 | 33.903 | 51.979 | 100 70 - 4.4 2.4
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From the full width at the half maximum (FWHM) of the (110) peak, the size of coherent
diffraction domain is calculated by the Scherrer formula. It slightly increases from 4.4 to 7.1 nm
when driving the potential negatively from -0.5 to -1.0 V (vs. Ag/AgCl) (Figure 3.7).
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Figure 3.7: Evolution of the size of coherent diffraction domains and integral peak intensity of
SnO; (110) to ITO (222) as a function of the film thickness for the nanoporous SnO; micrometer-
thick films potentiostatically deposited for 5 minutes onto ITO electrodes.

3.1.3.3 Surface chemical composition

The composition and chemical states of the nanoporous micrometer thick film surfaces were
investigated by XPS. Similar XPS results are obtained for all of the studied samples. Sn, O, C, Cl
and In elements are detected at the film surfaces as can be observed in the survey spectrum (Figure
3.8). The presence of a small peak of Cl 1s is also observed. This element could come from the
SnCl; of the electrolyte during deposition process. It might act as a dopant. On the other hand, the
In signal arises from SnO»-free area of ITO/glass substrate.

We focused on the Sn 3ds» peak in order to analyze the multi-valence states of Sn element. The
binding energy was calibrated using Cls signal (284.5eV) from the sample surface. The Sn 3ds»
peak of the as-deposited SnO> is slightly asymmetric. It is fitted with Gaussian function with
FWHM of 1.7 eV. As can be seen, the dominant part of the peak can be attributed to Sn**
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(486.83eV). A small peak accounts for metallic Sn at lower binding energy also can be observed.
However, because the peak of Sn was not found in XRD patterns, the quantity of the
simultaneously deposited Sn should be less than 3 mol.%. It proved that the reaction (3.4) took
place simultaneously with the reduction of the nitrate ions.

Besides, XPS peak of Ols shows three chemical states of O. They include SnO, at binding energy
0f 530.6 eV, OH at 532.06 eV and CO contamination at 533.16 eV. Tin hydroxide was unstable
with respect to tin oxide. As a result, a highly reversible dehydration was favored. The small peak
belonging to OH proved that the dehydration from Sn(OH)4 to SnO> was not completed and a
small quantity of Sn(OH)s still existed on the deposited layer.
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Figure 3.8: Typical XPS survey spectrum, Sn 3ds; and Ols peaks of the films deposited onto
ITO/glass electrode at -1.0 V (vs. Ag/AgCl) for 5 minutes.
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From the respective intensity of Sn*" and SnO» peaks, we can calculate the O:Sn*" ratio according
to the following relation:

o O peak area sn** peak area

(3.7)

Sn*+ 0 sensitivity factor ' Sn** sensitivity factor

The respective atomic sensitivity factors of Ols and Sn3d are 0.66 and 4.3. The calculated O:Sn**

ratios range from 1.33 to 1.35 for applied voltages ranging from -0.5 to -1.0 V (vs. Ag/AgCl),
respectively (Figure 3.9). Whatever the voltage, the O:Sn*" value does not vary significantly and
is lower than the theoretical value 2 of SnO,. The lack of oxygen can be explained by the
uncompleted dehydration of the formed Sn(OH)s. Another possible explanation is the difference
in chemical composition between the extreme surface and the underlying layer, even if it is well-
known that SnO, films are under stoichiometric in oxygen, due to oxygen vacancies. The latter is
responsible for the n-doped characteristic of the semi-conducting properties of SnO».
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Figure 3.9: Evolution of calculated O:Sn*" ratio as a function of the film thickness for SnO:

films electrodeposited for 5 minutes onto ITO electrodes.

In conclusion, the SnO:> films potentiostatically electrodeposited in a range of potential going from
-0.5to -1.0 V (vs. Ag/AgCl) during 5 min, show a nanoporous morphology. No dependence ofthe
porosity on the deposition voltage is found. The size of the nanoparticles ranges from 20 to 100
nm, and the pore size ranges from about 20 nm up to 1 um. The film thickness varies as a function
of the deposition voltage. When the deposition voltage decreases from -0.5 to -1.0 V (vs.
Ag/AgCl), the film thickness increases from 1.9 to 4.1 pum. It is revealed from XRD patterns that
the as-deposited SnO» films exhibit a SnO; tetragonal phase with a low degree of crystallinity.
XPS results indicate that the film surface is understoichiometric in oxygen. Whatever the
deposition potential, the calculated O:Sn*" ratio is approximately 1.3.
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3.1.3.4 Electrochemical properties

The ac responses of the obtained micrometer-thick nanoporous SnO> films are examined with
electrochemical impedance spectroscopy (EIS) and analyzed with the use of equivalent circuits.
EIS measurements are carried out in a three-electrode electrochemical system as described in the
experimental part. The processing parameters are detailed in Table 3.6. The reference electrode is

a lab-made Ag/AgCl.

Table 3.6: Parameters of the impedance measurement for the micrometer-thick nanoporous films

0.5 M NaCl, 0.01 M PBS
0.01 M EDTA, (pH =5.5)

Applied volt
Electrolyte Frequency range | Modulation pplied vottase ranse
V (vs. ref)
Hybridization buffer without
DNA molecules
100 mHz to 200 kHz 10 mV -0.5t0 0.5

A similar trend of the impedance evolutions with the different applied voltages is found for all
studied samples (see Annex 1). The representative Nyquist plots obtained for the 4.07 um- thick
nanoporous film (deposited at -1.0V (vs. Ag/AgCl)) with applied voltages varying from -0.5 to 0.5

V (vs. ref) are showed in Figure 3.10.
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Figure 3.10: Nyquist plots obtained for the 4.07 um- thick -nanoporous film. The impedance
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curves are recorded at voltages ranging from -0.5 and 0.5 V (vs. ref).
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As can be seen, the 4.07-um-thick-nanoporous SnO; film exhibits a large voltage dependent

impedance response. Depending on both the applied voltage and frequency range, different shapes

of the Nyquist diagrams are obtained as presented in the following Table 3.7. Four main domains

of voltage can be distinguished.

Table 3.7 Evolution of the shape of the impedance curves as a function of applied voltage at high

and low frequency regions for the 4.07 um-thick nanoporous film.

V (vs. ref)
-0.5 -0.4t0-0.3 -0.2t0 0.4 0.5
Freq.
Hioh . small small straight line straight line
igh frequencies | (opicircle | semicircle with slope of 60° | with slope of 60°
. large nearly vertical nearly vertical -
Low frequencies semicircle | straight line straight line large semicircle

In order to understand the physical basis of the impedance response, the impedance data are

analyzed using equivalent circuit models with discrete elements. As schematically depicted in

Figure 3.11, the SnO»-electrode/electrolyte interface can be divided into several physical regions
going from the electrolyte bulk to the ITO bulk film:

Ohmic resistance of the electrolyte bulk.

The double-layer at the surface of the SnO; electrode.

The space charge layer in the sub-surface of the SnO, film.
Ohmic resistances of ITO and SnO; bulk films.

O Electrolyte ©

Rclcctrodc

Relectrolyte

Ohmic resistance

of the electrolyte

Double layer

Space charge layer

Sum of Ohmic resistances
of ITO and SnO» films

Figure 3.11: Schema of the electrode/electrolyte interface and electrical used for modeling

The global electrochemical behavior varies with applied voltage. The contribution of these

elements differs according to the applied voltage. Three main domains of voltage are emphasized:
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At applied potentials ranging from -0.5 to -0.3 V (vs. ref):

The Nyquist diagrams show two different frequency domains (Figure 3.12):

e High frequencies: The increase of the semicircle diameter at high frequency region,
corresponding to the increase of both real and imaginary components of the impedance,
can be attributed to the development of a depletion layer in the SnO> sub-surface when
increasing the applied voltage from -0.5 to -0.3 V (vs. ref).

e Low frequencies: At applied voltage of -0.5 V (vs. ref), the large semicircle at low
frequencies could be due to some electrochemical reactions, i.e. hydrogen evolution,
occurring at the electrode surface. At applied voltages ranging from -0.4 to -0.3 V (vs. ref),
no hydrogen evolution reaction occurs, and the impedance curves show a nearly vertical
straight line corresponding to the charge of the electrode under polarization.

7000 — T T T T T T T T T T 2000 T T T
-0.3V, data -0.3V, fit | = -0.3V, data -0.3V, fit
6000 - o -0.4V, data 0.4V, fit T . -0.4V, data 0.4V, fit
i + 05V, data -0.5V, fit 1500 L + 05V, data -0.5V, fit i
5000 | -
E 000 . 4 E
<) S 1000
q 3000} 3
2000 |-
r-f-— - - 500
tooo | <
! I
I
O 1 1 1 1 1 1 1 0 " 1
L .0 — 1000 2000 3000 4000 5000 6000 7000 0 500 1000 1500 2000
ReZ (Ohm) ReZ (Ohm)

Figure 3.12: Nyquist plots and their corresponding modeling curves for the 4.07 um- thick -
nanoporous film. The impedance curves are recorded at potentials ranging from -0.5 to -0.3 V

(vs. ref.).

Two different equivalent circuits are used to model these electrical responses of the SnO;
nanoporous electrode at applied voltage of -0.5 V (vs. ref) and at potentials ranging from -0.4 to -
0.3 V (vs. ref) (Figure 3.13a and b).

Q:
— —
R1 R> Rl

Figure 3.13: Equivalent circuits used to fit the impedance data obtained at applied voltages of
(@) -0.5 V and (b) from -0.4 to -0.3 V (vs. ref)
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At applied voltage -0.5 V (vs. ref), the first equivalent circuit Re (Q1, R1) (Q2, R2) provides a
reasonably good fit to the data (Figure 3.12).

The resistance R. at highest frequency is sum of the ohmic and bulk resistances of the
electrolyte and electrode material including ITO and SnO, films.

The first parallel element circuit (Qi, Ri) is responsible for the high frequency small
semicircle related to the space charge region. Therefore, Ri and C; (extracted from Q1) are
understood as the resistance and the capacitance of the space charge layer, respectively.

The second parallel element circuit (Q2, R2) is responsible for the large semicircle at lower
frequencies related to a hydrogen evolution reaction at electrode/electrolyte interface. R»
and C; (extracted from Q) can be considered as a charge transfer resistance through the
double layer and the double layer capacitance, respectively.

At applied voltages ranging from -0.4 to -0.3 V (vs.ref), the second parallel element circuit (Q2,
R») is replaced by Q. (Figure 3.13b) which models the capacitive behavior of the electrode at

lower frequencies.

The results of electrical parameter values used for fitting impedance curves are reported in Table

3.8.

Table 3.8: Electrical parameters values obtained for fitting impedance for the 4.07 um thick film

(deposited at -1.0V vs. Ag/AgCl).

Applied voltage R (@) high frequency low frequency
(V'vs. ref) CI(uF) | Ri(Q) | GuP) | R (@)
-0.5 62.81 21.71 120.5 359 2955
-0.4 62.76 12.69 1194 - -
-0.3 62.78 13.72 2422 - -

(* For all the complete fitting data, see Annex2-A1)

Within the considered applied voltage range, the value of R, stays constant at 62.8 Q (Table
3.8). It results from the sum of ohmic resistances which are intrinsic characteristics of the
electrolyte and electrode materials (ITO and SnO> film). Consequently, Re is not frequency
and voltage dependant.

When driving the applied potential positively from -0.5 to -0.3 V (vs. ref), the diameter of
the first small semicircle observed at high frequencies increases drastically, resulting an

increase of the space charge transfer resistance R; from 120 to 2422 Q. Besides the
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capacitance C decreases from 21.7 to 13.7 puF. The changes of R; and C; feature the growth
of'a highly insulating depletion layer within n-type SnO, electrode.

At applied voltages ranging from -0.2 to 0.4 V (vs. ref):

=111, (\VII11)

e The previous high frequency semicircle is invisible. It is replaced by a straight line with a
slope approximately of 1 and a nearly vertical line at low frequencies. It indicates the
complete absence of any space charge component at these potentials (Figure 3.14a). It
might be due to very high insulating property of the space charge layer.

e This variation of the impedance with frequency is well known and commonly observed for
porous conducting films [2-3]. In most cases, the double transmission lines model is used
to explain the electrochemical behavior. According to the model proposed by Bisquert and
Garcia-Belmonte [2], the straight line with a slope of 1 at high frequency can be considered
as Warburg impedance and it relates to the ions migration through the porous structure of
the film. The vertical line is consistent with a capacitive behavior corresponding to the

charge of the porous film under polarization.
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Figure 3.14: Nyquist plots for the 4.07 um- thick -nanoporous film deposited at -1.0 V. The

impedance curves are recorded at voltages of (a) 0 and (b) 0.5 V (vs. ref.).

At applied voltage of 0.5 V (vs. ref):
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The Nyquist diagram presents two frequencies domains (Figure 3.14b). As above, the high
frequency domain shows a straight line with a slope of approximately 1 corresponding to
a Warburg impedance. The low frequency region shows the start of a semicircle which
should express an electrochemical reaction, likely the oxygen evolution reaction.
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In conclusion, the nanoporous SnO> micrometer-thick films exhibit a largely voltage-dependent
impedance. In the whole explored range of applied potentials going from -0.5 to 0.5 V (vs. ref), it
seems that only the potential of -0.5 V (vs. ref) is the most adequate to exploit the impedance
behavior for the next studies. At this potential, the first small semicircle at high frequencies is
related to the space charge layer. The second large semicircle at lower frequencies involves a
charge transfer resistance related to the hydrogen evolution reactions.

3.1.4 DNA detection

The same functionalization process is carried out for all deposited films. This process is detailed
in the experimental part. The main parameters such as DNA probe and target concentrations used
in this process are detailed in Table 3.9.

Table 3.9: Parameters of the functionalization and impedance measurement processes

Functionalization parameters Impedance measurement parameter
o CoNaprobe | CpNa targer Frequency . Applied
Silanization (uM) (uM) Electrolyte range Modulation voltage range
0.5 M NaCl
Liquid phase 0.0l MPBS | 100 mHz to -0.5t00.5
o 10 2 10 mV
deposition 0.01 M EDTA | 200kHz (V vs.ref)
(pH=5.5)

3.1.4.1 Non-faradic impedance detection

Prior, we remind that the term “non-faradic detection” means that no redox compound is added in
the electrolyte. The impedance measurements are systematically carried out after each main step
of the functionalization process:

(1) after film silanization,
(i1) after probe grafting (ss-DNA),
(iii) after DNA hybridization (ds-DNA).
The applied processing parameters are presented in Table 3.9. The electrolyte used for impedance

analyses is the pure hybridization buffer solution without the presence of target DNA with a
volume of 0.5 ml per measurement.

As for the bare films discussed in previous section, the bio-modified nanoporous SnO> film
exhibits a large voltage dependent impedance response. Depending on both the applied voltage
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and frequency range different shapes of the Nyquist diagrams are obtained. In the following, the
evolution of the impedance upon stepwise modification is discussed according to different ranges

of applied voltage.

At applied voltages from -0.5 to -0.4 V (vs. ref)

The overall electrochemical behavior of the bio-modified films upon the stepwise functionalization
does not change compared to the one of bare SnO» film. Their Nyquist diagrams present two

frequency domains (Figure 3.15):

» Ahigh-frequency small semicircle related to the space charge layer is still observed.
» A second semicircle at low frequency region related to the hydrogen evolution
reaction only appears at potentials of -0.5 and -0.4 V (vs. ref).
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Figure 3.15: Nyquist plots of bio-modified 3.95 um-thick- SnO> nanoporous film after each
modification step. Applied voltages are of (a) -0.5 and (b) 0.4 V (vs. ref).

However, significant changes in the impedance modulus are obtained upon the stepwise
modification of the SnO» electrode at any applied potential. These changes are induced by the
molecular layer immobilized on the film surface. As schematically depicted in Figure 3.16, in
comparison to the bare film, a parallel element of (Qorg and Rieak) 1s added reflecting the properties
of the molecular layer and its associated electrical double layer. Cog is the capacitance of this
organic layer and Rieax reflects the penetration of the electrolyte through this molecular layer.
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and double layer
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Figure 3.16: Schema of the bio-modified electrode/electrolyte interface and electrical circuit
used for modeling.

