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GENERAL INTRODUCTION

1.1 INTRODUCTION TO CONDUCTING POLYMERS

Polymers are defined as compounds made of repeating units, called monomers.
During synthesis, or polymerization, the electronic configuration of monomers
is altered, inducing the formation of bonds and joining the monomers together
in a chainlike or network configuration. The diversity in monomers and their
derivatives gives rise to many types of polymeric materials, from natural to syn-
thetic. Thus, polymers are widely spread in nature as in the case of proteins
(polyamides), nucleic acids (polynucleotides), and polysaccharides, which are
fundamental elements for biological structures and functions (Figure 1.1a), but
also as part of other common materials such as amber, wool or silk, which have
been used for centuries in ornaments and clothing. Regarding synthetic poly-
mers, plastics are the most popular type, with examples as neoprene, nylon or
polystyrene, frequently used in our everyday life for instance in CD’s cases, bot-
tles, trays, etc. (Figure 1.1b).

Monomer unit

(@) (b)

Figure 1.1: Natural and synthetic polymers. a) Single stranded DNA, monomer unit high-
lighted in red. b) CD case made of polystyrene.
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A special group of polymers, named conducting polymers (CPs), have at-
tracted enormous interest over the last three decades due to their appealing elec-
trical properties, which allowed their application in a wide range of fields, from
electronics to biomedicine. First reports of conducting polymers are from 1862,
when Henry Letheby prepared polyaniline by the anodic oxidation of aniline,
showing conducting and electrochromic behaviors [1]. However, it was Heeger,
MacDiarmid and Shirakawa in 1977, who put conducting polymers into focus
due to their studies about oxidized iodine-doped polyacetylene [2]. They dis-
covered the large increase in the conductivity of polyacetylene after a doping
process, opening the door for their practical use in commercial applications and
for which they were awarded the Nobel Prize of Chemistry in 2000.

1.1.1  Origin of conducting polymers properties

The origin of the properties of conducting polymers is their conjugated structure.
This structure consists of a backbone formed of alternating single and double

bounds, as depicted in Figure 1.2 [3].

P VN N

Figure 1.2: Conjugated structure of polyacetylene, where it can be seen the alternation
of double and single bonds.

As shown in Figure 1.3, while single bonds (sigma, o) are strong and keep
electrons localized between two atoms, double bonds (pi, n) are weaker and leave

the electrons in lobes above and below the c-bonds.

o c-bond o o n-bond ()

Figure 1.3: Schematics of the single and double bonds existing in conducting polymers.

Since the neighboring n-bonds overlap, one electron for each atom remains
delocalized, giving these polymers an intrinsic metallic behaviour [4]. However,
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these one-dimensional materials are unstable and undergo a spontaneous dimer-
ization called Peierls distortion [5]. This distortion forces the bonds to alternate
between long and short, making the unit cell twice as long, opening a gap and
thus transforming conjugated polymers into intrinsic semiconductors. In conse-
quence, as in conventional intrinsic semiconductors, conducting polymers need
doping to reach high values of conductivity. In addition, conducting polymers
are generally synthesized by oxidative polymerization, through which the fab-
ricated polymer ends in the oxidized state. As a result, polymers require the
incorporation of negative ions (dopants or counter anions) to balance their pos-

itively charged backbone and maintain charge neutrality, as seen in Figure 1.4

[6].
[N~ (//—\ .

X oxidize
Figure 1.4: Charge balance of conducting polymers while synthesis.

Therefore, doping is not only a process required to obtain highly conducting
polymers, but it is also necessary to maintain stability and charge neutrality of
the polymer backbone.

Due to this charge balance requirement, conducting polymers are said to be
permeable to ions. They can be reversibly doped and de-doped during redox
processes, absorbing and desorbing ions coming from the electrolyte [7]. This
process includes volume variations and a good reversibility between their con-

ducting (oxidized form) and insulating states (reduced or neutral form).

1.2 APPLICATIONS FOR CONDUCTING POLYMERS

One of the most interesting properties of conducting polymers is the possibility
of tuning the electrical conductivity of the material over several orders of mag-
nitude by adjusting the synthetic parameters (dopant, solvent, synthetic method,
oxidation state, etc.). In addition, the wide availability of monomers, their inex-
pensive cost, the ease of processing, the good mechanical performance of poly-
mers, the wide range of functionalization possibilities, etc. [8], promote the use
of conducting polymers in many divergent fields as alternatives to conventional
inorganic materials.
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The combination of all these properties has opened a wide range of applica-
tions in which conducting polymers are routinely implemented. For instance,
the computer industry uses conducting polymers as coating for the insulators
contained in microcircuits, thus preventing the buildup of static electricity and
avoiding damage due to undesirable discharges. Other standard applications of
conducting polymers include their use as conductive adhesive materials, electro-
magnetic shielding, electrochemical actuators, etc. [8].

Here, some cutting-edge areas for the use of conducting polymers are pre-
sented in detail. Such leading areas include electronics, optoelectronics and bio-
medical devices [9]. The use of conducting polymers for biomedical applications
will be highlighted since is the main context for the development of this thesis.

1.2.1  Conducting polymers for electronics and optoelectronics

A Field Effect Transistor (FET) is an electronic component so named because a
small electrical signal applied to one of its electrodes (gate) creates an electric
field through the rest of the transistor. This field controls a current, traveling
between two other electrodes (source and drain), allowing its modulation. More-
over, the high input impedance provided by FETs avoids the loading of signal
sources, which makes them useful for almost any electronic application.

The ease of processing of conducting polymers make them ideal candidates
for the fabrication of FETs, with the perspective to obtain low-cost, large-area,
but most importantly, biocompatible (or in some applications biodegradable) and
flexible electronic devices. Conducting polymer-based FETs can be deposited and
patterned at room temperature by a combination of low-cost solution process-
ing and direct-write printing. This substantially reduces the cost of manufacture.
This kind of FETs have found applications in new technological areas[10], as for

instance in flexible displays (Figure 1.5).

Figure 1.5: Flexible display using polymer-based FETs.
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Other basic electronic component is the capacitor. In particular, supercapaci-
tors are electrochemical capacitor devices with very high capacitance values, a
virtually unlimited cycle life, fast and simple charging, low resistances and ex-
cellent low-temperature operation performance among others [11]. They have a
potential use for instance in electric vehicles, where they are used for recovery
energy from braking, but also in new portable and flexible electronic devices,
where it is strongly required to develop a next-generation of inexpensive, flexi-
ble, light-weight, and sustainable energy storage systems, with large energy and
power density [12].

Conducting polymers are used in a specific type of supercapacitors called
pseudocapacitors, which obtain their capacitance from the storage of charge in
the bulk of a redox material in response to a redox reaction [11]. Conducting
polymers have been employed for supercapacitors because of their high redox-
active capacitance, high conductivity and, most importantly, high intrinsic flexi-
bility, which may bring new opportunities of energy-storage devices to the future
portable electronic area [13].

A Light Emitting Diode (LED) is a device, where conducting polymers can also
be incorporated. A LED is a p-n junction diode, which emits light when activated.
When a suitable voltage is applied between the two electrodes of the diode, elec-
trons are able to recombine with holes, releasing energy in the form of photons.
The colour emitted by the diode, called electroluminescence, is characterized by
the energy band gap of the semiconductor composing the diode [14]. Generally
in a LED, the electroluminescent material is placed between two electrodes, one of
which is transparent and normally made from Indium tin oxide (1TO). Conduct-
ing polymers have been used in LEDs either as electroluminescent materials or as
transparent electrodes, thus replacing the ITO electrode [14, 15]. They are ideal
alternatives for such purposes due to their fast response times, their easy pro-
cessability, their possibility of uniformly covering large areas, their transparency,
their low operating voltages and their ability for fine-tuning their optical and
electrical properties by varying their structure.

Conducting polymer-based LEDs can be found in the fabrication of digital dis-
plays (Figure 1.6), such as television screens, computer monitors, mobile phones,
PDAs, etc.

In the research of renewable energy resources, solar energy represents one of
the most important energy sources, due to its nearly unlimited supply capabil-
ity and wide distribution all over the earth. However the cost of photovoltaic
modules, which can efficiently convert energy from sun light, is still too high to
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Figure 1.6: LEDs based on electroluminescent conducting polymers.

be afforded by common energy consumption. The high cost of silicon solar cells
and their complex production process launched the investigation of new mate-
rials such as conducting polymers. Polymer solar cells have been investigated
(Figure 1.7) as an alternative due to their light weight, disposability, inexpensive
fabrication, flexible nature, capability of being customized on the molecular level,
smaller environmental impact, etc. However, these attractive polymer-based solar
cells still lack of conversion efficiency (about 10%), which is a significant disad-
vantage when compared to their silicon counterparts (with best results of about

46% efficiency) [16].

Figure 1.7: Flexible solar cell made of conducting polymer.

These examples reveal the capability of conducting polymers for substituting
conventional inorganic materials in areas such as electronics and optoelectronics.
However, although convenient in many aspects, conducting polymers still have
to solve some limitations regarding performance when compared to conventional
materials. Fortunately, the large spectrum of polymer chemistries available, not
yet explored, opens a door for the development of new materials, which can meet

the expectations for such applications.

1.2.2  Conducting polymers for biomedical applications

One of the biggest challenges in biomedicine is the design and development

of biomedical devices, which provide not only therapies but also diagnoses of
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multiple diseases [17]. Some of the most relevant biomedical devices such as im-
plants, drug delivery systems and biological sensors require a good interface of
the device with biology, in order to be effective and reliable. However, traditional
materials such as metals and inorganic semiconductors, which proved to be very
efficient in transmitting and processing electronic information, showed not to
fit the chemical and mechanical requirements for such biological environments
[18]. Alternatively, conducting polymers (CPs) are capable of providing mechani-
cally compatible interfaces with biology. Moreover, conducting polymers possess
a tunable electrical behaviour (with conductivities from 10~1? to 10°> S/cm) with
an added conduction of ions, which is of great importance for the communica-
tion with biological systems [19, 20]. Besides, there is a wide range of functional-
ization strategies, which permit the incorporation of molecules to the polymers,
enhancing bio-integration and facilitating the stability of the devices [21]. The
electrical and mechanical performance of conducting polymers together with
their permeability to ions, launched their use in many of the most important
tields of biomedicine such as biosensors, cell/tissue stimulation, drug delivery
and implantable devices.

Conducting polymers have been used in biosensors for being capable to behave
both as immobilization and as transduction agents at the same time [22], which
allow the conversion of a biological event into an electrical signal. In particu-
lar, conducting polymers exhibit variations in their electrochemical, optical and
electronic properties due to environmental changes occurring at their surface,
as the ones produced by a recognition process [23]. Moreover, the wide range
of functionalization strategies available for conducting polymers allows an easy
biological functionalization, which imparts the required selectivity for a sensor
and provides an intimate contact between the bio-recognition element and the
electronic transducer, thus enhancing the stability and the speed of the responses
[24]. Conducting polymers have been used in biosensors to detect many types
of biological analytes such as proteins, microorganisms, oligonucleotides, small
biomolecules and even cells [3].

Furthermore, conducting polymers have been reported to trigger biological
processes, such as cell migration, adhesion or even differentiation by means of
electrical stimuli and also by delivering key drugs to cells or tissues [25]. For
instance, cell adhesion and migration have been traditionally studied on passive
surfaces, where topographical and chemical micropatterns were used to study
their interaction with cells [26]. By contrast, the use of electroactive polymers,

which can apply electrical stimuli on cell seeded polymers, avoid the use of

7
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chemical treatments without compromising the cell integrity [17]. As an example,
polypyrrole substrates have been widely used for the stimulation of neurons,
demonstrating the enhancement of the in vitro neuritogenesis, the first step of
neuronal differentiation [27].

Additionally, conducting polymers have been used for the development of
bioactive implantable devices due to their biocompatibility. This becomes an im-
perative property, required to cause minimal and reversible disturbance to the
working environment [23]. Conducting polymers became of great significance
in fields such as the one of neuroprosthetic devices, used for neural recording
and stimulation [17]. The most used neural interfaces are the cochlear implants,
which traditionally are based on metallic electrodes. However, these implants
are not mechanically compatible with the host tissue. This mechanical incom-
patibility produces inflammation and glial scarring, ending up in a loss of de-
vice efficiency after sometime of the implantation [28]. Alternatively, conducting
polymers emerged as a unique class of materials which match the mechanical
requirements of neural tissue interfaces, while exhibiting metallic behavior [29,
30]. Moreover, it is easy to functionalize them with biological species that allow
control of the neural response after the implantation, avoiding the initial wound
healing response and improving the life-time of the device [31, 32].

As seen here, conducting polymers have also shown to be excellent materi-
als for their use in biomedicine. In particular, there is an increasing demand
for new generation of biomedical devices (new cochlear implants, bionic eyes,
brain-machine interfaces, multiplexed biosensors, etc.), requiring an enhanced
performance of the device. For the application of conducting polymers to such
devices is desirable the fabrication of high-density arrays of microelectrodes with
a good spatial resolution of the polymeric electronic components [22, 33, 34].
However, the fabrication of high-performance devices based on conducting poly-
mers still has to cross some barriers related to degradation, resolution and adhe-
sion. First, the micro- and nanofabrication of conducting polymers by very well-
known methods, such as photolithography or focused ion beam lithography, can
induce thermal damage during the process. Besides, these standard fabrication
methods are generally incompatible with the functional molecules incorporated
into the polymer, which complicates the use of bio-functionalized conducting
polymers in routine protocols [35]. Instead, ink-jet printing has appeared as the
preferred alternative choice for the fabrication of polymer microelectrodes, al-
lowing the direct deposition of polymer microstructures on a wide variety of

surfaces. However, this technique offers a limited feature resolution in the range
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of 20-50 um, which sometimes is insufficient for achieving the required device
performance [36]. These direct printing techniques (like ink-jet printing) suffer
from the poor interaction polymer-surface, which results in bad adhesion prop-
erties. Furthermore, they usually require the use of chemical modifications to
increase the polymer solubility in the carrier fluid, which in some cases affects
the final properties of the polymer. Therefore, the development of simple and ro-
bust processes for the fabrication of stable conducting polymers structures with
micrometer and even nanometer resolution, is one of the most important chal-
lenges in the polymer-device field.

In this thesis, those problems were investigated first at the microscale, by
evaluating a new biocatalytical method for the fabrication of polypyrrole mi-
croelectrodes to subsequently test their functionality. At the nanoscale, different
nanofabrication strategies were investigated for the achievement of polypyrrole
nanowires, implemented into functional FET devices. These studies contribute
to the field of micro- and nanofabrication of conducting polymers, with new
fabrication strategies for the implementation of such materials into functional
devices.

But besides these technical problems, there is also a rising interest in develop-
ing new environmentally respectful synthetic routes, novel biological functional-
ization strategies, biocompatible and biodegradable polymers, non-toxic systems,
etc., which can replace conventional materials, while keeping the electroactive be-
havior of conducting polymers.

In the work presented here, some of these issues were studied based on two
synthetic strategies: the electrochemical and the biocatalytical polymerization.
On one side, the electrochemical strategy included the use of a home-made func-
tionalized precursor monomer, which allowed the separation of the polymeriza-
tion and the bio-functionalization processes, thus preserving functional biomo-
lecules from degradation during synthesis. On the other side, the biocatalytical
strategy provided sufficient soft environments, to incorporate biological entities
during the polymer synthesis while avoiding their degradation due to harsh
synthetic conditions. Moreover, the biocatalytical approach occurred in aqueous
media, without toxic by-product formation, which is one of the requirements for
the so called “green” chemistries. These polymeric designs provide the field of
biomedicine with new approaches for the fabrication of bioactive devices.

At the end, the question of how to build these conducting polymer devices
for biomedical applications will not be answered exclusively by an expert of a

single field. Instead, multidisciplinary effort in polymer science, micro- and nan-
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otechnology, biology, medicine, sensors, surface chemistry etc. will be necessary
to obtain the appropriate properties for a biomedical device base on conducting
polymers. The work presented here attempts to address some of these issues,
by developing novel polymer fabrication (micro- and nano-) and functionaliza-
tion strategies, as will be discussed in next section and will be detailed in the

following chapters.

1.3 THESIS OBJECTIVES

This thesis, entitled “Conducting polymers for micro and nano electrodes. Ap-
plication to biomolecule sensing and release”, aims at providing a better un-
derstanding of the micro- and nanofabrication of conducting polymers for bio-
medical devices and present novel processes that widen the application range of
conducting polymers in this field.

The main objectives of this work are:

the development of micro- and nanofabrication methodologies appropriate for
conducting polymers,

the study of different polymerization methods and functionalization strategies
compatible with the construction of bioactive devices based on conducting poly-
mers

and the evaluation of the fabricated conducting polymers platforms in areas

such as biological sensing and release.

1.4 THESIS STRUCTURE

The thesis is divided in four chapters, namely “Materials and Methods”, “Bio-
catalytically-produced polypyrrole thin films and microelectrodes on insulating
surfaces”, “Azide-PEDOT electrodes. Application to DNA sensors” and “Fabri-
cation of polypyrrole single nanowire devices”. Every chapter, except chapter 1:
“Materials and Methods”, are preceded by an introduction section in which a
summary of the state of the art, related to the specific topic of the chapter, is
presented. These introductions put in context the results obtained in this work
and compare them with the existing literature. The main conclusions of the de-
veloped work are summarized at the end of each chapter. The content of each
chapter is detailed below.

Chapter 1, entitled “Materials and Methods”, describes the materials used in

this work and the fabrication and characterization methods required for the de-
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velopment of the thesis. Here, theoretical and experimental details about the
techniques employed, are provided.

Chapter 2, entitled “Biocatalytically-produced polypyrrole thin films and mi-
croelectrodes on insulating surfaces”, presents a new on-surface biocatalytical
procedure for the fabrication of polypyrrole microelectrodes on insulating sur-
faces, with resolutions comparable to the ones of conventional photolitography.
This is an environmentally respectful microfabrication method that allows the
entrapment of biomolecules during the polymer synthesis in a single step. As a
proof of concept, biotin was trapped in the polypyrrole matrix and then released
in a controlled way through electrical stimulation. It was proven that the poly-
mer keeps its electroactivity after the fabrication and functionalization processes.
This biocatalytical-based technique represents a straightforward method for the
microfabrication of biological-active conducting polymers, which could be im-
plemented in implantable devices for remotely controlled tissue interactions.

Chapter 3, entitled “Azide-PEDOT electrodes. Application to DNA sensors”,
describes the fabrication and testing of an electrochemical label-free DNA hy-
bridization sensor, based on novel Azidomethyl-modified Poly(3,4 - Ethylene-
dioxythiophene) (Azide-PEDOT) electrodes. These Azide-PEDOT electrodes were us-
ed as platforms for the immobilization of acetylene-DNA probes, complementary
to the “Hepatitis C” virus. The acetylene-DNA probes were covalently grafted
to the polymer backbone via the robust “Click” reaction, which a part from be-
ing a very selective functionalization method, preserves DNA from denaturation
during the synthesis of the polymer. DNA hybridization was detected by Differen-
tial Pulse Voltammetry (DPV), where the electrochemical change of the polymer
behaviour, produced by the recognition event, was directly evaluated. This fabri-
cation procedure is a powerful tool for the preparation of label-free DNA sensors
able to selectively recognize a specific DNA sequence, down to the nanomolar
range.

Finally, chapter 4, entitled “Fabrication of polypyrrole single nanowire de-
vices”, discusses the fabrication of polypyrrole at the nanoscale. Two fabrication
techniques were investigated here, namely dip pen nanolithography and elec-
trochemical polymerization on template-assisted surfaces. On one hand, the dip
pen nanolithography proved to be a simple deposition technique with good con-
trol over size and location of the polypyrrole nanowires. On the other hand, the
electrochemical polymerization on template-assisted surfaces provided as well
nanoscaled polypyrrole, but added the possibility to chemically manipulate the
polymer. This chemical manipulation was translated into polymer devices with

11
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different electrical properties. By the use of these techniques, the capability of
fabricating single nanowire devices (ready to use in different applications) and
arrays of ordered nanowires based on conducting polymers is demonstrated.

Additionally, two appendixes can be found at the end of the thesis: Appendix
A: “Fabrication of Azide-PEDOT microwire-based devices” and Appendix B:
“Fabrication of nanopatterns by electron-sensitive silanes”. They provide short
experimental results obtained during the course of this work, which are first
steps for future investigations.

A general conclusions section can be found at the end of the thesis, where a
summary of the main achievements and contributions of this thesis are listed.
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MATERIALS AND METHODS

This chapter describes the materials used in this work and the fabrication and characteri-
zation methods required for the development of the thesis.
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2.1 MATERIALS

The precursor monomers and reagents needed to perform the synthesis of con-
ducting polymers are presented in this section, as well as the substrates used to
deposit the polymers and the materials required for the generation of polymeric
patterns.

2.1.1  Conducting Polymers

Conducting polymers are generally synthesized by oxidative polymerization, i.e.
by the oxidation of a precursor monomer. The precursor monomer usually has
an oxidation potential higher than that corresponding to the polymer, which
results in polymers in the oxidized state. Therefore, polymers synthesized by this
method require the incorporation of negative ions (doping or counter anions) to
balance their positively charged backbone and maintain charge neutrality [1].

In this work, two conducting polymers were used namely Polypyrrole and
Poly(3,4 - Ethylenedioxythiophene) (PEDOT). They are the most widely used
conducting polymers in biomedical applications, due to their biocompatibility,
stability and good electrical performance [2, 3]. In particular, these conducting
polymers were synthesized from a pyrrole precursor monomer (from Sigma -
Aldrich Co (USA)) and an Azidomethyl-modified 3,4 - Ethylenedioxythiophene
(Azide-EDOT) monomer (obtained through collaboration with the “Institute of Or-
ganic Chemistry II and New Materials”, at the University of Ulm, Germany) [4],
shown in Figure 2.1

Pyrrole Azide-EDOT

S
Iz
—
=
w

Figure 2.1: Precursor monomers. Pyrrole and Azide-EDOT.

The doping anions were chosen according to the polymerization mechanism
applied and the final application. Thus, polypyrrole thin films and microelec-

trodes biocatalytically grown in aqueous medium, employed the redox mediator
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2,2’-Azinobis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) (from Sigma-Aldrich Co
(USA)) to generate the counter anion ABTS™. Azide-PEDOT thin films, electro-
chemically grown in 99.8% anhydrous Dichloromethane (DCM) (CH,Cl,, sup-
plied by Sigma-Aldrich Co (USA)), used Tetrabutylammonium hexafluorophos-
phate (TBAPF;) (from Sigma-Aldrich Co (USA)) as supporting electrolyte, which
provided the negative hexafluorophosphate ion (PFs ™). Polypyrrole nanowires

grown by electrochemical method in water and Acetonitrile (ACN) (Co;H3N, Sigma
Aldrich Co (USA)), were electrochemically balanced by C1~ (CI™ from sodium
chloride, NaCl, Sigma-Aldrich Co (USA)) and PFe—.

The biocatalytical synthesis of polypyrrole was performed using the enzyme
Horseradish peroxidase (HRP) (brown powder, 50-150 units/mg, pyrogallol units,
from Sigma-Aldrich Co (USA)), activated by hydrogen peroxide (H,0O;). In this
process, a potassium biphtalate buffer (Sigma-Aldrich Co (USA)) with pH 4.0
was used to maintain the activity of the enzyme during the polymerization re-
action. Additionally, Ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich Co
(USA)) was employed to trap traces of metal ions that could eventually inactivate
the enzyme.

Furthermore, Dip-Pen Nanolithography (DPN) was attempted for the direct
deposition of polypyrrole nanowires. This direct polymer writing approach em-
ploys a doped polypyrrole suspension (Sigma-Aldrich Co (USA), Inc. 5 wt.%
in HyO), which has a solid bulk conductivity of 10-40 S/cm and a density of
1g/cmd.

All components and reagents were used without any prior treatment, except

the precursor monomers, which were purified before use (see section 2.2.1.1).

2.1.2 Substrates

Polymerization was studied on-surface, for applications in biomedical devices.
Therefore, several surfaces were used, including silicon/silicon oxide (Si/SiO»)
substrates, gold surfaces and Si/SiO, substrates with deposited metallic contacts.

P-type silicon wafers, (1 1 1) oriented with 1 pm thermally grown native ox-
ide (Siltronix (Archamps, France)), were used for the fabrication of biocatalytic
polypyrrole layers and microelectrodes. When an external electrical connection
was required for further applications, metallic microelectrodes were deposited
on the wafers by evaporation, consisting in 10 nm of a titanium adhesion layer
and 70 nm of gold layer.
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Azide-PEDOT films were electrochemically deposited on rod-like gold working
electrodes with disk diameters of 1.6 mm (BASi, Indiana, USA). 1-0.25 pm dia-
mond paste (Buehler, Dusseldorf, Germany) and alumina powder of 0.05 um of
grain’s size (CH Instruments, Inc. Austin, USA) were used to polish the working
electrodes after every use, to obtain clean and homogeneous working areas.

For the fabrication of polypyrrole nanowires by electrochemical polymeriza-
tion, n-doped silicon wafers, (1 o o) oriented, with 20 nm of thermally grown
oxide (Siltronix (Archamps, France)) were used. Metallic contacts (10 nm of Ti
adhesion layer and 50 nm of gold) were deposited on the silicon oxide wafers by

evaporation.

2.1.3 Patterning mediators

The generation of micro- and nanopatterns made out of conducting polymers is
of great importance in this work and the materials required for their develop-
ment are described in this section.

On one side, the fabrication of micropatterns based on biocatalytically gen-
erated polypyrrole was achieved by tuning the adhesion properties of the sur-
faces, taking advantage of the selective deposition of silane compounds. Thus,
a chemical confinement of the polymer was obtained. The silane compounds
used for the investigation of biocatalytical polypyrrole micropatterns were N-(3-
Trimethoxysilylpropyl)pyrrole (pyrrole-silane) and Perfluoropolyether-silyltriethoxy-
terminated (perfluoropolyether-silane), both supplied by ABCR GmbH & CO. KG
(Karlsruhe, Germany). Also, (3-Aminopropyl)triethoxysilane (APTES) and Trichloro
(1H,1H,2H,2H-perfluorooctyl)silane (FDTES) were used from Sigma-Aldrich Co
(USA).

Alternatively, the electrochemical synthesis of polypyrrole nanowires was ac-
complished by confining the polymer growth within nanochannels patterned on
the surface. Si/SiO; surfaces, containing pre-fabricated metallic contacts, were
coated with a passivation layer that was later opened bridging contacts by nano-
litographic techniques (Figure 2.2). The materials used as passivation layers were
silicon oxide (SiO;) and Poly(methyl methacrylate) (PMMA) (Microchemicals
GmbH, Germany).
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Figure 2.2: Schematics of surface patterning for the electropolymerization of polypyrrole
nanowires. One can see the nanochannel opened on the passivation layer
deposited on the wafer containing electrical contacts.

2.1.4 Other supporting materials

Sulphuric acid (HSO4) 95-98%, hydrogen peroxide (H>O»), acetone and ethanol
absolute were used in washing, surface activation and patterning processes (from
Sima Aldrich Co (USA)).

A Sylgard® 184 Silicone Elastomer Kit was employed for Polydimethylsiloxane
(PDMS) (Dow Corning (Seneffe, Belgium)) stamp fabrication, in microcontact
printing experiments.

For biomolecule entrapment and drug-delivery experiments based on bioca-
talytically generated polypyrrole electrodes, streptavidin-modified gold colloids
(~10 nm Au-nanoparticle diameter, 1.5x 103 Au-nano particles/mL), simple strep-
tavidin and D-biotin (Sigma-Aldrich Co (USA)) were used.

For DNA immobilization experiments, a 21-mer oligonucleotide extracted from
the “Hepatitis C virus” was synthesized bearing an acetylene group (provided
by Dr. Ramoén Eritja, IQAC-CSIC Barcelona, Spain). It was used as immobiliza-
tion probe to functionalize Azide-PEDOT electrodes by “Click” reaction. For hy-
bridization experiments, the DNA probe was incubated with complementary, non-
complementary and two-base mismatch targets (all provided by Sigma Aldrich
Co (USA)). All DNA sequences were supplied as lyophilized powder. Oligonu-
cleotide stock solutions (100 pM) were prepared in Milli-Q water and kept frozen.
Next aliquots were prepared using Tris-HCl buffer (50 mM, pH 7.0). Milli-Q wa-
ter was used in all DNA solution preparation.

Dimetyl sulfoxide (DMSO), Tris [(1-benzyl-1H-1,2,3-triazol-4-yl)methyl)]amine
(TBTA), N,N-diisopropylethylamine (DIPEA) and Copper iodide (Cu(l)) (supplied
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by Sigma-Aldrich Co (USA)) were mixed and used as catalyst solution for the im-
mobilization reaction between the acetylene-modified DNA and the Azide-PEDOT
(“Click” reaction).

2.2 FABRICATION METHODS

In this section, the oxidative polymerization mechanism and the specific poly-
merization techniques employed in the thesis are introduced. There is also a de-
scription of the methods used for the preparation of the surfaces, on which the
polymers were grown, and the patterning techniques applied for the generation

of micro- and nanopatterns of conducting polymers.

2.2.1  Polymerization

As briefly explained in subsection 2.1.1, the most common polymerization mech-
anism for conducting polymers occurs through a monomer oxidation. Although
some controversy exists about the exact reaction route of oxidative polymeriza-
tion, all theories agree that it starts with a cation radical formation [1, 5]. Two
main polymerization mechanisms have been proposed [6]. The first is composed

of the coupling of two cation radicals, subsequent generation of a dimer and the

loss of two protons in the process (Figure 2.3).

H ——
N

Dimer coupling

Loss of protons

Figure 2.3: Polymerization mechanism based on cation radical coupling. From top to bot-
tom: two cation radicals react and subsequently lose two protons. Afterwards,
oxidation of the dimer occurs. (Pyrrole model is chosen for representation).
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Dimers are more easily oxidized than monomers, which favors chain formation
by the addition of other cation radicals (not shown in the schematics) [7].

The alternative mechanism is the free radical reaction with a neutral monomer,
as shown in Figure 2.4. After the cation radical formation, a proton is lost and the
radical attacks a neutral monomer. Then, after oxidation of the resulting dimeric
radical and subsequent loss of a proton, the dimer can be oxidized again yielding

to the chain growth (not shown in the schematics).
N
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Figure 2.4: Polymerization mechanism based on cation radical coupling with neutral mo-
nomer. From top to bottom: a cation radical loses a proton and subsequently
attacks a neutral monomer. Then, the dimer radical is reoxidized and loses
another proton. (Pyrrole model is chosen for representation).

Monomer oxidation can be accomplished by electrochemical, chemical or bio-
catlytical methods. The electrochemical polymerization is initiated by applying
high anodic potentials, while chemical and biocatalytical synthesis require chem-
ical or biological oxidants to trigger the reaction. During the polymerization pro-
cess, the electroneutrality of the polymer matrix is maintained by the incorpora-
tion of anions (doping anions), which balance the charge of the oxidized back-
bone, as seen in Figure 2.5. Therefore, the polymerization technique employed
and the doping anion used will determine the final behaviour of the polymer [8].

In this work, electrochemical and biocatalytical methods were used for the

fabrication of conducting polymer thin films, micro- and nanoelectrodes.

23



24

MATERIALS AND METHODS

Figure 2.5: Structure of doped polypyrrole. A~ represents the doping anion.