In spite of the presence of the additional molecular layer, as for bare films, the impedance curves
of the bio-modified films are well fitted with the equivalent circuit Re (R1, Q1) (Rz2, Q2) described
in Figure 3.13a and in Figure 3.16.

e Theresistance R. at highest frequency is still the sum of the ohmic and bulk resistances of
the electrolyte and electrode material including ITO and SnO» films.

e The first parallel element circuit (Qi, Ri) is responsible for the high frequency small
semicircle related to the space charge region.

e The second parallel element circuit (Q2, R») is responsible for the large semicircle at lower
frequencies. It is related to the charge transfer through the molecular layers and their
associated electrical double layer [4, 5].

In this study, we emphasize on the evolution of the real parts of the impedance including the
space charge layer resistance, R1 and the charge transfer resistance, R2. By monitoring the
changes in these resistances before and after DNA hybridization we can get the information about
different modification steps of the SnO, based DNA sensors. We remind that Ri, R2 can be
determined from Nyquist plot modeling and after extrapolation of the semicircles until the
ReZ axis. Then, we calculate the variation of the resistance expressed as AR/R for all studied films
as follow:

AR _  |R (before hybridization)— R (after hybridization)|
R R (before hybridization)

«100% (3.10)

The resistance values R; and R, obtained after analyzing impedance data and their variation
AR1/R; and AR»/R; after DNA hybridization with complementary target DNA at applied potentials
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of -0.5 and -0.4 V (vs. ref)) are reported in Table 3.10a and 3.10b, respectively, for all the
micrometer-thick films.

Table 3.10a: Resistance values of the equivalent circuit used for Nyquist plot modeling of all the
micrometer-thick films for the impedance curves obtained at voltage of -0.5 V (vs. ref).

Depositi Fil ¢
eposition . ilm Re () Ri (©2) ARY/R, R2 (QQ) ARYR,
voltage | thickness
sSDNA | dsDNA | ssDNA | dsDNA | (%) | ssDNA | dsDNA | (%)

%) (m)
-1.0 4.07 66.6 613 79.39 101.7 2812 8821 5027 -4314
-0.9 4.22 65.1 67.3 1509 1648 9+1 11156 | 8794 2144
-0.8 3.95 713 74.1 248 337 3612 7908 3729 -5315
-0.7 291 67.3 65.8 637.1 699.2 10+2 7242 4482 -3845
-0.6 2.68 66.5 68.4 102.4 109.2 61 7712 4257 -4545
-0.5 1.95 67.8 70.2 2130 2221 4+1 10927 | 7388 -3244

(* For all the complete fitting data, see Annex2-Al)

Table 3.10b: Resistance values of the equivalent circuit used for Nyquist plot modeling for of all

the micrometer-thick films the impedance curves obtained at voltage of -0.4 V (vs. ref).

Deposition

Film

R. (Q)

Ri1 (©2)

R (Q?)

. AR1/Ri AR2/R2
voltage | thickness

ssDNA | dsDNA | ssDNA | dsDNA (%) | ssDNA | dsDNA | (%)
% (nm)
-1.0 4.07 66.7 61.3 3403 3496 3+1 41013 | 16620 | -59+5
-0.9 422 65.2 67.3 8085 9076 1242 | 43352 | 40929 | -613
0.8 3.95 71.3 74.1 4629 5408 1742 | 32585 | 14696 | -5545
-0.7 2.91 69.2 67.11 | 9632 10402 812 25147 | 19541 | -2243
-0.6 2.68 66.7 68.4 2005 2694 3542 | 19771 | 13057 | -34+4
-0.5 1.95 68.0 71.3 6913 5330 23+2 | 53656 | 43789 | -18+3

(* For all the complete fitting data, see Annex2-Al)

From these tables, it is noteworthy that reproducible results are obtained at the two values of

applied potential (-0.5 to -0.4 V (vs. ref)). The main observations are the following.
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Re does not vary significantly during the different functionalization steps. Its value remains

in the 68 to 70 Q range. In contrary, R and R, change after stepwise modification of the
film surface.

After the step of silanization, the resistance Ri does not change significantly while R»
increases considerably (calculation is not reported here). The large increase of R, could be
due to the coverage of the non-charged and hydrophobic APTES layer on the electrode
surface which hinders electrochemical reaction occurred at the electrode/electrolyte
interface.

After immobilization of ss-DNA, (Cprobe = 10 uM) onto the silanized surface, the charge
transfer resistance R» decreases. Indeed, the negatively charged ss-DNA could facilitate
the ionic current between electrolyte and electrode. From the comparison between Table
3.8 and Table 3.10a in the case of the 4.07 um- thick film, we note that the value of R is
not affected significantly by the addition of ss-DNA. Its value stays in range from 80 to
100 Q. However, the R, value exhibits a real modification upon ss-DNA grafting. It
indicates that the molecular layer strongly affects the ionic transport. As a result, the

conditions of hydrogen evolution at voltage of -0.5 V (vs. ref) on the film surface are
modified.

Finally, the DNA hybridization with complementary target DN A molecules (Carget = 2 uM)
results in a slight increase of Ry ranging between 5 - 35% and a systematic decrease of R»
ranging between 20 - 58%.

» The slight increase of space charge layer resistance R; upon DNA hybridization
might be originated from a slight field effect phenomenon. The negative charges of
DNA strands grafted on the film surface repel the electrons within the film from
the sub-surface into the bulk of the film, resulting in an increase of space charge
layer resistance.

» On the other hand, the decrease of the charge transfer resistance R> upon DNA
hybridization could be explained by some external phenomena. First, the
hydrophilic character of ds-DNA can partially facilitate the ionic molecules of
electrolyte to reach the electrode surface following their infiltration into the porous
structure. Another possible reason is based on the change of strand conformation
of the ss-DNA compared to the ds-DNA. According to Piro et al. [6], ss-DNA
strands behave as random coil. The electrode surface is partially blocked upon
probe grafting. On the contrary, after hybridization, the ds-DNA behave as a rigid
helicoidal chain as presented in Figure 1.13. Therefore, the electrode surface is
liberated after hybridization.
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To figure out how the resistances R and R, change with the different film thicknesses, we plot the
AR1/R; and AR2/R; as a function of the film thickness for both applied voltage of -0.5 and -0.4V
(vs. ref) as presented in Figure 3.17.
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Figure 3.17: Evolution of the calculated space charge resistance AR /R and charge transfer
resistance AR»/R> upon DNA hybridization as a function of film thickness at applied potential
(left) -0.5 and (right) -0.4 V (vs. ref).

In the whole micrometer range of the film thickness, whatever the applied potential (-0.5 or -0.4
V (vs. ref)), no drastic variation of Ry and R» is observed. Only some slight variations can be noted
within the experimental value dispersion. Notably, at applied potential of -0.5 V (vs. ref), the space
charge resistance R; exhibits a slight increase from 3 to 15% and the charge transfer resistance

ranges between -30 to -50%.

At applied voltage of -0.3 V (vs. ref)

e The impedance curves of the modified SnO; porous films polarized at -0.3 V (vs. ref) show
only one big semicircle at low frequency (Figure 3.18). The invisibility of the high
frequency semicircle could be due to the condition in which the charge transfer resistance
is much larger than the space charge resistance. In fact, the rate of the hydrogen evolution
is slowed down when the applied potential is driven positively. The slow reaction rate could
also be attributed to the thick depletion space charge layer at this applied voltage. DNA
hybridization leads to a slight decrease of the charge transfer resistance.
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Figure 3.18: Nyquist plots of bio-modified SnO: nanoporous film after each modification step.
Film thickness is 3.95 um. Applied voltage is -0.3V (vs. ref).

At applied voltages raging from -0.2 to 0.4 V (vs. ref)
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e As for the bare films, the impedance spectra of the bio-modified electrode correspond to
the behavior of a capacitance (Figure 3.19-left). No significant changes of the impedance
upon DNA hybridization are observed at these applied voltages.
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Figure 3.19: Nyquist plots of bio-modified SnO: nanoporous film after each modification step.
Film thickness is 3.95 um. Applied voltages are of (a) 0 and (b) 0.5V (vs. ref).
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At applied voltage of 0.5 V (vs. ref)

e At positive potential 0.5 V (vs. ref), the oxygen evolution reaction occurring at the DNA-
modified electrode surface produces the large semicircle at low frequency region (Figure
3.19-left). As for bare SnO»> film, the charge transfer resistance is high due to slow reaction
rate. DNA hybridization leads to a slight decrease of the charge transfer resistance with the
same reasons as for hydrogen evolution reaction at negative applied potentials.

3.1.4.2 Fluorescence detection

DNA hybridization is also detected using fluorescence microscopy. Figure 3.20 presents a typical
top view image obtained by epifluorescence microscope after DN A hybridization with Cy3 labeled
complementary DNA targets on a 4.07 pm thick film.

From this micrograph, two observations can be made. First, at the center of the DNA drop spot
(zone 1), the fluorescence intensity distribution is discontinuous and discrete. Second, the border
of the drop is not sharp. A gradient in fluorescence intensity is observed. These observations are
different from the one obtained from a dense 2D SnO> surface which provided an homogeneous
intensity inside the DNA drop with a sharp border. The difference must be associated to the
nanoporous morphology which considerably modifies the hydrophilic characteristic of the surface.
Indeed, this kind of surface is much more hydrophilic than 2D surface, causing a capillary effect
and a spreading of the DNA droplet on the surface as schematically presented in Figure 3.21.

Figure 3.20: Fluorescence micrograph after hybridization to complementary DNA target
molecules obtained for 4.07 um thick nanoporous SnQO: film.
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Figure 3.21: Schema of the different DNA probe drop behavior applied onto 2D dense and 3D
nanoporous surfaces

In conclusion, DNA hybridization performed on the SnO> micrometer-thick nanoporous films
obtained under different deposition potentials during 5 min, led to a variation of impedance,
notably a change of ReZ at high and low frequencies. Indeed, based on the calculation of the
resistances by equivalent fitting, DNA hybridization induces an increase in space charge layer
resistance R and a strong decrease in charge transfer resistance R,. The slight increase of R is
explained by a field effect phenomenon in which the negative charges of the DNA increase the
space charge layer width in the semiconductive SnO; sub-surface. On the other hand, hydrophilic
characteristic of ds-DNA and the change in conformational structure result in a decrease of charge
transfer resistance R, ranging between -30 to -50 %. Moreover, we confirm that the applied voltage
of -0.5V (vs. ref) is the most relevant for the impedance curve exploitation. For this reason, in the
following impedance analyses, only this potential will be chosen.

In the case of optical detection, a non-uniform fluorescence signal is observed with a gradient of
the border due to capillary effect. Besides, no significant influence of the thickness in range from

1.95 to 4.22 um on the sensing signals is found.

117



Chapter III: Label-free DNA biosensor based on SnO: nanoporous films

3.2 Influence of the passed charge density: from micrometer to nanometer-
thick-films

3.2.1 Film cathodic electrodeposition

Although the passed charge density Q does not affect the kinetic and the thermodynamic of the
electrochemical reaction, Q is proportional to the amount of NO3™ reduced at the electrode surface
to generate OH™ group. Consequently, it relates to the amount of the SnO» deposited on the cathode.
The aim of the experiments is to investigate the influence of Q on both the morphology and the
electrochemical properties of the nanoporous SnO> films.

The films are potentiostatically deposited by the same process at a fixed deposition potential of -
1.0 V (vs. Ag/AgCl) with increased passed charge densities: 0.2, 0.4, 0.8 and 3.9 C/cm?. The
processing parameters are presented in Table 3.11. The deposition potential of -1.0 V (vs.
Ag/AgCl) has been chosen, because at this potential, the films exhibit a homogeneous surface and
a better adherence onto the ITO substrates.

Table 3.11: Processing parameters used in the electrodeposition experiments

Condition Deposition
Electrolyte T H | Stirri Voltage Range of charge | Corresponding
o) | P TN | (v vs. Ag/AgCl) | density (C/em?) | deposition time
+
20 mM SnCl,.2H;0 83 ;‘61;; s
100 mM NaNO; | 50 |[1.23 | No 1.0 0% oo z
75 mM HNO ' <
’ 3.9 300 s

3.2.2 Film characteristics
3.2.2.1 Morphology

Figure 3.22 shows the morphology conducted using SEM of the as-deposited films. From the top
view images, it seems that the particle size does not change significantly when increasing passed
charge density, going from 20 to 50 nm. Elsewhere, the sample deposited with Q = 3.9 C/cm?
presents the same pore sizes as previous micrometer-thick-films, from 20 nm to 1 pm. However,
the pores are not well observed in the other films by SEM. The observations indicate a higher
porosity and an increase of the pore size when the passed charge density increases from 0.2 to 0.8
C/cm?. Besides, the film thickness, determined from cross-sectional SEM images, increases
linearly from 220+£10 nm to 4.2+0.3 pum. (Figure 3.23). Due to this wide range of film thickness
obtained by changing the passed charge density, we call this part “from nanometer to
micrometer-thick nanoporous films”.
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Figure 3.22: SEM images of SnO: films deposited onto ITO electrode at -1.0 V (vs. Ag/AgCl) with different passed charge density
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Figure 3.23: Evolution of the deposited film thickness with total transferred charge density.

Due to the difficulty of observing and measuring efficiently the pore size from the SEM images,
the morphology of the 940 nm-thick-film is further characterized by HRTEM observation. The
cross-section TEM image reveals much better the local nanoporous structure of the film with
highly dispersed SnO» nanoparticles (Figure 3.24). The SnO, nanoparticles are nearly spherical.
Their size is in the range of 5 to 15 nm. The average pore size is approximately 10 nm.

Figure 3.24: Cross-section HRTEM images of the 940nm-thick film deposited at -1.V (vs.
Ag/AgCl) with Q = 0.8C/cm?
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3.2.2.2 Microstructure

Figure 3.25a shows the XRD spectra of the as-deposited films. Except the pattern of the thickest
film (Q = 3.9 C/cm?) showing three peaks of tetragonal SnO», i.e. (101), (101) and (211) at 20 =
26.3, 33.8 and 52.1°, respectively, the other spectra show the peaks of the ITO substrate without
any peaks of SnO». The grazing incidence diffraction (GID) spectra of these samples exhibit very
broad peaks of SnO> (110) and (101) at about 26.5° and 33.7°, respectively (Figure 3.25b). It
indicates the poor crystalline and rather amorphous nature of these electrodeposited SnO; films
due to nanosized effect. This result is in agreement with Chang et al. [7] and Hosono et al. [8]. The
higher is the thickness, the higher is the relative intensity SnO» peak (110) compared to the peak
of ITO (222).
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Figure 3.25: (a) XRD and (b) GID spectra of the films deposited onto ITO electrode at -1.0 V'
(vs. Ag/AgCl) with different passed charge densities.

Figure 3.26 shows the selected area electron diffraction (SAED) pattern of the corresponding
measured area (HRTEM image). The electron diffraction, with a ring pattern, reveals the
polycrystalline nature of the electrodeposited SnO». The d-spacing values calculated from the rings
diameter are 0.345, 0.265 and 0.224 nm, belonging to the (110), (101) and (211) planes of
tetragonal SnO,. In addition, the hollow diffracted rings confirm a low crystallinity of the
deposited nanoporous film.

SnO, tetragonal P42/mmm 2 s SnO, tetragonal

Figure 3.26: HRTEM images with their corresponding diffraction patterns.

In conclusion, at a fixed deposition potential of -1.0 V (vs. Ag/AgCl), the thickness of the SnO»
nanoporous films can be well controlled by monitoring the total charge transfer density Q. The
film thickness increases linearly with Q, from 220£20 to 4210£300 nm. SEM and TEM
observation shows a nanoporous morphology of the films with the pore size from 10 nm to several
hundred nm. Besides as for the micrometer-thick films, the XRD results confirm a poor
crystallinity of the films.
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3.2.2.3 Electrochemical properties

The impedance analyses of the as-deposited films exhibiting a wide range of thickness going from
220 nm to 4.2 um are carried out. These analyses are conducted only at a fixed dc potential of -0.5
V (vs. ref) instead of at different potentials as in the previous part for micrometer-thick films. In
addition and importantly, the hybridization buffer does not include EDTA, so that the measured
pH of the solution changes from 5.5 to 7.0. The processing parameters are detailed in Table 3.12.

Table 3.12: Parameters of the impedance measurement process.

Applied volt
Electrolyte Frequency range Modulation pphledvotiage
V (vs. ref)
0.5M Na(Cl, 0.01 M PBS 10 mHz to
10 mV -0.5
(PH=7.0) 200 kHz

The obtained Nyquist plots are presented in Figure 3.27a. The corresponding evolutions of the
real part (ReZ) and imaginary part (-ImZ) as a function of frequency are presented in Figure 3.27
(b) and (¢), respectively.

The nanoporous SnO; film exhibit a large thickness-dependent impedance. Apart the 4.2 pm-thick
film which exhibits two semicircles (a small arc at high frequency region and a large arc at low
frequency region), impedance spectra of the thinner films display only one semicircle. This
transformation can be explained by the increasing importance of the charge transfer resistance
through the double layer (see schema in Figure 3.11) compared to the space charge layer resistance
when both the film thickness and porosity decrease. Besides, the semicircle diameter decreases
when increasing the film thickness.

The equivalent circuit used for data fitting Re (Q1, R1) for the thinner films is presented in Figure
3.28. The resistance Re is the sum of both the electrolyte and the electrode ohmic resistances. The
parallel element circuit (Qi, R1) is responsible for the observed semicircle. Extracted electrical
parameters from the modeling are showed in the Table 3.13.
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Figure 3.27: Impedance spectra (V =-0.5 V vs. ref) for electrodeposited onto ITO coated glass
electrode with different film thicknesses. (a) Nyquist plots, (b) Re(Z) as a function of the
frequency, and (c) —Im(Z) as a function of frequency.
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Figure 3.28: Equivalent circuit used to fit the thin SnQO; films
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Table 3.13: Components values of the equivalent circuit used for Nyquist plot modeling of the
nanoporous SnQO; electrode with different film thickness.

Q Film Q1 (low frequency) Q:2 (high frequency)

(C/em?) | thickness R. (@) C1 (uF) o Cs (uF) o Ri ()
0.2 210 nm 64.61 23.37 0.779 - - 84782
0.4 380 nm 70.40 26.29 0.772 - - 66496
0.8 920 nm 73.90 38.15 0.810 - - 21276
3.9 4210 nm 76.42 107.3 0.796 539 0.620 4025

(* For all the complete fitting data, see Annex2-42)

From Figure 3.27a and Table 3.13, we observed that the resistance Rc increases with the film
thickness and then saturates above film thickness of 1 um. This evolution is shown in Figure
3.29a. We assume that the resistance of the electrolyte does not change between the experiments.
Consequently, the increase of R is mainly due to the increase of the SnO, film resistance with the
film thickness.
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Figure 3.29: Evolution of the calculated (a) resistance Re, (b) resistance R; and capacitance C;
as a function of film thickness.

The variations of the calculated charge transfer resistance R and capacitance C; with the film
thickness are shown in Figure 3.29b. R; decreases sharply when the film thickness increases to
940 nm, and then gradually decreases for higher thickness values.

The drop of Ri can be explained in term of a higher porosity of the thicker films. Generally, AC
impedance of the films is related to their grain sizes, grain boundaries. Increment of porosity
improves the real surface areas and consequently, the ionic interaction at electrolyte-electrode
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interface resulting in low R;. In contrast to Ry, regarding to the change of the capacitance Ci, an
increase is observed. C; exhibited a slightly enhancement when the film thickness increases from
220 to 920 nm, while drastically rising when the film thickness reach 4210 nm. The capacitance
of the nanoporous SnO; thick film 4210 nm is almost 5 times higher than that of the thin film 220
nm.

This obtained behavior of impedance evolution is in agreement with early work [9] where
nanoporous antimony-doped tin oxide (ATO)/FTO film show much smaller and almost negligible
semicircles in the Nyquist plot in comparison to the FTO substrate.

In conclusion, in this wide range of film thickness going from 220 to 4210 nm, the impedance
signal exhibited different electrochemical behavior with the film thickness. The first semicircle at
high frequency related to the space charge layer appeared only in the case of the thickest film (4.2
um). On the other hand, only one semicircle is obtained for thinner films, the thickness of which
ranges from 220 to 940 nm. This semicircle could be related to the hydrogen evolution reaction.
A decrease of the charge transfer resistance R is obtained when film thickness increases.

3.2.3 Influence of the film thickness on the response signal of DNA detection

To evaluate the influence of the film thickness on the sensing performance of the DNA detection
via impedance and fluorescence measurements, the same functionalization process is applied to
these nanoporous SnO» films. The functionalization is similar to the one used previously with
liquid phase silanization. EIS measurements are carried out at a fixed potential of -0.5 V (vs. ref)
after silanization, DNA probe grafting and DNA hybridization in the case of complementary and
non-complementary DNA targets. The processing parameters are detailed in Table 3.14.

Table 3.14: Parameters of the functionalization and impedance measurement processes

Functionalization parameters Impedance measurement parameters
robe argel A l d tenti l

Silanization 2;]‘/;) ZIJ\Z Electrolyte Frig:;gfzcy Modulation ppl/le(v:(:ﬂej; “

g 0.5 M NaCl 10 mHz ¢

z 10

Liquid phase |, 2 0.01 M PBS 10 mv 0.5

deposition 200 kHz

(pH=17.0)

We have observed that the wettability of the films after silanization is strongly influenced by the
film thickness. In the case of the thinnest film (220 nm), the DNA probe drop is not completely
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absorbed into the film. The majority of the drop stays stably on the film surface during 2 hours of
incubation at room temperature. The duration for the DNA drop to be totally absorbed into the
film is dependant of the film thickness and porosity. It takes about 30 minutes for a drop to be
totally absorbed into the 400- nm-thick-film. When increasing the film thickness to 1 um, the time
needed is approximately 30 seconds. Finally, the drop is totally and immediately absorbed into the
thickest film (4.2 um).

3.2.3.1 Non-faradic impedance detection

Figure 3.30 presents the different Nyquist plots obtained from these SnO> nanoporous films after
the main bio-modified steps, in the case of complementary hybridization (curves on the left) and
non-complementary hybridization (curves on the right).

The electrochemical behavior is similar for all the studied films. As for the thick films in the
previous part, the silanization induces a large increase of the semicircle diameter. The DNA probes
grafting results in a decrease of the semicircle diameter. Similarly to micrometer-thick films, this
decrease is amplified by the complementary DNA hybridization. On the other hand, the impedance
curves show a small change when non-complementary hybridization is applied, showing the
selectivity of the hybridization process.

We must notice a difference in the behavior of the Nyquist plots obtained for the present thickest
film (4.2 um) (Figure 3.30) and the micrometer-thick film obtained at -1.0 V (vs. Ag/AgCl) (in
the 3.1.4.1 part, Figure 3.15). Previously, the Nyquist plot of the bio-modified nanoporous SnO,
film was composed of 2 semicircles each corresponding to, from left to right, the space charge
layer in the sub-surface and hydrogen evolution reaction at the electrode/electrolyte interface.
However, in this case, only one semicircle after functionalization process is carried out onto the
surface. The reason might come from the change in pH of the electrolyte. The pH 7.0 of the
electrolyte used in this experiment is higher than that of the previous one, 5.5. It is noted that
hydrogen evolution reaction is less efficient at higher pH resulting in a higher charge transfer
resistance. Consequently, the first semicircle is not well-resolved and hindered by the second
semicircle.
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Complementary hybridization
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Figure 3.30: Nyquist plots of bio-modified SnO: nanoporous films deposited at -1.0 V (vs.
Ag/AgCl) with increasing the film thickness: 220, 380, 940 and 4210 nm. DNA hybridization is
performed with complementary (left) and non-complementary (right) DNA targets.

R; is determined from Nyquist plot modeling by using the equivalent circuit Re (R1Q1) (Figure
3.28). The modeling parameters for these films with increasing thickness are shown in Table 3.15.
In order to emphasize the influence of the film thickness on the decrease of the charge transfer
resistance Ri upon hybridization, ARi/R; is reported as a function of the film thickness (Figure

3.31).

Table 3.15: Calculated charge transfer resistance values obtained from the equivalent circuit

used for Nyquist plot modeling

Film thickness Type of Ri (Q) AR1/Ry
(nm) DNA target molecules | SnO, film | silanized | ss DNA | ds DNA | (%)
complementary 84782 146577 51974 24743 -5413
220+£20
non-complementary 87250 136078 45541 42543 -742
complementary 66496 115162 | 95137 43301 -59+3
380 +£20
non-complementary 67596 127038 | 101959 | 95300 -5£2
complementary 21276 47176 23047 15413 -3313
940 + 20
non-complementary 20486 56258 28471 26605 -642
complementary 4025 - 7381 4816 -29+4
4210+ 300
non-complementary 5464 25377 7665 7910 -74+2

(* For all the complete fitting data, see Annex2-A2)
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The thinner and denser is the film, the more important is the decrease of Ri. The decrease of the
charge transfer resistance R is about -29+4 % for the thickest film (4.2 um) and about -54+3 %
for the thinnest film (220 nm). It can be concluded that the sensitivity to DNA hybridization
decreases when the film thickness increases. The decrease is not more effective above a thickness

value of 1 pm. The more sensitive films are the denser and the thinner films.
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Figure 3.31: Evolution of the charge transfer resistance variation AR/R; of the biomodified
SnO; nanoporous films as a function of film thickness at applied potential -0.5 V (vs. ref).

3.2.3.2 Fluorescence detection

Fluorescence measurements are also performed on the corresponding samples after impedance
analysis. The micrographs of the films with increasing thickness (Figure 3.32) present a
fluorescence signal in the case of complementary DNA hybridization, while non-complementary
hybridization provides no signals of fluorescence.

In the case of complementary hybridization, we note that the fluorescence intensity inside and
outside of the DNA drop which corresponds to background, increases proportionally with the film
thickness. The increase in the background fluorescence intensity could be attributed to a higher
capillary force in the case of the thicker film, which could cause the absorbed probe DNA drop to
spread out in a larger volume of the film.
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Figure 3.32: Fluorescence micrographs after hybridization of Cy3 labeled targets in the case of
complementary and non-complementary DNA hybridization obtained for the SnO: nanoporous
films as a function of film thickness: 220, 380, 940 and 4210 nm.

The evolution of the fluorescence intensity as a function of the film thickness is showed in Figure
3.33. As did for impedance, the fluorescence intensity is strongly dependant on the film thickness.

It sharply increases with the film thickness up to about 1 um thick and then seems to saturate. It is
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striking that the obtained fluorescence evolution is totally opposite to that of impedance (Figure
3.31).
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Figure 3.33: Evolution of fluorescence intensity of the biomodified SnO; nanoporous films as a
function of film thickness.

To further investigate the DNA distribution within the nanoporous film structure, the confocal
laser scanning microscope is used on the 4.2 um-thick film. The confocal mode enables to take
pictures on different focusing plans. A picture set is taken from the bottom plan up to 10 um with
steps of 0.25 um. By assembling the 40 pictures, a 3D reconstructed picture of the surface can be
created (Figure 3.34) showing a thickness of the fluorescent layer of about 5.0 um. From this
result, it can be concluded that the target DNA molecules infiltrate within the SnO» nanoporous
film and successfully hybridized to DNA probes into the nanoporous structure. The difference
between this thickness and the film thickness (4.2 um) is due to a vertical light scattering
phenomenon. In the case non-complementary DNA target, a very weak fluorescence signal is

found, which demonstrates the high selectivity of the process performed using nanoporous SnO»
sensing matrix.
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Figure 3.34: 3D constructed view of fluorescent DNA on 4.2 um-thick nanoporous SnQO: films
obtained by confocal scanning laser fluorescence microscopy. (a) complementary and (b) non-

complementary DNA target molecules with concentration of 2 uM.

To explain the exactly opposite trend between the impedance and the fluorescence results (Figure
3.35), we must clarify that the change of the impedance and the change of the fluorescence
intensity are not due to similar factors. The fluorescence intensity strongly depends on the number
of DNA probes and targets immobilized into the porous films. This number increase with the film
thickness up to a certain limit. On the other hand, the change of impedance is based on the
percentage of the surface area which is influenced by DNA hybridization. We hypothesize that
due to much larger specific surface area, the DNA probe and target molecules absorbed into the
thick film should be much higher than the thin one, leading to higher fluorescence signal. However,
because of very high specific area, the percentage of the surface area in which DNA probe is
grafted is lower for the thick film than the thinner one. Consequently, the free DNA surface is
higher and the impedance signal becomes less important when the film thickness increases.

P.S: Some new points have been added in Figure 3.35. They come from a complementary study
aiming to the influence of the deposition potential between -0.5 to -1.0 V (vs. Ag/AgCl) at a fixed
charge density of 0.2 C/cm? on the film characteristics. We found that these new conditions of
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deposition have no significant influence on the film characteristics (thickness, morphology,
microstructure), and on the DNA detection signals. That is why we added these new points.
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Figure 3.35: Evolution of the charge transfer resistance AR /R and fluorescence intensity of the
biomodified SnO: nanoporous films as a function of film thickness.

In conclusion, in the wide range of film thickness going from 220+£20 nm to 4.2+0.2 um, both the
impedance and fluorescence response signals of the DN A sensors based on nanoporous SnO» films
are strongly dependent on the film thickness. Below a threshold thickness value of about 1.0 um,
opposite trends are found for the two different ways of detection. The EIS decreases and the
fluorescence intensity increases when increasing the film thickness. However, above the thickness
threshold value, no significant variation is observed for both signals, showing a saturation regime.
3D-constructed-view of fluorescent DNA on nanoporous SnO:> films obtained by confocal
scanning laser fluorescence microscopy demonstrated that the target DN A molecules are infiltrated
within the SnO; nanoporous film and successfully hybridized into the nanoporous structure.

As the 220+£20 nm-thick SnO; film provides a higher impedance response signal upon DNA
hybridization, we further investigate the characteristics of DNA biosensors based on this film in
the following parts.
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3.3 Characteristics of DNA biosensors based on SnO: nanoporous
nanometer-thick films

3.3.1 Comparison between vapor and liquid phase deposition of APTES

As discussed in the state of the art chapter, the immobilization of the DNA probes on the film
electrode needs to be well controlled to obtain high sensitive and selective DNA sensor. In the
present work, the DNA probes are covalently grafted to the amino-silane (APTES) through a cross-
linker (glutaraldehyde molecules). Silanization of the oxide films is performed traditionally in our
laboratory by liquid phase deposition of a solution of silane diluted in 95% pure ethanol and 5%
deionized water. However, the main issue of liquid treatment is the eventual ability of the precursor
to copolymerize in the presence of water. As a result, an inhomogeneous organosilane monolayer
can eventually be formed on the surface with aggregates [10-11]. To overcome this problem, the
vapor phase deposition has been studied. The low density of the agent in vapor phase could reduce
the aggregation formation. In addition, because the vapor is more effective than the solution in
penetrating into the nanoporous structure of the films, it is expected that a superior organosilane
monolayer is achieved and consequently, a better DNA surface coverage. As a result, the DNA
detection performance should be enhanced.

In this part, two different methods of silanization are performed: liquid and vapor phase deposition
of APTES, which are described in detail in the experimental part. To evaluate and to compare the
efficiency of both methods on the sensitivity of the DNA hybridization detection, the experiments
were carried out simultaneously on 2 similar 220+20 nm-thick SnO; films. The processing
parameters are presented Table 3.16.

Table 3.16: Processing parameters of the applied functionalization and impedance measurement

processes.
Film . L.
] Functionalization parameters Impedance measurement parameters
thickness
S Cprove | Curger | Hybridization | Frequency | Modu-
Silanization ) Ve
(uM) | (uM) buffer (Hz) lation
Liquid phase
22020 nm d(lposil:ion 0.5 M NaCl, 10 mH -0.5
10 | 20 | 00IMPBS | M kIZ{;O 10mvV | v
Vapor phase (pH =7.0) (vs.ref)
deposition
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3.3.1.1 Impedance response signal

For EIS measurement, the analyses are carried out at a fixed potential of -0.5 V (vs. ref.) The

processing parameters are detailed in Table 3.16.