2.2.1.1  Monomer purification

To assure good polymer properties, the reaction conditions must be carefully
controlled. In particular, the purity of reagents, including the precursor monomer
is essential. Therefore, while pure Azide-EDOT was obtained from collaboration
and stored in the freezer protected from light, commercially provided pyrrole,
required purification before use.

Pyrrole was purified by distillation under reduced pressure. Pyrrole has a boil-
ing point of 129 °C- 131 °C. By using low pressure conditions, distillation can
be performed at lower temperatures, thus preserving the integrity of the com-
ponents [9]. Here, impure pyrrole was kept under magnetic stirring and argon
purge. Vacuum (200- 250 mbar approx.) was then applied to the distillation setup
to decrease the pressure. At 50 °C (temperature measured inside the distillation
balloon) distillation started, resulting in the collection of purified pyrrole after
discarding the non-usable by-products (Figure 2.6). Pyrrole was stored under

Argon, in the fridge and in the dark.

Thermometer.

Cooling out
WA

Cooling in

Distillation

flask = By products

Pure pyrrole

Heat

Figure 2.6: Distillation of pyrrole.
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2.2.1.2  Electrochemical polymerization

The electrochemical synthesis of conducting polymers is accomplished by the ap-
plication of high anodic potentials in electrolyte solutions containing the mono-
mer. Since electropolymerization results in readily conductive and electroactive
polymer films formed directly on the electrode surface, it is preferred when the
polymer wants to be used as an electrode. Moreover, this technique provides an
accurate control over the polymer thickness and the polymer properties during
growth [8].

The polymer coating of an electrode starts by the generation of dimers and
oligomers in solution, which only nucleate on the electrode surface when the
chains are long enough to become insoluble [7]. After the nucleation step, the
monomers and oligomers still present in solution are preferentially oxidized on
the polymer surface rather than on the bare electrode, which results in a nuclei
expansion and in the total coverage of the electrode [1].

Electrochemical polymerization can be performed by different electrical meth-
ods such as potentiostatic techniques, where a constant potential is applied be-
tween the electrodes, galvanostatic techniques, in which a constant current is
injected between the electrodes and potentiodynamic techniques, which apply
variable currents or potentials [8]. Here, we studied the electrochemical polymer-
ization of Azide-PEDOT electrodes on gold surfaces by cyclic voltammetry (CV,
potentiodynamic method), in DCM with TBAPF, as supporting electrolyte. A so-
lution of 100 mM TBAPF, in DCM was prepared in a 3-electrode electrochemi-
cal cell and kept under Argon atmosphere. 1.5 mM Azide-EDOT was added
to the electrochemical cell and cyclic voltammetry, between -1.5 V and +1.2 V
(vs. Ferrocene-Ferrocenium (Fc/Fc*)), was applied. All potentials were referred
versus an Ag/AgCl pseudoreference electrode, consisting in an Ag/AgCl wire
(only used for organic solvents), which was referenced after each use against
Fc/Fct. A platinum wire was used as counter electrode. A BioLogic SP150 elec-
trochemical analysis system (from Science Instruments) was employed to apply
cyclic voltammetry.

Additionally, we investigated the electrochemical growth of polypyrrole nano-
wires between metallic contacts, by galvanostatic mode and by a system of alter-
nating pulses of current (Figure 2.7).

The process was assisted by a second electrical filed, perpendicular to the elec-
trode surface, used to favor the confinement of the oxidized monomers inside
the nanochannel patterned on the surface, as envisioned in Figure 2.8. Drops of
2 pL of electrolyte solution and the monomer were placed on the nanochannel
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Current(pA)

Ak _— — — — — Time(s)

Figure 2.7: Alternating pulses of current applied between metallic contacts for polypy-
rrole nanowire fabrication.

and the process was started. The magnitude of the applied current was of 1 pA
and the frequency of the alternating current was set at 0.5 kHz, with a duty of
the 50%. The confinement field was generated by a voltage of -1 V and the reac-
tions were conducted between 1 and 3 minutes. A S-1000 analytical probing sta-
tion (Signatone Corporation), micropositioners and tungsten probes T20-50, with
5 um tip radius (Everbeing INT'L corporation) were used to contact accurately
the external electrical pads. A 6430 Sub-Femtoamp Remote SourceMeter (Keith-
ley Instruments Inc.) together with a 50 MS/s single-channel arbitrary waveform
generator, model WW5061 (Tabor Electronics Ltd.) were used to apply the two
tields necessary for the electropolymerization and the confinement.

Figure 2.8: Electrolyte-monomer drop on top of nanochannel, ready to perform polymer-
ization and confinement of polypyrrole nanowire.
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Experiments in water solvent were conducted using 10 mM sodium chloride
(NaCl) and 24 mM pyrrole monomer. For experiments in organic solvent, ACN
was employed with 100 mM TBAPF, and 10 mM pyrrole.

2.2.1.3 Biocatalytical polymerization

Biocatalytical polymerization has emerged as a softer alternative to chemical
polymerization methods, which require the use of extreme conditions such as
strong oxidants and low pHs. By contrast, biocatalysis offers the possibility of
working under mild reaction conditions, matching physiological requirements if
needed, with low by-product formation and without compromising the electrical
performance of the polymer [10].

This polymerization method was first attempted by using hydrogen peroxide,
which is a natural and safe oxidant capable to perform the polymerization of
several monomers. However, the polymerization in this way has low yields and
causes structural defects in the final polymer [11], which brought enzymes into
focus. Due to their high potential in catalyzing oxidation-reduction reactions,
oxidoreductases have been used as natural catalysts to accelerate and improve
polymerization reactions. In particular, two classes of oxidoreductases are the
most relevant biocatalysts for the synthesis of conducting polymers: laccases and
peroxidases [12].

Laccase is a copper-containing oxidase, which possesses four copper ions clas-
sified in one copper ion, Type1, and a cluster, Type2/Type3, as represented in
Figure 2.9. The activation of the enzyme is produced by molecular oxygen (O,),
which oxidizes the enzyme and allows catalyzing four oxidation reactions. These
four electron transfer steps return the enzyme back to its reduced (inactive) state,

permitting its further “re-activation” through a new oxygen oxidation [10].

Figure 2.9: 3D structure of laccase, showing the copper centers T1 and T2/T3.
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On the other hand, peroxidases such as horseradish peroxidase (HRP), soy-
bean peroxidase (SBP) or palm tree peroxidase (PTP) are the most commonly
used enzymes for conductive polymerization [13, 14, 15]. They belong to the
heme-peroxidases group, whose active center is a heme (a ferrous ion (Fe?")
containing cofactor needed to perform catalysis). These peroxidases can oxidize
several monomers by using hydrogen peroxide in a very efficient process [12].
In the case of HRP, two calcium atoms and the iron heme group constitute its
two metal centers (Figure 2.10). But it is the heme group which is open for hy-
drogen peroxide, oxidizing the enzyme. This process can catalyze two oxidation
reactions, after which the enzyme is reduced back, like in the case of laccase [10].

Heme

CHy

HIS170
x

N
N

CH,

Figure 2.10: Structure of horseradish peroxidase, showing the active heme group.

These two enzymes are quite different regarding catalytic mechanism and ac-
tive site structure, but both catalyze hydrogen abstraction reactions, which pro-
duce radical species and thus start the polymerization. However, sometimes the
direct reaction of the monomer with the enzyme is not possible, as in the case of
pyrrole. Since pyrrole is not a specific substrate for these enzymes, the oxidizing
capability of Laccase and HRP towards pyrrole is considerably low, which has
been solved by the incorporation of redox mediators [16, 17]. Redox mediators
demonstrated to be useful in expanding the catalytic power of the enzymes and
therefore facilitating the oxidation of compounds that could not be efficiently ox-
idized under the influence of the enzyme alone. Thus, as shown in Figure 2.11,
the active form of the enzyme oxidizes the redox mediator, transferring its cation
radical to the monomer and triggering the reaction [12].

Here, 3.35 mmol pyrrole, 0.123 mmol ABTS and 0.042 mmol EDTA, were mixed
in 50 mM potassium biphtalate buffer (4.0 pH). The mixture was degassed thr-
ough an argon flow to remove the oxygen present in the solution and was kept at
room temperature (R.T.) under magnetic stirring and argon purge. Then, 7.32 mg

HRP (from 50 to 150 pyrogallol units/mg approx.) were dissolved in 1.68 mL
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H,0,/0, )C Enzyme, 4 Mediator,, )C Monomer
H,0 Enzyme,, Mediator, .4 Conducting
Polymer

Figure 2.11: Enzymatic polymerization reaction assisted by redox mediators.

phosphate buffered saline (10x PBS, pH 7.0 buffer) and added to the reactor. Fi-
nally, the reaction was initiated by adding 3.35 mmol hydrogen peroxide (H>O,)

to the mixture in a slow manner to avoid enzyme inactivation.

2.2.2  Substrate Preparation

In those cases where a good electrical connection between the conducting poly-
mer and an external operator was required, metallic electrodes were deposited
on the surface before polymer growth. Ti/Au microelectrodes were fabricated
on bare Si/SiO; substrates and then polymers were grown between contacts,
allowing its electrical manipulation. This section reviews the microfabrication
procedures applied to obtain suitable surfaces on which conducting polymers
were deposited afterwards.

2.2.2.1  Microelectrode design

The first step in every microfabrication process is the design of a hard mask to
transfer a certain microelectrode layout to a substrate. The layout of the micro-
electrodes used in this work was generated by a layout editor (CleWin Ver. 4.0,
MESA+ Institute for Nanotechnology, University of Twente, Netherlands). Fig-
ure 2.12a shows the layout of a mask that contained a general design in which
two microelectrodes are separated by a distance of 5 um (Figure 2.12c). The mi-
croelectrodes are connected by two large contact pads in order to apply bias, as
shown in Figure 2.12b.

The designed microelectrode layouts were printed on acetate hard masks, which
were used later in photolithography processes.
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Figure 2.12: Electrode design. Clewin layout. a) Layout of an acetate hard mask. b) Ge-
ometry of two microelectrodes with external large pads. c) Dimensions of

microelectrode endings.

2.2.2.2  UV- lithography

Once a hard mask is obtained, with a desired microelectrode design on it, the
microelectrodes were transferred to the substrate by UV-lithography.
UV-lithography, or photolithography, is a microfabrication process that uses
light-sensitive materials, called photoresists, to selectively create micropatterns
on surfaces. The surfaces to be treated are coated with photoresist and exposed
to a pattern of intense light by means of the shadow hard mask (Figure 2.13).
UV-light causes a chemical change on the photoresist, which allows some of the
photoresist to be removed later by exposure to a solvent. Once a micropattern is
formed on the photoresist, two different approaches can be applied in order to
transfer the micropattern from the photoresist to the substrate underneath [18],
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namely Top-Down (etching of the material exposed through the photoresist) and
Bottom-Up (deposition of materials on the non-covered areas of the substrate
underneath).

UV light exposure

B B B B B Shadow Mask

| I I ! E Photoresist

Figure 2.13: Photolithography. Steps of a photolithographic process consisting in spin
coating, UV exposure and resist development.

Here, the substrates were spin coated with a photoresist AZ 5214-E (Micro-
chemical GmbH, Germany) at 2000 rpm for 30 seconds (spin coater from Laurell
Technologies Corporation, Figure 2.14a). The resulting film had a thickness of
approximately 2 ym. This was followed by a soft-bake step, at 95 °C for 2 min-
utes on a hot-plate (Figure 2.14b), in order to evaporate the solvent remaining in
the resist. The coated wafer and the hard mask were then brought into contact
by a mask aligner MJB4 equipment (350 W Mercury light, SUSS Microtec AG,
Germany). The resist was UV-exposed at a constant intensity of 200 mJ/cm-s for
8 seconds (Figure 2.14c¢).

(@)

Figure 2.14: Photolithography equipment. a) Spin coater, b) hot plate for solvent evapo-
ration and c) mask aligner..
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The AZ 5214-E is a positive photoresist, which means that its exposure to UV-
light breaks the polymeric links of the resist in the areas defined by the mask
openings. The areas which are shadowed by the mask are not changed (the op-
posite occurs for negative resists). Thus, after immersion in an organic solvent,
called developer (AZ developer 726MIF, Microchemical GmbH, Germany), for
25 seconds, the areas which have been exposed to UV-light (i.e. which have bro-
ken or weaker polymeric links) are dissolved, while the non-exposed areas (i.e.
not altered) remain on the wafer. The reaction was stopped by rinsing the wafer
in DI water, resulting in a photoresist pattern as seen in Figure 2.15. Up to 5 pm
features can be obtained with this technique and a high-resolution hard mask.

Figure 2.15: Photoresist micropattern. Micropattern obtained after a photolithographic

process.

2.2.2.3 Direct Write Laser lithography (DWL)

Additionally, for exceptional fabrication processes that require accurate control of
electrode geometry, Direct Write Laser lithography (DWL) was used (DWL 66FS,
Heidelberg Instruments, 50 mW diode laser with a wavelength of 405 nm). DWL is
a high-precision, optical maskless lithography tool, for mask making and direct
patterning of microstructures (Figure 2.16). As in conventional lithography, DWL
is based on the exposure of a photo-sensitive resist that changes its solubility
properties when a laser beam strikes the surface. This technique allows for a

fabrication resolution down to 1 pm.

Figure 2.16: Mask plotter equipment (DWL).
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In this case, the surfaces were coated with 1.4 um of AZ1512 positive photore-
sist (Microchemical, GmbH, Germany). Then the micropattern was created by
laser exposure of the microelectrode zones. After that, the wafers were devel-
oped in AZ726MIF developer for 6 seconds. The reaction was stopped with DI

water, resulting in a photoresist micropattern.

2.2.2.4 Etching: Top-Down fabrication

Etching processes were used to transfer the patterns obtained on the photoresist,
by UV-lithography, to the substrate underneath.

Top-Down fabrication approaches are based on removing material from a sur-
face to generate features on it. In this work, after patterning the surface of metal-
lized wafers (Si/SiO, wafers with 10 nm Ti and 70 nm Au) with photoresist mi-
crostructures, removal of the exposed metallic areas was achieved by wet and dry
etching. Wet etching is an isotropic etching technique, which results in rounded
profiles of the etched area as seen in Figure 2.17a. Here, wet etching was used
to remove Au exposed areas from the substrates, by immersing the samples in
a wet gold etching solution (Gold Etchant TFA, 14pH, Transene Company Inc.,
USA) with an etching rate of 28 A/s. In the following step, the resist film was
removed, whereby the remaining Au layer acted as a mask for the following Ti

etching step.

Photoresist

Photoresist

(b)

Figure 2.17: Etching. a) Wet etching of gold layer and b) dry etching of titanium layer by
RIE.

The removal of the exposed titanium layer was performed by dry etching,
which is an anisotropic process that results in sharp and well defined profiles
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as sketched in Figure 2.17b. However, when titanium is exposed to air, a thin
titanium oxide film (TiOy) forms rapidly, which has to be removed prior etching
the underneath Ti layer. By using dry etching in a series of gas processes, this
problem was overcome without damaging the gold layer (the gases used have a
negligible etching rate for gold). Substrates were subjected to a series of plasma
processes in the same vacuum chamber by reactive ion etching (RIE, Plasmalab
80, Oxford Instruments pic, UK). First, 1 min of fluoroform plasma (CHF;3) was
applied to remove the titanium oxide layer (50 sccm, 40 mTorr and 205 W), after
it and without breaking the vacuum, a Cl, plasma was applied for 1 min more
to remove the last Ti layer (50 sccm, 40 mTorr and 205 W). The etching rate of
Cl, on SiO; is not significant and therefore SiO; acts as an etch-stop layer.

2.2.2.5 Lift-off: Bottom-Up fabrication

Alternatively, the fabrication of microstructures could also be achieved by Bottom-
Up approaches, which are based on the deposition of materials on a bare sub-
strate. In this case, titanium and gold metals were deposited on photoresist-
microstructured flat SiO, surfaces, for the fabrication of electrical contacts (Figure
2.18b). 10 nm of titanium adhesive layer and 50 nm of gold were deposited by E-
beam evaporation (Univex 450B, Oerlikon Leybold Vacuum, Figure 2.18a). After
the metallic deposition was performed, a lift-off process was conducted (Figure
2.18b), which removed the photoresist coated areas after 1 hour of immersion in

AZ100 remover (from Microchemicals GmbH).

Metal deposition

I I I ! E Photoresist

Lift-off

(@) (b)

Figure 2.18: Deposition of metallic micropatterns. a) Evaporator machine and b) lift-off
process, consisting in deposition of metals on a micropatterned photoresist
and removal of the resist.
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The resulting patterned Ti/Au electrodes were characterized by several tech-
niques such as Scanning Electron Microscopy (SEM), Atomic Force Microscopy
(AFM) and optical microscopy .

2.2.3 DPatterning techniques

This section describes the methods used to develop micro and nanopatterns
made out of conducting polymers. Soft lithography techniques such as pCP and
Dip-Pen Nanolithography (DPN) are introduced. Also, nanolithographic proce-
dures such as Focused Ion Beam (FIB) and Electron Beam Lithography (EBL) are
described.

2.2.3.1 PDMS fabrication

Generally, PDMS is used for the fabrication of replicating-microstructures (and
also nanostructures) in the so called soft lithographic techniques [19]. In this
thesis, soft lithography was used to transfer silane molecules from PDMS stamps
to SiO; surfaces (see chapter 3). Therefore, PDMS replicas of hard microstructured
silicon molds were fabricated (Figure 2.19a), by pouring a mixture of a PDMS
precursor and a polymer cross linker (1:10 ratio, Sylgard® 184 Silicone Elastomer
Kit) on top of the structures of the hard mold. Thus, a negative replica of the
mold was obtained. Curing the mixture at 100 °C for one hour on a flat surface

was required for obtaining a physically stable replica.

Hard Mould

¥

Hard Mould

(@)

Figure 2.19: PDMS stamp fabrication. a) Schematics of the PDMS fabrication process. b)
Interferometric image of a PDMS stamp.
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Figure 2.19b shows a white light interferometry (WLI) graph of a PDMS stamp,

containing lines of 5 pm wide separated 5 pm.

2.2.3.2  Microcontact printing (uCP)

Microcontact printing (nCP) is one of the most popular forms of the so called soft-
lithographic techniques to create micropatterns. nCP uses an elastomer stamp,
generally made of PDMS, to transfer a desired molecule to a surface, via confor-
mal contact. First, the PDMS stamp is inked with the molecule to be selectively
deposited on the surface and then, the ink is transferred from the stamp to the
substrate only in the area of contact. The nCP process is depicted in Figure 2.20.
Since the development of nCP in the 9o’s by Kumma and Whitesides [20], where
it was firstly used for the fabrication of thiol micropatterns on gold surfaces, uCP
was adapted to different surfaces from metallic to insulating and was used with a
large variety of inks. Particularly interesting inks include silanes, lipids, proteins,
DNA, nanoparticles (NPs) and even metal nanofilms [21]. Resolutions down to

100 nm can be achieved by this method [22].

PDMS stamp PDMS stamp

Figure 2.20: Microcontact printing (uCP) procedure. For nCP, PDMS stamp is inked with

the molecule to stamp and the stamp is brought into contact with the surface,
transferring the molecule to it.

2.2.3.3 Dip Pen Nanolithography (DPN)

Dip-pen nanolithography (DPN) is discussed for the fabrication of polypyrrole
nanowires in chapter 5.

DPN is a direct-writing maskless fabrication technique that allows fine align-
ment and positioning of molecules over a surface in a convenient way. This nano-
lithographic technique, based on the atomic force microscope (AFM), uses AFM
cantilevers coated with a desired molecule, to transport the molecule towards the
surface via a water meniscus (unavoidably formed under ambient conditions),

thus creating molecule-based nanofeatures (Figure 2.21a) [23].
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Inking
solution

Substrate

Figure 2.21: Dip-Pen Nanolithography a) Schematic of DPN process, b) DPN cantilever tip,
c) DPN inkwells and d) Nscriptor equipment.

Contact mode AFM probes were obtained from Nanolnk Inc. (type A, S-1,
Nanolnk, Inc. I, U.S.A. (Figure 2.21b)) with a spring constant of 0.041 N/m. Ink-
ing of the tips in the polypyrrole suspension was performed using the so called
inkwells (special microfluidic channels, Figure 2.21c). The inkwells have a large
reservoir of 2 mm of diameter, from where the ink flows to the microchannels
with an approximate volume of 0.5 pL solution. DPN experiments have been per-
formed with a NSCRIPTOR system from Nanolnk (Skokie, USA Figure 2.21d)
at room temperature (20 °C + 1 °C) and humidity ranging from 30% to 40%,
controlled with an environmental chamber and the EChamber software from
Nanolnk (ver. 1.01). InkCad Software (ver. 3.6.2, from Nanolnk,) was used to
design and program the nanolithography process. AFM images were taken with
the same equipment, for characterization purposes. They were analyzed using
nanoRule++ software (Ver. 2.5, Pacific Nanotechnology, II. U.S.A.)

2.2.3.4 Focused Ion Beam (FIB)

Focused ion beam (FIB) was employed in chapter 5 for the fabrication of SiO,
nanochannels containing polymer nanowires.
FIB uses a focused beam of ions (generally gallium ions, Ga+) to image a sam-

ple, when operated at low beam currents, or for deposition and sputtering of
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materials, when high beam currents are applied [24]. In a gallium liquid metal
ion source, gallium metal is placed in contact with a tungsten needle and heated.
The tip radius (~2 nm) of the needle is excited by an electric field, causing ioniza-
tion and field emission of the gallium atoms, called source ions or primary ions.
Then, the source ions are accelerated and focused onto the sample by electrostatic
lenses. In a standard operation, the gallium primary ion beam hits the sample
surface and sputters a small amount of material; this material leaves the surface
as either secondary ions, neutral atoms or producing secondary electrons. As the
primary beam rasters across the sample surface, the signal from the sputtered
ions or secondary electrons is collected to form an image (Figure 2.22), with res-
olutions down to 5 nm. At higher primary currents, a great deal of material can
be removed by sputtering, allowing precision milling of the specimen down to a
sub micrometer or even a nanometer scale.

30 pA currents were used and 30 keV energies were applied. Channels with

dimensions of 120 nm depth, 200 nm width and 15 pm length were fabricated.

lon
source
P';:;?;y lon
detector
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lenses

<«— Sputtered
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Figure 2.22: Focused Ion Beam schematics.

2.2.3.5 Electron Beam Lithography (EBL)

Electron beam lithography (EBL) is another maskless lithographic technique,
which uses a focused beam of electrons to draw custom shapes on a surface,
covered with an electron sensitive resist. As in photolitography, areas exposed to
the electron beam change their solubility properties. This allows for the fabrica-
tion of patterns with sub-10 nm resolution [25]. First, a primary electron beam
is emitted by thermal excitation of a tungsten filament cathode (other sources
are also available). Then, the electron beam is focused by one or two condenser

lenses and is deflected by pairs of scanning coils. They control the beam in the
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x and y directions, scanning a certain area in a raster configuration (Figure 2.23).

Typical EBL operation energies range from 10 keV and 50 keV.

Electron
source
Electron
Condenser beam
lenses
Scan
Objective coils
lenses >

I Electron resist

Figure 2.23: Electron Beam Lithography schematics.

An EBL equipment (Elphy Plus (SEM based system), Raith) was used to create
nanopatterns on traditional electron-resists (PMMA) and on silanized SiO,, for the
fabrication of conducting polymer nanowires (see chapter 5) and nanostructures
(see Appendix B).

In the case of PMMA, the resist was spin-coated on SiO, surfaces yielding
a thickness of 300 nm. The exposure to electron beam was conducted using
doses between 380 pAs/cm? and 440 pAs/cm?. After exposure, development
of PMMA was performed using a mixture of Methyl isobutyl ketone (MIBK) and
Isopropanol (1rA) (MIBK:IPA 1:3) for 30 seconds, followed by an immersion of
the substrates in IPA for 30 seconds. Surfaces with PMMA nanochannels could be
used directly to grow electrochemically polypyrrole nanowires, when no SiO,
layer was present under it. Therefore, PMMA acted as passivation layer. On the
contrary, when a SiO, layer existed under the PMMA electron resist, an extra
process of RIE was performed, to transfer the nanochannel to the oxide surface.

The use of silanes as electron resist is described in Appendix B.

2.3 CHARACTERIZATION METHODS

This section presents a summary of the techniques employed to characterize the
fabricated polymers. The range of techniques applied includes structural, chemi-
cal, electrochemical and electrical characterizations. Some additional techniques

are also introduced.
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2.3.1 Structural characterization

2.3.1.1  Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is a high-resolution type of scanning probe mi-
croscopy, able to resolve fractions of nanometers. Invented in 1986 by Binnig,
Quate and Gerber, the AFM has become one of the most used tools for imaging,
measuring, and manipulating matter at the nanoscale. An AFM is composed of
a reflecting cantilever with a sharp and small tip (tip radius of few nanometers),
used to scan the surface under study. When the tip is brought into proximity of a
surface, forces between the tip and the sample cause a deflection of the cantilever
according to Hooke’s law. The deflection of the cantilever is measured using a
laser, which reflects from the cantilever’s backside to a photodiode (2.24) [26].
The photodiode signal corresponds to the change in deflection of the cantilever,
providing a measurement of the surface topography. Scanning surfaces at a con-
stant tip height is unfeasible due to an eventual damage of the tip, so to solve
this problem, a feedback mechanism is employed to adjust the tip-to-sample
distance and maintain a constant force between them. Piezoelectric elements fa-
cilitate accurate and precise movements in x, y and z directions, commanded by
the feedback signals. AFM can be operated in contact and non-contact modes. In
contact mode, the cantilever scans the sample and the contours of the surface
are measured directly using the deflection of the cantilever. In the non-contact
mode, the cantilever is externally oscillated at its fundamental resonance fre-
quency. The oscillation amplitude, phase and resonance frequency are modified
by tip-to-sample forces. These changes in oscillation with respect to the external

reference oscillation provide information about the sample characteristics [26].

Photodiode
. Detector

Laser

Feedback

Figure 2.24: Atomic Force Microscope operation.
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Chapters 3, 4 and 5 of the thesis discuss the use of AFM contact and non-
contact modes, to investigate samples surface. Specifically, a Dimension 3100
AFM instrument (Veeco Instruments, USA) equipped with silicon AFM tips of
spring constants of 40 N/m and o0.15 N/m, and radius of curvature smaller than
10 nm (Tap300Al-G and Contact300Al-G, 30 nm Al backside coating. BudgetSen-
sors, Bulgaria) were used for the acquisition of topography images in tapping
and contact modes, respectively. Images were obtained by area raster-scanning
at several positions along the samples, for at least three samples per experiment.
The acquired AFM measurements were processed with WSxM 5.0 software (Nan-

otec Electronica, Spain).

2.3.1.2  Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a high resolution imaging technique ca-
pable of resolving details in the nanometer range. SEM is based on the exchange
of energy between a primary electron beam that scans the surface and the results
of its interaction with the sample. These interactions include high energy elec-
trons (reflected by elastic scattering), secondary electrons (emitted by inelastic
scattering) and the emission of electromagnetic radiation [27]. Each of these sig-
nals can be collected by different detectors, giving different types of information
like surface topography, composition or electrical conductivity. Commonly, the
primary electron beam is emitted by thermal excitation of a tungsten filament

cathode, but other sources are also available (Figure 2.25).
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Figure 2.25: Scanning Electron Microscope.

The electron beam is then focused by one or two condenser lenses and it is

deflected by pairs of scanning coils, controlling the beam in the x and y directions,
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so it scans in a raster configuration over a rectangular area. Electronic amplifiers
of various types are used to amplify the signals, which are displayed as variations
in brightness on a screen .

SEM was used here, to analyze dimensions of micro- and nanofeatures and the
morphology of different surfaces in chapters 3, 4 and 5. SEM micrographs were
taken with a NOVA NANOSEM 230-FEI electron microscope, operating from
5 KV to 15 kV depending on the sample, with a spot size of 3 and at 5 mm
distance from the electron gun.

2.3.1.3 White Light Interferometry (WLI)

White Light Interferometry (WLI) combines an interferometer and a microscope
into one instrument. This technique provides a non-contact three dimensional
measurement of surface roughness, with a resolution of tens of nanometers. Illu-
mination from a white light beam passes through a filter and through a micro-
scope objective lens to reach the sample surface. The objective lens is coupled
with a beam splitter in such a way that some of the light is reflected from a
reference mirror and recombined with the light reflected back from the surface
(Figure 2.26).

Detector

Magnification

/ lens
Collimating
lens
White light Beam splitters
source
Piezo drive Objective
system lens

Figure 2.26: White Light Interferometry schematics.

Since the topography (height or roughness) of the sample will induce a change
in the beam phase, the recombined beams create bright and dark bands called
fringes, which represent the object topography and are captured by a CCD cam-
era [28].
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White light interferometry was used for PDMS stamps, and electrodes charac-

terization in chapters 3 and 5.

2.3.1.4 X-ray Diffraction (XRD)

X-ray Diffraction (XRD) gives information about the crystal structure of materi-
als. When X-rays hit an atom, the electronic cloud displaces, producing a charge
movement that emits waves in the same frequency. These re-emitted wave fields
interfere with each other either constructively or destructively, producing a diff-
raction pattern on a detector. This diffraction pattern is the basis of the diffrac-
tion analysis known as Bragg diffraction, which was first proposed by William
Lawrence Bragg and William Henry Bragg in 1913, when they discovered that
crystalline solids produced patterns of reflected X-rays. They found that at cer-
tain specific wavelengths and incident angles, crystals produced intense peaks
of reflected radiation. They explained this result by modeling the crystal as a set
of discrete parallel planes separated by a constant parameter d. It was proposed
that the incident X-ray radiation would produce a Bragg peak if the reflections
of various planes interfered constructively. The interference is constructive when
the phase shift is a multiple of 27t. This condition can be expressed by Bragg’s

law (equation 2.1) (see also Figure 2.27):

nA = 2dsin 6 (2.1)

Where 7 is an integer, A is the wavelength of incident wave, d is the spacing
between the planes in the atomic lattice, and 6 is the angle between the incident

ray and the scattering planes [29].
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Figure 2.27: X-ray Diffraction operation.

XRD was applied in experiments of chapter 3, to obtain information about the

crystalline structure of polypyrrole films and compare them to ones grown under
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different conditions. The X-ray diffraction patterns of the polypyrrole samples
were registered in a X’Pert PRO MRD system (PANalytical B.V, The Netherlands),
using Cu Ka(A = 1.540598) A. The diffractograms were registered in terms of 26

in the range from 3° to 50° approximately with a scan step of 0.0196954°.

2.3.1.5 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) is a microscopy technique in which an
electron beam interacts with a very thin sample and passes through it. Then, an
image produced from the interaction of the electrons transmitted through the
sample can be obtained [30]. A TEM microscope is composed of several parts
with different functions as the emission source, the vacuum system, the speci-
men stage, and the electromagnetic lenses (Figure 2.28). To avoid scattering of
electrons with gases and allow efficient control of the electron beam, a vacuum
system is required inside the TEM chamber. The emission source (or emission
gun), which commonly consists of a tungsten filament connected to a high volt-
age source (typically ~100 kV — 300 kV), is responsible of the generation of the
electrons. Once the electrons are extracted from the source, they are accelerated
by an electric field and focused on a desired size and location by means of the
electromagnetic lenses. The specimen stage, which allows the insertion, removal
and motion of the sample in the beam path, is used to locate the area of interest

in the sample through which electrons should pass.
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Figure 2.28: Transmission Electron Microscopy scheme.

TEM can operate in bright field imaging mode or in diffraction contrast mode.
For bright field imaging mode, thicker regions of the sample (or regions with a

higher atomic number) will appear dark, whilst regions transparent to electrons
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(where electrons pass through) will appear bright, giving a final image of the
studied sample. Simultaneously, if the wavelength of the electrons is comparable
to the spacing between atoms of the sample, the scattering of a fraction of elec-
trons that strike the sample occurs, to particular angles in the back focal plane.
The main fraction of electrons will continue to pass through the sample without
deflection. The diffracted electrons determine the crystal structure of the sam-
ple, and define the diffraction contrast image (selected area diffraction pattern,
SAED), where each spot corresponds to a satisfied diffraction condition of the
sample’s crystal structure.

For thin crystalline samples, an image consisting of a pattern of dots is pro-
duced, while a series of rings are generated in the case of a polycrystalline and
no pattern is obtained for amorphous solid materials.

TEM was used to investigate the crystallinity of biocatalytically produced poly-
pyrrole samples, grown at room and low temperatures, in chapter 3. A TEM JEOL,
JEM1210, with an accelerating voltage of 120 kV was used. Biocatalytic polypy-
rrole thin films were scratched from SiO, surfaces and prepared by dispersing
the films in anhydrous hexane. A drop of suspended solution was placed onto
a carbon-coated copper grid and dried naturally under ambient conditions. Fi-
nally, the samples were introduced in the TEM vacuum chamber to analyze their

morphology and diffraction by electron beam.

2.3.2  Chemical characterization

2.3.2.1  X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is a quantitative spectroscopic technique
that measures the surface chemistry of any material in a non-destructive way.
The first XPS spectrum was obtained in 1907, by P. D. Innes, who recorded broad
bands of emitted electrons as a function of velocity when irradiating a material
with X-rays. These investigations were interrupted by the first and second world
wars, and it was not before 1954, after the second world war, Kai Siegbahn and
his group developed several significant improvements to the equipment, record-
ing the first high-energy-resolution XPS spectrum and revealing the potential of
XPS [31].

XPS spectra are obtained by irradiating a material with a beam of X-rays which
penetrates up to 5 pm in the sample volume. Simultaneously, the kinetic energy
and number of electrons that escape from the first 10 nm of the material are
analyzed (Figure 2.29). All of the deeper photo-emitted electrons, generated by
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the X-rays penetration, are either recaptured or trapped in various excited states
within the material. A typical XPSs spectrum is a plot of the number of electrons
detected versus their binding energy. Each element produces a characteristic set
of XPS peaks at a certain binding energy, which directly identifies each element
that exists in the material surface. These characteristic peaks correspond to the
configuration of the electrons within the atoms. Such information allows the
determination of elemental composition, empirical formula, chemical state and
electronic state of the material being analyzed. The number of detected electrons
in each of the characteristic peaks is directly related to the amount of element
within the irradiated volume.

Detector

X-ray

Electron Beam

Focussing lens

Figure 2.29: X-ray Photoelectron Spectroscopy cartoon.

XPS analysis was conducted in chapters 3 and 4 with a Perkin-Elmer PHI 5500
Multi-technique system (Physical Electronics, Inc., Minnesota, USA), operating
in ultrahigh vacuum, (from 5-10 7 torr to 2-10~® torr). Measurements were taken
with a X-ray monochromatic source (Aluminium Ka 1486.6 €V and 350 W) placed
perpendicularly to the analyzer axis and calibrated using the 3d5/2 line of Ag
with a full width at half maximum (FWHM) of 0.8 eV. A circle of 0.8 mm of
diameter was analyzed with a resolution for pass energy of 187.5 eV/step and
0.8 eV/step for full spectra and 11.75 eV/step of pass energy and 0.05 eV /step
for the high resolution spectra of each element. Analysis of the full and high
resolution spectra was done by MultiPak V6.0A software (Physical Electronics
Inc., Minnesota, USA). Calibration of the spectra was done using de Cis line at
284.6 eV.

2.3.2.2  Time-of-Flight Secondary Ion Spectroscopy (ToF-SIMS)

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) provides qualitative

surface elemental and chemical analysis of organic and inorganic materials, along
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with elemental and chemical imaging. ToF-SIMS uses a pulsed ion beam, generally
of cesium (Cs), gallium (Ga) or, as in this work, bismuth (Bi), to remove molecules
from the surface of the sample in the form of secondary ions. These ions are then
accelerated into a "flight tube" to determine their mass by measuring the exact
time at which they reach the detector (Figure 2.30) [32]. ToF-SIMS can operate in
several modes, namely mass spectrometry analysis, chemical imaging and depth
profiling. In the mass spectrometry analysis and chemical imaging modes, only
the outermost layers of the surface are analyzed (1 nm approx.) to determine the
nature of the elemental and/or molecular species present on the surface. In the
imaging mode, visualization of the distribution of individual species across the
surface is accomplished by scanning the ion beam across the sample surface and
acquiring an entire mass spectrum from every pixel in the image. In a different
mode, depth profiles are used to determine the distribution of different chemical
species as a function of depth from the surface. For this purpose, an ion gun
is operated in DC mode during sputtering phases (O, and Cs), in order to re-
move material, and a second ion gun (Bi) is operated in the pulsed mode during
data acquisition phases. Phases of sputtering and data acquisition are alternated
until the complete depth profile is recorded (dual beam mode). With ToF-SIMS
depth profiling, all species of interest are monitored simultaneously and with
high mass resolution. Contrary to XPs, this technique is destructive, but allows

chemical analysis in large depth profiles.

\Ion mirror
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Detector tube |on source

Focussing
lens

Figure 2.30: Time-of-Flight Secondary Ion Spectroscopy.

The study of biological samples by ToF-SIMS analysis is a challenging task, since
such type of samples are enormously complex, contain hundreds of peaks which
can be quite similar to each other. Thus, it is unfeasible to detect differences
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between different surfaces by simple comparison of their individual mass spectra.
Such a situation is traditionally handled by data processing approaches where
only few peaks from the spectra are selected for the analysis, wasting most of the
information present in the spectra [33]. Nevertheless, when MutiVariate Analysis
(MVA) methods are applied to ToF-SIMS analysis, useful information from large
data sets can be obtained, showing evident differences between samples that
otherwise would need the use of labeled targets for distinction [34].

MVA requires multiple ToF-SIMS measurements on which statistical methods
are applied. It summarizes the variance patterns within a dataset, describing the
differences between samples. Principal Component Analysis (PCA) is the most
commonly used MVA method for ToF-SIMS data analysis. It reduces a large set
of correlated variables (peak intensities in a mass spectrum) to a smaller num-
ber of uncorrelated variables, called Principal Components (PCs) [33, 34, 35]. PCs
represent linear combination of the original variables and capture the greatest
variation within the dataset. This reduction in variables renders an easier inter-
pretation of complex spectra while retaining all the information present in the
entire set of mass spectra. The input of PCA is a correlation matrix where the rows
are samples (spectra) and the columns are variables (peak intensities) and each
cell in the matrix is the peak area for a given mass peak from a given spectrum
[34, 36]. This matrix is decomposed into “scores” and “loadings” matrices, which
describe the relationship between samples. Scores give the relationship between
samples in the new axis system, while loadings show the relationship between
the old variables (peak intensities) and new variables (PCs) [34]. However, before
reducing the dataset by PCA, it is necessary to pre-treat the data to assure that
the variance patterns are due to the chemical differences between samples and
not to mathematical differences in peak intensities [37].

ToF-SIMS was used in chapters 3 and 4 with a ToF-SIMS4 from IonToF (Miinster,
Germany) operating at 5-10~° mbar of pressure. Bismuth liquid metal ions (Bi*")
bombarded the samples at energy of 25 keV. The ion beam had a 20 ns pulse
width and a 0.3 pA pulsed ion current for a dosage lower than 5-10!! ions/cm?,
below the threshold level of 1-10" ions/cm? generally accepted for static SIMS
conditions. Secondary ions were detected by a reflection time-of-flight analyser,
a multichannel plate and a time-to-digital converter. Measurements were per-
formed with a typical acquisition time of 20 s, at time resolution of 200 ps. Charge
neutralization was achieved with a low energy (20 eV) electron flood gun, thus
conductive coatings were not needed before measurements. Secondary ions were

extracted with 2 kV voltage and were post-accelerated to 10 keV kinetic energy
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just before hitting the detector. The maximum mass resolution, R = m/Am, was
around 8000, where m is the target ion mass and Am is the resolved mass dif-
ference at the peak half-width. Secondary ion spectra in positive and negative
mode were acquired from randomly rastered surface areas of 500 um x 500 ym
along the sample. Signal intensity of different ion fragments were extracted and
compared for different samples.

Additionally, MVA was applied to ToF-SIMS to confirm the presence of biotin
and streptavidin in polypyrrole thin films. PCA was then employed to reduce
and analyze the ToF-SIMS dataset using XLSTAT software (Addinsoft SARL). PCA
was used to describe the variance within the input matrix data, so identification
of similarities and differences between spectra was possible.

2.3.2.3 Infrared Spectroscopy (IR)

Infrared Spectroscopy (IR spectroscopy) uses the infrared region of the electromag-
netic spectrum to identify and study chemicals. IR spectroscopy exploits the fact
that molecules absorb specific frequencies that are characteristic of their struc-
ture. Actually, the frequency of the absorbed radiation matches the frequency of
the vibrating bond, thus associating vibration frequency with particular type of
bond, represented by the strength and mass of the atoms that compose it [38].
The infrared spectrum of a sample is recorded by passing a beam of infrared
light through the sample (Figure 2.31). When the frequency of the infrared is the
same as the vibrational frequency of a bond, absorption occurs. Examination of
the transmitted light reveals how much energy was absorbed at each frequency.
Analysis of the position, shape and intensity of peaks in the obtained spectrum
reveals details about the molecular structure of the sample.

Infrared
source

Incident
Infrared light

Transmitted
Infrared light

Detector

Figure 2.31: Infrared Spectroscopy.
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IR spectroscopy was used in chapter 3, to identify chemical species based on their
infrared absorbance. Polypyrrole powders were studied by this technique to eval-
uate and confirm polypyrrole formation under enzymatic method. An iZ10 in-
frared spectrophotometer with a fast recovery deuterated triglycine sulfate de-
tector (DTGS) (Thermofisher Scientific, Inc.) was used to perform experiments
accumulating 32 scans, with a spectral resolution of 4 cm ! and operating in a

spectral range from 650 cm™! to 4000 cm~!.

2.3.3 Electrical characterization

2.3.3.1  Conductivity Measurements

Ohm'’s law is used to determine unknown resistances. A known current (I) is
applied through the resistance (R) to be measured and the voltage (V') developing
across the resistance is recorded. Extraction of the resistance is achieved from the

division of voltage and current values [39] as shown in equation 2.2.

1%
R=—
I

(2.2)

In this work, 2-contacts conductivity measurements were performed for ma-
terial characterization (see chapters 3 and 5). Therefore, direct current electrical
measurements were performed on enzymatic polypyrrole layers with fabricated
electrodes in 2-contcts geometry, for chapter 3. A sweep of potential from -1 V to
+1 V was applied between two electrodes, using the recorded current to obtain
the resistance of the enzymatic polypyrrole layers. In chapter 5, potentials from -
0.1 V to +0.1 V were applied to fabricated polymeric nanowire-devices, recording
the current and obtaining the resistance across the nanostructure.

A S-1000 analytical probing station (Signatone Corporation, California, USA),
micropositioners and tungsten probes T20-50, with 5 ym radius tip (Everbeing
INT’L corporation, Hsinchu, Taiwan), 6430 Sub-Femtoamp Remote SourceMeter
with a 6430’s Remote PreAmp, for a very sensitive bi-directional amplification
(Keithley Instruments Inc., Ohio, USA) and LabTracer 2.0 (ver. 2.8) software (Na-
tional Intruments Corporation) were employed for electrical characterization and
electropolymerization experiments, together with a 50 MS/s single-channel arbi-

trary waveform generator, model WW5061 (Tabor Electronics Ltd., Israel).
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2.3.4 Electrochemical characterization

Voltammetry comprises a group of electroanalytical methods, which study the
current as a response to an applied potential. Voltammetry provides information
about the thermodynamics and kinetics of chemical reactions and can be used
to identify and quantify different species in solution. In this method, a certain
potential (or current) is applied and varied between a couple of electrodes and
the resulting current (or potential) is measured, giving information about the an-
alyte under investigation [40]. Therefore, an electrode in contact with the analyte
(working electrode), is subjected to a certain potential, thus facilitating the charge
transfer with the analyte. Additionally, another electrode is needed to measure
and control the potential of the working electrode and to balance the charge
added or removed by the working electrode. However, it is difficult for a single
electrode to assume these two functions, and generally two separated electrodes
are used in a three-electrode-cell configuration. Thus, a reference electrode (with
a known and stable potential) is responsible of gauging the working electrode
potential and a counter electrode supplies all the current needed to balance the
charge at the working electrode.

2.3.4.1 Cyclic Voltammetry

Cyclic Voltammetry (CV) is a useful technique to characterize a material and to
acquire qualitative information about electrochemical reactions. It offers a rapid
location of redox potentials of the electroactive species.

In this method, the electrode potential increases linearly versus time as shown
in Figure 2.32a. The experiment is characterized by its ramping, known as the
experiment’s scan rate (V/s). The forward scan produces a current peak for any
analyte that can be oxidized through the range of the potential scanned. On
the waveform (Figure 2.32b), it can be observed how the current increases as
the potential reaches the oxidation potential of the analyte. Then, it falls off as
the concentration of the analyte is depleted close to the electrode surface. If the
redox couple is reversible, the application of an opposite potential scan reduces
back the product formed in the first oxidation reaction, and produces a current
of reverse polarity from the forward scan. The reduction peak usually has a
similar shape to the oxidation peak [41]. As a result, information about the redox
potential and electrochemical reaction rates of the compounds are obtained [37].

In chapter 3, controlled drug release experiments were investigated by CV in
a BioLogic SP150 electrochemical analysis system (Science Instruments, France).
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Figure 2.32: Cyclic Voltammetry. a) Evolution of potential with time and b) cyclic voltam-
mogram.

A three-electrode electrochemical cell was used with a platinum counter elec-
trode and an Ag/AgCl reference electrode. The working electrode consisted on
a Polypyrrole/ SiO,/ Si surface that contained pre-fabricated gold electrodes,
which were connected to external pads for electrical stimulation. Partial passiva-
tion of the working electrode was done with Teflon tape, to avoid electrochemical
interferences with the external pads and to assure a constant liquid-exposed area
(Figure 2.33). Measurements were done in Phosphate buffered saline (PBS) buffer
(7.35 pH) and voltage sweeps from -0.9 V to +0.9 V and vice versa were applied
to the polymeric working electrode at a scan speed of 100 mV/s. Then, changes
in current intensity were registered against applied potential and analyzed.

In chapter 4, CV was used to polymerize Azide-EDOT on gold working electrodes,
and to characterize the synthesized azide-modified PEDOT layers. PEDOT polymer-
ization was conducted between -1.5 V and +1.2 V (vs Fc/Fc"), in dichloromethane
and characterization was done between -0.85 V and +0.6 V (vs. Ag/AgCl refer-
ence electrode) in Tris-HCI solution.

2.3.4.2 Differential Pulse Voltammetry

Differential Pulse Voltammetry (DPV) is another electrochemical measurement,
where a series of regular voltage pulses (constant in amplitude) superimpose
upon a staircase wave form (Figure 2.34a) [42, 43]. The current is sampled twice
in each pulse period (once before the pulse and once at the end of the pulse)
and the current difference is plotted as a function of potential (Figure 2.34b). By
sampling the current just before the potential is changed, the effect of the charg-
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Figure 2.33: Diagram of polypyrrole electrodes. For redox experiments, polypyrrole was
grown on SiO, surfaces containing prefabricated gold electrodes (which act
as external connections). A Teflon passivation layer is added before electrical
stimulation.

ing current can be decreased and high sensitivity is achieved [38]. Additionally,
faradaic current is extracted, so electrode reactions can be analyzed more pre-
cisely, allowing the study of redox properties of extremely small amounts of
chemicals.
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Figure 2.34: Differential Pulse Voltammetry. a) Evolution of potential with time and b)
differential pulse voltammogram.

This technique was used in chapter 4, to quantitatively detect DNA hybridiza-
tion events, using an AUTOLAB PGSTAT 30 electrochemical analysis system (Eco
Chemie, The Netherlands). DPV measurements were done in 20 mM Tris-HCl

buffer (7.0 pH) using voltage sweeps applied to the working electrodes consist-
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ing on PEDOT-modified gold electrodes. Then, changes in current intensity were
registered against applied potential and analysed with GPES 4.7 software pack-
age (Eco Chemie, The Netherlands). Raw data were treated using the Savitzky
and Golay filter, followed by the moving average baseline correction (peak width
of 0.01) provided by the software.

2.3.5 Other characterization techniques

2.3.5.1  Contact Angle

The wettability of a solid surface by a certain liquid is quantified by the contact
angle between the liquid and the solid surface. The contact angle measures the
affinity between liquid and solid molecules compared to the interactions with
their own kind. Experimentally, angles between surface and profiles of water
droplets are compared (Figure 2.35). In this work we will study water contact
angles, giving as a result a parameter called hydrophobicity, specific for the in-
teraction of the solid surface with liquid water. If a drop of water spreads on
the solid, the water contact angle of the surface will be small and we will con-
sider it hydrophilic, but if the water contact angle is large (65°), the surface will
be considered hydrophobic [44]. Different hydrophobicities are characteristic of
different surfaces. Even for the same material, as in silicon, different surface treat-
ments can yield different wettability and the surface can be made hydrophilic or
hydrophobic. Thus this technique is an ideal method for the characterization of
surface modifications, studied in chapters 3, 4 and 5.

Contact Angle
Water
drop

Figure 2.35: Contact Angle.

Contact angle measurements using Milli-Q ultrapure water drops (MilliPore
Ibérica S.A.U, Spain) were performed in an OCA contact angle instrument (Data-
physics, Germany), where the droplets were placed at room temperature on the
surfaces to be studied. Using the application drop analysis from ImageJ 1.460
software (National Institutes of Health, USA) droplet profiles were fitted to a

sphere or an ellipse to extract the contact angle formed with the surfaces.
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2.3.5.2 High-Performance Liquid Chromatography Mass Spectrometry (HPLC-MS)

High-Performance Liquid Chromatography Mass Spectrometry (HPLC-MS) is an
extremely versatile instrumental technique capable of separating the components
in a mixture, identifying them and quantifying them if necessary. As its name
suggests, HPLC-MS (Figure 2.36) combines a high-performance liquid chromato-
graph (HPLC) attached, via a suitable interface, to a mass spectrometer (MS). Its
primary advantage over other chromatographic techniques is that it is capable
of analyzing a much wider range of components [45]. For instance, compounds
that are thermally labile, with high polarity or with a high molecular mass such
as proteins, can all be analyzed using HPLC-MS. Solutions derived from samples
of interest are injected at high pressure into an HPLC column that comprises
a narrow stainless steel tube (usually 150 mm in length and 2 mm or smaller
in internal diameter) packed with fine, irregularly or spherically shaped par-
ticles, which are chemically modified to accomplish particular types of separa-
tions. Compounds are separated on the basis of their relative interaction with the
chemical coating of these particles (stationary phase) and the solvent eluting thr-
ough the column (mobile phase). Generally, in HPLC-MS instrumentation, octade-
cylsilyl (C18) and related organically-modified particles are used as stationary
phase with pure or pH-adjusted mixtures of water and organic solvents such as
water-acetonitrile and water-methanol. Components eluting from the chromato-
graphic column are then ionized and introduced into the mass spectrometer via
a specialized interface. The two most common interfaces used for HPLC-MS are
the electrospray ionization and the atmospheric pressure chemical ionization in-
terfaces, however the atmospheric pressure chemical ionization interface is not
suitable for the analysis of thermally labile species and it is indicated for low
mass compounds.

The electrospray ionization interface is composed of an electrospray needle
and a source sampling cone, between which a high potential difference is ap-
plied. The analyte flows into the needle and leaves its tip towards the cone as a
spray of charged droplets with a surface charge of the same polarity as the charge
of the needle. Then, as the droplets travel through the space between needle tip
and cone, solvent evaporation occurs and the droplets shrink until they reach a
point where the surface tension can no longer sustain the charge. At that point, a
"Coulombic explosion" occurs and the droplet is ripped apart, producing smaller
droplets that can repeat the process until naked charged analyte molecules are
obtained. The analyzer then subjects the charged molecules to electrical and mag-
netic fields, which accelerate and deflect the charged molecules, separating them
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Figure 2.36: High-Performance Liquid Chromatography Mass Spectrometry.

according to their mass to charge ratio. This process is especially useful for study-
ing high molecular mass such as proteins, since it avoids the fragmentation of
large molecules when they are ionized. Moreover, it offers the possibility of creat-
ing singly or multiply charged analyte molecules, thus extending the mass range
of the analyzer to higher orders of magnitude.

In the thesis, the presence of biotin into release buffers, after electrical stimu-
lation of biotin-functionalized biocatalytic polypyrrole (see chapter 3), was con-
tirmed by HPLC-MS. 200 pL liquid samples from the release measuring solution
(PBS) were taken after certain electrochemical cycles and times. A mass spectrom-
eter LTQ-Orbitrap from Thermo Scientific, equipped with a chromatographic
module Accela was used. A Luna reversed phase column (C18) of 150 mm length
and 2 mm internal diameter and particle size of 5 um operated at 7000 psi with
MeCN/H,O eluent. Ionization was achieved with an electrospray source (ESI)

and the acquisition data was done in positive polarity mode.
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BIOCATALYTICALLY-PRODUCED POLYPYRROLE THIN
FILMS AND MICROELECTRODES ON INSULATING
SURFACES

This chapter presents a new on-surface biocatalytical procedure for the fabrication of
polypyrrole microelectrodes on insulating surfaces. This is an environmentally respectful
method that allows the entrapment of biomolecules during the polymer synthesis in a
single step fabrication process. As a proof of concept, biotin has been trapped in the
polymer matrix and then released in a controlled way through electrical stimulation. This
result represents a straightforward method for the microfabrication of biological-active
conducting polymers, which could be implemented in implantable devices for remotely

controlled tissue interactions.
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3.1 INTRODUCTION

Among all conducting polymers, polypyrrole (Figure 3.1) has become one of
the most attractive alternatives to metals and inorganic semiconductors in the
development of biomedical devices [1, 2]. Its good thermal and environmental
stability, its high conductivity at room temperature (up to 100 S/cm) [3] and
most importantly its biocompatibility [4], are key properties to put polypyrrole at
the top of conducting polymers in this field. In particular, polypyrrole has been
shown to behave as an excellent interface material to biology, providing good
biomechanical interaction and efficient biomolecule loading properties, which

enhance the life-time of the devices [5, 6].

/N

N
H n

Figure 3.1: Polypyrrole chemical structure.

There are recent reports, in which polypyrrole has been tailored with biomo-
lecules that influence a certain cell response, such as adhesion or differentiation
[7, 8, 9]. Moreover, it has been used to deliver biological targets through the ap-
plication of electrical stimulation [5, 10, 11], which reveals the potential of poly-
pyrrole as a material for cell and tissue engineering. In this regard, polypyrrole
has been used to coat implantable devices. It showed to match the biomechanical
needs of the tissue interfaces, by being modified with drugs that improve inte-
gration and minimize the wound-healing response generated by conventional
materials [12, 13]. It also provides a good electrical performance compatible with
stimulation and recording, which allows an electrical interaction with the tis-
sue [1]. In the new generation of neural implants, such as the bionic eye, the
new cochlear implants, or the brain-machine interfaces, a demand for arrays
of microelectrodes which allow the independent stimulation (or recording) of
very close independent brain areas, is of great importance [14, 15]. However, the
development of a simple and robust process for the fabrication of conducting
polymer microelectrodes still remains a challenge. The conventional photolitho-
graphic methods used for microfabrication are not suitable for polymers, as they
degrade the optical and conducting properties of the material upon exposure
to radiation. Thus, direct-polymer-printing methods have been attempted as an

alternative for the fabrication of conducting polymer microelectrodes, allowing
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their direct deposition with micrometer resolution on a wide variety of surfaces.
Different approaches have been reported, including screen-printing [16, 17, 18],
Ink-Jet Printing (I/P) [19, 20, 21], thermal-laser-printing [22] and soft-lithography
techniques [23, 24].

The screen-printing methods (Figure 3.2) use a polymer-inked mesh, attached
to a blocking mask that forms open areas. By pressing through the mesh, the ink
is transferred to the substrate, creating sharp-edged images with feature resolu-
tions down to 100 pm.

squeegee | |

I substrate

patterned
emulsion

printed conductors

Figure 3.2: Screen printing technique. A polymer ink is transferred to a substrate press-
ing through a mesh on a blocking mask. (Image taken from reference [18])

P (Figure 3.3) is based on the common office printers, daily used for trans-
ferring electronic data to paper. This process has been translated to industrial
manufacturing processes, becoming the most widely used fabrication technique

applied to organic microelectronics.
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Figure 3.3: Ink-Jet printing technique. Polymer-ink droplets are deposited on a surface
by computer control. (Image taken from reference [21]).
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Digital images are created by computer aid, which control a piezoelectric inkjet
printer that deposits polymer-ink droplets onto a substrate. This process can
achieve polymer features in the range of 20 pm to 50 pm.

In a different way, thermal-laser-printing techniques (Figure 3.4) use a laser
source to create a pattern on a thin solid polymer layer in contact with the sub-
strate. The laser is focused onto a thin absorbing layer attached to the polymer,
which converts light into heat. Then, heat decomposes the surrounding organic
material of the interface into gaseous products, which expands and propels the
polymer layer onto the substrate. This microfabrication technique reaches a reso-
lution down to 10 pm.

Figure 3.4: Thermal-laser printing technique. A polymer layer is patterned on a surface
by laser stimulation. (Image taken from reference [22]).

The use of an elastomer stamp is the basis of the so called soft-lithographic
techniques (Figure 3.5). Here, a microstructured stamp (generally fabricated in
polymethylsiloxane, PDMS) is brought into conformal contact with a substrate,
to create a micropattern. The stamps have been used in different manners as for
instance in the microcontact printing technique (uCP). Here, the stamp is coated
with a polymer ink, to transfer the polymer molecules to the surface after the
contact. Alternatively, the substrates can be coated with the polymer, using later
a clean stamp to partially remove the polymer. Also, fresh stamps can be used to
create free microchannels at the interface with the surface, the polymer ink is sent
into the channels left in the interface stamp-surface and later on, the polymer is
cured obtaining the polymeric pattern after stamp removal. Resolutions down to
100 nm can be achieved by the use of these methods [24].
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Figure 3.5: Soft lithography techniques. An elastomer stamp is brought into contact with
a surface to create polymeric patterns in different manners. a) the stamp is
wetted with a polymer ink and transferred by contact pressing to the surface,
b) the stamp is brought into contact with a surface coated with polymer,
then, contacting areas are removed together with the stamp and c) the stamp
is brought into contact with the surface, the polymer ink is sent into the
channels left in the interface stamp-surface and later on, the polymer is cured
obtaining the polymeric pattern after stamp removal.

However, these microfabrication techniques, applied to conducting polymers,
suffer from the poor interaction between polymer and surface, which results in
bad adhesion properties. In addition, they usually require the use of chemical
modifications to increase the polymer solubility in the carrier fluid, which in
some cases affects the final properties of the polymer.

Alternatively, conducting polymers have been grown on-place by electrochemi-
cal oxidative polymerization [25, 26]. Here, the oxidation of a precursor monomer
takes place under the application of a high positive potential on a working elec-
trode. This technique provides highly conductive polymers and a good spatial
resolution, but it is restricted to electrically conductive surfaces. For insulating
surfaces, oxidative chemical polymerization has been used, assisted by the selec-
tive deposition of Self-Assembly Monolayers (SAMs) (Figure 3.6) [27]. The use of
SAMs has been proven to increase adherence of polymers to substrates, but the
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long times required for processing, the poor electrical performance of the poly-
mers obtained and the harsh reaction conditions involved (low pHs), limit its

application in biomedical devices [28, 29].
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Figure 3.6: Chemical oxidative polymerization. Polymer patterns are obtained by chemi-
cal polymerization on sAMs-modified surfaces. (After [27])

To overcome this problem, the recently explored enzyme catalysis polymer-
ization (or biocatalytical polymerization) has been presented as an environment
friendly option for conducting polymer synthesis. Enzyme catalysis offers the
advantage of working in aqueous media, under mild reaction conditions, with
high selectivity, low by-product formation and without compromising the elec-
tric performance of the polymer. The first approaches to the environment friendly
polymerization methods were done by the use of hydrogen peroxide. However,
this polymerization route shows low yields and causes structural defects in the
final polymer [30].

These problems have been solved by the use of enzymes, which act as natural
catalysts to accelerate and improve the polymerization reaction. Due to their high
performance for catalyzing oxidation-reduction reactions, oxidoreductases are
the most relevant class of biocatalysts for the synthesis of conducting polymers.
Laccase and peroxidases such as horseradish peroxidase (HRP), the soybean per-
oxidase (SBP) or the palm tree peroxidase (PTP) are the most commonly used
enzymes for conductive polymerization [31, 32, 33]. They can efficiently oxidize
several monomers by using either oxygen or hydrogen peroxide, but their activ-
ity towards pyrrole is insufficient. In some cases, an unfavorable steric interaction
with the active site of the enzyme and/or an unfavorable redox potential of the
monomer, make unfeasible the direct reaction with the enzyme [34]. It has been
demonstrated that redox mediators are useful in expanding the catalytic power
of oxidoreductases, making possible the oxidation of compounds that could not
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be oxidized by the enzyme alone [35]. Figure 3.7 shows how the active form
of the enzyme oxidizes the redox mediator, transferring its cation radical to the

monomer and triggering the reaction.

H,0,/0, )C Enzyme, .4 Mediator,, )C Monomer
H,0 Enzyme,, Mediator,.4 Conducting
Polymer

Figure 3.7: Enzymatic polymerization reaction assisted by redox mediators. The enzyme
is activated by H,O, or O,, oxidizing the redox mediator, which catalyzes the
monomer oxidation and initiates polymerization.

Moreover, it has been observed that redox mediators increase reaction rate,
favoring film formation against oligomeric precipitates and render to polymers
with a more linear and defect-free structure [36]. Also, they remain trapped in
the final conducting polymer, acting as dopants and introducing some structural
features that can favor charge transport between polymer chains. For instance,
redox mediators such as ABTS, have shown to increase charge mobility of poly-
pyrrole in two orders of magnitude when compared to polypyrrole obtained in
the absence of it, with conductivity values up to 0.2 S/cm [36].

Specifically, horseradish peroxidase with hydrogen peroxide as a substrate, has
been shown to catalyze the synthesis of a highly conductive form of polyaniline
[37, 38]. However, the direct reaction with polypyrrole is hampered by its high ox-
idation potential (E,(HRP) = 0.7 V and E,(pyrrole) = 0.8 V to 1.0 V (vs. Ag/AgCl))
[33, 39]. Therefore, by using ABTS (E,(ABTS) = 0.5 to 1.0 V (vs. Ag/AgCl)) [33], the
biocatalytical synthesis of polypyrrole powders by HRP could be performed [40,
41]. In this process, the activated form of HRP can oxidize two ABTS molecules,
going back to its reduced (or inactive) state after it. Then, the two ABTS radi-
cals generated, are capable of oxidizing two pyrrole monomers, initiating the
reaction. Although this process has been shown to deposit films of biocatalytical
polypyrrole on the reaction container during synthesis [41], no selective surface
deposition has been addressed to date.