Figure 3.36 shows the Nyquist diagrams obtained after the main stepwise of the bio-modification

process:

(1) after silanization: Liquid or Vapor phase deposition of APTES,
(i1) after DNA probes grafting,
(iii) after DNA hybridization of complementary DNA targets.

The obtained impedance results clearly show the importance of the silanization conditions. In the
case of vapor phase silanization, the semicircle (red curve) presents a much larger diameter than
that of liquid phase deposition. As previously, we perform the Nyquist plot modeling by using the
equivalent circuit Re (R1Q1) to determine the charge transfer resistance R variation upon the

stepwise modification.

The charge transfer resistance R; obtained from the impedance curve after silanization in vapor
phase revealed a 3 times higher value than the one after silanization in the liquid phase (Table
3.17). It indicates that the deposited organosilane monolayer from vapor phase is more efficient
on the nanoporous film surface than in the case of liquid phase.
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—a— SnO2 film, 220420 nm —8—Sn0, film, 220420 nm
—— after silanization: liquid phase deposition —o— after silanization: vapor phase deposition
3x10° (| A4 ssDNA(C =10 uM) - 3x10° (A ssDNA(C =10 uM) -
—v— ds DNA (complementary target, C_ =2 uM) —¥— ds DNA (complementary target, C_=2 uM)
E g
= =
Q 2«10 F 4 2 0 E
~ ~ ~—
N N e
E E
1x10° E 1x10° E
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0 ﬁ.\ 1 1 1 0
0 1x10° 2x10° 3x10° 4x10° 0 1x10° 2x10° 3x10° 4x10°
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Figure 3.36: Nyquist plots of 220 nm-thick bio-modified SnO: nanoporous films with two
different silanization processes: liquid phase (left) and vapor phase (right).
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DNA hybridization is then performed on both film surfaces with the same processing parameters.

With the same DNA target concentration of 2 uM, the change of charge transfer resistance AR1/R;

upon DNA hybridization increases from -54+5% in the case of liquid phase deposition to -63+5%
of vapor phase deposition. This nearly 10% increase of the EIS signal confirms that the sensitivity
of the DNA detection can be improved significantly by using vapor phase silanization process.

Table 3.17: Charge transfer resistance R; values of the equivalent circuit used for Nyquist plot

modeling for the impedance curves obtained at applied voltage of -0.5 V vs. ref

-Fllm e Ri(©) AR1/R1
thickness | Silanization process
(nm) SnO: film | silanized | ss DNA | ds DNA (%)
Vapor phase deposition 96782 432768 95137 43301 -63£5
220+ 20
Liquid phase deposition 82367 139221 54329 26077 -54+5

(* For all the complete fitting data, see Annex2-A4)

3.3.1.2 Fluorescence detection

The corresponding fluorescence micrographs of these samples (Figure 3.37) show a higher
fluorescence intensity in the case of vapor phase deposition. Indeed, the fluorescence intensity
increases almost 3 times from 270 to 840 compared to liquid phase process. It indicates that a
significant increase in both the DNA probe density grafting and the hybridization efficiency is
obtained after silanization in vapor phase than in case of liquid phase. The fluorescence results

match with those of impedance.

350

Liquid phase deposition, Ci=2 uM

-

Vapor phase deposition, Ct =2 uM

Figure 3.37: Fluorescence micrographs after complementary hybridization (Ciarger = 2 ttM) on
220 nm-thick samples with different silanization processes: liquid (left) and vapor phase
deposition (right).
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3.3.2 Sensitivity

The sensitivity of these DNA sensors based on 220 nm-thick SnO» films is also studied electrically
and optically using decreasing concentrations of complementary DNA target after either liquid
phase or vapor phase silanization. To minimize the experimental dilution errors, the DNA target

solution is prepared once at 2 uM and is then diluted to the desired lower concentrations down to

10 nM. The processing parameters are detailed in Table 3.18.

Table 3.18: Processing parameters of the applied functionalization and impedance measurement

processes.
Film Functionalization
. Impedance measurement parameters
thickness parameters
o Cprobe | Curger | Hybridization | Frequency | Modu-
Silanization ] Ve
(uM) | (uM) buffer range lation
220420 Liquid phase 1.0
nm deposition 05 0.5 M NaCl 10 mHz to 05
10 0.01 M PBS 10 mV
Vapor phase 0.1 200 kHz (V vs. ref)
. (pH =7.0)
deposition 0.01

3.3.2.1 Impedance response signals

Nyquist plots of bio-modified SnO> nanoporous thin films are shown in Figure 3.38. For all the
studied samples, the DNA hybridization induces a decrease of the semicircle diameter. Besides,
the decrease of DNA target concentration leads to larger semicircles upon DNA hybridization. At

the lowest DNA target concentration, C;=0.01uM, a weak change in the diameter of the semicircle

upon DNA hybridization is observed.
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Figure 3.38: Nyquist plots of bio-modified SnO: nanoporous films after different stepwise of bio-
modification in the case of vapor phase silanization. The DNA hybridization is performed with
decreasing DNA target concentrations: 1.0, 05, 0.1 and 0.01 uM. EIS measurements are

performed at voltage of -0.5 V (vs. ref).

After Nyquist plot modeling using the equivalent circuit Re (R1, Q1), we calculate the values of
charge transfer resistance Ri upon DNA hybridization, after vapor (Table 3.19a) and liquid (Table

3.19b) phase silanization.
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Table 3.19a: Vapor phase silanization: calculated charge transfer resistance R; from Nyquist
plot modeling for decreasing DNA target concentrations.

Film thickness | CpNA target R (Q) AR1/R1
(nm) (LM) SnO: film | silanized | ss DNA | ds DNA | (%)
1.0 76453 | 370742 | 147929 | 76689 | -48%5
0.5 75310 | 377590 | 143687 | 97006 | -3343
220420
0.1 81101 | 416567 | 121467 | 99531 | -1843
0.01 79987 | 393879 | 126847 | 111929 | -1143

(* For all the complete fitting data, see Annex2-A4)

Table 3.19b: Liquid phase silanization: calculated charge transfer resistance R; from Nyquist
plot modeling for decreasing DNA target concentrations.

Film thickness | CpNa target R1 (Q) AR1/R1
(nm) (uM) SnO: film | silanized | ss DNA | ds DNA (%)
1.0 97419 144626 47492 34015 -2815
220 £ 20 0.5 97926 151935 45305 37707 -1783
0.1 95509 135238 43923 41441 -7£2

(* For all the complete fitting data, see Annex2-A44)

The decrease of the charge transfer resistance ARi/R has been plotted as a function of DNA target
concentration (Figure 3.39) in the case of both silanization processes: vapor and liquid phase
deposition.

In the case of vapor phase silanization, the decrease of the charge transfer resistance AR1/R; is
systematically wider, from 10 to 20 %, than in the case of liquid phase silanization. Indeed, in the
first case it ranges from -48+5 to -11+3 % when decreasing DNA target concentration from 1 pm
down to 10 nM, whereas, it decreases only from -28+5 to -7+2 % when decreasing DNA target
concentration from 1 um down to 100 nM in the case of liquid phase silanization. As expected,
even for low DNA target concentrations, the infiltration of the organosilane molecules into the
nanopores is facilitated in the case of gas phase, which plays a role in the sensitivity enhancement
of the DNA sensor. Importantly, the detection limit of the SnO, nanoporous film reaches 10 nM
of DNA target concentration in the case vapor phase process, which is not achieved in the case of
liquid phase method.
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Figure 3.39: Evolution of the calculated charge transfer resistance AR /R of the biomodified
SnO: nanoporous films as a function of target DNA concentration in the case of vapor (red
curve) and liquid phase silanization (black curve).

3.3.2.2 Fluorescence signal

From Figure 3.40, the lower the DNA target concentration is, the less contrasted the DNA drop
is. For an acquisition time of 2s, Figure 3.41 exhibits a linear dependence between the DNA target
concentration and the fluorescence intensity. For the lowest DNA target concentration of 0.01 uM,
the DNA hybridization is only optically detected in the case of the film silanized by vapor phase
deposition. In the case of liquid phase silanization, the hybridization area cannot be traced by
fluorescence optical microscopy.
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Figure 3.40: Fluorescence micrographs after hybridization of complementary DNA target

labeled with Cy3 with different DNA target concentrations from 1.0 to 0.01 uM. Silanization is
carried out by vapor phase deposition.
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Figure 3.41: Evolution of the fluorescence intensity of the biomodified SnO; nanoporous films as
a function of target DNA concentration in the case of vapor (red curve) and liquid phase

silanization (black curve).
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In conclusion, the comparison between the liquid and vapor phase processes for grafting APTES
on the nanoporous SnO» films showed that vapor-phase method is more efficient. Indeed, the vapor
is more effective than the solution in penetrating into the nanopores of the films. As a result, the
DNA sensors built on vapor-treated silane layer exhibit a higher sensitivity than those produced
on liquid-treated silane. The detection limit of DNA target concentration is 10 nM.

3.3.3 Calibration

It is to be kept in mind that not all DNA target molecules applied to the surface are hybridized with
the DNA probe immobilized on the electrode surface. To investigate the percentage of DNA target
molecules which actually joined the hybridization process, fluorescence calibration experiments
are carried out.

For calibrating samples, the 220 nm-thick nanoporous films are functionalized with the same
process by vapor phase deposition of APTES followed by glutaraldehyde grafting. Then, the DNA
target drops with different concentrations are applied directly onto the surface without the presence
of the DNA probes molecules. These samples are then kept in ambient condition until the
hybridization buffer solution is completely evaporated leaving DNA target molecules on the
surface without rinsing. To minimize the experimental errors, the DNA target solution is first
prepared at 2 uM. It is then diluted by adding hybridization buffer solution to desired lower
concentrations at 1, 0.5, 0.1, 0.01 uM.

The fluorescence intensity (Ir) of these drops is measured and plotted as a function of the number
of DNA target molecule (Figure 3.42).

The number of DNA target molecule (N) could be determined from solution concentration as
below:

where, N4 is the Avogadro constant (Na = 6.02x10%%), Cy is the DNA concentration of the drop,
and V is volume of the drop (V =2 uL).
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Figure 3.42: Calibrated fluorescence intensity as function of number of DNA target molecules.

In order to have an accurate calibration, linear fits are performed in two distinct ranges: at high
concentration from 0.5 to 2.0 uM and low concentration from 0.01 to 0.5 uM. From obtained
calibration lines, the real number of DNA target molecule (Nsample) captured at the surface are
determined from the obtained fluorescence signal (I, samplc) at each concentration of DNA target
as presented at Table 3.20. As can be seen, the percentage of the DNA target hybridized with the
probe DNA is low and increases when decreasing the initial concentration.

Table 3.20: Percentage of DNA target hybridized to the grafted probe determined by calibration

S P B B I v vl B
2 24.08 10680 850 1.66 6.9
1 12.04 5680 450 0.75 6.3
0.5 6.02 2920 350 0.53 8.7
0.1 1.20 630 180 0.14 11.7
0.01 0.12 170 130 0.03 23.0

3.3.4 Selectivity

To further study the selectivity of the hybridization detection based on 220 nm-thick-nanoporous
SnO; sensing matrix, new hybridizations are also carried out with 1- and 2-base mismatch DNA
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target sequences in which the middle base(s) is (are) replaced by its complement (the formula of
the mutation targets are detailed in the experimental part). To compare the obtained signals, the
same process is applied to similar samples. The concentration of the all DNA targets is fixed at 2

puM. The silanization is carried out in vapor phase deposition technique. The processing parameters
are detailed in Table 3.21.

Table 3.21: Parameters of the functionalization and impedance measurement processes

Functionalization parameters Impedance measurement parameters
g Cprobe | Crargn | Types of DNA Frequency | Modula- | Applied
Silanization M) | (M) target Electrolyte range tion voltage
N b smatch 0.5M NaCl 05V
-base mismatc -0.
Vaporphase |y | 5 g _ 00IMPBs | lomizto | gy
deposition 2-base mismatch (ol =7.0) 200kHz (vs. ref)

3.3.4.1 Impedance signal responses

Nyquist plots of bio-modified SnO> nanoporous thin films in which DNA hybridization are
performed with 1- and 2-base mismatch DNA target are shown in Figure 3.43. The DNA
hybridization causes a decrease in charge transfer resistance for all types of DNA target. As
expected, the EIS response generated from 1-base mismatch shows a higher decrease in diameter

of the semicircle compared to that of 2-base mismatches.
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Figure 3.43: Nyquist plots of bio-modified SnO> nanoporous thin film in which DNA
hybridization are performed with 1- (left) and 2-base mismatch (right) DNA target
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To evaluate the selectivity of the process, we compare the different variations of the charge transfer
resistance ARi/R1 obtained in the different cases (Figure 3.44). ARi/R; for 1- and 2-base-
mismatch DNA targets are -34 and -21%, respectively. The use of non-complementary DN A target

shows a -6% decrease, which can be attributed to non-specific adsorption of DNA target. In

comparison with the fully complementary hybridization signal, the loss of signal is -58+5 in the

case of 1-base mismatch and -71£5 in the case of 2-base mismatch.

Table 3.22: Calculated charge transfer resistance R; values of the equivalent circuit used for

Nyquist plot modeling for the impedance curves obtained in the cases of 1- and 2-base mismatch

hybridization at applied voltage of -0.5 V (vs. ref).

Film
thickness

(nm)

CDNA target
(LM)

Type of

DNA target
molecules

Ry

()

SnO: film

silanized

ss DNA

ds DNA

AR1/R1
(%)

220+20

2.0

1-base mismatch

98742

316254

120292

79007

-3415

2-base mismatch

97249

304519

109624

86879

-21+4

(* For all the complete fitting data, see Annex2-A45)
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Figure 3.44: Relative EIS and fluorescence signals (in comparison to fully complementary
hybridization) when DNA hybridization are performed with different types of DNA target: 1-, 2-
base mismatch and non-complementary.
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3.3.4.2 Fluorescence signals

To further support the results observed in impedance measurements, the selectivity of the films
has also been studied optically by fluorescence optical microscopy. Figure 3.44 gives the
fluorescence intensity on the corresponding films after measuring impedance. The complementary
target shows a highest signal at 920. The mismatch-DNA exhibits a lower signal, 180 and 100 for
I-base and 2-base mismatch respectively. The lowest signal 15 is obtained when non-
complementary target is used. In comparison with the fully complementary hybridization signal,
the loss of fluorescence signals is -8143 % in the case of 1-base mismatch and 8943 % in the case
of 2-base mismatch. The fluorescence results are totally matched with those of impedance, which
demonstrates the high selectivity of the process on nanoporous SnO; sensing matrix.

In conclusion, the impedance and fluorescence response signals are strongly dependent on the
types of the target DN A molecules applied to the surface. It demonstrates a high selectivity of the
process on nanoporous SnO> films.

3.3.5 Reusability

The reusability of the device is tested from dehybridization-rehybridization cycles. For DNA
dehybridization, the electrode surface is exposed to a solution of 0.1 M NaOH for 30 min and then
thoroughly rinsed by deionized water. After each hybridization and dehybridization process,
fluorescence and impedance measurements are performed to evaluate the state of the sample.

The processing parameters regarding impedance measurements are detailed in Table 3.23. The
films are the 220 nm-thick nanoporous films which have been silanized in vapor phase to give the
sensor a better signal response.

Table 3.23: Parameters of the functionalization and impedance measurement processes for a
220 nm-thick nanoporous SnO; film submitted to reusability test.