Here, the biocatalytical (enzyme catalysis) polymerization technique was used
for the production of polypyrrole thin films and arrays of polypyrrole micro-
electrodes on insulating surfaces. The enzyme HRP was used, with hydrogen
peroxide as a substrate, in the presence of ABTS as redox mediator (Figure 3.8).
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Figure 3.8: Half reaction of enzymatic polymerization of polypyrrole by means of
HRP and the ABTS redox mediator. The activated HRP can oxidize the ABTS

molecule, which can form a pyrrole cation radical, initiating polymerization
of polypyrrole.

Biocatalytical polypyrrole thin films were strongly adhered onto SiO, surfaces
by means of an adhesive pyrrole-terminated silane self-assembly monolayer. Then,
the chemical composition of biocatalytical polypyrrole thin films was character-
ized by time-of-flight secondary ion mass spectroscopy (ToF-SIMS) and X-ray
photoelectron spectroscopy (XPS). Electrical and microstructural properties of
the biocatalytically fabricated polypyrrole layers were studied depending on the
synthesis parameters: the use of silane and the growth temperature. For that,
I-V characteristics, transmission electron microscopy (TEM) and X-ray diffrac-
tion (XRD) were used. Afterwards, the biocatalytical polypyrrole microelectrode
fabrication was accomplished by tuning the surface adhesion of the substrates
through a micropattern of a non-adhesive hydrophobic fluorosilane and an ad-

hesive pyrrole-terminated silane (Figure 3.9).
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Figure 3.9: Polypyrrole microelectrode fabrication process. a) Microcontact printing of
non-adhesive silane pattern, b) backfilling with an adhesive silane and c) bio-
catalytical polymerization .
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Microelectrodes fabricated with an up to 5 pm resolution were characterized
by atomic force microscopy (AFM), scanning electron microscopy (SEM) and
ToF-SIMS.

Additionally, the benefits of the mild reaction conditions offered by the enzy-
matic polymerization method were demonstrated by the entrapment of biotin
during the polymer synthesis in a single step functionalization process. Poly-
pyrrole electrodes were then used for the controlled release of biotin through
cyclic voltammetry. The electroactive character of the biocatalytical polypyrrole
layers, after the functionalization process, was mantained. Moreover, it offered
the possibility of controllable biomolecule delivery through electrical stimulation

as envisioned in Figure 3.10.

Biotin
®

Figure 3.10: Biotin release. Representation of biotin release from biocatalytical polypy-
rrole electrodes, performed under electrical stimulation.

These results are very promiding and pave the way to the development of
bioactive arrays of microelectrodes based on conducting polymers, which could
be integrated in implantable devices for remotely controlled tissue interactions.

3.2 FABRICATION OF BIOCATALYTICALLY PRODUCED POLYPYRROLE THIN

FILMS

A well-known problem regarding the fabrication of conducting polymer devices
is the poor adhesion of polymers to substrates, which normally ends up in poly-
mer film detachment, making their implementation unreliable and sometimes
unfeasible [42]. This might be the reason why although polypyrrole has been
successfully fabricated by biocatalytical methods in the past [41], there is no
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study to date which reports the selective deposition of biocatalytically produced
polypyrrole on surface.

To overcome this problem, SAMs have been proposed to be used at the inter-
face between the substrate and chemically synthesized conducting polymers [28].
They have been shown to enhance the surface adhesion strength, by increasing
the affinity between the surface and the polymer. However, the use of SAMs has
been never applied to the fabrication of biocatalytical polymeric devices.

Here, the use of a pyrrole-terminated SAMs (pyrrole-silane) is presented for the
production of stable biocatalytical polypyrrole layers on insulating silicon oxide
surfaces. The process was accomplished by introducing a covalent bond between

the surface and the biocatalytical polymer, via the pyrrole-silane adhesive layer.

3.2.1  Silanization of SiO, surfaces with pyrrole-silane

The first step in the fabrication of biocatalytically-produced polypyrrole layers
consists in the formation of pyrrole-silane SAMs on SiO; surfaces, as depicted in

Figure 3.11.
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Figure 3.11: Vapour phase silanization of SiO, surfaces with pyrrole-silane. a) hydroxyla-
tion of SiO, surface, b) vapour phase silane deposition method and c) an-

nealing.
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Fresh SiO, surfaces were treated with “piranha” solution (7:3 (v/v) of con-
centrated H>SO, and 30% H0O,) for 30 minutes. This treatment is crucial for
obtaining high density of terminal hydroxyl groups on the surface, which is nec-
essary to couple the silane compound. Then, the so called vapour phase method
was used to deposit the silane on the surface [43]. This silanization technique
is based on the formation of a silane atmosphere while applying low pressure
conditions, and results in the uniform coating of silicon-based substrates. Thus,
a drop of pyrrole-silane and the activated SiO, surfaces were placed inside a dis-
secator on which vacuum was applied. The process was conducted for 1th and
it was followed by an annealing step of 1h at 8o °C. Annealing was required to
promote covalent Si-O-Si bonds between the surface and the silane. Afterwards,
characterization of the silanized surfaces was done by SEM, AFM and XPs.

Figure 3.12a shows two SEM images, comparing an untreated SiO, surface and
a pyrrole-silanized surface. Both surfaces showed the same morphology, indicat-
ing that almost no polymerization of the silane occurred on the sample and that

a homogeneous deposition of the pyrrole-silane was achieved.

(b)

Figure 3.12: Morphology of SiO; and pyrrole-silanized SiO; surfaces. From left to right
bare SiO; surface and pyrrole-silanized surface. a) SEM images and b) AFM
graphs.
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This was confirmed by topographic AFM (Figure 3.12b) measurements, which
showed a minimum increase of the surface roughness values (arithmetic average
of absolute values of roughness, Ra) from 0.17 nm for bare SiO;, to 0.19 nm
for silanized SiO,. This is a key point when good polymer quality has to be
achieved. It has been shown that formation of multilayers of SAMs, although
leads to polymers with better adhesion, possesses worse and inhomogeneous
physical properties [44].

To corroborate the successful deposition of the pyrrole-silane on the SiO; sur-
face, XPS measurements were performed. The XPS wide range spectrum of the
silanized sample (Figure 3.13) showed a nitrogen 1s peak at a binding energy of
400.1 €V. This peak was attributed to the presence of the pyrrole-silane, which is
the only source of nitrogen, thus confirming the existence of the silane layer.
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Figure 3.13: XPs wide scan spectra of SiO; and pyrrole silanized surfaces. Upper image:
SiO; spectrum accompanied by the atomic percentages present in the sam-
ple, and lower image: pyrrole-silanized XPS spectrum accompanied by the
atomic percentages present in the sample.

Additional analysis of these XPS spectra provided extra information about the
composition of the surfaces. Thus, for the bare SiO,, the atomic percentages

found for oxygen (60.7%) and silicon (29.0%) were consistent with the stoichiom-
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etry of the bare substrate (SiO,, 20 : 1Si). While a 10.3% of carbon was found,
which was identified with contamination present on the substrate.

Regarding the silanized surface, the relations between nitrogen, carbon, oxy-
gen and silicon mantained the following ratios according to the silane chemical
structure: 1N:1Si, 1N:7C, 1N:30 (Figure 3.11). Therefore, since all the nitrogen
found in the analysis (3.4%) is expected to come from the silane, the same per-
centage of the total silicon amount (3.4%) belonged to the monolayer, seven times
more of the total carbon (23.8%) and three times more of total oxygen (10.2%)
pertained to the monolayer composition. Moreover, the 23.8% of carbon corre-
sponding to the silane added to the 10.3% of carbon previously identified with
contamination, results in a 34.1% of theoretically calculated carbon, which is in
good agreement with the experimental value obtained of 33.9% (see table of
Figure 3.13). In relation to the silicon signal, two parts could be distinguished,
namely the silane component and the silicon oxide component. As explained
above, the silane compound is present in a 3.4%, which leads to a 18% of silicon
corresponding to the oxide, after subtracting the silane part from the total silicon
signal obtained (21.4%, see table of Figure 3.13). Finally, by using these results
to calculate the distribution of oxygen present in the sample, one obtains: a 36%
of oxygen coming from the SiO; (SiO; keeps a 20 : 15i ratio. Si% = 18%, O% =
36%) and a 10.2% from the silane (silane keeps a 1N : 30 ratio. N% = 3.4%, O% =
10.2%), which finally gave a total theoretical value of 46.2%, which is close to the
experimental result obtained for this sample of 41.3% (see table of Figure 3.13).

These analyses confirmed the appropriate deposition of the pyrrole-silane SAM
on SiO, substrates, allowing for the next processing step: the biocatalytical poly-
merization of polypyrrole on silanized SiO, surfaces.

3.2.2  Biocatalytical polymerization of polypyrrole on silanized SiO, surfaces

Biocatalytical polymerization* was per-

formed by immersing the substrates in a *Polymerization details:
reactor with a mixture solution of pyrrole, | In 15 mL buffer 4.0 pH (50 mM potassium

ABTS and EDTA at pH 4.0. The mixture biphtalate): 3.35 mmol pyrrole, 0.123 mimol
ABTS and 0.042 mmol EDTA.

Addition of 7.32 mg HRP in 1.68 mL pH
7.0 PBS buffer.

Slow addition of 3.35 mmol HpO5.

was degassed through an argon flow, to
remove the oxygen present in the solution
and was kept at room temperature (R.T.)

under magnetic stirring and argon purge.

Then, a previously prepared solution of
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HRP, with a HRP amount large enough to oxidize all the ABTS present in the
reaction, was added to the reactor. Finally, the reaction was initiated by adding
hydrogen peroxide to the mixture and left to proceed for two hours. Immediately
after incorporating the oxidizer (H>O»), a black precipitate appeared, indicating
the presence of polypyrrole (Figure 3.14). After polymerization, all the surfaces

were rinsed with ultrapure water and dried with nitrogen.

Figure 3.14: Polymerization reactor.

The presence of polypyrrole layers on SiO; surfaces was confirmed using AFM,
SEM and ToF-SIMS analysis (Figure 3.15).

AFM studies of polymerized and non-polymerized surfaces (Figure 3.15a) re-
vealed higher values of roughness (Ra) for polymerized surfaces (from 0.19 nm
for silanized surfaces to 7.4 nm for polymerized surfaces), which indicated that
the polymerization process produced a layer on silanized SiO, substrates, whose
nature had to be determined.

Figure 3.15b shows the ToF-SIMS spectra obtained for three different samples,
namely, a SiO, surface, a pyrrole-silanized substrate and a polymerized SiO,.
The arrows in the figure indicate the typical mass fragments of polypyrrole, cor-
responding to CN~ (26 mass/z), CNO™ (42 mass/z) and C3N~ (50 mass/z) ions.
While negligible amount of characteristic polypyrrole ions appears in the spectra
of SiO; surfaces and pyrrole-silanized samples, the successful growth of polypy-
rrole layers on silanized SiO, surfaces was evident by the sharp increase in the

polypyrrole characteristic signals corresponding to polymerized samples.
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Figure 3.15: Characterization of biocatalytical polypyrrole layers. From left to right: bare
5i0,, pyrrole-silanized SiO, and polypyrrole surfaces. a) AFM graphs, b)
ToF-SIMS spectra and c) SEM images of the different surfaces.

SEM images of polypyrrole films were obtained as well (Figure 3.15¢), showing
that full coverage of the surface was achieved and that small aggregates appeared
on the surface. According to the mechanism proposed for conducting polymer
deposition in precipitation polymerization [45, 46], these aggregates are most
likely to be polypyrrole particles formed in solution that became trapped in the
film during its growth.

After this, a detailed characterization of the polypyrrole layers was conducted.
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3.3 CHARACTERIZATION OF BIOCATALYCALLY PRODUCED POLYPYRROLE THIN

FILMS

In this section, the chemical, electrical, microstructural and electrochemical prop-
erties of the biocatalytically fabricated polypyrrole films were determined using
spectroscopic methods (IR spectroscopy and XPS), electrical measurements (IV char-
acteristics), diffraction techniques (XRD and TEM) and electrochemical methods
(cv).

3.3.1 Chemical characterization of biocatalytically produced polypyrrole thin films

To exactly determine the nature of the fabricated biocatalytical polypyrrole com-
pound, chemical characterization was conducted on powders grown from solu-
tion, by IR spectroscopy and on polymerized surfaces by Xps.

Infrared absorbance graph of Figure 3.16 shows that the prints of the examined

powder fits the ones for polypyrrole [47, 48, 49].
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Figure 3.16: Absorbance infrared spectrum of polypyrrole. Sulphur from dopant ap-

peared at 1040 cm™ .

Thus, starting from high to low wavenumbers, the C-C and C-N stretching
vibrations of the pyrrole rings were associated to bands appearing at 1558 cm™!
and at 1472 cm~!. The C-N in plane deformation was identified with a band
observed at 1301 cm™! and the breathing vibration of the pyrrole ring was shown
at 1178 cm~1. At 1092 cm™!, the band of C-H and N-H in plane deformation
vibrations were found. And finally, the out of plane ring deformation vibrations

were observed at peak 965 cm~! for C-C and at 915 cm ™! and 801 cm™! for C-H.
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Additionally, the existence of another band at 1040 cm™!

, corresponding to the
asymmetrical stretching of the group S=O, indicated the incorporation of ABTS
as dopant into the structure, as previously reported [48].

On surface, XPS spectra of polypyrrole were taken to quantitatively analyze
the surface chemistry. Figure 3.17 shows a XPS wide spectrum of polypyrrole,
where seven main peaks were identified with carbon (C 1s), oxygen (O 1s), silicon
(Si 2s and Si 2p), nitrogen (N 1s) and sulphur (S 2s and S 2p). The existence of
sulphur in the analysis, indicated again the presence of the ABTS used for the

polymerization reaction, which remained in the polymer matrix [36, 41].

Element At. %

O1s 18,0

Si2p 63,5

Cis O1s C1s 49
l l N 1s 10,9

S2p 2,6

Intensity (a.u)
Z

0 100 200 300 400 500 600 700
Binding Energy (eV)

Figure 3.17: Wide scan XPS spectrum of polypyrrole. On it we can identify the peaks
corresponding to C 1s, O 1s, Si 2s and Si 2p, N 1s and S 25 and S 2p.

Moreover, deconvolution of the high resolution spectra of the aforementioned
collection of peaks (Figure 3.18) was performed. The position and the relative
intensities of the deconvoluted signals provided specific information about the
chemical structure and composition of the polymer. Deconvolution of the C 1s
peak resulted in three components. The first at 284.70 eV corresponded to C-C,
the second at 286.40 eV accounted for C-O and C-N and the third at 288.20 eV
was due to C=0 (Figure 3.18a) [50]. In a similar way, Figure 3.18b showed decon-
volution of the N 1s signal, divided in nitrogen in imine state (-N= at 398.5 eV),
due to oxidized polypyrrole, secondary amine nitrogen coming from the polypy-
rrole backbone (NH at 400.1 eV) and a 28% of positively charged atomic nitrogen
(N+ at 401.6 eV and 403.1 €V). It was in well agreement with the theoretical per-
centage of positively charged nitrogen existing in fully doped polypyrrole, corre-
sponding to a 25% of the total nitrogen signal (one in every four atoms) [42]. The
same analyses were conducted on the Si 2p (Figure 3.18c) and O 1s (Figure 3.18d)
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signals. For the silicon peak, energies of 100.78 eV and 103.26 €V were identified
with signals coming from silanes and from silicon oxide respectively [51, 52]. The
analysis of the oxygen peak showed a signal at 533.07 €V, which corresponded
to oxides (SiO; in this case), and a signal at 530.90 eV, belonging to carbonates
(COs7?) [51, 52].
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Figure 3.18: High resolution XPs spectra of polypyrrole. a) C 1s peak deconvoluted in
three components, b) N 1s peak deconvoluted in four components, Si 2p
peak deconvoluted in two components and d) O 1s peak deconvoluted in
two components.

These results show that the polypyrrole thin films fabricated by biocatalytical
method in this work were fully doped by the ABTS redox mediator as could be
seen using IR spectroscopy and XPS analyses.

3.3.2  Kinetics of growth of biocatalytically produced polypyrrole thin films

To understand the mechanism of growth of biocatalytical polypyrrole films, ex-
periments at different growth times, between 5 minutes and 2 hours, were con-

ducted. Three series of experiments were done at 5, 10, 15, 20, 25, 30, 60, 90 and
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120 minutes and characterized by AFM measurements. Thickness and roughness
of the resulting films were determined.

AFM profiles taken from scan areas of 3 um x 3 pum, at different times during the
film growth revealed an increase of the thickness within the first hour as shown
in Figure 3.19 (red triangles). Polymer thickness reached a maximum value of
80 nm (in average) at 60 minutes, decreasing later to an approximated value of
30 nm. The dispersion in the thickness values obtained, suggested that small
aggregates got trapped in the film during growth, affecting the thickness of the
film in height and distribution along the sample, which is consistent with the

mechanism of deposition in precipitation polymerization [46].
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Figure 3.19: Polypyrrole thickness versus time of growth. Red triangles correspond to
not sonicated samples and black dots belong to sonicated experiments.

These results suggested that from a certain thickness, the non-well attached
polypyrrole material peels off, probably due to the competition between surface
stress tensions and the 7 — 71 bond mediated by the adhesive silane layer. To
support this hypothesis, the same experiments were repeated with the addition
of a sonication step of 15 minutes, before the AFM characterization. In this way,
any deposited but not well attached polypyrrole product was removed from the
surface, as revealed by the smoother thickness evolution observed on this set of
experiments (black dots in Figure 3.19). After the sonication step, the thickness
remained almost constant during all the time, ranging from 25 nm to 40 nm, with
an averaged thickness of 31 nm + 5 nm. The roughness (Ra) of these films (at
120 nm of growth) showed an averaged value of 4.7 nm + 0.7 nm

Additionally, to confirm the need of the silane adhesive layer, polypyrrole lay-
ers were grown on bare SiO, surfaces (without the use of the py-silane). The
morphology of the polypyrrole films obtained in this way was studied after two
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hours of growth and 15 minutes of sonication using AFM. Thus, approximated
values of thickness and roughness were determined, being 27 nm and 6 nm re-
spectively. These values are quite similar to the results obtained for layers grown
on the pyrrole-silane. However, the surfaces appeared with many open areas, on
which the polymer seemed to detach after the sonication step (Figure 3.20). These
observations suggested that the pyrrole-silane is necessary for obtaining more

homogeneous polypyrrole layers.

Figure 3.20: AFM graph of a polypyrrole layer grown on bare SiO, surface (without a
pyrrole-silane adhesion layer). After 15 min of sonication, polymer detaches

from certain areas..

Therefore, from the kinetics studies performed in this work it can be said that
stable and homogeneous polypyrrole layers could be obtained after the first min-
utes of biocatalytical growth. The stability of the polymer layer was provided
by the existence of the pyrrole-silane adhesion layer, as expected. The polymer co-
hesion was maintained up to 30 nm thickness, for polypyrrole layers grown on
pyrrole-silanized surfaces, after an ultrasonic cleaning step, required to remove
any loosely attached polypyrrole on the surface. Probably above this thickness,
the surface tension is superior to the inter-chain forces, causing the detachment
of the polymer beyond this limit.

3.3.3 Effect of the py-silane and the temperature of growth on the polypyrrole thin films

The electrical and microstructural properties of the biocatalytically produced
polypyrrole layers were tested under two fabrication parameters, namely the
use of the pyrrole-silane and the variation of the growth temperature. Electrical
and diffraction experiments (XRD and TEM) were performed on samples grown
with and without the use of the pyrrole-silane adhesion layer, at both room and low

temperatures (o °C).
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I-V characteristics from biocatalyti- “Two-contact measurements:

cal polypyrrole layers were obtained Biocatalytic polypyrrole was grown on SiOy sur-

= * -
by two-contact measurements.* Con faces containing squared metallic electrodes. Af-

ductivity was estimated by applying terwards, the polymer between electrodes was

equation 3.1, where ¢ is the con- isolated, by scratching the polymer around the

ductivity, R the measured resistance, electrodes, as sketched below. I-V characteristics

A the area of the film section be-

were recorded.
tween electrodes multiplied by the
layer thickness, and | the separation
between contacts. Results were ob-
tained from at least three independent - Ix
samples, with at least three measure-

ments taken from each sample.

/
(T_AxR (3.1)

In addition, XRD measurements and TEM experiments were conducted.

Apart from the described lack of homogeneity of samples grown without
the silane adhesion layer, polypyrrole grown on bare SiO, showed a slightly
poorer electrical performance (Figure 3.21a). While polypyrrole layers grown on
silanized SiO, surfaces showed conductivities of 2.9 S/cm + 0.3 S/cm, the SiO;
surfaces that were not silanized before the polymerization, produced a conduc-
tivity value of 1.7 S/cm + 0.3 S/cm. It has been shown that the presence of
silane self-assembled monolayers, such as the ones employed here, can induce
the ordered deposition of the conducting polymers grown above them, enhanc-
ing charge mobility and leading to higher conductivity values [53]. Therefore, the
increase of conductivity observed for polypyrrole layers grown on silanized sur-
faces, was attributed to the presence of the pyrrole-silane monolayer. The silane
layer is more likely to induce a better organization of the polymer, as it was
confirmed by XRD measurements (Figure 3.21b). The XRD spectrum belonging to
polypyrrole layers grown on silanized surfaces, showed a broad peak at 20.32°,
near the reported values for polypyrrole [49, 54, 55]. On the contrary, no peak
was observed for samples without the use of the silane compound, indicating

the existence of an amorphous layer.
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Figure 3.21: Comparison between polypyrrole layers on bare SiO, and on pyrrole-silane
surface. a) I-V characteristics of both polypyrrole layers, showing an in-
creased conductivity for layers grown on pyrrole-silane (red line). b) XRD
spectra of polypyrrole. Black line corresponds to a polypyrrole layer grown
on a silanized silicon oxide surface and blue line corresponds to a polypy-
rrole layer grown on a bare SiO; substrate.

Theoretically, the pyrrole-silane forces the growth to occur in the same direc-
tion for most of the chains, introducing a certain degree of order in the polymer.
It does not depend on the SiO; surface, but on the silane organization [56], as
depicted in Figure 3.22.
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Figure 3.22: Schematics of polypyrrole. Arrangement of the polymer chains depending
on silane orientation.

However, defects in the silane deposition can lead to the formation of hetero-
geneous silane multilayers, which prevent the generation of ordered polymeric
structures and affects dramatically the conductivity values [44]. This suggests
that achieving ordered silane monolayers is a key factor in developing highly
ordered and conducting polymer films.
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In this work, silane deposition was performed by vapor phase method, an easy
and cheap technique that limits the concentration of alkoxysilanes on the surface,
favoring homogeneous silane formation [43]. However, although this method is
easy and does not require clean room environment, it is hardly controllable in
comparison with more sophisticated deposition techniques, such as Chemical
Vapour Deposition (CVD). CVD is one of the most efficient technique in producing
silane monolayers [57], and leads to a higher degree of order and even lower
resistances. However, it requires expensive CVD growth chambers in a clean room
environment, not available in this case.

Right after, the effect of the temperature of growth on the formation and ar-
rangement of the polymer layers was investigated by conducting experiments at
low temperature. For that, the polymerization reactor was immersed in a cooling
bath with crushed ice and water, leading to an approximated reaction temper-
ature of 0°C. Temperature was monitored during the process to keep it stable,
adding ice if necessary.

Electrical measurements performed on biocatalytical polypyrrole layers grown
at low temperature, resulted in conductivity values of 8.6 S/cm + 1.8 S/cm,
which is almost three times higher than the value obtained for samples grown at
room temperature (Figure 3.23).
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Figure 3.23: I-V characteristics of polypyrrole. Black line corresponds to a polypyrrole
layer grown at room temperature (lower conductivity) and red line corre-
sponds to a polypyrrole layer grown at low temperature (higher conductiv-
ity).

This increase in conductivity was attributed to a more organized polymer [54],

as was evident by electron diffraction experiments. Figure 3.24 shows a TEM



84

BIOCATALYTICAL POLYPYRROLE ON INSULATING SURFACES

micrograph of a biocatalytical polypyrrole layer and two Selected Area Elec-
tron Diffraction (SAED) patterns of polypyrrole at room temperature and 0°C,
respectively. Clear diffraction patterns, similar to patterns previously observed
for crystalline polypyrrole [58, 59, 60, 61] were obtained for samples grown at
low temperature (Figure 3.24b), which therefore suggested the presence of a crys-
talline structure. On the other hand, samples grown at room temperatures did
not produce any diffraction pattern (Figure 3.24c), indicating the existence of an

amorphous material.

(b)

Figure 3.24: a) Transmission electron micrograph of biocatalytically grown polypyrrole
thin layer. b) SAED pattern of biocatalytically grown polypyrrole thin layer at
low temperature. c) SAED pattern of biocatalytically grown polypyrrole thin
layer at room temperature.

These results demonstrate that the relatively cheap and straightforward fab-
rication method applied, yielded biocatalytical polypyrrole thin films with con-
ductivities one order of magnitude higher than those values reported for biocat-
alytical polypyrrole films (below 0.6 S/cm) [36], and three orders of magnitude
higher than HRP-mediated polypyrrole powders (1.6x1072 S/cm) [41]. These val-
ues could be slightly varied by manipulating fabrication parameters, such as the
presence/absence of a SAMs at the interface substrate-polymer and the tempera-
ture of growth, which influenced the organization of the polymer film.

3.3.4 Redox performance of biocatalytically produced polypyrrole thin films

The electroactivity of biocatalytically produced polypyrrole layers was under
study in this section.
Generally, the synthesis of a conducting polymer involves the oxidative poly-

merization of its monomer unit by an oxidant. In this process the oxidation poten-
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tial of pyrrole is higher than that corresponding to polypyrrole, which generates
a polymer in the oxidized state. Therefore, to maintain charge neutrality, nega-
tive ions are incorporated to the structure of the polymer, balancing its positively
charged backbone [62]. Thus, when polypyrrole is subjected to reduction, the
charge balance is broken and the anions can leave the polymer matrix, a process
in which the polymer reaches its neutral state. This capture and release of ions,
maintains polymer neutrality and conforms the redox behaviour of a polymer.
Here, the electroactivity of the biocatalytically produced polypyrrole layers was
investigated using cyclic voltammetry studies, in which the polymer film was
used as working electrode (see chapter 2 for more details). Cyclic voltammetry is
a useful technique to characterize a material and to acquire qualitative informa-
tion about electrochemical reactions. It offers a rapid location of redox potentials
of the electroactive species. Figure 3.25 shows a cyclic voltammogram run on
a biocatalytical polypyrrole electrode between -0.9 V and +0.9 V, at 100 mV/s
scan speed. A certain tilt was observed in the voltammogram, which could be
explained by the existence of a parasitic resistance due to the film thickness and

the electrical connections with the external electrodes.
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Figure 3.25: Cyclic Voltammogram of biocatalytically fabricated polypyrrole working
electrode.

However, despite the resistive effect, wide anodic and cathodic peaks (typical
of conducting polymers) [63] could be identified at potentials 0.45 V and -0.75 V
respectively, demonstrating the existence of a redox wave, compatible with an
electroactive behaviour of the polymeric films.
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3.4 FABRICATION OF BIOCATALYTICALLY PRODUCED POLYPYRROLE MICRO-

ELECTRODES

In this section, the fabrication process of biocatalytically produced polypyrrole

microelectrodes is presented. This fabrication process does not require clean

room environment and can be readily accomplished by tuning the surface ad-

hesion properties of silicon oxide substrates by the use of silane compounds.

Polypyrrole microelectrode fab-
rication was firstly attempted
by the deposition of pyrrole-silane
micropatterns, applying the
microcontact printing tech-
nique (pCP, for more de-
tails about the technique see
section 2.2.3.2). PDMS stamps
with lines in the micrometer
range were fabricated as de-
scribed in section 2.2.3.1. Fig-
ure 3.26a shows a white light

*Contact Inking:

As opposed to wet inking this technique does not permeate
the PDMS bulk. The ink molecules only contact the pro-
truding areas of the stamp that are going to be used for the
patterning. This is done by the direct contact of a feature
stamp and a flat PDMS substrate that has ink on it [64].
Here, a flat PDMS stamp was wet inked in a 5 mM solu-
tion of pyrrole-silane in ethanol, and used to contact the

micropatterned stamp.

interferometer graph of a PDMS stamp, after fabrication (5 um wide lines with

5 um pitch). The fabricated PDMS stamps were then inked with the pyrrole-silane

by contact inking*, and the pattern was transferred to activated SiO, surfaces by

contacting for 5 minutes. This was followed by an annealing step at 8o °C for one

hour.

(b) (©

Figure 3.26: Polypyrrole microelectrodes by nCP deposition of pyrrole-silane. a) WLI image

of PDMS stamp (lines 5 ym width with 5 pm pitch) used for nCP, b) AFM

friction image of pyrrole-silane micropattern and c) optical microscope image

of polymerized micropattern.
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Figure 3.26b shows a contact-mode AFM image of a selectively pyrrole-silanized
SiO; surface. The geometry of the stamp was reasonably conserved through the
pnCP process, and thus the polymerization process could follow. After biocatalyt-
ical polymerization (described in section 3.2.2 of this chapter) was applied on
selectively silanized surfaces, polypyrrole patterns were obtained, as shown in
the optical microscope image of Figure 3.26c.

However, closer inspection of the samples by AFM, revealed that the polymer
growth also extended laterally to the not silanized areas (Figure 3.27a). This
weakly bonded lateral growth on not silanized areas could be removed by son-
ication cycles. Figures 3.27b, 3.27¢ and 3.27d , show AFM images of a sample
after different sonication times, in which weakly attached polymer progressively
peeled off, revealing the SiO, surface underneath. Unfortunately, after 30 min-
utes of sonication (Figure 3.27d), the patterns were not completely clean and
homogeneous, thus requiring the use of a complementary technique to optimize

the microfabrication process.

Figure 3.27: AFM images of polypyrrole microelectrodes. a) After polymerization, surface
is completely covered by the polymer. b) After ultrasonic cleaning for 10
minutes, the pattern started to appear. c) After ultrasonic cleaning for 20
minutes. d) After ultrasonic cleaning for 30 minutes.

It was reported that differences in hydrophobicity leads to selectivity in poly-
pyrrole growth [65, 66]. Therefore, to improve the easy removal of undesired

polypyrrole products and to increase homogeneity in the polymeric patterns, sev-
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eral surface modifications that affected the hydrophobicity of the not silanized
regions, were studied.

Hydrophobicity properties of different non-adhesive silane compounds namely,
APTES, perfluoropolyether-silane and FDTES, were investigated by water contact an-
gle measurements (for more details about contact angle measurements, see sec-
tion 2.3.5.1). To do so, silicon oxide surfaces, from dices of the same wafer,
were coated by vapour phase method with the different silanes. Table 3.1 shows
water contact angle of surfaces coated with pyrrole-silane (53.96°), APTES (55.97°),
perfluoropolyether-silane (88.06°) and FDTES (109°). Additionally a piranha pre-treated
SiO; surface was tested, as comparison with silanized surfaces.

SILANE COMPOUND CONTACT ANGLE [°]
Pyrrole-silane 53.96
APTES 55.97
Perfluoropoly- ether silane 88.06
FDTES 109.00
Piranha treated SiO», <10

Table 3.1: Water contact angle measurements of the silanes used for the selectively
growth of polypyrrole.

Then, to investigate the effect of the different surface treatments on the overall
fabrication process, microlelectrode fabrication using the non-adhesive silanes,
was conducted as follows: microelectrode dimensions were defined by the pat-
terning of the non-adhesive silane onto the insulating SiO, surfaces by micro-
contact printing (uUCP). On the remaining hydrophilic regions, polymer adhesion
was promoted by a back-filling with the pyrrole-silane, performed by vapour phase
method. Then, substrates were immersed in a polymerization reactor for 60 min-
utes, followed by an ultrasonic cleaning step in order to remove the excess of
polymer which was poorly attached to the surface.

Microfabrication results for the different combinations of silanes are presented
in Figure 3.28. The most uniform patterns were obtained when FDTES was em-
ployed as non-adhesive layer, for which differences in contact angle with the
pyrrole-silane were higher. On the contrary, when the differences in contact an-
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gle were almost negligible, as in the case of APTES, a total absence of pattern was

observed.

(@) (b) (©

Figure 3.28: Optical images of polypyrrole patterns generated by different silanes. a)
Combination APTES and pyrrole-silane, b) combination perfluoropolyether-
silane and pyrrole-silane and c¢) combination FDTES and pyrrole-silane.

Thus, the fabrication process using FDTES as non-adhesive silane, was character-
ized at each step by SEM and ToF-SIMS (Figure 3.29), demonstrating the successful
site-selective growth of polypyrrole onto the pyrrole-silane regions. Figure 3.29a
shows the schematics of the microelectrode fabrication. As previously explained,
the first step consisted in the microcontact printing of the FDTES silane on the
activated SiO, surfaces. It was followed by back-filling the free areas with the
pyrrole-silane (by vapour phase method). And the process finished with the bio-
catalytical polymerization of the selectively silanized surfaces. SEM graphs (Fig-
ure 3.29b) showed that the pattern geometry was conserved through the process
at each step of it, while ToF-siMS (Figure 3.29c) confirmed the appropriate chem-
istry distribution along the sequence. In particular, ToF-SIMS images of the FDTES
pattern on bare SiO;, revealed the presence of oxygen ions (O™), belonging to the
substrate (SiO;), well distinguished from the Fluor ions (F~), coming from the
hydrophobic silane (FDTES). When the surface was backfilled with the adhesive
pyrrole-silane, ToF-SIMS images showed a signal associated to pyrrole (CN™) on the
backfilled areas, which was still resolved from the FDTES signal (F~). And finally,
when the biocatalytical polymerization was applied, ToF-SIMS exhibited alterna-
tion of FDTES ions (F~) and polypyrrole ions (CN ™), which confirmed the correct
distribution of the polymer on the pyrrole-silane areas.

89
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Figure 3.29: Site-selective deposition of biocatalytically produced polypyrrole on insulat-
ing SiO, surfaces. a) Schematics of the procedure steps that from left to right
are: uCP of FDTES, backfilling of the hydrophilic regions with pyrrole-silane,
and biocatalytical polymerization. b) SEM images obtained after each corre-
sponding step given in (a). ¢) ToF-SIMS images of the indicated ions, obtained

after each step given in (a).

Moreover, the versatility of the site-selective biocatalytical polypyrrole growth
was validated on different pattern dimensions (Figure 3.30). Lines of 20 um width
with 20 ym pitch, lines of 5 um width with 5 um pitch and lines of 5 um width

with 1 ym pitch were grown, surpassing the resolution limits of inkjet printing
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(20-50 um), which is the most widely used method for the construction of organic
microelectrodes.

@ (b) (©

Figure 3.30: SEM images of a) 20 ym width lines with 20 um pitch, b) 5 ym width lines
with 5 um pitch and ¢) 5 ym width lines with 1 um pitch.

3.5 BIO-FUNCTIONALIZATION OF BIOCATALYTICALLY PRODUCED POLYPY-
RROLE

Since biocatalytical polymerization offered the possibility of working under mild
reaction conditions, such as aqueous media and pH values within the physiologi-
cal range, the entrapment of biomolecules during the polymer growth in a single
step fabrication process was attempted.

The couple streptavidin-biotin was taken here, as biomolecule model. Strep-
tavidin is a protein with high affinity for biotin, which is a small vitamin that
couples into streptavidin structure (Figure 3.31).

Streptavidin

4

Biotin

Figure 3.31: Biotin-Streptavidin representation.

Biotin binds to streptavidin in one of the strongest non-covalent interactions
existing in nature, with an extremely high affinity, fast on-rate, and high speci-
ficity [67]. Moreover, many molecules can be covalently attached to biotin (bi-
otinylation) without altering their natural functions, which allows a wide variety
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of functionalizations compatible with streptavidin conjugation, and thus being

extremely useful for biotechnology applications.

3.5.1 Bio-functionalization of biocatalytically produced polypyrrole thin films

Functionalization of biocatalytically fabricated polypyrrole samples was studied
through the fabrication of streptavidin-functionalized and biotin-functionalized
polypyrrole layers.

Biotin and streptavidin were physically trapped into the polymer matrix by
adding them to the reaction during the polymerization process, thus obtaining
biologically functionalized polypyrrole surfaces in a single step*.
The presence of biotin and streptavi-

din in the final polymer surface was | *Single step biologically functionalized poly-
investigated by ToF-SIMS and XPS analy- | pyrrole fabrication:
ses. Statistics were applied to complex | For biological functionalization experiments, bi-

biological data recorded from ToF-SIMS || otin and streptavidin concentrations 2 ug/mL

(for more details see section 2.3.2.2). | 414 100 ug/mL were used.

Multivariate analysis method (MVA) For streptavidin-modified gold nanoparticles a

was selected to conduct this study. For concentration of 2 ug/mL of streptavidin was

MVA analysis, certain ToF-SIMS peaks used which corresponded to 1.5x10'® Au-nano
7

from the samples were chosen and particles/mL (~10 nm Au-nanoparticle diameter,

~6 streptavidin molecules per Au-nanoparticle).

normalized to the maximum ion in-

tensity of the spectra. This process al-

lowed accounting for variations in the data acquisition that may not relate to
actual surface chemical differences such as variations in primary ion current or
detector efficiency. Principal component analysis (PCA) was then employed to
reduce and analyse the ToF-SIMS dataset.

Four samples were studied by PCA, namely a bare polypyrrole layer, a strep-
tavidin-functionalized polypyrrole layer, a biotin-functionalized polypyrrole layer
and a streptavidin-functionalized polypyrrole layer incubated with biotin. Eight
mass spectra from each of the four samples were evaluated, and eighteen repre-
sentative peaks from the dataset were selected and normalized to the maximum
intensity of the positive spectra. These peaks accounted for biotin fragments [68,
69] and amino acid fragments corresponding to streptavidin [70, 71, 72]. PCA anal-
ysis resulted in differentiation of the samples in clusters based on their spectra,
as seen in the score plot represented in Figure 3.32a.
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Figure 3.32: MVA of ToF-SIMS. Results corresponding to four samples namely bare
polypyrrole layer, streptavidin-functionalized polypyrrole layer, biotin-
functionalized polypyrrole layer and streptavidin-functionalized polypy-
rrole layer incubated with biotin. a) In scores plot four clusters can be
distinguished (black: bare polypyrrole, green: biotin-functionalized polypy-
rrole, red: streptavidin-functionalized polypyrrole and blue: streptavidin-
functionalized polypyrrole incubated with biotin). b) In loadings plot the
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most representative ions of each sample are shown.
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The score plot indicates how different are spectra from each other, i.e. spectra
clusters in the plot are from the same kind and distributed spectra correspond
to different surface chemistries. The total variance represented in this plot was
84.5%, meaning that over 80% of the variance among the four samples was de-
scribed just by the first two principal components (new variables PC1 and PC2).
Therefore, the first principal component (PC1) clearly separated the samples con-
taining biotin at the negative part of the axis from the ones free of it at the positive
and neutral part. Similarly, the second principal component (PC2) differentiated
the samples which contain streptavidin in their structure at the negative side of
the axis, from the ones free of it at the positive side.

The correlation existing between scores and loadings of the same sign (nega-
tive loadings correspond to negative scores, analogous for the positive case) pro-
vides information as to which mass peaks are important in driving the achieved
classification of clusters [73]. Thus, Figure 3.32b identified the mass fragments
30 mass/z, 59 mass/z and 71 mass/z (positive PC1 and negative PC2 in scores
and loadings plots) as highly contributing to the separation of the streptavidin-
functionalized polypyrrole cluster. These mass fragments correspond to strep-
tavidin fragments and turned out to be present in significant amounts in the
streptavidin-functionalized polypyrrole sample, but not in the other ones. In
a similar way, the separation of the biotin-functionalized polypyrrole cluster
(negative PC1 and positive PC2 in scores and loadings plots) was due to mass
fragments reported to be from biotin (76 mass/z and 227 mass/z). And, the
streptavidin-functionalized polypyrrole sample that was incubated with biotin
showed to be resolved from the other samples in the third quarter of the scores
plot (negatives PC1 and PC2). This cluster isolation could be attributed to the
presence of the biotin-streptavidin union, since a new ion (97 mass/z) appeared
to be predominantly present in this sample, but not in the samples that contained
only biotin or only streptavidin. These results suggested that the streptavidin-
biotin union was formed and therefore that the entrapment of biomolecules
(such as streptavidin) into the polypyrrole electrodes occurs without loss of
biomolecule functionality. Correlation between ion masses and molecule frag-
ments are shown in Table 3.2.

Additionally, ToF-SIMS experiments in depth profile mode were conducted on
biologically functionalized samples to verify the homogeneous distribution of
the biomolecule across the polymer thickness.

In ToF-SIMS depth profiles, the intensity of certain ions is plotted against time of
bombarding, which afterwards can be translated to sample thickness. However,
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MASS (Z) CORRESPONDING ION IDENTIFIABLE FRAGMENT

30 CH4N™* streptavidin

59 CNH;5™" streptavidin

71 C3H330, " streptavidin

76 C2,HgNS™ biotin

97 C4HyN33™ streptavidin + biotin
227 C4H7;N2,0,5" biotin

Table 3.2: ToF-SIMS data of biotin and streptavidin functionalized polypyrrole.

the etching nature of the experiment, destroys molecular fragments giving only
elemental information, which makes impossible to distinguish between similar
mass fragments.

Thus, to eliminate the uncertainty in ion identification, labelled targets were
trapped into the polypyrrole layers. Here, streptavidin-modified gold nanoparti-
cles were added during polymerization synthesis. ToF-SIMS depth profiles were
taken across the thickness of functionalized samples, collecting the signals of the
ions composing the sample. Figure 3.33 shows ion signals of gold, polypyrrole
(CN~7, CNO7) and ABTS (HS™), which suddenly decrease at the time that silicon
and silicon dioxide signals increase.
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Figure 3.33: ToF-SIMS depth profile. Streptavidin-modified gold nanoparticles included in
the polypyrrole film.
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This crossing point of signals determines the thickness of the polymer (~60 nm
measured by AFM) and indicates the presence of gold in the sample and conse-
quently streptavidin across all the polypyrrole layer thickness.

Finally, XPS analysis was also conducted to confirm the chemical composition
of polypyrrole thin layers grown in the presence of biotin. Figure 3.34 shows
high-resolution spectra recorded for the core-level peaks of S 2p of polypyrrole
with biotin (black solid line) and without biotin (red dashed line). In both cases,
S 2p signal showed two strong components centered at 165.1 eV and 162.0 €V,
respectively. The oxidized sulfur species (-SOzH) at 165 eV was most likely to
correlate with the use of ABTS as dopant, and the peak centered at 162 eV could
be attributed to C-S-C and C-SH species [74]. In the absence of biotin, the peak at
162 €V could be due to the contribution of the enzyme HRP that is also entrapped
in the polymer structure during the polymerization process [75, 76]. The peak
area ratio between the two sulfur components at 162 eV and 165 €V is 0.90. Due
to the presence of biotin, the contribution of the 162 eV peak increased, reaching
a peak area ratio of 1.14.
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Figure 3.34: S 2p core-level XPS analysis of biocatalytically synthesized polypyrrole with
(solid black line) and without biotin (dashed red line), showing the increase
in the 162.0 eV peak due to the contribution of sulfur from biotin.

These results indicate that polypyrrole layers grown by biocatalytical method
can physically trap biological species in a single step process, maintaining the
biomolecule functional and consequently reducing the number of functionaliza-
tion steps.
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3.5.2 Bio-functionalization of biocatalytically produced polypyrrole microelectrodes

Here, biological functionalization was applied to biocatalytically produced mi-
croelectrodes. The previously developed site-selective fabrication process of poly-
pyrrole microelectrodes (section 3.4) was used in the presence of biotin and strep-
tavidin respectively.

It was possible to fabricate lines of biocatalytically produced polypyrrole func-
tionalized with biotin down to 20 um width (Figure 3.35a). However, the stability
of the assembled polymer layers was compromised by the presence of the en-
trapped biotin, which affected polymer cohesion and required accurate control
of the ultrasonic cleaning time for an appropriate lift off (times between 2 and 5
minutes). Some troubles have been reported previously when biological species
were incorporated into polymeric structures during synthesis, including interfer-
ence with the polymer growth and a decreased adherence of the polymer to the
surface [62]. In particular, effects of molecule entrapment on the mechanical and
adhesion properties have been previously described for electrochemically grown
polypyrrole, requiring as well fine tuning of the experimental conditions [5]. In
contrast, when streptavidin was included in the synthesis reaction, features of
the same size were obtained without apparent loss of cohesion properties (Fig-

ure 3.35b).

(b)

Figure 3.35: SEM images of biologically functionalized polypyrrole. a) Biotin functional-
ized polypyrrole and b) streptavidin modified polypyrrole.

This phenomenon could be explained by the charge carried by the biomolecule
during the polymerization process. On one hand, the biocatalytical polymeriza-
tion reaction developed in this work occurs at pH 4.0 and the isoelectric points of
streptavidin and biotin at this pH are 5 and 3.5 respectively. It becomes clear that
streptavidin is positively charged during the polymerization reaction, whereas
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biotin is negatively charged. Biotin’s negative charge could lead to its participa-
tion as doping ion in the polymerization reaction. This could be the reason why
biotin functionalized polypyrrole lacks internal cohesion when compared with
streptavidin functionalized samples. However, by applying suitable conditions at
the ultrasonic cleaning step, both functionalized micropatterns were successfully

obtained.

36 APPLICATION OF BIOCATALYTICALLY PRODUCED POLYPYRROLE THIN

FILMS IN THE CONTROLLED DELIVERY OF BIOMOLECULES

In this section, controlled biomolecule delivery experiments are discussed as an
example of application for biologically-functionalized biocatalytical polypyrrole
electrodes.

As explained in section 3.4 of this chapter, negatively charged species are
known to behave as polymer dopants, which can be released under controlled
electrical stimulation. In the case of small molecules such as biotin, the elec-
trochemical switching between the oxidized and reduced states of polypyrrole
allows the release of biotin from the polymer structure [56].

Here, the fabrication of biotin-functionalized polypyrrole electrodes was con-
ducted to perform biotin-release experiments under cyclic voltammetry (CV)
stimulation. Biotin release into the electrolyte solution was monitored by means
of high-performance liquid chromatography mass spectrometry (HPLC-MS) analy-
sis, which is a chromatographic technique used to identify and quantify the com-
ponents present in a mixture (for more details about HPLC-MS see section 2.3.5.2).

Biotin-functionalized polypyrrole layers were grown on SiO, surfaces that con-
tained pre-fabricated gold electrodes. In this manner, good electrical contact with
the polymer film was achieved, allowing for a stable external connection. Addi-
tionally, the use of biotin-saturated solutions to perform the polymer growth
(8.2 mM), assured a dense functionalization of the polymer layers, which is con-
venient for release experiments [56]. The samples were rinsed with Milli-Q water
to remove any loosely attached biotin onto the surface. Then, samples were con-
nected to the external pads for electrical stimulation and passivated with Teflon
tape, as shown in Figure 3.36, to avoid interferences with connections and assure
a fixed liquid-exposed area for all samples.
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Teflon Passivation

External
Connection

Figure 3.36: Passivation step of polypyrrole working electrodes. Teflon covers external
electrical pads and defines the electrochemical working area.

Cyclic voltammetry was used to apply electrical stimulation to biocatalytical
polypyrrole layers. This technique is reported to be the most efficient method for
drug release experiments based on conducting polymers [5].

Controlled drug release experiments are based on the redox behaviour of the
biocatalytical polypyrrole layers, shown in section 3.3.4 of this chapter. The mech-
anism of drug release is explained by the switching behaviour of the polymer
between its oxidized and reduced states. During reduction, the applied nega-
tive potential, neutralizes the positive charge of the polymeric backbone and
thus eliminates the electrostatic interaction between polypyrrole and the anion
of interest (biotin) [11]. On the other hand, when positive potentials are used on
polypyrrole layers, the positive charge of the backbone is increased further by
the oxidation, avoiding the diffusion of the anions present in the matrix (Figure

3.37).
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Figure 3.37: Redox mechanism of polypyrrole. The redox process allows biomolecule
release.

Controlled release experiments were performed at different conditions namely
constant oxidation experiment, non-electrical-connection experiment and CV ex-
periment. In the constant oxidation experiments, a fixed positive potential of
+0.9 V was applied to functionalized polypyrrole working electrodes. For the

non-electrical-connection experiments, biotin-modified polypyrrole working elec-
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trodes were simply soaked in measuring solution (PBS). And for the CV exper-
iments, electrical stimulation by means of cyclic voltammetry (scans between
-0.9 V and +0.9 V, at 100 mV/s) was applied on the polymer electrodes.

Biotin release into the electrolyte solution was monitored at different times (1,
5, 10, 15, 20, 25 minutes) by means of HPLC-MS analysis. 200 uL liquid samples
from the release measuring solution (PBS) were taken after reduction of polypy-
rrole at the indicated times. Then, the area corresponding to the characteristic
biotin fragment (m/z = 245.09) obtained after polypyrrole reduction, was com-
pared with the same fragment area obtained during the oxidation experiment
and the non-electrical-connection experiment.

Figure 3.38 shows the HPLC-MS data where the red line corresponds to the
CV experiment, the blue line corresponds to the non-electrical-connection experi-
ment and the green line belongs to the oxidation experiment. For CV experiments,
the biotin release decreased abruptly during the first five minutes of the cathodic
stimulation, as expected for thin polymer layers where diffusion of dopants thr-

ough the polymer matrix is not a limiting step [11, 5].

Ccv

Non electrical connection

Constant oxidation

Peak area (a. u.)

4

0 5 10 15 20 25
Time (min)

Figure 3.38: HPLC-MS for biotin release experiments. Plot of the evolution of the charac-
teristic peak area fragment at m/z = 245.09 of biotin obtained from HPLC-MS
analysis of the electrolyte solution at different time-points during the re-
duction step (red line), oxidation step (green line) and without electrical

stimulation (blue line).

On the other hand, a minimal release was produced during the non-electrical-
connection experiments, attributed to a phenomenon of ionic exchange with the
electrolyte of the medium [77]. The driving force of the ionic exchange is the con-
centration gradients between doping ions in the polymer and ions present in the
solution. This does not require stimulation to occur and the polymer backbone
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remains with the same charge during the process. Finally, negligible release was
registered for constant oxidation experiments, avoiding biotin diffusion from the
polypyrrole matrix and demonstrating the voltage-dependent release behaviour
of the biocatalytically grown polypyrrole.

These results indicate that the biocatalytically produced polypyrrole electrodes
fabricated in this work, retain their electroactivity after a biological functionaliza-
tion process. Therefore, they could be used for the release of small biomolecules,

such as biotin, in a controlled manner under electrical stimulation

3.7 CONCLUSIONS

Organic electronic devices based on conducting polymers have emerged as a
versatile alternative to silicon-based technologies in the biomedical field. Pat-
terning of conducting polymers with good spatial resolution is a key step in
the microfabrication of devices, with applications in new generation of implants
and biosensors. Here, we presented the fabrication of conducting polymer mi-
croelectrodes through an environmentally friendly method that puts forward
the state-of-the-art in the surface patterning of conducting polymers on insulat-
ing substrates. We fabricated bioactive polypyrrole microelectrodes on insulating
substrates by a surface-guided biocatalytical polymerization method that does
not require cleanroom environment and that can be straightforwardly scaled
up to device fabrication. Polypyrrole microelectrode fabrication was controlled
by tuning the surface adhesion through a non-adhesive/adhesive micropattern
of silanes, generated by microcontact printing technique. Polymer cohesion was
maintained up to 30 nm thickness after an ultrasonic cleaning step. X-ray pho-
toelectron spectroscopy (XPS) studies revealed that fully doped polypyrrole was
obtained, with conductivity values (3 S/cm approx.) one order of magnitude
higher than other reported biocatalytic polypyrroles.

Polypyrrole microelectrodes were fabricated with an up to 5 um resolution,
what surpassed the resolution of the most used technique for organic electrodes
printing. Moreover, the mild reaction conditions of the biocatalytical approach
were compatible with the entrapment of biomolecules during the polymer syn-
thesis in a single step process. Thus, as an example for the application of bio-
logically-functionalized biocatalytical polypyrrole electrodes, biotin-functionali-
zed electrodes were used for the controlled release of biotin through the ap-
plication of an external electric field, thus demonstrating the potential of these
systems for drug delivery devices. These are very promising results that pave
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the way for the development of arrays of bioactive microelectrodes based on con-
ducting polymers, which could be integrated in implantable devices for remotely

controlled tissue interactions.
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AZIDE-PEDOT ELECTRODES. APPLICATION TO DNA
SENSORS

This chapter describes the fabrication and testing of an electrochemical label-free DNA hy-
bridization sensor, based on azidomethyl-modified poly(3,4-ethylenedioxythiophene) elec-
trodes (azide-PEDOT electrodes). These azide-PEDQOT electrodes are used as platforms
for the immobilization of acetylene-DNA probes, complementary to the “Hepatitis C”
virus, which are covalently grafted to the polymer backbone via “Click” reaction. DNA
hybridization is detected by Differential Pulse Voltammetry (DPV), by evaluating the
direct electrochemical change of the polymer behavior produced by the recognition event.
This fabrication procedure is a powerful tool for the preparation of label-free DNA sensors
able to selectively recognize a specific DNA sequence, down to the nanomolar range.
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AZIDE-PEDOT ELECTRODES. APPLICATION TO DNA SENSORS

4.1 INTRODUCTION

Specific and quantitative DNA sequence detection is of great significance in the
healthcare sector, not only for identification of pathogenic and genetic diseases
but also to assess suitable therapies [1, 2]. In particular, since the completion of
the “Human Genome Project” in 2003 [3], many DNA hybridization sensors have
been developed for the investigation of different genetic mutations and human
diseases, such as different types of cancer, human brain bacterial meningitis or
HIV-1 infection [4, 5, 6]. DNA detection has also been applied to the environmen-
tal evaluation of water and food quality [7, 8], and to the screening of drugs
that may bind to DNA or regulate gene expression [9]. Therefore, the interest in
obtaining rapid and reliable methods for DNA detection has increased in the last
years. This is reflected in the increasing number of publications related to this
topic, as shown in Figure 4.1.
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Figure 4.1: Number of publications related to DNA sensors from 2000 to date. Data ob-
tained from PubMed source.

The identification of specific DNA sequences was accomplished for the first time
in the 70’s by direct sequencing [10, 11, 12]. Although this was a revolutionary
invention, sequencing techniques are still limited in the number of DNA samples
that can be analyzed at the same time, a part from being slow and poorly se-
lective. Alternatively, DNA hybridization sensors soon appeared as an attractive
substitute to direct sequencing, due to their simplicity and versatility [13]. They
allow working on solid supports and also permit the construction of DNA array
technologies [14].
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Generally, a DNA hybridization sensor is composed of a transducing element
on which a single-stranded probe (DNA probe) is immobilized. The system is
then exposed to a specific target sequence (complementary DNA target), which is
captured onto the surface during the recognition event, known as hybridization.
Finally, the recognition event generates a response, which is transformed into a
readable signal (Figure 4.2).

Complementary
DNA probe DNA target

Transducer Transducer

Readable Signal

Figure 4.2: Schematics of a DNA hybridization sensor. It is composed of a transducing
element, the recognition layer (DNA probe) and the analyte to detect (Com-
plementary DNA target). After hybridization a readable signal is obtained
through the transducer.

The performance of a DNA sensor relies on its selectivity and its sensitivity,
which depend on the appropriate design of the sensing device. Firstly, the selec-
tivity of a DNA sensor arises from the highly specific recognition process between
two complementary DNA sequences. This specificity of DNA interactions is pro-
duced by steric and hydrogen bonding constrains between a purine base (ade-
nine or guanine) and a pyrimidine base (thymine or cytosine) [15]. The space
within the double helix is a perfect fit of a purine-pyrimidine pair, where ade-
nine and thymine form two hydrogen bonds, while guanine and cytosine form
three hydrogen bonds (Figure 4.3). These conditions unequivocally determine
the specificity of the bases interaction.

Secondly, the sensitivity of a DNA sensor typically depends on technical pa-
rameters such as the immobilization matrix, the immobilization strategy or the

transduction mechanism. One can find a wide variety of DNA immobilization
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o { o Phosphate
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Hydrogen bond

purine-
pyrimidine

Figure 4.3: Watson-Crick’s model for DNA double helix. Adenine and thymine share
two hydrogen bonds, while cytosine and guanine share three hydrogen
bonds. The space between the two phosphate backbones exactly fits a purine-
pyrimidine pair.

techniques, ranging from simple adsorption, to covalent bonding and avidin-
biotin complexation [16]. Different sensors have been developed based on vari-
ous transduction mechanisms such as optical [17, 18], mass-sensitive [19, 20], or
electrochemical methods [16].

Currently, fluorescence-based assays are one of the most widely used tech-
niques for DNA detection and quantification. Their high sensitivity (sub-femtomo-
lar concentrations) [21] paired with the possibility to fabricate microarrays by
using multiple fluorescent species, allows simultaneous detection of different se-
quences in parallel [22, 23]. However, these techniques apart from being time
consuming, often require expensive equipment, sophisticated mathematical al-
gorithms to interpret the data and skilled personnel.

A powerful alternative are DNA sensors based on electrochemical detection,

because of their reliable, simple and cost-effective detection procedures [16].
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Therein, the electrode surface not only works as a substrate for DNA immobiliza-
tion, but also as an active element. This is particularly suitable for fast sensing,
since the hybridization event can be converted directly into an electrical signal.
Moreover, electrochemical DNA sensing devices are compatible with microfabri-
cation technology, which allows miniaturization and multiplexed detection, thus
facilitating portable point-of-care-test applications [24].

The electrochemistry of such DNA sensors has so far been monitored by us-
ing amperometric and potentiometric techniques, such as cyclic voltammetry,
pulse voltammetry, chronopotentiometry, etc. [25]. Electrochemical impedance
spectroscopy (EIS) has been used as well, giving the possibility to directly de-
tect DNA hybridization by using impedance measurements on functionalized
surfaces [26]. Even though, this technique is highly sensitive, the drawback is
that it requires complex interpretation. Nevertheless it can be replaced success-
fully by other less sophisticated electrochemical techniques, while still achieving
quantitative results [27].

The electrochemical detection methods of DNA hybridization are classified as
either direct or indirect. DNA sensors based on indirect detection methods de-
mand the use of other electroactive species (labels) to detect the DNA hybridiza-
tion, which have to be different from the electrode surface and the oligonu-
cleotides. For example, the use of redox active indicators (ferrocenyl derivatives,
quantum dots, enzyme reporters, etc.) has been reported, which are linked to
the target sequence. Then, the electrochemical response of the indicator gives ev-
idence of the DNA hybridization event [28, 29, 30]. Also, redox intercalators have
been used, for example metal complex ions such as cobalt (III) (Co(phen)33+)
and hexaammineruthenium(IIl) (Ru(NH3)¢>") cations or organic dyes such as
methylene blue (MB) [31, 32, 33]. They are intrinsically related with the double
helix by electrostatic interactions, showing hybridization when the double helix
is formed. These labeling techniques are the most extensively used DNA detec-
tion methods due to their low limits of detection, in the nano- and femtomolar
range, and their capability to distinguish single-base mutations [34, 35]. How-
ever, most of these electrochemical methods used for DNA detection can affect
the binding properties of the biological probe, thus interfering in the recognition
process. Moreover, labelling requires extra time, expense and sample handling,
and does not allow the detection of target-probe coupling in real time.

In contrast, direct detection methods are based on the electroactivity of the nu-
cleic acids or on changes in the electronic properties of the substrate, which are

induced by the hybridization event. Such direct detection methods are preferred
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over indirect detection methods since they allow faster and a more versatile de-
tection. They don’t require extra time for labelling and are independent of the
probe and/or target sequences used [36].

The electroactivity of nucleic acids was discovered in 1960 by the Palecek’s
group [37]. Guanine (G) is reported to be the most redox active nitrogenous
base in DNA [38], and has been used, together with adenine (A), to detect the
hybridization of DNA in label-free biosensors [39, 40]. However, this detection
method still faces some problems, such as the variability on the oxidation po-
tentials of Adenine (A) and Guanine (G) bases, depending on the nature of the
electrode on which they are immobilized, and the controversy existing about the
interpretation of the results. On one side, it is accepted that there is a decrease in
the oxidation peak of guanine after hybridization due to the partial unavailabil-
ity of the free G bases after recognition. But on the other side, an increase in the
electrochemical signal of guanine after hybridization has been reported when the
target sequence augments the total number of G bases [16]. This controversy has
eventually been solved by using inosine-substituted probes (G-free probes) [40].
However, this approach means increased time and complexity, doesn’t allow di-
rect evaluation of the immobilization step due to the lack of G bases in the probe,
and is limited to detection in the micromolar range [41].

Concerning the electroactivity of the substrate, conducting polymers (CP) have
been used to directly detect DNA hybridization events because they serve as im-
mobilization and transduction agents at the same time. Their electrochemical,
optical and electronic properties are sensitive to environmental changes occur-
ring at their surface, like the ones produced by a hybridization event [25, 42, 43].
Conducting polymers provide an intimate contact between the DNA probe and
the electronic transducer, enhancing the stability and the speed of the response.
Therefore, conducting polymers have been used in label-free DNA sensors, by
monitoring changes in the electronic properties of their backbone caused by DNA
hybridization events, where limits of detection lower than the micromole could
be achieved [41].

The most popular conducting polymers used in biomedical applications are
polypyrrole (Ppy), polyaniline (PANI) and polythiophene, due to their biocom-
patibility, good electrical performance, their stability under ambient conditions
and the wide availability of the precursor monomers and their derivatives [25].

In DNA sensors, conducting polymers have typically been synthesized by elec-
trochemical oxidation. This technique has been shown to be particularly advanta-

geous over standard chemical methods, because it provides an efficient coverage
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of the electronic component and a good adhesion to it [44]. Conducting poly-
mers can be functionalized using many different strategies, including: adsorp-
tion, electrochemical entrapment, covalent attachment and affinity interactions
(avidin-biotin) [25, 45, 46, 47]. Choosing the functionalization strategy greatly
influences the performance of the sensor. The affinity between probe and tar-
get should be maintained, as well as the accessibility of the target to the probe.
Simple adsorption has shown to be a tremendously simple approach. However,
it is very unstable and can suffer from effects arising from constraints on the
orientation of the DNA probe, resulting in high steric and kinetic barriers to
hybridization. In a different manner, electrochemical entrapment occurs at the
same time as the polymerization step and is a very simple technique, provid-
ing better anchoring of the DNA probe on the surface. However, the drawbacks
here as compared to the previous method are less accessibility to the DNA probe
and occasionally occurring damage to the oligonucleotides due to high oxida-
tion potentials employed during the process. The avidin-biotin interaction offers
the possibility of functionalizing a polymer (using a biotinylated target) without
the use of chemical reactants which could damage DNA, and the distribution of
biomolecules is concentrated at the surface of the polymer film, thus providing
better accessibility and sensitivity. Nevertheless, the presence of the avidin layer
with several available binding sites, can increase the non-specific interactions,
compromising selectivity and sensitivity of the sensor [16].