Functionalization parameters Impedance measurement parameters
C robe Ctar et
Silanization r 8 Electrolyte Frequenc Modulation Ve
(W) | (uM) g Heney
N 0.5 M NaCl 0.5V
Vaporphase | 2.0 001 MpBs | [0mHzto o,y '
deposition 200 kHz (vs. ref)
(pH=7.0)

Figure 3.45 and 3.46 show the evolution of the fluorescence intensity and the Nyquist diagrams,
respectively, after each step of hybridization and denaturation.
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After the first hybridization, the fluorescence signal intensity is 920 (Figure 3.45) and the
calculated charge transfer resistance R decrease is -62% (Figure 3.46, from black to red
curve). These values are in agreement with the previous values found for such 220 nm-
thick-nanoporous films.

After the first dehybridization, the fluorescence intensity dramatically decreases of 97% to
30, which is in relation to the removal of fluorescence DNA targets. The impedance (blue
curve) increases to a value slightly inferior to the previous one obtained for ssDNA (black
curve). It indicates some changes in surface state, either probe damage or probe removal.

After the second hybridization, the fluorescence intensity is only 230, which is 75% lower
than that of the first hybridization. And, the impedance decreases of 52% back to the
previous value corresponding to ds-DNA (pink curve).

After the second dehybridization, the impedance (green curve) increases to a value
completely different from the original curve of ss-DNA (black curve). It confirms a strong
change in the state of the ss-DNA layer.

After the third hybridization, no fluorescent drop is found on the film surface and the
decrease of the impedance is just 20%. It is believed that the third hybridization failed.

drop invisible |
540
230
200 7 .
' 30 / 0 . -
0 T Z T A 1 T T
ds_DNA denaturated ds_DNA denaturated ds_DNA
(1st) (1st) (2nd) (2nd) (3rd)

Figure 3.45: Evolution of the fluorescence intensity along 3 consecutive cycles of
hybridization/denaturation experiments
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Figure 3.46: Nyquist plots of the bio-modified films obtained at 3 cycles of
hybridization/denaturation experiments

In this study, several points are emphasized. The fluorescence signals seem to be more relevant to
describe the real DNA state than the impedance signals. The decrease in fluorescence intensity
according to stepwise process shows that the amount of fluorescent DNA target molecules is less
and less important. The hybridization efficiency is strongly reduced from the second DNA
hybridization.

On the other hand, the impedance changes are not in agreement with the fluorescence signals. They
seem to be related to other phenomena. They can be originated from the accumulation of salts
which are left and trapped inside the porous structure following the first and the second
dehybridization. In our case, these salts might be either NaOH from the denaturating solution or
NacCl from the electrolyte of impedance measurement.

These results show that in these conditions of dehybridization, the reusability of the SnO»
nanoporous based DNA sensor is impossible. In order for our sensor to be reusable, it is necessary
to have an effectively cleaning process to remove the trapped salts from the pores and a proper
storage method. Another way of dehybridization should be tested, particularly, by heating the
sensors up to the T meiing Of DNA. This method would enable to avoid the effect of the trapped salts
responsible to the impedance changes.
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4.1 Preparation of SnO; nanowires (NWs)

The elaboration of the 1D SnO> NWs is based on a two-step-process which is described in the
experimental part. The first step is the template-free electrodeposition of Sn NWs on the ITO/glass
electrode. The second step deals with converting these deposited Sn NWs to form SnO> NWs by
thermal oxidation.

4.1.1 Electrodeposition of Sn NWs
4.1.1.1 Cyclic voltammetry

To investigate the mechanism responsible for the formation of Sn NWs on the ITO-film electrode,
cyclic voltammetry is performed without stirring at a scan rate of 50 mV.s™!. The processing
parameters are detailed in Table 4.1.

Table 4.1: Processing parameters used in cyclic voltammetry test.

Condition Cyclic voltammetry
Electrolyte T L Working Scan rate Eoc
pH | Stirring | d
(°C) electrode (mV/s) (mV)
20 rnM SnClz.2HzO in 20 230 i ITO/glass 50 60
deionized water

The addition of SnCl,.H>O into deionized water results in a colloidal solution due to the hydrolysis
of SnCls to form Sns(OH)sCl> given by the equation [1-2]:

4SnCl + 2H20 <> Sny(OH)sCl + 2HCI 4.1)

The measured pH of 2.30 of the colloidal solution consisting of SnCl>.2H>O in deionized water is
related to the presence of the product HCI in the solution according to reaction 4.1. Consequently,
it confirms the formation of tin complex Sn4(OH)sCl> in the SnCl, solution.

Figure 4.1 shows a typical cyclic voltammogram recorded onto an ITO working electrode at room
temperature. The arrows show the scan direction. The potential is scanned from open-circuit
potential Eoc (at -60 mV), reversed at -1.5V to 0V, and terminated at E... The current-voltage curve
is characteristic of metal deposition and oxidation process.

Tin deposition is related to the flow of cathodic current below -0.5 V (vs. Ag/AgCl) on the forward
scan. However, the deposition of Sn metal does not result from Sn?" ions reduction according to
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the reaction 3.4 in this case. Alternatively, it could be caused by the reduction of the tin complex
Sny(OH)sCl.. However, no paper has been reported on electrochemical reduction of such

compound. We propose that the Sns(OH)sCl> tin complex is electrochemically reduced on the ITO
electrode surface according to the reaction 4.2 as below:

Sny(OH)eCL, + 8¢~ — 4Sn + 20H- + 6CI- (4.2)

On the reverse scan toward more positive potentials, a well-defined oxidation peak appears at -

0.15 V (vs. Ag/AgCl), which is associated to the reoxidation of the deposited Sn on the electrode
surface.

From the obtained voltammogram, the electrodeposition of Sn could be performed from the
reduction of the Sns(OH)sCl> tin complex at potentials ranging from -0.5 to -1.2 V (vs. Ag/AgCl).
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Figure 4.1: Cyclic voltammogram recorded onto an ITO working electrode (scan rate 50mV/s at
room temperature) obtained in a solution of 20 mM SnCl>.2H>O in deionized water.

4.1.1.2 Cathodic electrodeposition
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The Sn deposits are electrodeposited galvanostatically by applying a cathodic current density of 5
mA.cm? for 20s on ITO electrode. The processing parameters are detailed in Table 4.2.

Table 4.2: Processing parameters used in Sn NW electrodeposition process.

Condition Deposition parameters
Electrolyte — - -
T(C) | pH | Stirring WE Current density | Time (s)
20mM SnCL2HO |50 1) 30 | No | ITO/glass 5 mA.cm? 20
in deionized water

4.1.1.3 Characteristics
a. Morphology

The top-view and corresponding cross-sectional-view SEM images of the deposited layers at
different magnifications are shown in Figure 4.2. Three different populations of Sn morphology
can be observed on the ITO surface: nanowires, nanoparticles and large crystallites. The wire-
shaped Sn nanostructures exhibit a diameter of 180+20 nm and a length in the range of 800 nm to
1.2 um. The sizes of the Sn nanoparticles are ranging from 20 to 100 nm. Finally, large crystallites
showing an average size of several micrometers are visible.

Elsewhere, we also studied the electrochemical deposition of Sn in a solution of 20 mM
SnCl.2H,0 and 75 mM HCI. In this case, there is no NW growth. Only the growth of nanoparticles
and large crystallites is observed. It is concluded that adding HCI can suppress the hydrolysis of
SnCl,, and Sns(OH)sCl, tin complex no longer exists in SnCl, solution. So, in this case only Sn**
cations are present in the electrolyte. It confirms that the presence of Snsa(OH)sCl> tin complexe is
a key factor in the Sn nanowires growth process.

The obtained multiple morphology of electrodeposited Sn is similar to that reported by Thierry’s
group [3-4] who electrochemically grew Sn nanowires. In their work, the nanotubular morphology
is responsible for the formation of Sn nanowires which is not the case here. In our work, the Sn
NWs are template-free electrodeposited onto the ITO electrode surface.
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500 nm
|

Figure 4.2: SEM top-view (left) and corresponding cross-sectional view (right) of the Sn
nanostructures electrodeposited galvanostatically from a solution of 20 mM SnCl.2H>O.

b. Microstructure

The XRD pattern of the deposited Sn nanostructures is presented in Figure 4.3. To observe the
low-intense peaks more clearly, the X-ray intensity is plotted on a logarithmic scale. The X-ray
diffraction pattern show the reflections corresponding to the body-centered tetragonal phase of Sn
(ICDD File No: 00-004-0673) (see Table 4.3). The peaks can be assigned to the diffraction from
(200), (101), (220), (211), (112) and (400) crystal planes as labeled on the curve. The small peak
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width indicates a good crystallinity with a large grain size of deposited Sn. The crystallite size
calculated by the Scherrer formula from the FWHM of the (101) peak is 140£10 nm.

10° 3 - . - . - . : .
1 Sn
(200)

10° 3 E
E? ]
= Sn
=
S (101) Sn
O 104 (400)
%Q ]
— Sn

ITO (211) ITO Sn

(400) 1 sn | ITO440) Sn TO(112)
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(411) (220)l (134)( ) (301) (622) :
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Figure 4.3: XRD pattern of the Sn nanostructures deposited galvanostatically onto an ITO
working electrode in a colloidal solution comprising 20mM SnCl,.2HO.

From the measured relative intensities of the peaks (Table 4.3), and in comparison with the powder
file (No: 00-004-0673), it can be deduced that the <100> planes perpendicular to the substrate
plane are the most abundant planes of the crystalline Sn nanostructures and a preferred orientation
<100> is favored.

Table 4.3: Data analysis from XRD pattern in Figure 4.3.

Peaks ICDD 00-004-0673 Electrodeposited Sn nanostructures
Intensity | 2-tetha (°) | d-spacing Intensity | 2-tetha (°) | d-spacing
200 100 30.640 2916 100 30.686 2911
101 90 32.017 2.793 18.2 32.066 2.789
220 34 43.882 2.062 0.61 43.928 2.059
211 74 44905 2.017 0.25 44953 2.015
301 17 55.343 1.659 0.21 55.377 1.658
112 23 62.524 1.484 0.21 62.579 1.483
400 13 63.807 1.458 4.8 63.842 1.457
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4.1.2 Thermal oxidation to form SnO2 NWs

The next step is the fabrication of SnO> NWs by oxidizing the electrodeposited Sn NWs. The
thermal oxidation process used to convert Sn NWs to SnO, NWs without the loss of the structure
is carried out by a process published elsewhere [5]. This process approximates rhetorical growth
and thermal oxidation (RGTO) including two steps. The Sn NWs are first annealed at 200°C, which
is close to the melting point of Sn, for 2h in ambient atmosphere. The aim of this step is to coat a
thin supporting oxide layer on the surface of Sn NWs. In the second step, the Sn NWs are
completely oxidized by further annealing at 500°C for 1h. To evaluate the efficiency of this
process, the Sn NWs are also oxidized directly at 500°C for 1h. The obtained results of the two
parallel processes are compared and assessed.

4.1.2.1 Morphology

The corresponding morphology obtained after each step of the thermal oxidation process is shown
from SEM images in Figure 4.4.

After the first step of heat-treatment at 200°C for 2h (Figure 4.4-top), the morphology of the NWs

keeps quite the same as the as-deposited one (Figure 4.2). The Sn NWs have a diameter of 180+20
nm and a length in the range of 800 nm to 1.1 um (shape ratio between 4 to 7).

After the second heat-treatment at 500°C for 1h, the final SnO> NWs exhibit an increase in the
diameter and a decrease in the length compared to initial Sn NWs (Figure 4.4-middle). The SnO»
NWs have diameters in the range of 140 to 250 nm and lengths in the range of 500 to 800 nm.

The size variation of the NWs is due to the density change on going from Sn to SnO; [5]. The
evolution of the NWs dimensions after each step of the annealing process is exhibited in Figure
4.5.

Elsewhere, the SnO, layer obtained from 1-step thermal oxidation process at 500°C for 1h shows
a nearly smooth continuous thin film accompanied with several large crystalline on the surface
(Figure 4.4-bottom). This morphology proves that the Sn NWs are melted and coalesced during
this heat-treatment process. It is demonstrated that the prior formation of the thin oxide skin at
200°C is vital and necessary to preserve the nanowire morphology during the thermal oxidation
process.
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500 nm
|

After annealing at 500°C for 1h

Figure 4.4: Top-view (left) and cross-sectional (right) SEM images of the Sn nanostructures
obtained after each step of thermal oxidation process.
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Figure 4.5: Evolution of the NWs sizes after each step of the thermal oxidation process.

The morphology of the deposit after 2-step annealing is further characterized by localized TEM
observation after thinning the sample. Figure 4.6 shows the cross-sectional TEM bright images of
the nanoparticles and the NWs presence on the surface. As already noticed from SEM images, the
nanoparticles exhibit a nearly spherical shape. Their size ranges from 30 to 100 nm. Besides, the
length and the diameter of the observed SnO, NW is 531 and 102 nm, respectively. Morever, by
scratching the samples, more SnO> NWs could be observed and the lengths and diameters range

600+200 nm and 100+£50 nm, respectively.

100 nmis

Figure 4.6: Cross-sectional TEM images of some SnQO> nanoparticles and NWs on ITO
surface after 2-step annealing.
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4.1.2.2 Microstructure

Figure 4.7 presents the changes in the XRD spectra after each step of the thermal oxidation
process. After 2 hour annealing at 200°C, the XRD pattern (Figure 4.7 —top) is similar to that
obtained for the as-deposited Sn NWs (Figure 4.3) indicating that the amount of the formed SnO»
on the Sn NWs surface is negligible.
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Figure 4.7: XRD spectra of the product after each step of the thermal oxidation process.

Further annealing at 500 °C for 1 hour leads to the complete oxidation of the Sn into casseterite
tetragonal SnO; phase as can be observed from the XRD pattern (Figure 4.7 —middle). The Sn
peaks are disappeared and are replaced by 3 peaks of SnO; including (110), (101) and (211) peaks
located at 20 equal to 26.6, 33.9 and 51.8, respectively. Their relative intensity (Table 4.4) shows
<101> planes are the most dominant planes of the crystalline SnO, deposit. The calculated
crystallite size from the FWHM of peak SnO> (101) using Scherrer formula is 112 nm.
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Performing the 1-step oxidation mode directly at 500°C for 1 hour produces similar X-ray pattern

to that of 2-step process (Figure 4.7-bottom).

Table 4.4: Data analysis from XRD pattern in Figure 4.7-middle.

ICDD 00-041-1445 SnO:2 deposit
Peaks Intensity | 2-theta (°) | d-spacing Intensity | 2-theta (°) | d-spacing
110 100 26.584 3.347 100 26.642 3.343
101 75 33.870 2.643 66 33.931 2.640
211 57 51.766 1.764 30 51.828 1.762

The typical bright field HRTEM micrographs and their corresponding selected area electron

diffraction (SAED) patterns of the nanoparticles and the SnO, NWs are shown in Figure 4.8a and

b, respectively.

e The co-deposited SnO> nanoparticles with a ring pattern exhibit a polycrystalline structure.

e The SnO> NWs with a dot pattern appear to be single crystalline with the (110) preferred
orientation. Besides, from the Fourier transform of the HRTEM image (Figure 4.8a, right)

the interatomic plane distance of 0.334 nm can be calculated. It appears that the growth
direction is <110>.

SnO; tetragonal P42/mnm

Figure 4.8a: Typical high-resolution TEM images with their corresponding SAED patterns of the

co-deposited SnO: nanoparticles
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Figure 4.8b: Typical high-resolution TEM images with their corresponding SAED patterns of the
deposited SnO> NWs

In conclusion, the SnO> NWs are successfully synthesized onto ITO electrode by a 2-step process
consisting of template-free electrodeposition of Sn NWs which are then thermally oxidized to form
SnO> NWs. The SnO> NWs have diameters in the range of 140 to 250 nm and lengths in the range
of 500 to 850 nm (shape ratio ranges from 4 to 7). In addition to the NWs, SnO» nanoparticles
appear on the surface. The nanoparticles show a polycrystalline structure, their diameter ranges
from 30 to 100 nm. Further investigation should be made to optimize the electrodepostion process
to obtain SnO, NW with a higher shape ratio perfectly controlled.
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4.1.2.3 Impedance characterization of SnO2 NWs

We characterize the electrochemical behavior of the elaborated SnO, NWs using EIS. A typical
Nyquist plot recorded at applied voltage of -0.5V (vs. ref) is presented in Figure 4.9a.

The impedance curve can be described as the convolution of two semicircles: a small arc at high
frequency region and a larger arc in the low frequency region. The presence of these two
impedimetric elements is found to be more pronounced in the Bode plot, phase angle as a function

of frequency (Figure 4.9b).
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Figure 4.9: (a) Nyquist plot and (b) corresponding Bode plot of SnO> NWs/ITO electrode, (c) the
equivalent circuit model used for fitting the data.

The obtained impedance response can be interpreted using an equivalent circuit (Figure 4.9¢)

which consists of 3 elements in series:

e At the highest frequency, the resistance Rc is the sum of the ohmic resistances of the
electrolyte bulk and the electrode (ITO and SnO; bulk).
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Because a discontinuous layer of SnO; is formed onto the ITO surface, two interfaces are
considered including ITO/electrolyte and SnOx/electrolyte interfaces (Figure 4.10), the former
being less important compared to the latter.

e The first parallel element circuit (Q1, R1) represents the first semicircle at high frequency.
Ci (extracted from Q1) is the double layer capacitance of the ITO/electrolyte interface, and
R is the polarization resistance through ITO/electrolyte interface.

e The second parallel element circuit (Q2, R») represents the large semicircle at lower
frequencies. C; (extracted from Q>) is the double layer capacitance of the SnO»/electrolyte
interface and Ry is the polarization resistance through SnO»/electrolyte interface.

electrolyte

Sn0O,
— nanowire

SnO,
nanoparticle
—
ITO

glass

Figure 4.10: Schematic of the electrolyte/electrode interfaces

Table 4.5 presents the calculated values of the different electrical parameter values of the
equivalent circuit used for Nyquist plot modeling. These values are calculated from three
independent SnO> NWs/ITO samples. The variation between the results is less than 10% showing
a good reproducibility between samples.

Table 4.5: Electrical parameter values obtained for fitting the Nyquist plots obtained in the case

of bare SnO> NWs.
Sample | Re(Q2) | R1(QQ) | C1(uF) o1 R2(Q2) | C2(pF) o2
1 98.0 2981 33.54 0.89 32706 58.35 0.91
2 98.1 2779 31.99 0.90 31236 58.91 0.91
3 98.6 2704 31.04 0.90 31324 58.86 0.91

(* For all the complete fitting data, see Annex2-Bl)
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4.2 DNA sensor fabrication based on SnO; NWs

The process used to functionalize SnO, NWs is the same as the one for nanoporous films with
chemical vapor phase deposition of APTES. The vaporized APTES is expected to enhance the

detection signal with SnO, NWs.

As for the nanoporous SnO,-based DNA sensors, the impedance is systematically measured before
the main steps of the functionalisation process. The electrolyte is the pure hybridization buffer
solution without DNA target. The processing parameters are detailed in Table 4.6.

Table 4.6 Parameters of the functionalization and impedance measurement processes

Functionalization parameters Impedance measurement parameters
Silanization Cprobe | Clarger Types of DNA Hybridization | Frequency | Modula- | Applied
(uM) | (uM) larget buffer range tion voltage
2.0
1.0
v N 0.5 0.5 M NaCl 10 i 0.5V
apor phase . z to -U.
deposition | 10 | oy | Complementary 0'0;\_471)]38 200kHz | OV | (4 ref)
0.01 (PH=7.0)
0.002

4.2.1 Sensitivity
4.2.1.1 Impedance response signals

Figure 4.11 presents the changes in the Nyquist plots of the bio-modifed SnO, NWs after the main

steps of functionalization:
(1) after silanization,
(i1) after probe grafting (ss-DNA),

(iii) after DNA complementary hybridization (ds-DNA).

165



Chapter IV: Label-free DNA biosensor based on SnO> NWs

4x10* T T T
—=— SnO, NWs
—e— after silanization (vapor phase deposition)
g0 | AT SSDNA(C=10 M)
X [ H
—v— ds DNA: complementary target, C = 2.0 uM
g
=
Q 2xi10' E
S
E
1x10* E
\\
°
0
0 1x10* 2x10* 3x10° 4x10°
Re(Z) (Ohm)
4x10°* T T T
—=—Sn0, NWs
—— after silanization (vapor phase deposition)
3x10* H —#&—ss DNA (C= 10 uM) il
—v— ds DNA: complementary target, C = 0.5 pM
g
=
Q 2xi10' E
S
£
1x10* B

Im(Z) (Ohm)

Figure 4.11: Nyquist plots of bio-modified SnO> NWs in which DNA hybridization is performed
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As for the bare SnO2 NWs, two semicircles are observed in all the impedance curves. However,
significant differences in electrochemical behavior are observed upon the stepwise modification
of the SnO> NW electrode.

e As for the nanoporous SnO; films, the deposition of the APTES leads to an increase of the
impedance of the electrode, probably due to the fact that APTES is a non charged-layer
and acts as a blocking or passivating thin layer.

e A drastic decrease in the impedance is observed after immobilization of DNA probes.
Similar trend was observed for nanoporous films.

e Finally, contrarily to the nanoporous SnO, films, with the capture of the complementary
DNA targets, the diameter of the second semicircle increases considerably, depending
on the concentration of DNA target. Besides, the first semicircle at higher frequencies
varies negligibly upon DNA hybridization. This general behavior is systematically found
whatever the target DN A concentration, showing the reproducibility of the samples and the
functionalization process.

As for the bare SnO> NW, the impedance curves are best fitted with the equivalent circuit
Re(R1,Q1)(R2Q2). It is reminded that the deposit of SnO, NWs on ITO electrode surface is
discontinuous (Figure 4.10). The first R1C; (extracted from Q1) circuit reflects the small semicircle
at high frequency region induced by the polarization at the ITO/electrolyte interfaces. The second
R>C; (extracted from Q2) circuit accounts for the big semicircle at low frequency region, which is
caused by the polarization at the SnO/electrolyte interface. The modeling parameters of the
equivalent circuit are presented in Table 4.7.

Table 4.7: Different resistance values, R., R; and R>, calculated from the use of the equivalent
circuit for Nyquist plot modeling obtained for DNA modified SnO> NW electrode.

Ctarget Re (Q) Ri1 (Q) R2 (Q)
(LM) | silanized | ssDNA | dsDNA | silanized | ssDNA | dsDNA | silanized | ssDNA | dsDNA
2.0 99.23 97.8 97.5 1435 1752 1814 | 38924 | 12564 | 24843

1.0 107.12 | 96.8 97.5 1663 2101 2083 42111 | 12431 | 22022

0.5 106.84 98.4 97.5 1444 1955 2160 | 38924 | 12588 | 17796

0.1 106.65 97.1 90.65 1657 1994 1907 39994 | 13605 | 17955

0.01 | 106.80 96.6 97.0 1636 2183 2068 | 40057 | 10748 | 12152

0.002 - 97.9 97.9 - 1807 1793 - 13479 | 14124

(* For all the complete fitting data, see Annex2-Bl)
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The resistances Re increase from 98+1.5 Q for the bare electrodes to ~106 Q for the
silanized electrodes. Its value then decreases to 97.5 £1.0 Q after DNA probe grafting and
keeps the same upon DN A hybridization.

The resistance R; of the ITO/electrolyte interface does not change significantly upon
hybridization. AR{/R is about 1%.

The increase of R, upon DNA hybridization is the most striking result. This increase is
97% for Crarget of 2 uM, and 13% for Ciarget 0f 0.01 uM. The complete evolution of AR2/R:
as a function of DNA target concentration is plotted in Figure 4.12. The increase of the R»
upon hybridization can be linked to a field effect phenomenon as discussed in the case of
micrometer-thick nanoporous SnO» films, notably, regarding the evolution of the first
semicircle (part 3.1.4.1). The accumulation of more negative charges after DNA
hybridization induces an increase of the thickness of the space charge layer in the sub-
surface of the SnO, NWs. As a result, the impedance increases.

Moreover, we have tested with lower concentration at 2 nM but a negligible change of R, about
4%, 1s found.
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Figure 4.12: Evolution of the charge transfer resistance AR>/R: of the biomodified SnO> NWs as
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4.2.1.2 Fluorescence response signals

For each sample, the impedance results are systematically confirmed by fluorescence
measurements. Figure 4.13 exhibits the corresponding fluorescence micrographs. A big difference
in fluorescence intensity is found between the region where DN A probes are immobilized and the
rest part of the electrode surface. It proves the successful hybridization between the
complementary targets and the immobilized DNA probe. Similarly to nanoporous SnO> films, the
fluorescence distribution inside the DNA drop is discrete and non-continuous with many bright
spots inside fluorescence region.

Exposure time: 1s

! 460 -
Ctarget =2.0 MM Ctarget =1.0 HM

Exposure time: 2s

Ctargct — 05 l,lM Ctarget = 01 },LM

Exposure time: 2s Exposure time: 5s

360 380

Ctargct e 001 “M Ctarget > 0002 HM

Figure 4.13: Fluorescence micrographs after complementary hybridization with Cy3 labeled
DNA targets with different concentration going from 10 nM to 2.0 uM on SnO> NWs electrode.

169



Chapter IV: Label-free DNA biosensor based on SnO> NWs

Indeed, the top-view SEM images of the SnO> NWs deposit (Figure 4.4) revealed the
simultaneous formation of nanoparticles along with NWs. Because of their difference in
morphology, they do not show the same sensitivity to the DNA hybridization. With a higher
specific surface area, the fluorescence should be more intense on a NW. Each brighter spot could
correspond to one NW or a group of them. Besides, a gradient in fluorescence intensity is observed
at the drop border. It results from an important capillarity effect which was already observed for
nanoporous SnO; film (Figure 3.20). The deposited SnO, NWs is highly hydrophilic even after
silanization was carried out. Importantly, by increasing the acquisition time to 5 seconds, the DNA
hybridization could be traced by the fluorescence microscopy for the DN A target concentration of
2 nM. The result demonstrates the high sensitivity to the detection of DNA hybridization on SnO»
NWs. The average fluorescence signal intensity increases with the DNA target concentration
(Figure 4.14).
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Figure 4.14: Fluorescence intensity of bio-modified SnO> NWs after DNA hybridization as a
function of DNA target concentration.

The confocal laser microscope is used to observe the repartition of DNA molecules on the SnO»
NWs. Figure 4.15 presents a 3D view of the surface which is created by assembling fluorescence
pictures took from 15 consecutive focusing plans with a step of 0.41 um. When the focusing plan
is far away from the ground, the fluorescence intensity of the SnO» nanoparticles on the surface
decreases while the one of the NWs does not change. It is noted that the height of the fluorescence
signal is always much higher than that of the NWs due to vertical light scattering effect. In our
case, the length of the NWs is about 1.0 um and the fluorescence is still visible up to 4.0 um away
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from the surface. From this result, an important conclusion can be drawn. The DNA molecules are
successfully immobilized along the SnO2 NWs.

Figure 4.15: 3D constructed view of fluorescent DNA on SnO> NWs at different scales obtained

by confocal scanning laser fluorescence microscopy with DNA target concentration of 0.5 uM.

In conclusion, contrary to nanoporous films, both the electrical and optical signals show a similar
tendency (Figure 4.16). The limit of impedance detection is 10 nM. On the other hand, a lower
DNA target concentration of 2 nM could be detected on the SnO, NWs layer by fluorescence
microscopy. Importantly, from 3D view using confocal scanning laser fluorescence microscopy it
is found that DNA molecules are mainly located along the SnO> NWs.
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Figure 4.16: Evolution of the charge transfer resistance AR2/R> and the fluorescence intensity of
the biomodified SnO> NWs as a function of target DNA concentration.

4.2.2 Selectivity of SnO2 NWs based DNA biosensors

The selectivity of the process on the SnO> NWs based DNA sensor has also been tested as for
nanoporous SnO; thin films by performing hybridization with non-complementary, 1- and 2-base
mismatch DNA target molecules, the formula of which are detailed in experimental part. The
experiments are performed with the same process and the DNA target concentration is fixed at 2
UM. The processing parameters are detailed in Table 4.8.

Table 4.8: Parameters of the functionalization and impedance measurement processes

Functionalization parameters Impedance measurement parameters
Silanization Cprobe | Clarger Types of DNA Hybridization | Frequency | Modula- | Applied
(uM) | (uM) larget buffer range tion voltage
non-complementary | 0.5 M NaCl 0.5V
Vaporphase |y |50 || pasemismatch | 0.01MPBS | omHzto gy | T
deposition _ 200 kHz (vs. ref)
2-base mismatch (pH=7.0)
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4.2.2.1 Impedance response signals

Figure 4.17 shows the Nyquist plots of the bio-modifed SnO> NWs before and after DNA
hybridization with different kinds of DNA target molecules: 1-base mismatch, 2-base mismatch
and non complementary. Two semicircles are observed in all the impedance curves. Whatever the
DNA target molecules, the impedance increases upon DNA hybridization following the general

behavior

of SnO> NWs based DNA sensor.

The impedance curves are fitted with the equivalent circuit Re(R1,Q1)(R2Q2) and the modeling
parameters of the equivalent circuit are presented in Table 4.9.

3.0x10* T T T T T T T T T
I —®—ss DNA
25x10° b —® ds DNA: 1-base-mismatch target i
2.0x10* B
g
=
S 1.5x10* E
S
=)
= 1.0x10* | B
N
pe ¥ o \
5.0x10° . .
00 1 1 1 1 1
0.0 5.0x10°  1.0x10* 1.5x10* 2.0x10* 2.5x10" 3.0x10"
Re(Z) (Ohm)
3.0x10* T T T T T
| —®—ss DNA
2 sxl0' | @ ds DNA: non-complementary i
2.0x10* | i
g
=
Q 1.5x10* F -
S
=
= 1.0x10° | B
5.0x10° B
0.0 L
0.0 5.0x10°  1.0x10* 1.5x10* 2.0x10" 2.5x10° 3.0x
Re(Z) (Ohm)

3.0x10*
2.5x10*
"

2.0x10

1.5x10*

-Im(Z) (Ohm)

1.0x10*

5.0x10°

0.0

0.0

T T T T T T T T T T
| —®—ss DNA
| —®— ds DNA: 2-base-mismatch target

JP N
. P L o

5.0x10°  1.0x10° 1.5x10* 2.0x10" 2.5x10°
Re(Z) (Ohm)

3.0x10"

Figure 4.17: Nyquist plots of bio-modified
SnO; NWs in which DNA hybridization is
performed with different kinds of DNA target.
EIS measurements are performed at voltage of
-0.5V (vs. ref).
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Table 4.9: Different resistance values R., R; and R; of the equivalent circuit used for Nyquist
plot modeling for the impedance curves obtained at applied voltage of -0.5 V (vs. ref).

DNA target Re (Q) Ri () ARY/R: R (Q2) AR:/R:
molecules ssDNA | dsDNA | ssDNA | dsDNA | (%) | ssDNA | dsDNA | (%)
1-base mismatch 90.89 90.81 3353 3253 0 13564 17345 27+3
2-base mismatch 97.08 90.65 2515 2679 1 14494 16977 19+3
Non-complementary 91.02 91.24 3301 3314 0 10967 | 11733 612

(* For all the complete fitting data, see Annex2-B2)

The evolution of the charge transfer resistance AR2/R; of bio-modified SnO, NWs upon DNA
hybridization with different types of DNA targets is reported in Figure 4.18. Reductions of 72%
of impedance signal between fully complementary and 1-base mismatch and 80% in the case of 2-
base mismatch are obtained, respectively. Finally, a negligible increase (6%) of R is found in case
of non-complementary hybridization. It can be concluded that the process on SnO> NWs shows a
high selectivity to DNA hybridization. We can note that these reduction values are higher than
those obtained for 220 nm-thick nanoporous film. It indicates that the SnO, NWs are more efficient

for the selectivity.
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Figure 4.18: Relative EIS and fluorescence signals (in comparison to fully complementary
hybridization) when DNA hybridization are performed with different types of DNA target: 1-, 2-
base mismatch and non-complementary.
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4.2.2.2 Fluorescence response signals

The selectivity of the process on the SnO> NWs has also been studied optically by fluorescence
microscopy. Figure 4.18 presents the different fluorescence signal intensity obtained for different
types of DNA target molecules. In agreement with impedance results, the fluorescence intensity
drastically decreases of 88% and 94% when 1 - and 2-base mismatch DNA targets are used. Finally,
in the case of non complementary target, the area where the DNA probes are immobilized could
not be traced even when the high resolution laser scanning fluorescence microscopy is used.