Covalent bonding overcomes all these problems by providing better control
over the concentration, stability and orientation of the DNA probe. Herein, pre-
cursor monomers modified with oligonucleotides or with reactive groups, such
as carboxylic acids, amines, phosphates, etc., are used, which in turn will react
with modified oligonucleotides [48]. Recently, the so called “Click” reactions have
been investigated as appealing alternatives for polymer functionalization, due to
their robustness and simplicity [49]. In particular, the copper-catalyzed Huisgen
1,3-dipolar cycloaddition has shown to be the most efficient reaction within the
“Click” reactions. This reaction occurs between azide and alkyne groups and is
not affected by other functional groups. The catalyst of choice is copper, which
can be obtained from a wide variety of copper sources, while many different
solvents (including water) can be used. The reaction takes place without the gen-
eration of by-products, thus making it suitable for biocompatible environments
[50]. However, to the best of our knowledge, there is no report to date which ap-
plies “Click” reaction for the construction of label-free DNA hybridization sensors
based on conducting polymers.
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Here, a highly selective and sensitive electrochemical label-free DNA hybridiza-
tion sensor is presented using a new approach, for the detection of “Hepatitis
C” virus sequences (part of this work was done in collaboration with the In-
stitute of Organic Chemistry II and Advanced Materials at the University of
Ulm, Germany). The construction of the polymeric sensors includes the cova-
lent grafting of a DNA probe to the polymer backbone, by “Click” reaction. The
present work proposes the use of azidomethyl-poly(3,4-ethylenedioxythiophene
electrodes (Azide-PEDOT) as platforms for the immobilization of an acetylene-
DNA probe, which is complementary to a specific sequence of the “Hepatitis C”
virus. For this purpose, an Azide-EDOT precursor monomer was electropolymer-
ized on top of gold electrodes, thus including both the fabrication and functional-
ization of the polymer in a single step (Figure 4.4, Polymerization). Subsequently,
an acetylene-modified DNA probe was covalently linked to the PEDOT films via
“Click” reaction (Figure 4.4, “Click”), preserving the DNA probe from eventual
damages during synthesis. The hybridization events were then detected by differ-
ential pulse voltammetry (DPV), by evaluating the electroactivity of the polymer

after the DNA recognition process.
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Figure 4.4: Construction of PEDOT DNA sensor. From left to right: polymerization of
Azide-PEDOT electrode from monomer precursor and DNA immobilization pro-
cess, by “Click” reaction.

To confirm the successful functionalization of the polymer, X-ray photoelec-
tron spectroscopy (XPS), time-of-flight secondary ion spectroscopy (ToF-SIMS)
and contact angle measurements were conducted. Full electrochemical charac-
terization of the system was performed by cyclic voltammetry and differential
pulse voltammetry.

Different parameters have been optimized, such as polymer layer thickness,
oxidation state of the polymer, “Click” reaction time and temperature, in order
to obtain a highly selective and sensitive DNA sensor.

The PEDOT sensor was tested under exposure to different concentrations of
complementary target, resulting in calibration curves useful to find the detec-
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tion limit of the system. DNA concentrations down to the nanomolar range were
successfully detected, showing that the newly developed device is more sensi-
tive than the so far reported electrochemical DNA sensors of the same type, thus
avoiding the use of target amplification methods.

Moreover, the selectivity of the Azide-PEDOT electrochemical sensor was evalu-
ated at a specific concentration for different target sequences. The test of com-
plementary and non-complementary sequences resulted in a clear distinction
of the hybridization event from the controls. A two-base mismatched sequence
was tested being distinguished from the control experiment in a 60% approxi-
mately. Also, to demonstrate the clinical feasibility of the biosensor, mixed com-
plementary/non complementary samples were measured simultaneously, show-
ing good selectivity.

This system resulted in a new powerful tool for the preparation of label-free
DNA sensors, revealing its potential for applications in the field of screening for
genetic mutations and diseases, with special relevance in the detection of the
“Hepatitis C” virus.

4.2 FABRICATION OF AZIDE-PEDOT ELECTRODES

In this section, the fabrication and characterization of Azide-PEDOT electrodes on
gold surfaces is described. The fabricated Azide-PEDOT electrodes are then used
for the detection of DNA sequences in a DNA sensor.

4.2.1  Electrochemical synthesis of azide-PEDOT electrodes

Rod-like gold electrodes, surrounded by an inert polymeric cover, were used to
grow Azide-PEDOT films. Since these electrodes were used several times, a polish-
ing pre-treatment was required before each use. To obtain a clean and smooth
working area, diamond paste of different grain sizes was used to carefully pol-
ish the gold electrodes until specular surfaces were obtained (see details in sec-
tion 2.2). Then, the electrodes were washed in ultrasonic baths of acetone and
ethanol and finally used in electrochemical experiments.

Polymerization of Azide-EDOT was performed in organic solvent to avoid the
overoxidation of the polymer. Polymer overoxidation is produced by the nucle-
ophilic attack of water molecules on the monomer cation radicals, being respon-
sible for a large amount of defects in the polymer and resulting in poor polymer
conductivity [51, 52, 53]. In this work, Azide-PEDOT was polymerized in anhy-
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drous dichloromethane (DCM) with tetrabutylammonium hexafluorophosphate

(TBAPF¢) as supporting electrolyte.*

Before performing the poly-
merization, infrared spectroscopy
characterization of the Azide-EDOT
(in DCM) was conducted, to assure
the integrity of the modified mo-
nomer. Figure 4.5 shows the in-
frared spectra of the solvent in
comparison with the monomer in
solution. Absorbance peaks cor-
responding to azide group [54]
and 3,4 - Ethylenedioxythiophene
(EDOT) prints [55] could be identi-

fied at wavenumbers of 2103 cm ™!, and from 1488 to 705 cm ™

* Polymerization details:

100 mM TBAPF, in DCM was prepared in a 3-electrode
electrochemical cell and kept under argon atmosphere.
1.5 mM Azide-EDOT was added to the electrochemi-
cal cell and cyclic voltammetry was applied. All po-
tentials were referred versus an Ag/AgCl pseudorefer-
ence electrode, only used for organic solvents, consist-
ing in an Ag/AgCl wire, which was referenced after

each use against Fc/Fc*.

1, respectively.

0.00
3 azide-EDOT
s in DCM
L 005}
(@]
n
o)
<C
010} > , ,
azide EDOT
3000 2000 1000

Wavenumber (cm-)

Figure 4.5: Infrared absorbance graph of Azide-EDOT monomer in dichloromethane
(DCM). The red line represents the spectrum of DCM solvent and the black
line is the spectrum of the Azide-EDOT monomer in DCM. The absorption peaks

for the azidomethyl group and the EDOT monomer were identified.

Then, the electrochemical behavior of the Azide-EDOT system was investigated

in DCM, using cyclic voltammetry between -1 V and +1.7 V at 100 mV/s, versus

an Ag/AgCl pseudoreference electrode (-1.5 V and +1.2 V vs Fe/ret), as depicted

in Figure 4.6. A flat voltammogram (black cycle) was observed for a gold elec-

trode, scanned in the absence of the modified monomer. On the other hand, when

the Azide-EDOT monomer was added to the electrochemical cell (red voltammo-
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grams), a large oxidation current was observed, corresponding to the polymer-

ization of the monomer.
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Figure 4.6: Electrochemical behavior of the Azide-EDOT monomer in DCM and TBAPF.
Black line: cyclic voltammogram of a bare gold electrode in the absence of
monomer in the electrolyte solution. Red lines: Electropolymerization cycles
of Azide-EDOT in electrolyte solution. Blue line: characterization of Azide-PEDOT
in an electrolyte solution free of monomer.

The oxidation process started at 1.28 V (polymerization onset potential, +0.78 V
vs. Fe/fet) with a maximum at +1.61 V (+1.11 V vs. Fe/ret). The first scan presented
a crossover between the cathodic and anodic branches, corresponding to the nu-
cleation process typically occurring in the electrochemical synthesis of conduct-
ing polymers [56]. After that, the polymer deposition is much easier and the on-
set potential of the polymerization process shifted to lower potentials [57]. More-
over, after the first polymerization scan, a new irreversible redox wave appeared
in the low-potential region, proving the deposition of polymer on the gold elec-
trode. This redox wave gradually increased with the number of scans, indicating
the rising amount of Azide-PEDOT deposited during every anodic sweep.

Azide-PEDOT voltammograms conducted in an electrolyte free of modified mo-
nomer (blue voltammogram), presented two well separated polymer behaviors.
At -0.53 V (-1.03 V vs Fre/rct) the fabricated polymer leaves the semiconducting
regime to behave as a conductor.

The transition window was also characterized in Tris-HCI buffer (pH 7.0, from
-0.85 V to +0.6 V vs. Ag/AgCl reference electrode), since it was the medium
employed for hybridization detection experiments. Up to 100 continuous cycles
were conducted in Tris-HCIl buffer to test the polymer stability under electro-

chemical stimulation in this medium. Figure 4.7 shows that 95.5% of electroactiv-
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ity was retained after the series of cycles, providing an excellent basis for sensing
applications.
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Figure 4.7: Stability test of Azide-PEDOT electrodes in Tris-HCl 20 mM. Cyclic voltammo-
grams of an Azide-PEDOT electrode in Tris-HCI buffer where only a 4.5% of the
electroactivity is lost after 100 cycles.

4.2.2  Characterization of azide-PEDOT electrodes

In this section, the characterization of Azide-PEDOT surfaces by scanning electron
microscopy (SEM), atomic force microscopy (AFM), water contact angle, X-ray
photoelectron spectroscopy (XPS) and differential pulse voltammetry (DPV) is
discussed. For surface characterization experiments, gold-coated silicon wafers
were used as working electrodes to grow Azide-PEDOT layers instead of rod-like
electrodes, which showed to be not suitable for such purposes.

Figure 4.8 shows SEM and AFM graphs of Azide-PEDOT layers grown under the
electrochemical conditions described in the previous section (section 4.2 of this
chapter), but on gold-coated silicon wafers. The polymer surfaces presented a
rough morphology covered by nano-fiber shaped features. This was accompa-
nied by an increase of the hydrophobicity, as revealed by the water contact an-
gle measurements, rising from 40.5° + 2.6° for bare gold surfaces to 67.4° + 0.5°
for Azide-PEDOT surfaces. This increase in the active surface area of the gold elec-
trodes is a convenient feature for sensing purposes, where a large sensing surface
provides higher sensitivity [41].

The surface chemistry of the Azide-PEDOT electrodes was investigated using xPs.
Figure 4.9a shows a wide scan spectrum of an Azide-PEDOT layer where the pres-
ence of the doping ion (PFs~) was confirmed by the existence of the F 1s and
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Figure 4.8: Morphological characterization of Azide-PEDOT electrodes. Left: SEM graph of
an Azide-PEDOT electrode. Right: zoom of a smaller area of an Azide-PEDOT
electrode by AFM.

P 2p peaks at 686.8 eV and 132.5 €V, respectively. Moreover, a 10.8% of atomic
nitrogen and a 3.9% of atomic sulphur were found, being this ratio in good agree-
ment with the proportion of sulphur and nitrogen contained in the Azide-PEDOT
(1:3). Specifically, the high-resolution spectrum recorded for the core-level peak
of N 1s of the Azide-PEDOT surface (Figure 4.9b) showed two deconvoluted peaks
at 400.6 eV and 404.3 eV. They correspond to the two states of nitrogen in the
azidomethyl group, with a peak area ratio of 2.1, as expected for the azide groups

present on the surface [58, 59, 60].
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Figure 4.9: XPS analysis of Azide-PEDOT surfaces. a) wide-scan spectrum of an Azide-PEDOT
surface where the presence of the doping ion was confirmed by the existence
of the F 1s and P 2p peaks. b) high-resolution spectrum of the N 1s peak
corresponding to the azide structure present on the surface.

Finally, the electrochemical characterization of the Azide-PEDOT electrodes was
conducted again using rod-like electrodes, in Tris-HCI (20 mM, 7,0 pH) by DPV,
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which is the electrochemical technique chosen for DNA detection. In Figure 4.10,
a differential pulse voltammogram of an Azide-PEDOT electrode is shown, per-
formed from +0.3 V to +1.5 V at 100 mV/s (vs. Ag/AgCl). DPV measurements
were standardized, to allow comparison between results from different elec-

trodes.*
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Figure 4.10: Differential pulse voltammetry of an Azide-PEDOT electrode in Tris-HCl buffer.
The two oxidation peaks of the Azide-PEDOT marked with red arrows coincide
with the oxidation peaks for guanine and adenine.

The oxidation of the polymer in this

range showed several peaks, as described by
Bauerle’s group [61]. In particular, there are
two broad peaks at 0.8 V and 1.3 V approxi-
mately. These values are quite close to the re-
ported values for the oxidation peaks of gua-
nine (0.8 V-1.1 V) and adenine (1.1 V-1.4 V)
[40, 62], thus rendering direct observation of
the oxidation of G and A bases as an unfeasi-
ble method to determine the existence of DNA
on the surface. Moreover, the peak close to
1.3 V could be related to the gold oxidation
in aqueous solvents with halides or other com-

* Mathematical treatment of raw
DPV measurements:

Raw data were analyzed with GPES
4.7 software package, using the Sav-
itzky and Golay filter, followed by
the moving average baseline correction
(peak width of o.01) provided by the
software. Same corrections will be ap-
plied to all DPV measurements recorded

in the following.

plex ions, which suggested the use of moderate potentials to perform the elec-
trochemical measurements. Therefore, DNA detection (immobilized and/or hy-
bridized) was performed by monitoring the changes in the electrochemical be-
havior of the polymer during immobilization and hybridization processes, in a
reduced potential window between 0.5 V and 1.0 V.
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Summarizing, the fabrication of Azide-PEDOT electrodes from the electropoly-
merization of Azide-EDOT monomers was presented here. Morphological, chemi-
cal and electrochemical characterization of Azide-PEDOT surfaces was conducted,
revealing the good performance of the modified polymer for sensing applica-
tions. Moreover, this fabrication strategy resulted in a ready to use azide-modified
polymer, which will allow the direct functionalization with acetylene-terminated
DNA sequences, by the fast and robust process of “Click” reaction.

4.3 IMMOBILIZATION OF “HEPATITIS C” VIRUS SEQUENCE ON AZIDE-PEDOT

ELECTRODES

The immobilization of Acetylene-terminated "Hepatitis C" virus probe (HCV-probe)
on the Azide-PEDOT electrodes was accomplished by applying the so called “Click”
chemistry, between acetylene and azidomethyl groups. The DNA probe employed
in this work was a complementary probe to a specific sequence of the “Hepatitis
C” virus. Successful DNA immobilization was confirmed by X-ray photoelectron
spectroscopy (XPS), time-of-flight secondary ion mass spectrometry (ToF-SIMS),
water contact angle measurements and differential pulse voltammetry (DPV).
Additionally, several “Click” reaction parameters like time and temperature of
the reaction and some polymer parameters such as its thickness and oxidation
state were adjusted in order to obtain the maximum immobilization efficiency
possible.

Immobilization of HCV-probe on Azide-PEDOT electrodes was performed by means
of the copper(I)-catalyzed Huisgen 1,3-dipolar cycloaddition between azidomethyl

and acetylene groups, as depicted in Figure 4.11.

“Cllck”

r( r(

Azide-PEDOT DNA functionalized
PEDOT

Figure 4.11: Schematics of the “Click” reaction between an Azide-PEDOT surface and an
acetylene-terminated DNA probe.
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The “click” reaction took place in a mixture of water and DMSO in a ratio 1:1.
At least 50% of the solvent had to be water, in order to keep DNA soluble and
functional. Thus, aqueous solutions (50 mM Tris-HCI buffer, pH 7.0) of HCV-probe
were prepared at a concentration of 50 nM. Since the coupling reaction required
a large excess of copper(I) source to proceed [63], a 100-fold excess of Cu(l) and
TBTA and a 120-fold excess of DIPEA were dissolved in DMSO and added to the
aqueous DNA solution.*

Then, Azide-PEDOT electrodes were incu-

bated in the “Click” mixture and left to react |* Immobilization details:
for 20 to 24 hours (overnight) at room temper- |50 mM Tris-HCI and DMSO in a 1:1

ature. After the incubation period, electrodes | 7atio-
50 nM HCV-probe in 50 mM Tris-

HCIL
5 UM Cu(l), 5 uM TBTA and 6 uM

were washed with a mixture of 0.05% Tween
20 in phosphate buffer saline (washing solu-

tion), to remove any HCV-probe not specifically
DIPEA in DMSO.

adhered to the surface. Finally, the electrodes

were rinsed with Milli-Q water to remove any
remaining residue. Immediately afterwards, DNA-functionalized PEDOT surfaces
were subjected to several studies to determine the success of the functionalization
process.

Fig.4.12 shows the XPS high-resolution spectra of the core-level peak of N 1s
for an Azide-PEDOT surface (Fig.4.12a), and a DNA-functionalized PEDOT surface

(Fig.4.12b).
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Figure 4.12: XPs high-resolution spectra of the core-level peak of N 1s for a bare
Azide-PEDOT electrode and a DNA-functionalized PEDOT electrode. The area
ratio between the two peaks at 400.6 eV and at 404.3 eV increased for DNA-
functionalized PEDOT surface, indicating the successful DNA attachment to
the polymer surface.
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The polymer surfaces were prepared on gold-coated silicon wafers. As previ-
ously determined (section 4.2.2 of this chapter), an Azide-PEDOT surface presents
two well resolved N 1s peaks at 400.6 eV and 404.3 €V, whose ratio is close to
2 (exactly 2.1 in this work). However, after the “Click” reaction took place, the
peak at 404.3 eV decreased in favor of the lower energy peak (400.6 eV). This is
likely due to the formation of triazoles and the incorporation of nitrogen con-
tained in the HCV-probe [60, 64]. For Azide-PEDOT surfaces coupled with HCV-probe,
the ratio between the two nitrogen peaks rose to 2.6 (an increase of approx. 19%),
suggesting the partial functionalization of the polymer.

Additionally, ToF-SIMS analyses were performed on different polymer surfaces,
namely “No DNA” (neither DNA nor acetylene were added to the reaction),
“DNA without acetylene” (DNA without acetylene were added to the reaction)
and “Acetylene-DNA” (HCV-probe probe was added to the reaction). Figure 4.13
shows the superposition of the three ToF-SIMS mass spectra (normalized to the
total intensity of the spectra), in which only the Azide-PEDOT surface reacted with
HCV-probe exhibited significant contributions of ion fragments representative of
DNA (PO,;~, PO3™ and PH,O47) [64, 65]. On the other hand, samples on which
the “Click” reaction did not occur (because of the absence of acetylene in the
DNA probe or because no DNA at all was in the reaction mixture) showed negligi-
ble amounts of such ions. This suggested the successful immobilization of DNA
probes carrying acetylene groups, with negligible presence of non-specifically
adsorbed DNA.

Acetylene-DNA
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Figure 4.13: ToF-SIMS spectra of Azide-PEDOT surfaces incubated with different immobiliza-
tion solutions. Black spectrum represents an Azide-PEDOT electrode incubated
in a solution free of DNA, blue spectrum represents an Azide-PEDOT electrode
incubated in a solution with a DNA without acetylene and red spectrum rep-
resents an Azide-PEDOT electrode incubated in a solution with the acetylene-
terminated DNA (HCV-probe).
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This result is in good agreement with the alternative study performed on the
same surfaces by water contact angle measurements, which provided qualitative
information about the differences between the mentioned surfaces. The value of
the water contact angle decreased from 67.4° + 0.5° for “No DNA” samples (nei-
ther DNA nor acetylene were added to the reaction), to 58.3° + 0.5° for “HCV-probe”
samples (HCV-probe were added to the reaction), on which the “Click” reaction
took place. This change was attributed to the hydrophilic nature of DNA attached
to the surface [64]. Moreover, water contact angle measurements of “acetylene-
free DNA” samples (DNA probes without acetylene were added to the reaction)
showed constant values (67.2° + 1.2°), comparable to “No DNA” samples, indicat-
ing again negligible adsorption of the non-specific DNA on Azide-PEDOT surfaces.

Furthermore, in order to corroborate the previous results by electrochemical
techniques, DPV measurements were conducted on Azide-PEDOT rod-like elec-
trodes, which were incubated under the previous conditions (“No DNA”, “acetyl-
ene-free DNA” and “HCV-probe”). DPV measurements were performed between
+0.5 V and +1.0 V at 100 mV/s (vs. Ag/AgCl reference electrode) in 20 mM
Tris-HCI buffer at room temperature. Figure 4.14 shows the standarized DPv

measurements of the three types of samples.
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Figure 4.14: Differential pulse voltammetry of “Click” reaction. The “HCV-probe” sam-
ple (blue line) showed a decreased electroactivity as compared with non-
functionalized samples, “acetylene-free DNA” (red line) and “No DNA”
(black line).

The electroactivity of the “HCV-probe” samples (where the “click” reaction was
accomplished) showed a big decrease compared to the “No DNA” samples (con-
trol samples, where there is no DNA at all). This is likely due to the bonding
formation of HCV-probe, which acts as insulating layer on the polymeric film,
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impeding ion exchange and hence reducing the electrochemical activity of the
polymer [45, 66]. On the other hand, “acetylene-free DNA” samples, i.e. where
the DNA probes were not anchored to the surface, did not show such large elec-
trochemical change. This indicates that proper immobilization (“Click” reaction)
was only accomplished when HCV-probe was used.

Finally, once the immobilization process was demonstrated by different tech-
niques, key conditions such as the reaction time, reaction temperature, polymer
thickness and oxidation state of the polymer were investigated, seeking for an
improved immobilization efficiency.

It has been shown that when “Click” reactions are performed without the use
of any catalyst, the reactions proceed in a slow manner, requiring the use of high
temperatures and long reaction times to increase the yields [67]. This suggested
that these two parameters (reaction time and temperature) play an important
role in the efficiency of the immobilization process [68, 69, 70]. Electrochemical
results, as the ones presented here in Figure 4.14, suggested that larger elec-
trochemical changes of the polymer behaviour after the immobilization process
were related to higher surface blockage and thus higher immobilization propor-
tions. Therefore, the electrochemical change of the polymer after a certain “Click”
reaction was evaluated against its control experiment (“Click” reaction using a
DNA without acetylene) by DPV measurements. By alternatively varying the re-
action parameters (time, temperature, oxidation state and polymer thickness), it
was possible to select the optimal conditions that resulted in larger electrochem-
ical changes of the polymer.

The electrochemical change of the polymer was evaluated after2hand 20-24h
of “Click” reaction, then at room temperature and 45°C, later by using reduced
(-0.85 V) and oxidized (+0.6 V) polymers and finally with thin (grown by 2 poly-
merization cycles as described in section 4.2 of this chapter) and thick (grown by
8 polymerization cycles as described in section 4.2 of this chapter) polymer elec-
trodes.*

* Optimizing immobilization conditions:

Reaction Time: experiments were conducted at R.T., polymer thickness corresponding to 2 poly-
merization scans and reduced state of the polymer (-0.6 V).

Reaction Temperature: experiments were conducted for 20 - 24 h, polymer thickness corresponding
to 2 polymerization scans and reduced state of the polymer (-0.6 V).

Oxidation state: experiments were conducted at R.T., for 20 - 24 h and polymer thickness corre-
sponding to 2 polymerization scans.

Polymer Thickness: experiments were conducted at R.T., for 20 - 24 h and reduced state of the

polymer (-0.6 V).
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Figure 4.15 shows the relative current changes of Azide-PEDOT electrodes where
“Click” reaction took place, against their control experiments under the same

conditions. The largest current change was taken as reference (100%).
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Figure 4.15: Optimization experiments of the immobilization reaction. When changing
a reaction parameter, the rest of parameters were kept constant. The best
results for the immobilization reaction were achieved after 24h of reaction
at 45°C, using thin polymers in their oxidized state.

One can observe how indeed, as reported by literature, the use of longer re-
action times and higher temperatures results in larger electrochemical changes
in the polymer behaviour. The use of shorter times and room temperatures does
not improve the response of the polymer to the HCV-probe, which in those cases
remains about the 60 - 70% of the maximum response. Moreover, electrodes
that were oxidized before the “Click” reaction showed higher responses to the
HCV-probe than the non-oxidized electrodes (whose response remained above the
60% of the maximum response). It was attributed to the increased electrostatic
affinity between the oxidized polymer (positively charged) and the negatively
charged DNA backbone, which eventually would lead to a higher DNA immobi-
lization proportion. Finally, larger changes in the electrochemical response were
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recorded by using thin polymers, which is in good agreement with other works
that suggest that thicker polymers may hide the changes in the electrochemical
behaviour [71]. In this work, this was supported by the electrochemical response
of thick polymers, which was about the 10% of the one obtained for thin polymer
electrodes.

This section described, by different techniques, the successful functionalization
of Azide-PEDOT surfaces with HCV-probe by “Click” chemistry. The studies con-
ducted on Azide-PEDOT electrodes showed that non-specific adsorption of DNA
was negligible and did not interfere with the electrochemical measurements,
proving the robustness of the “Click” process. The optimization of the immo-
bilization parameters was achieved after 20 - 24 h of reaction, at 45°C, using
thin polymer electrodes in their oxidized state. Additionally, it was confirmed
the suitability of differential pulse voltammetry (DPV) as a fast electrochemical

technique to assess the DNA functionalization of Azide-PEDOT surfaces.

4.4 HYBRIDIZATION OF “HEPATITIS C” VIRUS SEQUENCES ON AZIDE-PEDOT
ELECTRODES

In this section, the use of the DNA-functionalized PEDOT electrodes is presented
for the development of DNA hybridization sensors. A specific sequence of the
“Hepatitis C” virus was investigated. The selectivity of the sensor, at a specific
concentration, was studied under exposure to several targets, including comple-
mentary, non-complementary and two base mismatch sequences. Moreover, com-
plex mixtures of complementary and non-complementary targets were tested.
The sensor was also challenged with low concentrations of the complementary
target, to obtain its limit of detection. Additionally, the reusability of the sensor

was investigated by applying several de-hybridization protocols.

4.4.1  Selectivity of the DNA sensor

When a sensor responds only to a certain target analyte, it is called highly se-
lective. In order to investigate the selectivity of the DNA sensor developed here,
the PEDOT electrodes were tested against several DNA sequences (Table 4.1), at a
specific concentration.

Hybridization reactions* were conducted for 30 minutes at room temperature,
using the different DNA sequences. Then, PEDOT electrodes were washed with
the washing solution described in section 4.3 of this chapter, to remove any not
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DNA NAME

DNA SEQUENCE

Probe (HCV-probe)

Complementary target
(HCV-target)

Non-complementary target
1 (Nci-target))

Non-complementary target

2 (Nca-target)

Two base mismatch

target (2BM-target)

5-6TT TTT TGG GGA TCC CGT ATG
ATA CCC-3’

5-GGG TAT CAT ACG GGA TCC
CCA-3’

5-CTC GAT GAC TCA ATG ACT
CG-3’

5-CCC GCA CTIT CAC CAC TCC TCA
CCA CTT CAC GCC C-3’

5-GGG TAT CTT ACG GCA TCC
CCA-3’

Table 4.1: List of oligonucleotides. In HCV-probe, 6 represents the acetylene group and the

five next T bases were introduced as spacers. In red mismatched bases with

respect HCV-target.

hybridized DNA target. After that, the electrodes were subjected to DPV measure-

ments. Three series of experiments were performed, where DPV measurements

were recorded from 3 independent electrodes per experiment. Raw data were

standardized to perform comparisons between electrodes of different batches.

Since the oxidation peaks for A and G bases

were definitely not evaluated in this work, DPV | * Hybridization details:

measurements were performed in the previ- | azide-PEDOT electrodes previously im-

ously reduced potential range (between 0.5 V| mobilized with 50 nM HCV-probe
and 1.0 V vs Ag/AgCl reference electrode), | were incubated with Tris-HCI 20 mM,

thus avoiding unnecessary overoxidation of | containing 20 mM NaCl and 50 nM

the polymer. The reference for the electro- | pna hybridization sequences.

chemical behaviour of the polymer was taken

as the current intensity corresponding to the

oxidation peak appearing at 0.8 V approximately.

Figure 4.16 shows corrected DPV measurements of DNA-functionalized elec-

trodes incubated with different hybridization solutions, namely a hybridization
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solution free of DNA target (single stranded, black line), a solution containing
a non-complementary target (Nci-target in Table 4.1, blue line) and a solution
containing the HCV-target (red line). The highest peak intensity was observed for
target-free samples, which remained almost unvarying upon exposure to non-
complementary DNA. In contrast, when the electrodes were incubated with the
HCV-target, the current intensity abruptly decreased, revealing a change in the elec-
trochemical behaviour of the system. These results suggested that the hybridiza-
tion did not occur when the electrodes were exposed to non-complementary
target sequences since the electroactivity of the polymer did not change in com-
parison with the non-hybridized control. By contrast, hybridization did occur
when the electrodes were exposed to HCV-target. This decrease in the current in-
tensity for electrodes incubated with HCV-target was attributed to changes in the
polymer backbone. It was reported that the formation of hydrogen bonds after
completed hybridization, creates potential barriers that slow down the diffusion
of ions into the polymer [28, 56, 71, 72]. This reduces the electroactivity and
conductivity of the polymer backbone, which is in good agreement with the
observed electrochemical behaviour.

4 Single stranded

Nc1-target

HCV-target
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Figure 4.16: Corrected DPV measurements for DNA-functionalized PEDOT electrodes
hybridized with a complementary target (HCV-target, red line), a non-
complementary target (Nci-target, blue line) and without any DNA target (Sin-
gle stranded, black line).

Next step was to evaluate whether the sensor developed here was still able
to detect the complementary target within a complex mixture. Therefore, a so-
lution containing two non-complementary DNA sequences called Nci-target and
Nez-target (see Table 4.1) and HCV-target was tested. The three target sequences
were mixed at the same concentration of 50 nM, resulting in a total DNA concen-
tration of 150 nM. Figure 4.17 shows the corrected DPV measurements of DNA-
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functionalized electrodes which were incubated with a hybridization solution
free of DNA (Single stranded, black line), with a solution containing the comple-
mentary sequence (HCV-target, red line), and with a solution that contained the
mixture of the complementary sequence and the non-complementary sequences
(Mixture, blue line). Exposing the polymer to the mixture of non-complementary
and complementary sequences resulted in a similar change in electrochemical
behaviour as observed before, when only HCV-target alone was used. This result
proved that the DNA sensor developed here is capable of detecting the comple-
mentary target within a more complex mixture. Moreover, the sensor did not
show remarkable interferences due to the presence of other non-complementary

sequences, which is an important feature required for the analysis of real sam-

ples.
4T Single stranded
5_/ Mixture
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Figure 4.17: Corrected DPV measurements for DNA-functionalized PEDOT electrodes hy-
bridized with a complementary target (HCV-target, red line), a mixture of
non-complementary and complementary targets (Mixture, blue line) and
without any DNA target (Single stranded, black line).