In conclusion, both impedance and fluorescence results have demonstrated the high selectivity of
the process on SnO> NWs to detect DNA hybridization.

4.3 Comparisons of the response signals to DNA hybridization according to
the different morphologies of SnQO: electrodes

Three kinds of comparison can be made from the impedance variation upon DNA hybridization
following the 3D or 1D nanostructure morphology.

4.3.1 Comparison 1: Hybridization-induced impedance changes

Typical Nyquist plots obtained from the DNA probe grafted SnO, electrodes (i) before and (ii)
after complementary DNA hybridization are showed in Figure 4.19. In order to compare with the
behavior ofa 2D surface, we have reported the previous results of impedance obtained by A. Zebda
[6] in Figure 4.19d.

The tendency of impedance change induced by DNA hybridization is different according to the
morphologies. Indeed, the impedance measurements show that DNA hybridization induces a
decrease in the diameter of the large semicircle for both 3D-SnO, nanoporous micrometer- (Figure
4.19 a) and 3D-nanometer-thick films (Figure 4.19 b), while, an opposite tendency is obtained for
both the 1D-SnO> NWs (Figure 4.19¢) and 2D-SnO; dense surface film (Figure 4.19 d). In this
case, a systematic increase of the semicircle diameter is obtained upon DNA hybridization.
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Figure 4.19: Evolution of Nyquist plots of ssDNA probe grafted SnO; electrodes (i) before and
(ii) after complementary DNA hybridization, in the case of (a) micrometer and (b) nanometer
thick 3D nanoporous films, (c) 1D nanowires, (d) 2D dense film surface [6].

To explain these different tendencies, we consider that the interfacial charge distribution is
different according to the morphology.

As schematically depicted in Figure 4.20, in the case of 3D-nanoporous films, the DNA strands
and the ionic species are located within the film thickness, while both in the case of 1D-NW and
2D-dense film, the DNA and ionic species are located above the film surface. As a result, their
local and immediate environment is completely different.
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Figure 4.20: Schema of the electrode/electrolyte interfaces following the different
nanostructured SnQ; electrodes: 3D (nanoporous), 1D (nanowires) and 2D surface.

In the case of 3D-nanoporous films, as already discussed in previous chapter (part 3.1.4), the
decrease of the impedance upon DNA hybridization can be explained by some external
phenomena. Notably, the hydrophilic character of ds-DNA can partially facilitate the ionic species
of electrolyte to reach the electrode surface following their infiltration into the porous structure.
As a result, the impedance decreases.

In the case of 1D NWs and 2D dense film surface, other phenomena contribute to the increase of
the impedance. First we suggest that a low dimensional environment such as 1D or 2D-surface
reduces the possibility of charge exchanges at the electrode surface. Besides, as it was previously
described for 2D-surfaces [6], the increase of the impedance upon DNA hybridization in the case
of ID-NWs can be originated from a field effect phenomenon. By this way, the negative charges
of DNA strands grafted on the NW surface repel the electrons within the NW from the sub-surface
into the bulk of the NW, resulting in an increase of the space charge layer resistance and in the

impedance.

4.3.2 Comparison 2: Sensitivity

The sensitivity of the DNA sensors based on these different SnO> morphologies is compared. In
Table 4.10, we report the impedance changes upon DNA hybridization when decreasing the DNA
target concentration for all the morphologies. At a DNA target concentration of 2.0 uM, the
impedance change upon DNA hybridization is more important for the 1D SnO, NWs than for the
3D-nanoporous film.

By performing complementary hybridization at lower DN A target concentrations, we observe that
the EIS detection limit of the 3D-nanoporous nm-thick film is 10 nM, while the 1D-SnO> NWs
can reach down to 2 nM. Besides, at each DNA target concentration, the 1D-SnO, NWs-electrode
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gives higher fluorescence signal than that of 3D-nanoporous nm-thick film. This shows a higher
sensitivity in the case of the 1D morphology than for the 3D one.

Table 4.10: Sensitivity of DNA sensors based on different nanostructured SnO; electrodes from
both EIS and fluorescence signals.

3D-nanoporous | 3D-nanoporous
Con et | m-thick film am-thick film 1D-SnO2 NWs 2D-dense film
(uM) AR2/R> Ir ARI/R; Ir AR2/R2 Ir ARI/Ry Ir
%) | @uw) | %) | (auw) (%) (a.u.) %) | (auw)
2100+ .
2.0 2945 200 -63+5 | 850450 | 9745 1950+300 Not studied
1.0 -48+5 | 450+£70 | 7745 12604+200 | 50+20 -
0.5 -33+£3 | 350440 | 41£5 850+100
) -18+ + + +
0.1 Not studied 1843 | 180430 | 3244 320£50 .
0.01 1143 | 120430 | 13+2 | 100420 Not studied
negli- | negli-
0.002 gible gible 4+2 10+2

From the Table 4.10, compared to the 2D-surface, the 1D-N'W morphology seems to provide a
higher sensitivity fora DNA concentration of 1 uM. However the gap is quite low as the difference
is in the order of experimental errors. This implies that further investigations should focus on (i) a
better control of both density and shape ratio of the NWs, and on (ii) a thorough study of the
relationship between the NW characteristics and the signal response upon DNA hybridization in
order to enhance the field effect phenomenon and thus the sensitivity of the device.

4.3.3 Comparison 3: Selectivity

Both impedance and fluorescence measurements confirm the high selectivity of the hybridization
process on both nanostructured SnO» electrodes: 3D nanoporous nm-thick film and NWs. The
obtained results (see table 4-11) show a good correlation between the response signals of both
electrical and optical detections according to the different kinds of hybridization.
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Table 4.11: Selectivity of DNA sensors based on different nanostructured SnO; electrodes

Types of DNA 3D nanoporous 1D SnO» NWs
2
target CDNA target nm-thick film
(uM) AR decrease” | Irdecrease” | AR decrease’ Ir decrease”
(%) (%) (%) (%)
1-base mismatch 5845 8143 7245 88+5
2-base mismatch 20 7145 8913 8015 94+5
non- 9142 9942 9443 -
complementary

(* the decrease of the response signal is compared to that of complementary hybridization with
the same DNA target concentration of 2 uM)
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CONCLUSIONS

We performed the cathodic electrodeposition of SnO» nanostructured films. By changing relevant
deposition parameters, two kinds of nanostructures are obtained: 3D nanoporous films and 1D
nanowires. Both nanostructured films have been characterized in terms of morphology,
microstructure and electrochemical properties. Then they were successfully functionalized to study
DNA hybridization signal by EIS and fluorescence measurements. In the following, we summarize
the different results obtained.

The 3D nanoporous films are deposited under a potentiostatic regime. The film thickness can be
varied by either the deposition voltage or the passed charge density. On the one hand, by decreasing
the deposition potential from -0.5 to -1.0 V (vs. Ag/AgCl) at a fixed deposition time (300 sec),
micrometer thick films are obtained. Their thickness ranges from 2 to 4 um. On the other hand, by
increasing the charge density from 0.2 to 3.9 C/cm? at a fixed potential (-1.0 V), a wide range of
film thicknesses can be obtained, ranging from 220 nm to 4.2 pm.

In this range of film thickness, the films are composed of numerous nanoparticles, the size of which
is comprised between 5 to 15 nm. The pore size ranges from 10 nm to several hundred nm.
However, from SEM observations, the nanometer thick films reveal denser and more compact
nanoporous morphology than the micrometer thick films. Whatever the film thickness, the study
of the XRD patterns reveals a poorly crystallized tetragonal SnO, phase. The chemical
composition of the extreme surface deduced by XPS shows an oxygen depleted stochiometry. A
decrease of the impedance, and more particularly of the calculated charge-transfer, is obtained
when the film thickness increases in agreement with an increase in the surface area of the electrode
accessible to the electrolyte.

For this whole range of nanoporous film thicknesses, DNA hybridization leads to a systematic
decrease of the calculated charge-transfer resistance. The signal strongly depends on the film
thickness up to a threshold value of about 1.0 um, above which no significant variation is observed.
The thinnest films (220 nm) provide the highest variation.

A strictly opposite tendency is found for fluorescence signal detection. Indeed, it increases with
the film thickness and does not change significantly above 1 um. 3D-constructed views obtained
by confocal scanning laser fluorescence microscopy demonstrated that the target DNA molecules
infiltrate within the film and successfully hybridized inside the nanoporous structure.

The comparison between the liquid and vapor phase processes for APTES grafting has been
performed on the thinnest nanoporous SnO; films. It reveals that the vapor-phase method is more
effective than the solution method in penetrating into the nanopores of the films. As a result, the
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DNA sensors built on vapor-treated silane layers exhibit a higher sensitivity than those treated by
liquid phase. The EIS detection limit is 10 nM of DNA target concentration. The obtained response
signals from 1- and 2-base mismatch DNA hybridizations demonstrated the selectivity of the
process.

To the best of our knowledge, this is the first time that 1D nanowire nanostructures were
fabricated by a template-free process. The latter is a two step deposition process which involves
(1) the electrodeposition under a galvanostatic mode of Sn nanowires followed by (ii) a thermal
oxidizing process. The resulting SnO, nanowires are found in a population of round and well-
defined nanocrystallites. They exhibit a shape ratio ranging from 4 to 7. Their diameter ranges
from 140 to 250 nm and their lengths from 500 to 850 nm. The study of their microstructure
revealed a dense and monocrystalline structure with a strong <110> preferred orientation.

Contrary to the 3D nanoporous films, the DNA hybridization performed on these 1D
nanostructures induces a systematic increase of the charge-transfer resistance, depending on the
DNA target concentration. Importantly, from 3D view obtained by confocal scanning laser
fluorescence microscopy, it is found that DNA molecules are mainly located along the SnO> NWs.
Both the electrical and optical signals showed higher variations upon DNA hybridization than in
the case of the thinnest nanoporous films. The EIS detection limit is 2 nM. Finally, similarly to the
thinnest nanoporous SnO: films, the impedance and fluorescence measurements for 1- and 2-base
mismatch hybridizations demonstrated the selectivity of the process.

From a more general point of view, this strongly experimental study emphasizes the importance
of both the microstructural and morphological organizations of the sensing material on the
impedimetric signal upon DNA hybridization. Indeed, following the dimensionality of the
nanostructure, the EIS signal can be completely different and opposite in relation with either
external or internal causes, as illustrated in the present work.

Indeed, similarly to the previous study of A. Zebda on polycrystalline and dense 2D SnO» surfaces,
in the present case, the EIS response signal obtained from monocrystalline 1D nanowires shows
an increase of the impedance. It is explained by an internal cause, namely, the field effect
phenomenon. The addition of negatively charged DNA molecules upon hybridization leads to an
increase of the space charge layer thickness at the nanowire surface. On the contrary, in the case
of a quasi-amorphous 3D nanoporous matrix, the DNA hybridization leads to a decrease of the
impedance. In this case, the field effect does not play any predominant role. This decrease is
explained by an external cause: the penetration of hydrophilic and charged double-stranded DNA
molecules within the nanoporous matrix volume. This enhances the transport of ionic species
inside the electrode volume. As a result, the impedance of this complex interface is reduced.
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Further studies should be conducted to investigate in more detail the exact influence of the sensing
matrix morphology: pore and nanoparticle sizes as well as their density in the case of nanoporous
morphology, density and shape ratio in the case of nanowire morphology... Besides,
computational modeling and simulation of the local electric field involving the ion distribution as
well as the DNA distribution within the different nanostructures would help to predict and
understand the impedance behavior.

SnO> nanowires seem to be promising transduction elements for impedance signal upon DNA
hybridization. Beyond the biosensor field, other kinds of sensors such as pH or gas sensors, or
other application fields such as energy storage could benefit from such sensing materials. That is
why it would be interesting to go further in the control of their fabrication using the successful
process of template-free electrodeposition that we developed in this study. Indeed, the influence
of fabrication parameters regarding the electrodeposition and annealing steps should be analyzed.
It could open the way for further experiments to obtain a better control of their morphology and
shape ratio, as well as their electrical properties by the introduction of doping elements.
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ANNEXES

Annex 1: Nyquist plots of for the SnO; nanoporous films potentiostatically
electrodeposited at -0.6, -0.7, -0.8 and -0.9V (vs. Ag/AgCl) for 5 min.
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Nyquist plots for the SnO: nanoporous films potentiostatically electrodeposited at -0.6, -0.7, -0.8
and -0.9V (vs. Ag/AgCl) for 5 min. The impedance curves are recorded at potential ranging from
-0.5 and 0.5 V (vs. ref).
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Annex 2: Equivalent fitting parameters

A. Nanoporous films

e At applied potential of -0.5 V (vs. ref)