Finally, the discrimination against two-base mismatch was also studied. Figure
4.18 presents the DPV responses of the sensor to a two-base mismatch sequence
(2BM-target), the one of a DNA-functionalized PEDOT electrode incubated without
any target and another incubated with a fully complementary target (HCV-target).
A decrease of almost half of the electrochemical signal was observed when the
two-base mismatch sequence was used. Pairing between mismatched bases can
occur when all the adjacent bases are perfectly matched. Although this situa-
tion is less stable, it can take place and in certain cases can be distinguished
from totally matching sequences [25, 73, 74]. In this case, a strong attenuation
of the electrochemical response of the polymer was observed without reaching



4.4 HYBRIDIZATION OF “HEPATITIS C” VIRUS SEQUENCES ON AZIDE-PEDOT ELECTRODES

the value of the complementary target. The capability of distinguishing between
both DNA sequences without the use of any redox label, commonly used for ef-
ficient detection of base mutations, improves the performance of the sensor in
terms of costs and detection time. This is a convenient advantage for developing
point-of-care-test sensors.

4F Single stranded

2BM-target

HCV-target

05 06 07 08 09 10
Voltage (V vs. Ag/AgCl)

Figure 4.18: Corrected DPV measurements for DNA-functionalized PEDOT electrodes hy-
bridized with a complementary target (HCV-target, red line), a two-base
mismatch target (2BM-target, blue line) and without any DNA target (Single
stranded, black line).

The selectivity of the sensor at a specific DNA concentration (50 nM) is sum-
marized in Figure 4.19, showing the relative current changes against the not
hybridized experiments. Thus, taking as reference the response of the sensor
to a complementary target (100 + 9.7%, “HCV” in Figure 4.19), the response
to the non-complementary target (“NC” in Figure 4.19) did not exceed 20%
(19.9 + 3.3%), which separates the hybridization event from the non-specific DNA
bonding to the surface. On the other hand, the response of the sensor to the cock-
tail of non-complementary and complementary targets (“Mix” in Figure 4.19) re-
mained above 90% (90.33 + 3.5%), which suggests that the sensor can still detect
the complementary target over several non-complementary targets with good
resolution. The two-base mismatch target (“2BM” in Figure 4.19) showed about
60% (58.1 + 12.8%) of response of the total signal, permitting the distinction from
the complementary and the non-complementary targets.

Thus, the DNA sensor developed in this work allows the effective discrimina-
tion between all the target sequences tested here, at a fixed concentration of
50 nM. This reveals the potential of the sensor for applications in the screening
of genetic mutations and diseases, such as “Hepatitis C”.
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NC HCV

Mix 2BM

Figure 4.19: Selectivity of the DNA sensor. “NC” shows the response of the sensor to

the non-complementary target. “C” shows the response to the complemen-

tary sequence (taken as reference, 100%). “Mix” shows the response of the

sensor to a mixture of non-complementary (Nc1, Nc2) and complementary

sequences. “Mis” is the response of the sensor to a two-base mismatch target

sequence.

4.4.2  Sensitivity of the DNA sensor

As much as the selectivity, the sensitivity of a sensor to a concrete target sequence

is important in the development of clinical devices.

The sensitivity of a sensor can be described as the smallest change of target

concentration that can be detected reliably. Alternatively, the limit of detection

(LOD) is used to measure the smallest concentration that can be detected with

a certain precision and reproducibility. Generally, the precision is defined as the

concentration producing a signal 3 times the standard deviation of a series of

blank readings. This definition is equivalent to a 99% confidence level. Therefore,

the Limit Of Detection (LOD) is a function of sensitivity and signal stability. Here,

LOD is were calculated to perform comparisons with other reported works.

Hybridization experiments were per-
formed for 30 minutes at room tem-
perature, using different concentra-
tions of HCV-target, from 20 nM to
1 nM.* Afterwards, PEDOT electrodes
were washed with the washing solu-
tion and the electrodes were subjected
to DPV measurements, using 3 inde-
pendent electrodes per experiment. At

* Hybridization solution:

Azide-PEDOT electrodes previously immobilized
with 20 nM HCV-probe were incubated with
20 mM Tris-HCI, containing 20 mM NaCl and
HCV-target at several concentrations namely
20 nM, 10 nM, 5 nM, 2.5 nM and 1 nM.
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least three series of experiments were conducted. Raw data were standardized
to perform comparisons between electrodes of different batches.

Figure 4.20 shows a gradual decrease in the oxidation current of the polymer
when increasing the concentration of HCV-target. This suggested a change in the
polymer backbone produced by hybridization, which is increasing with higher
target concentrations. Moreover, the oxidation peaks of the polymer were shifted
towards more positive potentials for increasing concentrations, which is in agree-
ment with the formation of hydrogen bonds (potential barriers) that slow down
the diffusion of ions through the polymer. These results evidenced the depen-
dence of the electrochemical behaviour of the polymer on changes in the target
concentration, showing its suitability to perform quantification experiments nec-
essary for clinical analyses.

Single stranded
1nM HCV-target
4} 25nM HCV-target
—~~ 5nM HCV-target
< 10nM HCV-target
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Figure 4.20: Corrected DPV measurements for DNA-functionalized PEDOT electrodes hy-
bridized with different concentrations of complementary target, from o nM
to 20 nM.

Figure 4.21 shows the calibration curve obtained from the quantitative elec-
trochemical measurements, taken from at least three independent electrodes per
concentration. When the current intensity is plotted against the logarithm of the
target concentration, the graph is linear with a correlation coefficient of 0.990.
The limit of detection (LOD) was obtained by application of the equation Y;op =
Y3 + 30 and the regression equation Y(X) = 3.878 - 1.563X of the plot. Where Yp
represents the main current for the blank experiment (hybridization experiment
without DNA target) and op is the standard deviation of the blank experiment. In
this way, a limit of detection of about 0.13 nM was estimated. This result is com-
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parable to values achieved by other electrochemical DNA sensors with enhanced

sensitivity, provided by the use of redox indicators or miniaturized systems [41].

R =0.99

Current (uA)

1 10
Log [Target Concentration (nM)]

Figure 4.21: Calibration curve for the oxidation signal of DNA-functionalized PEDOT elec-
trodes, hybridized at different concentrations of complementary target. Cur-
rent intensity (Y = I) is plotted against the logarithm of the target concentra-
tion (X = log [Target Concentration]).

The PEDOT sensor presented here is therefore showing low limits of detection
for the recognition of specific DNA sequences (down to the nanomolar range),
without the need of labelling or complicated microfabrication methodologies. In
addition, this work represents an important contribution to the label free detec-
tion of the “Hepatitis C” virus, since there are very few reports in this field. The
existing reports related to label free electrochemical sensors for the “Hepatitis C”
virus are based on either the oxidation signal of guanine or on the electrochem-
ical behavior of conducting polymers [75]. On one side, Pournaghi-Azar et al.
developed a label free sensor for the “Hepatitis C” virus, based on the detection
of guanine oxidation, with a limit of detection of 6.5 nM. This sensor showed
to be as sensitive as other DNA sensors of the same kind (sensors based on the
guanine oxidation signal), but 50 times less sensitive than the PEDOT sensor pre-
sented here [62]. On the other hand, to the best of our knowledge, there is only a
single report concerning the electrochemical label free detection of the “Hepatitis
C” virus, using conducting polymers. This sensor, although shows very low lim-
its of detection (10~2! M), includes the use microelectrode fabrication technology
and is based on the electropolymerization of a probe-modified pyrrole mono-
mer [76]. Instead, the system developed here uses a straightforward fabrication
strategy that avoids the use of complex equipment and processes. Moreover, the
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fabrication ends in a readily azide-functionalized platform for the further probe
immobilization, which preserves the HCV-probe integrity from eventual damages
during the electrochemical synthesis. Additionally, the PEDOT sensor offers excel-
lent limits of detection, taking into account that the concentration analyzed in
clinical tests for the “Hepatitis C” virus in serum or plasma is usually around
1.5 - 2.0 uM [77].

However, new trends in DNA sensors seek even lower limits of detection, for
which nanomaterials, such as nanoparticles, carbon nanotubes, nanowires, etc.,
showed to be useful [78, 79, 80]. The combination of conducting polymers with
those nanomaterials have shown to provide maximum benefit of the surface and
electrical properties of the device, which could be applied on the presented sen-
sor. Nevertheless, this would mean an increase in processing steps, time and cost
and is therefore out of the scope of this chapter, although it was envisaged as

future work.

4.4.3 Reutilization of the DNA sensor

Device reutilization is a crucial issue in biosensors. The importance of reutilizing
a sensor after a first detection process is enormous, regarding the cost of the
device and its application to real point-of-care-tests [44].

Since the DNA probe is covalently grafted to the polymer surface, the method
of choice for reutilization is the de-hybridization of the complementary target
sequence. However, both the complete de-hybridization of the system and also
the re-hybridization are very important. It is desirable to achieve the same yields
of hybridization after a recycling step, for many times, which depends on the
resistance of the sensing device (transducer or DNA probe) upon degradation
[27].

Techniques typically used for de-hybridization, i.e. breaking the hydrogen
bonds of the DNA double strand, are based on either the use of very basic pHs
(alkaline denaturation with pH values from 8 to 12.5) [81] or on the increment of
the temperature to the melting point of the sequence (thermal denaturation) [82].
The use of solutions with very low pHs has also been reported [83]. However,
this method ends in the depurination of DNA (release of purines) and the loss of
up to 50% of the information of the strands.

In this thesis, the de-hybridization of the PEDOT sensors was attempted by two
different protocols based on alkaline and thermal denaturation.
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First, hybridized electrodes were de-hybridized by using a 10 mM solution of
sodium hydroxide (NaOH, 12 pH) during 10 minutes. Then, the electrodes were
washed for 5 minutes in Milli-Q water and for another 5 minutes in the washing
solution described in 4.3, to remove any DNA target not specifically adsorbed on
the surface. Then, the electrodes were subjected to DPV measurements. Results of
de-hybridization (De-Hyb) experiments were compared with the ones obtained
after the first hybridization of the system (1st-Hyb) and with the ones obtained
after the second hybridization of the system, following de-hybridization (2nd-
Hyb). Figure 4.22 shows the relative current intensity of the electrodes with re-
spect to the blank experiment (no DNA was used for first hybridization, second

hybridization and de-hybridization experiments).

300 |+

I

0 1 1 1
1st-Hyb De-Hyb 2nd-Hyb

Figure 4.22: Reutilization of DNA sensor by alkaline protocol. The graph shows the rela-
tive response of the sensor with respect the blank experiment (without using
DNA). 1st-Hyb: first hybridization of the system, whose response is taken as
reference value (100%). De-Hyb: de-hybridization experiment and 2nd-Hyb:
second hybridization experiment after de-hybridization.

A successful de-hybridization assay would result in a decrease of the relative
current intensity, meaning the resemblance between the de-hybridized experi-
ment and the blank. However, the experiments performed at this point using
basic solutions, showed an increase of the relative current intensity. This means
that the differences between the de-hybridization experiment and the blank were
even higher than before the process. Moreover, the results of the second hy-
bridization, after de-hybridization, showed a hybridization yield of only 50%
as compared to the first hybridization process, being an insufficient response
which cannot be considered a successful regeneration of the sensor. It is pro-
posed that the process of alkaline denaturation used here affects the polymer

backbone either by degrading it or because Na™ residues remain in the porous
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structure of the polymer. The increased ion contents of the system would affect

the electrochemical response in a non-homogeneous way, as evidenced by the

large standard deviation values of the de-hybridization experiment. Thus, it was
concluded that the alkaline protocol was not suitable for the reutilization of the

polymeric device developed here and the use of thermal denaturation, as an

alternative method to reuse the DNA sensors, was investigated.
Here, hybridized sensors were incubated with Milli-Q water at 80°C for 5 min-
utes.* Then, the electrodes were washed as described before, with the washing

solution. Afterwards, DPV measurements were conducted and compared with

the hybridization experiment, before and after denaturation.

Figure 4.23 shows the relative current in-
tensity of the electrodes with respect to the
blank experiment, as in the previous case.
Here, a smaller difference between the de-
hybridized electrodes and the blank was ob-
served, which at first indicates the success-
ful de-hybridization of the system. However,
the second hybridization process after the de-

hybridization step, showed a response of the

* De-hybridization temperature:

The melting temperature of the “Hep-
atitis C” virus sequence is 56.3°C [84].
An exceeding temperature of 80°C was
used in order to completely ensure the

denaturation of the double strand.

sensor of about 67% of the initial hybridization, which is still far from being

considered an effective regeneration of the system.

120 f

100

1st-Hyb De-Hyb

2nd-Hyb

Figure 4.23: Reutilization of DNA sensor by thermal protocol. The graph shows the rela-
tive response of the sensor with respect the blank experiment (without using
DNA). 1st-Hyb: first hybridization of the system, whose response is taken as
reference value (100%). De-Hyb: de-hybridization experiment and 2nd-Hyb:

second hybridization experiment after de-hybridization.
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These are preliminary results, which need optimization. However, to the best
of our knowledge, there are very few studies of DNA sensor based on conducting
polymers which report successful regeneration and none of them correspond
to label free sensors. Arora et al. [27] used thermal denaturation to regenerate
polyaniline based DNA hybridization sensors (using methylene blue as redox
intercalator) up to 7 times. However, they report a response to complementary
targets of only 17% after the 7th regeneration process and first signs of polymer
detachment after the 5th regeneration process.

Therefore, although the results obtained here are not ideal, they provide a
better understanding of the regeneration process in polymer-based DNA sensors,

indicating a promising future by performing more tests in this direction.

4.5 CONCLUSIONS

In this chapter, a highly selective and sensitive electrochemical label-free DNA
hybridization sensor is presented in a new approach. This work proposes the
use of Azide-PEDOT electrodes as platforms, using “Click” reaction for the im-
mobilization of an acetylene-DNA probe, which is complementary to a specific
sequence of the “Hepatitis C” virus. An Azide-EDOT precursor monomer was elec-
tropolymerized on top of gold electrodes, thus performing both the fabrication
and functionalization of the polymer in a single step. Morphological, chemical
and electrochemical characterization of Azide-PEDOT surfaces was conducted, re-
vealing the good performance of the modified polymer for sensing applications.
Moreover, this fabrication strategy resulted in a ready to use azide-modified poly-
mer, which allowed the direct functionalization with acetylene-terminated DNA
sequences by the fast and robust covalent coupling reaction known as “Click”
reaction. This fabrication method preserved the integrity of the DNA probe from
the synthetic process.

The hybridization events were then detected by differential pulse voltamme-
try (DPV), by evaluating the electroactivity of the polymer after the DNA recog-
nition process. The selectivity of the Azide-PEDOT electrochemical sensor was
evaluated at a specific concentration of 50 nM. Using complementary and non-
complementary sequences, a clear distinction of both events in about 80% was
possible. The response of the sensor to a mixture of non-complementary and
complementary targets remained above 90% as compared to the complementary
response, which suggests that the sensor can still detect the complementary tar-
get within a complex mixture with good resolution. A two-base mismatch target
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showed a response of about 60% of the total signal, permitting the distinction
from the complementary and the non-complementary targets. Therefore, the DNA
sensor developed in this work allows the effective discrimination between all the
target sequences tested at a fixed concentration, revealing its potential for appli-
cations in the screening of genetic mutations and diseases, such as “Hepatitis C”
virus. The limit of detection (LOD) for complementary targets resulted in about
0.13 nM, which is one order of magnitude smaller than other reported label free
sensors of the same kind. Additionally, the reusability of the sensor was studied
with positive preliminary results, for protocols using thermal denaturation of
DNA. The electrode reusability needs further improvement but contributes with
new results to the regeneration of label free DNA sensors based on conducting
polymers.

These results are very promising for the development of polymeric label free
DNA hybridization sensors, which can be applied to point-of-care-tests due to
their high selectivity and sensitivity. Moreover, the combination of conducting
polymers with nanomaterials represents the next step for the further improve-
ments of this sensor, which can be feasibly implemented in the system developed

here.
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FABRICATION OF POLYPYRROLE SINGLE NANOWIRE
DEVICES

This chapter discusses the fabrication of polypyrrole single nanowire devices. Two fab-
rication techniques are investigated, namely dip-pen nanolithography and electrochemi-
cal polymerization on template-assisted surfaces. On one hand, dip-pen nanolithography
proved to be a simple deposition technique with good control over size and location of
the polypyrrole nanostructures. On the other hand, the electrochemical polymerization
on template-assisted surfaces allows the chemical manipulation of the polymer, which
permits tailoring the device properties. Applying these techniques, the capability of fab-
ricating ready-to-use single nanowire devices, based on conducting polymers, is demon-

strated.

Voltage (V)
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5.1 INTRODUCTION

Since Sakaki predicted in 1980 the enhanced electrical properties of nanowires
due to the scattering suppression in one-dimensional structures [1], nanowires
started to be used in electronic applications, with field effect transistors (FETs) as
basic components to fabricate highly efficient devices [2, 3]. In these nanowire-
based FETs, the nanowire connects two electrodes, called source and drain, on a
highly doped silicon substrate (gate), which is coated with a thermally grown
oxide layer (gate dielectric) (Figure 5.1) [2]. The FET operation consists in switch-
ing the conductance of the nanowire between full conduction (on-mode) and no
conduction (off-mode) by the application of an electric field, through the gate
electrode. These nanowire-based systems experience a greater influence on the
channel conductivity, in comparison with conventional planar structures [2]. This
is due to the similarity existing between the nanowire diameter’s size and the
Debye’s length (a measure for the penetration of the electric field into the bulk),

which confines the effects of the gate voltage to the nanowire’s body.

Nanowire

Figure 5.1: Field effect transistor configuration based on a single nanowire. A nanowire
connects two metallic electrodes (source and drain) and lies on an insulating

oxide layer, on top of the gate electrode.

Other nanowire’s properties such as their high surface-to-volume ratio, their
sub-wavelength optical properties, their high sensitivity to environmental chang-
es occurring at their surface, their superior mechanical performance, etc., make
them useful in many other applications such as optoelectronics, environmental
care, as biomedical coatings, in chemical and biological sensors, etc. [4, 5, 6, 7,
8]. In biotechnological applications, the area that has shown to profit most from
the nanowires” properties is the biosensors field, with detections in real-time and

highly sensitive responses [9, 10]. Many works can be found reporting the use
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of nanowires to detect important biological molecules, involved in common dis-
eases such as glucose, or to detect specific DNA sequences, viruses and proteins
[11, 12, 13, 14].

Of special interest is the case of nanowires based on conducting polymers (CP)
such as polypyrrole (Ppy), polyaniline (PANI) or polythiophene [7]. As men-
tioned in previous chapters, conducting polymers have been used as alterna-
tives to conventional materials (metals and inorganic semiconductors) in differ-
ent fields, due to their extraordinary properties. They include the possibility of
tuning the material’s conductivity over several orders of magnitude by adjust-
ing the synthetic parameters (dopant, solvent, synthetic method, oxidation state,
etc.), the wide availability of monomers, their inexpensive cost, their capability to
behave both as immobilization and as transduction agents at the same time and
the multiple functionalization possibilities, which are so demanded in biotech-
nology [15].

Generally, electronic nanowire devices, based on conducting polymers, can be
found either as arrays of nanowires (nanowire-networks) or as single-nanowire
devices. On one side, nanowire-networks represent the easiest route to imple-
ment conducting polymer nanowires into electrical devices [16]. Nevertheless,
these systems suffer from poor control over the number and position of nano-
wires bridging the electrodes, resulting in large variations of the contact resis-
tance between different systems, which is translated into low reproducible de-
vices [7]. Alternatively, single-nanowire devices offer a constant performance and
their use provides an excellent control and understanding of the device proper-
ties and the operation mechanism [16]. Moreover, the capability of fabricating
single-nanowire structures improve the spatial resolution of the device, allowing
the construction of high density electronic devices. Used for instance, in recogni-
tion systems, where control assays can be included in a single experiment, thus
reducing the false positive/negative responses [11].

However, single conducting polymer nanowires still suffer from serious fabri-
cation limitations. Conventional micro- and nanofabrication techniques, such as
photolithography and focus ion beam (FIB) showed to be incompatible with the
fabrication of polymer nanostructures (they induce thermal damage during the
process on the polymer and are incompatible with the incorporated functional
groups) [16]. Instead, the most widely employed techniques to deposit conduct-
ing polymer nanowires over electrical contacts includes the synthesis of the nano-
wires in solution (by template methods) [17]. These nanowires are placed, after

fabrication, between metallic electrodes by drop-casting. Then they are aligned
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with the help of a complementary method, to obtain single-nanowire devices
[18]. The nanowire’s alignment has been typically performed by the use of elec-
tric and magnetic fields, which requires tedious steps of alignment and depo-
sition, increasing the complexity of the fabrication process. Alternatively, other
fabrication approaches have been investigated based on scanning probe micro-
scopies. For instance, scanning tunneling microscopy (STM) has been used to lo-
cally electropolymerize a thin film of a precursor monomer on a surface, thus cre-
ating polymer nanostructures [19]. Also, polymer-based suspensions have been
deposited in nanowire shape by dip-pen nanolithography (DPN), representing
an attractive alternative to direct printing techniques, as ink-jet printing, with
nanometer resolutions [20]. Recently, the in-situ electropolymerization of nano-
wires between electrical contacts has also been studied. Although, it seems a very
convenient fabrication method that could overcome problems related to repro-
ducibility, it is still an immature technique, where the experimental conditions
showed to affect dramatically the course of the process and where the fabrication
parameters should be optimized.

This chapter discusses the fabrication of polypyrrole nanowires between electri-
cal contacts. Two different methods were attempted, namely dip-pen nanolithog-
raphy and electrochemical polymerization on template-assisted surfaces. DPN op-
eration conditions were investigated for a polypyrrole-based ink, obtaining the
calibration of the nanowire’s diameter against the writing speed and the relative
humidity. DPN showed to be a suitable technique for the deposition of polypy-
rrole nanowires between metallic electrodes with resolutions down to 100 nm.
Alternatively, the growth of polypyrrole nanowires by electrochemical synthesis
offered higher control over the chemical and physical properties of the polymer.
The absence of standard protocols to fabricate these types of nanowires moti-
vated this study, which seeks an optimization of the fabrication parameters. The
optimization process resulted in an increased reproducibility of fabricated de-
vices in comparison with former studies, where reported protocols were applied.
Two final devices, using different solvents and electrolytes were characterized
electrically, demonstrating the capability of fabricating ready-to-work systems
with potential applications in different fields.

5.2 POLYPYRROLE NANOWIRES BY DIP-PEN NANOLITHOGRAPHY (DPN)

In this section, dip-pen nanolithography (DPN) is introduced as a suitable tech-
nique for the deposition of polypyrrole nanowires. The principles of this tech-
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nique are presented here, along with a description of the fabrication process and
the characterization of the polymer nanowires.

5.2.1 Principles of Dip-Pen Nanolithography

In 1986, Binning and Rohrer were awarded with the Nobel Prize in Physics for
the invention of the Scanning Tunneling Microscopy (STM) [21]. It was based on
the tunneling currents generated between a conductive tip and a surface close to
it, achieving lateral resolutions as low as 0.1 nm. STM was the first invention of
the scanning probe microscopes, which are based on the intimate interaction be-
tween a probe and a surface. Shortly after, the Atomic Force Microscope (AFM)
was developed with sub-nanometer resolution, exploiting the forces existing be-
tween a surface and a tip brought to its proximity (described by the Lennard-
Jones potential) [22]. These techniques represented a tremendous advance for
the study of biological samples, since they provided researchers with measure-
ments of atomic resolution in air and liquid, overcoming the vacuum restrictions
existing to that date [23].

However, scientists soon encountered a major problem when the measure-
ments were done in air. It was related to the formation of a water meniscus
between the tip and the surface (Figure 5.2), which altered the measurements.
This phenomenon was extensively studied, obtaining a correlation between the
meniscus’s size and the relative humidity existing in the environment [24]. Based
on this idea, Piner et al. took advantage of the water meniscus, using it as a vehi-
cle for the deposition of molecules from a functionalized tip to the surface and
calling it dip-pen nanolithography (DPN) technique [25].

Figure 5.2: SEM image of a water meniscus between an AFM tip and a surface, at 60%
relative humidity. (Picture taken from [24]).

DPN is a direct-writing fabrication method based on the AFM operation princi-
ple, which allows fine alignment and positioning of nanometer structures over a

surface. In a standard DPN process (molecular inks DPN), an AFM probe is coated
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with the desired molecule to be deposited (ink) and subsequently the molecule
is transported via the water meniscus towards the surface. This process can oc-
cur if the surface tension is favorable and the molecule attaches preferably to
the surface, for which a driving force is required. DPN permits the control of the
nanopattern dimensions by changing operation parameters such as the contact
time (time that the tip is in contact with the surface, dwell), the temperature and
the relative humidity, achieving feature resolutions” down to 10 nm [26]. DPN
has been shown to be compatible with many different inks such as small organic
molecules, polymers, biomolecules, colloid particles, metal ions, etc. [27]. Also,
a large variety of surfaces have been patterned using this method, from conven-
tional substrates such as gold, silicon or silicon oxide to more biocompatible and
flexible substrates like polyethylene terephthalate (PET) or polydimethylsiloxane
(PDMS) [28].

Recent advances in DPN include not only the possibility of depositing the
molecules via the water meniscus (molecular inks, Figure 5.3a), but also of dis-
pensing nanodrops of a molecule in a certain solution (liquid inks, Figure 5.3b).
This operation mode is suitable for biomolecules which are in need of a buffered
solution to prevent their denaturing, like proteins, peptides, viruses or DNA [29,
30, 31]. When using molecular inks, is not only important the specific interaction
between ink, tip and surface but also the viscosity of the solution, which typically

limits the resolution of the features about 500 nm approximately [28].

() (b)

Figure 5.3: Dip-Pen Nanolithography modes. a) Molecular inks, the water meniscus is
used to transfer the molecule from tip to surface. b) Liquid inks, nanometre
drops containing the molecule are dispensed on the surface. (Images taken
from Nanolnk Inc. and Scitech Pty Ltd.)

Moreover, DPN has been coupled with other techniques, resulting in new ap-
proaches as the thermal DPN or the electrochemical DPN [32, 33]. These techniques
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use customized tips either to heat a solid tip coating, thus allowing deposition,
or to generate electrochemical reactions on a meniscus-sized electrochemical cell,
performing the deposition or even the synthesis of materials. In this section, the
specific case of using conducting polymers as molecular inks is discussed. The de-
position of these materials at the nanometer scale turned out to be very limited,
when solution processable techniques such as ink jet printing or microcontact
printing (useful in the micrometer range) are used [34]. Instead, DPN showed to
be especially useful for fast patterning of conducting polymer nanofeatures [20].

5.2.2  Fabrication of polypyrrole nanowires by Dip-Pen Nanolithography

Dip-pen nanolithography (DPN) was conducted using polypyrrole as a molec-
ular ink, along with soft DPN probes for contact operation (see section 2.2.3.3).
The tips were dip coated with a commercial polypyrrole suspension, which was
used without any prior treatment (described in section 2.1.1). Special microflu-
idic channels, called inkwells (presented in section 2.2.3.3), were used to coat the
tips in such a way that no spreading of the polymer ocurred at the backside of
the cantilever (Figure 5.4).

(b)

Figure 5.4: Polymer inking process. a) optical image of an 6-inkwell microfluidic chip. b)
Inking procedure, consisting in dipping the tip into the polymer contained in
one microfluidic channel.

This is a crucial issue since a constant force mode was used to perform the
lithography. In this operation mode, the tip is constantly controlled by a laser
feedback, which requires a clean and reflective cantilever’s backside, keeping a
constant force with the surface. Therefore, after the tips were dip coated in the

polymer suspension for 1 minute, they were retracted from the inkwells and
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left to dry for 3 minutes under ambient conditions. Finally, the cantilevers were
brought into contact with the surface and the writing process was initiated.

The doped polypyrrole used here has a positively charged backbone [35], which
suggested the use of negatively charged surfaces to create an electrostatic driv-
ing force between the polymer and the surface. This driving force facilitates the
polymer deposition and was generated by creating negative charges (OH™) on
the silicon oxide surfaces (Figure 5.5), by dipping the substrate for 15 minutes in
“piranha” solution (7:3 (v/v) of concentrated H,SO4 and 30% H;O;). Then, sets
of multiple polypyrrole nanowires were written on the activated SiO, substrates,
to calibrate the writing process parameters such as humidity and writing speed,

versus nanowire’s diameter.

Substrate

Figure 5.5: Driving force for polypyrrole deposition by dip-pen nanolithography. Elec-
trostatic interaction between the polymer ink (positively charged) and the
activated SiO, substrate (negatively charged).

DPN experiments were performed at room temperature (20°C + 1°C) and rela-
tive humidity values of 30%, 35% and 40% (controlled by means of an environ-
mental chamber). All experiments were conducted within the two hours after the
piranha treatment, to keep the surface activation. Seven different writing speeds
were studied from 0.1 pm/s to 2.0 pym/s (the nanowire’s length was set to 5 pm,
which results in writing frequencies from o0.02 Hz to 0.4 Hz). Additionally, sin-
gle polypyrrole nanowires were deposited on gaps between metallic electrode
pairs, to demonstrate the capability of patterning nanostructures on a specific lo-
cation. A rigorous protocol, respecting activation and inking times was followed

to obtain good reproducibility.

5.2.3 Characterization of polypyrrole nanowires deposited by Dip-Pen Nanolithography

The in-situ characterization of the polypyrrole nanowires was conducted by AFM

analysis using the same instrumentation as the one used for the polymer de-
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position DPN equipment and tip). Working in feedback operation mode allows
performing both processes in a consecutive way without losing the relative posi-
tion between surface and tip. By increasing the tip speed to a certain threshold,
the ink deposition is avoided, permitting the direct verification of the patterns
immediately after the writing process. In the case of the polypyrrole suspension
used here, the writing frequencies (i.e. writing speeds) were varied from 0.02 Hz
to 0.4 Hz, while the characterization frequencies (i.e. scan speeds) were fixed at
values above 1.5 Hz.

Figure 5.6 shows a lateral force mode AFM image (LFM) of a set of nanowires,
written at room temperature (21°C), 31% of relative humidity and o.1 pum/s
(0.02 Hz) writing speed. The characterization of the nanowires was conducted
right after the deposition process, using the same tip. The scan area was enlarged
to the whole set of wires and the scanning speed was increased to a frequency
value of 2.5 Hz. The results revealed that under the mentioned conditions, nano-
wires with diameters between 150 nm and 180 nm could be obtained and that

negligible ink deposition occurred during the characterization step.

3 um

Figure 5.6: Lateral force microscopy image of a set of nanowires deposited at 0.02 Hz
writing frequency and characterized at 2.5 Hz scan frequency.

Afterwards, calibration experiments were performed to establish the relation
existing between the dimensions of the nanowire and the different operation
parameters such as the relative humidity and the writing speed. Sets of 5 pm
long nanowires were written using speeds ranging from o.1 to 2.0 ym/s (0.1,
0.3, 0.5, 0.7, 1, 1.5 and 2 ym/s). A temperature of 20 + 1°C was maintained and
three different humidity conditions were used: 30%, 35% and 40%. Then, Lateral
Force Microscopy (LFM) images were taken in order to characterize the size of

the nanowires.
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Figure 5.7 shows the dependence of the nanowire’s diameter with the writing
speed and the relative humidity at room temperature. Two conclusions could be
extracted from these results. First, there is a decay tendency in the nanowire’s
diameter when the writing speed is increased and secondly, the size of the nano-
wires increases when the humidity values rise up.
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Figure 5.7: Dependence of the nanowire’s diameter with writing speed and relative hu-
midity. The black dots represent the nanowire’s diameter obtained at 40%
relative humidity, the blue dots show the results at 35% relative humidity
and the red dots represent the results at 30% relative humidity. At least 3
measurements were done from 3 independent nanowires for the same condi-
tions.