Al. Micrometers thick-films: Influence of deposition potential

Deposition Thickness Steps Re Ri Ci o R C2 o
potential (um) P @ | @ |@p | * | @ @) | *
Bare film - - - - - - -
05V 1.95 Silanization - - - - - - -
(vs. Ag/AgCl) ’ ss-DNA 67.8 | 2130 | 71.2 | 0.774 | 10927 | 133 1
ds-DNA 702 | 2221 663 | 0.779 | 7388 156 1
Deposition Thickness Steps Re Ri Ci o R2 C oo
potential (um) P @ | @ | @p Q) | (uF)
Bare film 67.1 | 1694 | 158 | 0930 | 3143 244 | 0.755
0.6V 268 Silanization | 604 | 156.2 | 13.1 1 9571 189 | 0.759
(vs. Ag/AgCl) ' ss-DNA 66.5 | 102.4 | 21.7 | 0.877 | 7712 | 208 | 0.763
ds-DNA 684 | 109.2 6.5 0.995 | 4257 361 | 0.802
Deposition Thickness Steps Re Ri Ci o R C2 o
potential (um) P @ | @ | @h| ™ @ @
Bare film 628 | 1979 | 1681 | 0.886 | 2692 | 296 | 0.790
0.7V 291 Silanization | 76.1 | 140.0 | 60.6 | 0.737 | 10254 | 140 | 0.750
(vs. Ag/AgCl) ) ss-DNA 673 | 637.1 19.5 | 0.874 | 7242 133 | 0.723
ds-DNA 658 | 699.2 | 18.1 | 0.886 | 4482 | 202 | 0.798
Deposition Thickness Steps Re Ri Ci o R C2 “
potential (m) P @ | @ | @) | Y| @ |w| *
Bare film 69.8 | 488.3 | 29.5 | 0.866 | 13837 | 243 | 0.631
08V 305 Silanization | 60.1 | 330.6 | 923 | 0.765 | 24569 | 137 | 0.779
(vs. Ag/AgCl) ’ ss-DNA 713 | 248.7 | 31.5 | 0.816 | 7908 199 | 0.780
ds-DNA 74.1 | 337.2 | 260 | 0.787 | 3729 | 258 | 0.833
Deposition Thickness Stens Re Ri Ci @ R C2 o
potential (um) P @ | @ | @ Q) | (uF)
Bare film 68.6 | 180.2 | 19.5 | 0.960 | 2070 | 290 | 0.741
09V 47 Silanization | 76.8 | 679.1 | 26.8 | 0.890 | 16972 | 86.7 | 0.703
(vs. Ag/AgCl) ' ss-DNA 65.1 | 1509 | 21.5 | 0.950 | 11156 | 90.2 | 0.753
ds-DNA 673 1648 199 | 0.830 | 8794 116 | 0.887
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Deposition Thickness Steps Re Ri Ci o R C “
potential (um) P @ | @ | @) | Y@ @ | *
Bare film | 62.8 | 120.5 | 21.7 | 0.894 | 2955 | 359 | 0.758
LoV 407 Silanization | 67.4 | 139.7 | 44.5 [ 0.791 | 10946 | 107 | 0.792
(vs. Ag/AgCl) ' ss-DNA 66.6 | 7939 | 28.8 | 0.996 | 8821 | 227 | 0.739
ds-DNA | 61.3 | 101.7 | 13.7 | 0.838 | 5027 | 240 | 0.794
e At applied potential of -0.4 V (vs. ref)
Deposition Thickness Steps Re Ri Ci w R> C2 o
potential (um) P @ | @ | @p Q) | (uF)
Bare film - - - - - - -
05V 1.95 Silanization - - - - - - -
(vs. Ag/AgCl) ' sssDNA | 68.0 | 6913 | 624 | 0.728 | 53656 | 57.5 | 1
ds-DNA | 713 | 5330 | 46.5 | 0.737 | 43789 | 74.5 | 0.917
Deposition Thickness Steps Re Ri Ci “ R> C2 o
potential (um) P @ | @ | @p| ¥ | @ @) | *
Bare film | 67.1 | 1283 | 10.1 | 0949 | - - -
0.6V 5 68 Silanization | 60.6 | 1924 | 84.9 | 0.831 | 34606 | 53.6 | 0.875
(vs. Ag/AgCl) : sssDNA | 66.6 | 2005 | 72.8 | 0.875 | 19771 | 62.9 | 0.838
ds-DNA | 68.5 | 2694 | 60.0 | 0.653 | 13057 | 89.2 | 0.904
Deposition Thickness Steps Re Ri Ci o R C2 o
potential (um) P @ | @ | @) | ™ | @ |@)| *
Bare film | 62.8 | 1260 | 104 | 0931 | - - -
0.7V 501 Silanization | 76.2 | 7757 | 10.1 | 0.774 | 33019 | 69.5 | 0.987
(vs. Ag/AgCl) ' sssDNA | 69.2 | 9632 | 31.4 [ 0.790 | 25147 | 56.0 | 0.889
ds-DNA | 67.1 | 10402 | 29.3 | 0.758 | 19541 | 54.7 | 0.943
Deposition Thickness Stens Re Ri Ci @ R C2 oo
potential (1m) P Q) | () | (uF) () | (uF)
Bare film | 67.6 | 1473 | 100 | 0933 | - - -
08V 305 Silanization | 60.2 | 2760 | 68.1 | 0.795 | 81318 | 30.3 | 0.853
(vs. Ag/AgCl) : sssDNA | 713 | 4629 | 33.6 | 0.799 | 32585 | 47.1 | 0.852
ds-DNA | 74.1 | 5408 | 24.7 | 0.820 | 14696 | 62.9 | 0.906
Deposition Thickness Steps Re Ri Ci “ R C2 o
potential (um) P @ | @ |@p| ¥ | @ @] ¥
Bare film | 68.7 [ 1320 | 12.1 | 0917 | - - -
09V 42 Silanization | 76.9 | 2981 | 57.2 | 0.810 | 53469 | 42.6 | 0.881
(vs. Ag/AgCl) ' sssDNA | 652 | 7085 | 43.8 | 0.728 | 43352 | 59.8 | 1
ds-DNA | 67.3 | 9076 | 334 | 0.780 | 40929 | 574 [ 1
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Deposition Thickness Steps Re Ri Ci o R C2 o
potential (m) P @ | @ | @p| ¥ | @ @ *
Bare film 62.7 | 1194 | 12.7 | 0.909 - - -
-10V 407 Silanization | 67.4 | 1338 | 303 | 0.832 | 51917 | 60.1 | 0.887
(vs. Ag/AgCl) ' ss-DNA | 66.7 | 1049 | 396 | 1 | 41013 | 57.1 | 0.763
ds-DNA 613 | 2201 | 163 | 0.742 | 16620 | 67.1 | 0.933

A2. From nanometer to micrometer-thick films: Influence of passed charge
density

e Complementary hybridization

Passed charge density Thickness Re Ri
(Clem?) (um) Steps e @) Ci (uF) ou
Bare film 64.6 84782 234 0.779
Silanization | 70.6 146577 23.1 0.778
02 220420 ssDNA | 689 | 51974 | 206 | 0.904
ds-DNA 68.4 24743 26.5 0.878
Passed charge density Thickness Re Ri
(Clem?) (um) Steps @ Q) Ci (uF) ou
Bare film 704 66496 26.3 0.772
Silanization | 69.8 115162 24.5 0.858
04 38020 ss-DNA 64.3 95137 28.9 0.838
ds-DNA 67.6 43301 323 0.878
Passed charge density Thickness Re Ri
(Clem?) (um) Steps @ | @ |GW |
Bare film 73.9 21276 38.15 | 0.829
Silanization | 66.4 41176 3846 | 0.840
08 940+40 ss-DNA 63.7 23047 43.76 | 0.854
ds-DNA 68.1 15413 45.15 | 0.848
Passed charge | Thickness R R, C R G,
density (um) Steps . ol o
o) @ | @ | (P @ | @
Bare film 764 | 230.9 | 107.3 1 4025 | 539 | 0.620
Silanization - - - - - - -
+
39 42104300 ss-DNA 72.8 - - - 7381 | 233 | 0.869
ds-DNA 70.0 - - - 4816 | 248 | 0.868
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e Non-complementary hybridization

Passed charge density | Thickness Re Ri
(Clemd) (um) Steps Q) Q) Ci (uF) o
Bare film 74.0 87250 16.8 0919
Silanization | 71.6 136078 23.0 0.784
+
02 22020 ss-DNA 68.9 45541 20.6 0912
ds-DNA 64.6 42543 18.3 0.899
Passed charge density | Thickness Re Ri
(Clem?) (um) Steps Q) Q) Ci (uF) o
Bare film 73.9 67596 26.5 0.737
Silanization | 59.69 127038 24.5 0.831
04 380420 ss-DNA 69.1 101959 29.5 0.804
ds-DNA 65.9 95300 28.4 0.871
Passed charge density | Thickness Re Ri
(Clemd) (um) Steps Q) @ | CWh o
Bare film 70.5 20486 10.5 0.775
Silanization | 65.7 56258 35.5 0.841
08 940%40 ss-DNA 69.3 28471 37.0 0.867
ds-DNA 75.9 26605 36.5 0.879
Passed charge | Thickness R R C R G,
density (um) Steps . ol o
Bare film 79.6 | 552 528 | 0.796 | 5464 | 923 | 0.749
Silanization | 66.5 - - - 25377 | 133 | 0.849
39 42104300 ss-DNA 65.8 - - - 7665 | 277 | 0.798
ds-DNA 70.3 - - - 7910 | 101 | 0.815

A3. Nanometer-thick films: Influence of deposition potential

e Complementary hybridization

Deposition potential | Thickness Steps Re Ri Ci o
(vs. Ag/AgCl) (um) P @ | @ | @) |
Bare film | 704 | 53382 | 24.8 | 0.769
05V No Silanization | 65.0 | 70784 | 24.8 | 0.792
ss-DNA 66.9 | 39875 | 21.4 | 0.820
ds-DNA 67.0 | 25125 | 24.2 | 0.865
Deposition potential | Thickness Steps Re Ri Ci @
(vs. Ag/AgCl) (m) P @ | @ | P
Bare film | 70.0 | 29489 | 20.1 | 0.765
Silanization | 68.9 | 78336 | 19.6 | 0.899
06V 24020 ss-DNA 71.2 | 32788 | 29.2 | 0.900
ds-DNA 679 | 16411 | 29.5 | 0.894
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Deposition potential | Thickness Steps Re Ri Ci
(vs. Ag/AgCl) (um) @ | (@ | WP
Bare film 61.7 | 37204 | 29.7 | 0.808
Silanization | 71.3 | 93694 | 21.4 | 0.863
08V 2700200 T CDNA | 740 | 49564 | 259 | 0.851
ds-DNA 69.5 | 29737 | 26.7 | 0.845
e Non-complementary hybridization
Deposition potential | Thickness Steps Re Ri Ci
(vs. Ag/AgCl) (um) P Q@ | (@ | @p
Bare film 66.7 | 57640 | 28.1 | 0.754
05V N Silanization | 68.3 | 72576 | 19.3 | 0.817
e 0 ss-DNA 66.1 | 41534 | 242 | 0.819
ds-DNA 682 | 40163 | 234 | 0.845
Ad. Sensitivity
e Liquid phase deposition
Thickness Clarget
Steps Re (O Ri (Q Ci (uF a
Bare film 64.6 97419 23.7 0.762
Silanization 66.3 144626 20.1 0.916
220420 1.0 s-DNA 687 | 47492 207 | 0.893
ds-DNA 64.0 34015 24.8 0.886
Thickness Clarget
Steps R. (Q2 Ri (Q Ci (uF o
o o P @ | R@©@ | (uF) :
Bare film 63.8 97926 22.8 0.800
Silanization 66.5 151935 223 0.869
220420 0.5 ss-DNA 69.0 45305 20.6 0911
ds-DNA 68.4 37707 23.0 0911
Thickness Crarget
Steps R. (Q2 Ri (Q Ci (uF o
() " p @ | R@ | G | o
Bare film 66.7 95509 21.7 0.818
Silanization 66.9 135238 18.0 0.932
220420 0.1 s-DNA 644 | 43923 204 | 0901
ds-DNA 66.2 41441 20.5 0.903




e  Vapor phase deposition

Thickness Crarget
Steps R. (2 Ri(Q Ci (uF a
o o p @ | R@ | C@H |
Bare film 78.5 96782 19.3 0.825
Silanization 69.9 432768 16.6 0.945
220420 2.0 ss-DNA 60.7 95137 17.6 0.946
ds-DNA 59.8 43301 19.5 0.941
Thickness Crarget
Steps R (Q2 Ri(Q Ci (uF a
Bare film 79.2 76453 19.1 0.824
Silanization 75.0 370740 14.7 0.930
220420 10 ss-DNA 74.6 147929 16.3 0.992
ds-DNA 73.8 76689 174 0.939
Thickness Clarget
Steps R (QQ Ri (Q Ci (uF o
Bare film 79.3 75310 194 0.811
Silanization 75.4 377590 14.6 0.929
220420 0.5 ss-DNA 73.0 143687 13.9 0.944
ds-DNA 72.3 97006 16.7 0.945
Thickness Ctarget
Steps Re (Q Ri (Q Ci (uF o
(um) (M) p Q) 1(Q) 1 (uF) 1
Bare film 79.2 81101 19.5 0.816
Silanization 71.7 416567 15.7 0.910
220420 0.1 ss-DNA 61.9 121467 12.7 0.939
ds-DNA 62.0 99531 13.9 0.941
Thickness Clarget
Steps Re (Q Ri (Q Ci (uF o
Bare film 80.8 79987 18.8 0.816
Silanization 74.9 393879 14.9 0.929
220420 0.01 ss-DNA 741 | 126847 165 | 0.945
ds-DNA 75.2 111929 16.8 0.948
AS. Selectivity
Thickness Type of Clarget
(um) DNA target | (uM) Steps R. (Q2) Ri () Ci (uF) o
Bare film 79.0 95298 221 0.829
1-base Silanization 74.9 330742 14.9 0.932
220420 mismatch 2 ss-DNA 62.2 115084 14.2 0.944
ds-DNA 64.3 97006 18.9 0.938
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Thickness Type of Ctarget
(um) DNA target | (uM) Steps R. (©2) Ri (Q2) Ci1 (uF) ou
Bare film 774 109335 22.5 0.791
2-base Silanization 749 347531 14.9 0.929
220420 mismatch 2 ss-DNA 74.6 86879 14.1 0.821
ds-DNA 72.9 61963 25.0 0.877
A6. Reusability
Thickness Crarget
Steps R. (Q Ri(Q Ci (uF o
(um) (M) p (9) 1(Q) 1 (UF) 1
ss-DNA 77.6 113123 19.3 0.825
1% ds-DNA 79.2 446752 16.6 0.945
1°* denaturation 68.6 141271 16.4 0.961
220420 2.0 25 ds-DNA 67.6 62274 18.0 0.926
2% denaturation 68.4 84119 18.3 0915
3 ds-DNA 66.4 61901 18.2 0.947
B. Nanowires
B1. Sensitivity
Ctarget Steps Re Rl Cl o R2 CZ o
1 2
(uM) @ | @ | @ @) | (uF)
Bare film 98.5 | 1807 | 32.0 | 0933 | 32894 | 649 | 0.898
20 Silanization | 99.2 | 1435 | 32.7 | 0912 | 38245 | 65.3 | 0915
’ ss-DNA 978 | 1752 | 31.8 | 0.990 | 12564 | 64.5 | 0.938
ds-DNA 975 | 1814 | 33.5 | 0.954 | 24843 | 51.7 | 0915
Ctarget Steps Re Rl Cl o RZ C2 o
1 2
(uM) @ | (@ | @ @ | (WP
Bare film 98.0 | 3287 | 36.5 | 0.872 | 37151 | 57.5 | 0.908
10 Silanization | 107.1 | 1663 | 32.0 | 0.946 | 42111 | 66.9 | 0.880
' ss-DNA 96.8 | 2101 | 324 | 0955 | 12431 | 74.0 | 0919
ds-DNA 97.5 | 2083 | 33.1 | 0.954 | 22022 | 61.2 | 0.904
Ctarget Steps Re R] Cl o RZ C2 o
1
(uM) @ | @ | @F) @ | (uP)
Bare film 99.0 | 1898 | 31.2 | 0.927 | 34259 | 60.3 | 0.912
0.5 Silanization | 106.8 | 1444 | 32.0 | 0.933 | 38924 | 64.9 | 0.898
' ss-DNA 984 | 1955 | 33.1 | 0952 | 12588 | 87.1 | 0.894
ds-DNA 97.5 | 2160 | 33.5 | 0.960 | 17796 | 63.9 | 0.905




Clarget Steps Re Ry Ci w R> C2 w
(uM) Q) | (@) | P Q) | (uF)
Bare film 982 | 2981 | 33.5 | 0.888 | 32706 | 584 | 0912
01 Silanization | 106.7 | 1657 | 31.8 | 0.946 | 39994 | 64.6 | 0.882
) ss-DNA 97.1 1994 | 32.1 | 0969 | 13605 | 83.1 0.878
ds-DNA 90.7 1907 | 332 | 0968 | 17955 | 69.1 0.891
Clarget Steps Re Ry Ci w R> C w
(M) @ | (@ | (P @ | Wh
Bare film 98.6 | 2704 | 31.0 | 0906 | 31324 | 589 | 0.912
0.01 Silanization | 106.7 | 1636 | 31.5 | 0.949 | 40507 | 63.0 | 0.881
) ss-DNA 96.6 | 2183 | 328 | 0.961 | 10748 | 88.3 | 0.894
ds-DNA 912 | 2068 | 27.1 | 0.959 | 10758 | 69.2 | 0.952
Clarget Steps Re Ry C w R> C oo
(uM) @ | (@ | up Q) | (uF)
0.002 ss-DNA 97.8 | 807.3 | 55.0 1 13479 | 54.0 | 0.850
' ds-DNA 95.6 | 793.6 | 59.1 1 14124 | 50.3 | 0.841
B2. Selectivity
Type of DNA Clarget Steps Re Ri Ci o R C2 o
target (LM) P @ | @ | @) Q) | (uP)

Non- 0.002 ss-DNA 91.02 | 3301 304 | 0.933 | 10967 | 85.8 | 0.922
complementary ’ ds-DNA 9124 | 3314 | 31.0 | 0948 | 11733 | 73.6 | 0.932
Type of Clarget Stens Re Ri Ci w R2 C2 o

DNA target | (uM) P Q@ | (@ | @p Q) | (WP
1- base 0.002 ss-DNA 90.89 | 3253 | 31.6 | 0956 | 13564 | 753 | 0.891
mismatch ’ ds-DNA 90.81 | 3353 | 334 | 0949 | 17345 | 64.5 | 0.902
Type of Clarget Stens Re Ri Ci “ R C2 o
DNA target | (uM) P @ | @ | @ | * @ |w| *
2- base 0.002 ss-DNA 97.08 | 2515 | 354 1 14494 | 81.0 | 0.821
mismatch ) ds-DNA 90.65 | 2679 | 386 | 0932 | 16977 | 514 | 0921
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