These results are consistent with the DPN diffusion models previously reported
[36, 37, 38], which predict the reduction of the feature’s dimensions when the
writing speed is increased and the environmental humidity is decreased. In par-
ticular, the effect of the humidity on the nanowire’s diameter can be explained
by the existence of the water meniscus between tip and surface. The meniscus
becomes larger at higher humidity values and thus allows a higher deposition
rate, being in direct relation with the feature’s size. Besides, the decrease of the
nanowire’s size when the writing speed increases, is related with the transport
mechanisms participating in the deposition process. The molecules travel from
the tip to the surface at a certain speed, which depends on the environmental
conditions and the affinity of the molecules for the surface. Thus, if the writing
speed is much higher than the velocity at which the molecules travel from the
tip to the surface, no continuous deposition is achieved and the process becomes
unfeasible. An example for this phenomenon could be found here, when the de-

position was attempted at 30% relative humidity and the writing speeds were
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over 1 um/s. In this case, continuous deposition of polypyrrole was not obtained
due to the low deposition rate exhibited under the mentioned conditions.

The smallest continuous diameter achieved in this work was 101 + 8 nm, for
35% relative humidity and 2.0 um/s writing speed. This is the smallest nano-
wire’s diameter obtained for polypyrrole nanowires deposited as molecular ink
[20]. Only other DPN-based techniques as the thermal and the electrochemical
DPN showed to be successful in fabricating conducting polymer nanowires un-
der 100 nm of resolution [32, 33].

Additionally, to prove the capability of positioning nanostructures in a precise
area, polypyrrole nanowires were written between metallic contacts (Ti/Au), pre-
viously deposited on a Si/SiO, wafer. Figure 5.8 shows a topographical AFM im-
age of a 339 nm thick polypyrrole nanowire, deposited at 21°C, 40% relative hu-
midity and 1.0 um/s writing speed. It was written on the SiO; gap (smaller than

2 um) existing between two rectangular contacts of micrometer size (6 ym x 12 ym).

These results prove the capability of selectively deposit polypyrrole nanowires in

a very accurate manner in a simple fabrication process.
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Figure 5.8: Topographical AFM image of a polypyrrole nanowire deposited between
metallic contacts. The nanowire was deposited at 40% relative humidity and
1 um/s speed. The diameter of the nanowire was 339 nm.

Typically, the techniques that have been mostly employed to deposit conduct-
ing polymer nanowires over electrical contacts are based on the synthesis of
nanowires in solution (by template methods). In those methods, the nanowires
are placed between metallic electrodes with the help of another complementary
method [18]. This integration of nanowires in real devices has been attempted
by simple drop casting or by using electric and magnetic fields, which increase
the complexity of the fabrication process, requiring tedious steps of alignment
and deposition. On the contrary, DPN has been shown to be a simple and effi-
cient technique to fabricate conducting polymer nanowire devices due to its easy

concept; however, it is not free of drawbacks. In this study, polypyrrole nanowire
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based devices were subjected to vacuum and cleaning processes (as sonication
baths), which resulted in polymer detachment, indicating the poor adhesion of
the nanowires to the surface. This was previously reported for other DPN-based
methods used to fabricate polymer nanowires, representing an important prob-
lem for real applications [33]. Additionally, since the ink used in this work is an
already polymerized suspension, there is no possibility for structural modifica-
tion. It has been shown that by, for instance, changing the doping anion used
during the polymerization process, the physical and chemical properties of the
material can be strongly influenced [39], which in this case is impossible. More-
over, DPN is a complex research tool, which is still under evolution and needs
the permanent control of a trained operator to ensure reliable and reproducible
results. For these reasons, although DPN has demonstrated to be a suitable tech-
nique for the fabrication of polypyrrole nanowires, with 100 nm of resolution
and good control on the polymer location, some of the drawbacks found at this
point suggested the study of alternative fabrication methods for the development

of functional devices.

5.3 POLYPYRROLE NANOWIRES BY ELECTROCHEMICAL POLYMERIZATION
ON TEMPLATE-ASSISTED SURFACES

Motivated by the need of finding improved methods for the fabrication of polypy-
rrole nanowires, whose structure could be easily tuned and with higher stability
after integration in a device, the electrochemical polymerization of polypyrrole
nanowires between metallic contacts was studied.

In this section, the fabrication of polypyrrole nanowires, which can function di-
rectly in an electronic device without any further processing steps, is presented.

Template-assisted surfaces are used to control dimensions, position and align-
ment of the nanowires. The electrochemical polymerization of pyrrole on these
template-assisted surfaces is attempted using different electrolytes, which pro-
duce polypyrrole nanowires with different chemical composition and different
electrical properties.

5.3.1 Principles of electrochemical synthesis of conducting polymer nanowires

The electrochemical synthesis of conducting polymer nanowires is based on the
conventional process of electrochemical oxidative polymerization (discussed in

section 2.2.1.2), which oxidizes a precursor monomer to its cation radical to ini-
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tiate polymerization [35]. In the particular case of nanowires, two opposite elec-
trodes are typically used and biased, inducing the monomer’s oxidation at the
anode surface [40, 41]. If the electric field is strong enough, the nanowire grows
along the electric field direction until it reaches the opposite electrode (cathode)
[40].

However, controlling the nanowire shape is not straightforward and requires
modifications of the process, as will be presented here. Template-free approaches
have been reported, resulting in random nets of conducting polymer nanowires
bridging the electrodes [42, 43]. In these template-free approaches, bare gold
electrodes are used without any further processing step different from their de-
position. After fabrication of the gold electrodes, a bias is applied and polymer-
ization occurs. Although these template-free approaches are appealing for avoid-
ing extra lithographic steps, few works have shown the fabrication of single or
ordered nanowire devices. Moreover, most of these reports state the great diffi-
culty in reproducing and controlling the results, which are quite unstable and
dependent on the experimental conditions [40, 44, 45]. Alternatively, template-
assisted methods have been investigated, which include a lithographic step be-
fore the electrochemical polymerization, normally performed by, but not limited
to, nanolithography techniques such as e-beam lithography or focused ion beam.
This procedure results in an electrolytic channel which connects the metallic elec-
trodes and thus defines the exact shape and location of the nanowire [41, 46, 47,
48]. Although the use of these methods increases the complexity of the substrate
fabrication process, they allow an accurate control over the diameter of the nano-
wire and also over the number of nanowires bridging the electrode’s gap. This
becomes essential when a deep understanding of the device function is needed,
avoiding the uncertainty of multiple random wires, where only averages can be
obtained.

In next sections, the in-situ synthesis of conducting polymer nanowires by
template-assisted method is presented. As explained above, this method allows
not only the control of the physical and chemical properties of the device, but
also the precise alignment of the nanowires. Thus, it results in ready connected
nanowires, which allows their direct utilization in an electronic device without
any post-processing step [49, 50]. By this procedure, the limitations existing re-
garding the integration of conducting polymer nanowires into devices shown by
other methods, such as the direct writing methods or the synthesis of nanowires
in solution, can be overcome.
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5.3.2 Fabrication of template-assisted surfaces for the electrochemical polymerization of

polypyrrole nanowires

The fabrication of an appropriate surface, in which a template for the nanowires
is included, is crucial at this point since it will determine both diameter and
location of the nanowires. In this work, parallel electrodes were fabricated as de-
scribed in section 2.2.2. Briefly, microelectrodes consisting of a 10 nm titanium
adhesion layer and a 70 nm gold layer were deposited by evaporation on Si/SiO,
wafers with the help of direct write laser lithography (DWL). The two micro-
electrodes were separated by a distances of 5 pm and 15 pm. The electrodes
were then coated by a passivation layer on which a nanochannel bridging the
electrodes was patterned by electron-beam lithography (EBL), as envisioned in
Figure 5.9. Nanochannels with widths between 200 nm and 450 nm were investi-

gated.

Passivation layer
Nanochannel

Figure 5.9: Schematics of surface patterning for the electropolymerization of polypyrrole
nanowires. One can see the nanochannel opened on the passivation layer
deposited on the wafer containing electrical contacts.

Figure 5.10 shows dark field optical microscope images of 200 nm wide nano-
channels, patterned between electrodes. In the images, the exposed SiO, and
gold surfaces under the passivation layer can be seen, confirming the success
of the e-beam nanolithography process. High care should be taken during this
fabrication process, since dirty channels with passivation residues may produce
overgrowth of the polymer, ending in non-uniform nanostructures. Two passi-
vation materials were studied here, namely Poly(methyl methacrylate) (PMMA)
and silicon oxide (SiOy).
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Figure 5.10: Optical microscope image of electrolyte nanochannels bridging metallic elec-
trodes. PMMA is the passivation layer used in these electrodes.

PMMA is one of the most commonly used electron sensitive resists to perform
EBL. The use of PMMA directly as passivation layer in this work, is an attractive
option since it reduces the number of lithographic steps needed to achieve the
surface nanopattern. However, PMMA is not a completely inert material and can
be affected by the nature of the solvent used to perform the polymerization [51].
Therefore, the use of PMMA as passivation layer was restricted here to reactions
in aqueous media. After coating the electrode-containing substrate with PMMA,
e-beam lithography was used to fabricate the openings between the contacts (for
more details about the e-beam process see section 2.2.3.5), as shown in Figure
5.9.

On the contrary, the use of SiO; as passivation layer increases the clean room
processes, but it results in a very inert passivation layer compatible with most
of the organic solvents used for polymerization. Here, SiO, was deposited by
evaporation on surfaces containing electrodes. Then, they were coated by PMMA
in order to perform the EBL step required to achieve a nanochannel between
electrodes. After the nanochannels were patterned on the PMMA, an extra etching
process was required to transfer the PMMA nanochannel to the SiO, passivation
layer (reactive ion etching, more details about the technique see section 2.2.2.4).
Finally, the PMMA was removed from the surface by ultrasonic bath in acetone,
resulting in the configuration shown in Figure 5.9. Once the nanochannels were
patterned on the passivation surface, the electrochemical polymerization was
conducted by depositing a drop of electrolyte, containing the monomer, on the

nanochannel and applying a current between the electrodes (Figure 5.11).
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Figure 5.11: Polymerization scheme. Drop of electrolyte and monomer on the nanochan-
nel. Electric field applied between parallel electrodes.

5.3.3 Electrochemical polymerization of polypyrrole nanowires

The electrochemical polymerization of polypyrrole nanowires is described in this
section. As mentioned before, the existing works related to the electrochemical
synthesis of conducting polymer nanowires still report poor success in the incor-
poration of these materials into routine functional integrated devices. The great
difficulty in reproducing the simplest reports published in this area suggested
that a more complex and uncontrollable process is occurring, which needed fur-
ther optimization. During the course of our research, the simplest polymerization
protocols were investigated, increasing their complexity in a gradual manner and
seeking an increased reproducibility in the results. The experimental parameters
were progressively limited at each step, achieving the optimization of the grow-

ing conditions and obtaining suitable polymeric devices.

5.3.3.1  Polypyrrole nanowires grown in aqueous solvent

First works reporting the fabrication of polymer nanowires by template assisted
methods, use inorganic passivation layers (highly inert to side reactions), accom-
panied by widely available reagents as water solvent and sodium chloride elec-
trolyte. Taking these reports as start point, the fabrication of SiO,-based template
assisted surfaces was conducted (see section 5.3.2).

Drops of electrolyte containing the monomer (2 pL of 10 mM NaCl and 25 mM
pyrrole in Milli-Q water) were placed on the nanochannels between electrodes
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and a constant current was applied, as shown in Figure 5.11. The current values
investigated here ranged from 10 nA to 100 pA. It was observed that currents
bellow 100 nA did not induce nanowire formation and currents above 1 pA
produced degradation of the electrode surface. The obtained wires were stable
and were not washed away by water rinsing or sonication, which indicated their
good adhesion to the surface. Figure 5.12 shows a polypyrrole nanowire grown
inside a 200 nm wide SiO, channel with a length of 15 um. It was synthesized in

an aqueous solution of NaCl electrolyte, under a current of 1 pA.

Figure 5.12: Polypyrrole nanowire (200 nm diameter) inside a SiO, nanochannel, high-
lighted by the arrows.

In the image one can see how the width of the electrolytic nanochannel defines
the diameter of the nanowire, confining the polymer into it and thus obtaining
a polypyrrole nanowire of 200 nm, comparable to the ones reported in literature
[46]. However, very low success rates were obtained, being about 10% of the total
number of polymerization trials. In most of the cases, where the polymerization
between electrodes was achieved, overgrowth of the polymer was observed, as

shown in Figure 5.13.

Figure 5.13: Overgrowth of polypyrrole nanowires.
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This indicated that still a lot of optimization was required to obtain reliable fab-
rication protocols. To reduce time and costs of the process, PMMA was employed
as passivation layer instead of SiO,. This allowed to produce more samples and
to increase the number of experiments. Currents were limited to values between
100 nA and 1 pA, showing similar results as before, but still with low rates of
successful experiments. Figure 5.14 shows a polypyrrole nanowire of 200 nm in
diameter, grown in a NaCl aqueous solution, under the application of a constant
current of 1 pA, using PMMA-based templates.

Figure 5.14: Polypyrrole nanowire (200 nm diameter) inside a PMMA nanochannel.

Although not fully optimized, these experiments were useful to confirm that
the monomer oxidation was produced at the anode surface. This was supported
by the observation of partially formed wires at the anode, oriented in the electric

field direction (Figure 5.15).

Figure 5.15: Polypyrrole growth starts at the anode.
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In order to achieve higher efficiency and yields in the fabrication process, a dif-
ferent electrical configuration was investigated. It has been suggested by Hu et
al. that a second electric field acting perpendicularly to the electrode surface,
may increase the confinement of the positively charged monomers (oxidized
monomers) inside the nanochannel. Consequently, polymerization time might
be reduced and reproducibility increased [52]. Therefore, a second electric field
was generated here by applying a negative potential under the 20 nm thick SiO,
layer, by means of a back electrode. This back electrode consisted on a gold layer
deposited by evaporation at the silicon doped side of the wafer. When the nega-
tive potential was applied to the back electrode, a negative charge was generated
at the SiO, insulating bottom surface, inducing the accumulation of positively
charged species inside the electrolytic channel, as depicted in Figure 5.16.
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Figure 5.16: Schematics of the set-up used for polymerization. A current is applied to the
anode, initiating polymerization. A perpendicular electric field is created to
confine the positive monomers inside the nanochannel.

Voltages between o V and -10 V were tested, observing that no significant
improvement of the polymerization process was obtained when the applied po-
tential was smaller than -1 V. For voltages above -2 to -3 V the breakdown voltage
of the thin SiO; layer is reached and a rupture of the layer occurred, generating
a leakage current which produced undesired polymerization when no other cur-
rents were applied. The best results were achieved when voltages of -1 V were
applied. These results demonstrated that the use of thin oxide insulating layers,
as the ones employed here, reduce the power consumption of the device in com-
parison to previous works, as the one of Hu et al., where thicker dielectric layers
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(10 times thicker) needed higher back voltages (-10 V) in order to obtain similar
results. Moreover, the introduction of this second electric field increased the effi-
ciency of the process to an approximated value of 60%, confirming the utility of
this new electrical configuration in achieving higher success rates.

Figure 5.17 shows a polypyrrole nanowire, grown inside a 450 nm PMMA chan-
nel, using 10 mM NaCl and 25 mM pyrrole in water. It was grown by using a
constant polymerization current of 1 pA and a back voltage of -1 V.

Figure 5.17: Polypyrrole nanowire (450 nm diameter) grown inside a PMMA channel, this
time applying a second perpendicular electric field.

Figure 5.18 shows three nanowires grown in parallel, where the same opti-
mized conditions were applied (10 mM NaCl and 25 mM pyrrole in water, poly-
merization current 1 pA and back voltage of -1 V). This result enables the fab-
rication of ordered arrays of polypyrrole nanowires, which could be applied to
multiplexed devices.

Figure 5.18: Set of three polypyrrole nanowires grown in parallel, using the field assisted
method.
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However, a degradation of the passivation layer was observed, suggesting that
the electrical conditions applied here were still too aggressive for the preserva-
tion of the PMMA coating. In this regard, it has been shown that the use of AC
voltages, for inducing polymerization, is useful in the electrode preservation [45].
In particular, square waves with 50% duty demonstrated to be the most conser-
vative alternating stimulation applied in these cases [44]. Here, since the growing
parameters were optimized to specific current values, the alternating stimulation
was applied in terms of current instead of potential. Thus, current pulses of 1 pA
were applied by means of square waves of 50% duty and o.5 kHz frequency

(Figure 5.19).

Current{pA)
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Figure 5.19: Alternating pulses of current applied between metallic contacts.

In this way, nanowires as the one shown in Figure 5.20 could be fabricated,
resulting in the preservation of not only the electrodes but also their PMMA pas-

sivation coating.

Figure 5.20: Polypyrrole nanowire (450 nm diameter) grown in a PMMA nanochannel, us-
ing a second perpendicular electric field and a squared alternating current.
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These nanowires showed to be conducting as indicated by the I-V characteris-
tics obtained (Figure 5.21), showing that they obey the ohm’s law with negligible
contact resistance with the electrode.
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Figure 5.21: I-V characteristics of polypyrrole nanowires.

The conductivity of the polypyrrole nanowires was calculated by applying
Equation 5.1, where o is the conductivity, R the measured resistance, A the area
of the nanowire’s cross section and / de separation between contacts.

oo ! (5.1)
~ AxR >

Polypyrrole nanowires grown under the mentioned conditions and a final di-

ameter of 450 nm, showed an approximated conductivity of 7 S/cm. The conduc-
tivity exhibited by these polypyrrole nanowires is approximately one order of
magnitude higher as compared to other reported polypyrrole nanowires grown
as well by electrochemical polymerization in aqueous solution (between 0.3 and
0.9 S/cm) [53].

5.3.3.2  Polypyrrole nanowires grown in organic solvent

The use of organic solvents for the fabrication of polypyrrole nanowires is dis-
cussed here. Using the previously optimized parameters with other chemical
conditions increases the versatility of the fabrication method presented in this
work, thus enabling the use of the fabricated nanowires for a wider range of
applications.

The use of organic solvents in the electrochemical synthesis of conducting
polymers is widely extended, since it avoids the overoxidation of the polymer

occurring in aqueous media. It is reported that the nucleophilic attack of water
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molecules on the monomer cation radicals, induce polymer degradation result-
ing in conducting polymer with poor physical properties [54, 55, 56]. Therefore,
the polymerization under organic solvent conditions was attempted here, em-
ploying a model based on acetonitrile (ACN) and tetrabutylamonuim hexafluo-
rophosphate (TBAPF) as compatible electrolyte.

The fabrication of polypyrrole nanowires was conducted on SiO,-based templa-
te-assisted surfaces, avoiding the use of PMMA as passivation layer. The previ-
ously optimized conditions were used, consisting in alternating polymerization
currents of 1 pA amplitude, 50% duty, 0.5 kHz frequency and a back voltage of
-1 V. The polymerization solution included 10 mM pyrrole and 100 mM TBAPF,
dissolved in acetonitrile.

Polypyrrole nanowires as the one shown in Figure 5.22a were obtained under
the mentioned organic solvent conditions. These nanowires, showed good adhe-
sion to the surface under washing processes with acetonitrile. The good ohmic
contact of the polymer with the electrodes was evidenced by the I-V character-
istics shown in Figure 5.22b, which resulted in calculated conductivity values of

approximately 45 S/cm, obtained from Equation 5.1.
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Figure 5.22: Polypyrrole nanowire grown in SiO; nanochannel, applying an alternating
polymerization current and a second perpendicular electric field, with tetra-
butylammonium hexafluorophosphate in acetonitrile electrolyte. a) SEM im-
age of a polypyrrole nanowire (450 nm in diameter). b) I-V characteristics of
the polypyrrole nanowire.

This increase in conductivity with respect to nanowires grown in aqueous
medium could be attributed to the use of the organic solvent itself, which avoids
the large amount of defects produced by water-based solvents [54, 55, 56]. It is
also known that the selection of the doping ion has a certain impact in the electri-
cal performance of the final polymer [39, 57], which might be as well the reason
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for the increase in the conductivity value. These electrical results are in good
agreement with the only reported work of polypyrrole wires grown in organic
solvent (propylene carbonate) using the PFs~ doping ion, which exhibit values of
63 S/cm [58]. This proves that the fabrication method developed here is suitable
under different chemical conditions, thus allowing tailoring of the polypyrrole
nanowire devices properties.

5.4 CONCLUSIONS

Two polypyrrole nanowire fabrication techniques were presented in this chap-
ter, namely dip-pen nanolithography (DPN) and electrochemical polymerization
on template-assisted surfaces. Although completely different in working princi-
ple and resulting properties, both techniques resulted in polypyrrole nanowire
devices with possible applications in different fields.

On one side, DPN showed to be a suitable technique for the fabrication of poly-
pyrrole nanowires with a resolution of 100 nm and a good control on the polymer
location. However, poor adhesion of the nanowires to the substrate indicated the
limitation of this technique for fabricating functional devices. Moreover, as a
strict deposition technique, it does not permit the chemical and physical modifi-
cation of the polymer properties.

Alternatively, the growth of polypyrrole nanowires by electrochemical syn-
thesis between electrical contacts, offers control over the chemical and physical
properties of the polymer, by adjusting reaction parameters such as solvent and
electrolyte. Polypyrrole nanowires in aqueous solvent were fabricated, with con-
ductivity values (7 S/cm) one order of magnitude higher than other reported
wires, grown under similar conditions. Additionally, higher conductivities were
achieved for nanowires grown under organic solvent conditions (45 S/cm), sim-
ilar to other analogous works. This confirms that variations on the synthesis
parameters influence the final device performance.

At the end, the processes developed here resulted in ready-to-work systems
based on single conducting polymer nanowires, contributing with new results
to the reproducible fabrication of these nanomaterials, which might be useful for

their integration into routine devices.
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GENERAL CONCLUSIONS

Although conducting polymers showed to be a promising alternative to conven-
tional materials in biomedical devices, they are still far from being fully exploited
and well integrated into functional devices. Patterning of conducting polymers
with good spatial resolution is a key point for new generation of biomedical
devices, as well as new device designs for obtaining better performances.

This thesis contributes at providing better understanding of the micro- and
nanofabrication methodologies, appropriate for conducting polymers, together
with novel functionalization strategies compatible with the construction of bioac-
tive polymeric platforms that could be applied to areas such as biomolecule
sensing and release.

In particular, a new on-surface biocatalytical procedure for the fabrication of
conducting polypyrrole microelectrodes on insulating surfaces was developed,
obtaining resolutions comparable to photolithography. This procedure showed
to be compatible with the incorporation of bioactive compounds during the poly-
mer synthesis, allowing to perform the fabrication in biological friendly environ-
ments. This bioactive polymer was tested under the controlled release of biotin,
showing a good control on the release process.

Moreover, a novel electrochemical label-free DNA hybridization sensor for
“Hepatitis C” virus sequences was developed based on azide-PEDOT electrodes.
These polymeric electrodes allow the direct functionalization with acetylene-
terminated DNA sequences, by the fast and robust “Click” reaction. This novel
DNA post-functionalization strategy preserves DNA from denaturation during
the polymerization process. DNA sensors fabricated in this way showed to be
highly selective and sensitive, without the need of complex labelling or micro-
fabrication processes, to achieve low limits of detection.

Finally, polymer structures at the nanoscale were achieved by two fabrication
techniques, namely dip-pen nanolithography and electrochemical polymeriza-
tion on template-assisted surfaces. Both techniques showed good control over
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size and location of polymer nanowires, but the later provided better stability of
the nanostructures. This work brings new results to the fabrication of single con-
ducting polymer nanowires, resulting in ready-to-work systems, which might be
integrated into routine devices.

Future perspectives of this work would be addressed to test conducting poly-
mer nanowire-based devices into biomolecule sensing and release appliations, as

the ones approached here.



RESUMEN EN CASTELLANO

INTRODUCCION GENERAL

Aunque los polimeros conductores se presentan como una alternativa viable a
los materiales convencionalmente usados en aplicaciones biomédicas, las técni-
cas de fabricaciéon adaptadas a ellos y el aprovechamiento de sus propiedades
estdn lejos de ser completos. Existen importantes limitaciones en la fabricaciéon
de micro y nano estructuras basadas en polimeros conductores, las cuales han
demostrado ser de gran utilidad en el desarrollo de dispositivos biomédicos de
ultima generacién. Debido a la agresividad de las técnicas tradicionalmente us-
adas en microelectrénica, se hace necesaria la bisqueda de nuevas estrategias
de fabricacion adaptadas a polimeros conductores, asi como de nuevos procesos
que puedan mejorar el rendimiento de los dispositivos disefiados.

En esta tesis se abordan parte de estos problemas, aportando nuevos resultados
a este campo.

En esta seccion introductoria se describen las propiedades que hacen a los
polimeros conductores tan atractivos en el campo de la biomedicina, asi como los
més relevantes ejemplos de aplicacién. Un resumen de los principales resultados

obtenidos en esta tesis se presenta en secciones posteriores.

Polimeros conductores en aplicaciones biomédicas

La mayor parte de los dispositivos biomédicos, como biosensores, dispositivos
de liberaciéon de farmacos y dispositivos implantables necesitan un buen inter-
faz dispositivo-biologia. Sin embargo, los materiales que tradicionalmente han
sido usados para estos fines (metales y semiconductores inorganicos) han de-
mostrado no ser suficientemente compatibles quimica y mecdnicamente con sis-

temas bioldgicos [1]. Como alternativa a estos materiales convencionales, los
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polimeros conductores ofrecen la posibilidad de manipular las propiedades eléc-
tricas del material (con conductividades desde 10~!2 hasta 10° S/cm), mediante
la variaciéon de sus pardmetros de sintesis, pueden conducir flujos de iones (de
gran importancia para las comunicaciones con entes biol6gicos), son mecénica-
mente mas compatibles con sistemas biolégicos como células o tejidos y es sen-
cillo incorporar a su estructura moléculas funcionales que puedan aumentar la
biocompatibilidad del polimero, incrementando asi su estabilidad y vida media
[2, 3, 4]-

Gracias a estas propiedades, los polimeros conductores han sido integrados
en biosensores, por su capacidad de comportarse como matrices inmovilizado-
ras de moléculas funcionales y como transductores al mismo tiempo [5]. Las
propiedades eléctricas, electroquimicas y 6pticas de los polimeros conductores
son sensibles a sucesos que ocurren en el entorno cerca de su superficie, como
pueda ser un proceso de reconocimiento [6]. Ademads, se pueden funcionalizar
por medio de multiples técnicas, lo que permite incorporar biomoléculas a su es-
tructura que impartan la selectividad necesaria para un sensor [7]. De este modo,
los polimeros conductores han sido usados para detectar muchos tipos de anal-
itos biolégicos como proteinas, virus, oligonucleétidos, pequefias biomoléculas,
bacterias e incluso células [8].

También se ha demostrado que los polimeros conductores pueden desenca-
denar procesos biolégicos como la adhesién, migracién e incluso la diferen-
ciacién celular, por medio del estimulo eléctrico, o por medio de la liberacién
de biomoléculas que afecten a dichos procesos [9]. Un interesante ejemplo es el
uso de sustratos de polipirrol para la estimulacién eléctrica de neuronas, el cual
ha demostrado mejorar la neuritogénesis in vitro, el primer paso en la diferen-
ciacién neuronal [10].

Ademais, la biocompatibilidad de algunos polimeros conductores ha demos-
trado ser til para el desarrollo de dispositivos implantables, donde es prioritario
preservar el entorno [6]. Un ejemplo de su aplicabilidad son las prétesis neu-
ronales, como los implantes de oido. Tradicionalmente, estos implantes se han
fabricado en forma de microelectrodos metalicos. Estos microelectrodos tienen
una baja biocompatibilidad con el tejido neuronal, causando inflamacién y tejido
cicatrizal, lo que a medio plazo produce la pérdida de eficiencia del dispositivo
[11]. En este &mbito, lo polimeros conductores han demostrado ser mecédnica-
mente mds respetuosos con el tejido neuronal, a la vez que buenos conductores
[12, 13]. Més atn, la facilidad en la funcionalizacién de los polimeros, permite

incorporar biomoléculas que mejoren la integracién y la biocompatibilidad del
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polimero con el tejido, alargando asi la vida y funcionalidad de los dispositivos
[14, 15].

Sin embargo, las nuevas tendencias en dispositivos implantables y biosensores
necesitan de dispositivos més efectivos, con arrays de microelectrodos [5, 16,
17], para lo que las técnicas de fabricacién de polimeros conductores no es-
tdn preparadas. Los métodos de fabricaciéon estandarizados para la industria
microelectrénica, como la fotolitografia, no son aplicables a los polimeros con-
ductores por producir dafios térmicos en el polimero y ser incompatibles con las
biomoléculas incorporadas en €l [18]. Por tanto, el desarrollo de nuevas técnicas
de fabricaciéon a la micro- nanoescala para polimeros conductores, es uno de los
mayores retos en este campo. Ademads, hay también un creciente interés en desar-
rollar métodos de fabricacién mds respetuosos medioambientalmente, no téxicos,
asi como polimeros biodegradables, con nuevos disefios de funcionalizacién que
permitan obtener mejores rendimientos, etc.

Esta tesis, con titulo “Conducting polymers for micro and nano electrodes.
Application to biomolecule sensing and release”, se han intentado resolver al-
gunos de estos problemas, como la micro- y nanofabricacién. También ha inten-
tado abordar el desarrollo de nuevas plataformas poliméricas para aplicaciones
en dispositivos biomédicos. Este trabajo contribuye a un mayor entendimiento
de la fabricaciéon de dispositivos biomédicos basados en polimeros conductores,

abriendo el campo de aplicaciéon de los polimeros en este &mbito.

7.1 MATERIALES Y METODOS

Esta secciéon describe brevemente los materiales y métodos usados durante el

desarrollo de esta tesis.

7.1.1  Materiales

En la seccién referida a los materiales se distingue entre:

Los polimeros conductores empleados en este trabajo: polipirrol y azide-PEDOT.

Los sustratos sobre los que se han crecido los polimeros: obleas de Si/SiO»,
obleas de Si/SiO, con microelectrodos de oro y macroelectrodos cilindricos de
oro.

Y los agentes mediadores que han servido para fabricar patrones de polimero:
monocapas autoensambladas de silanos como N-(3-Trimethoxysilylpropyl)pyrrole

(silano-pirrol), perfluoropolyether-silyltriethoxy-terminated (silano-perfluoropol-
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yether), (3-Aminopropyl)triethoxysilane (APTES) y Trichloro (1H,1H,2H,2H-per-
fluorooctyl)silane (FDTES). Poly(methyl methacrylate) (PMMA)se ha usado tam-

bién para crear nanopatrones.

7.1.2 Métodos

Respecto a los métodos, se encuentran:

La polimerizacién, en sus dos estrategias abordadas: electroquimica y bio-
catalitica.

La preparacién de sustratos sobre los que se crecen los polimeros, esto es, la
fabricacién de microelectrodos metélicos por medio de fotolitografia, grabado y
depoésito de materiales.

Los métodos de formacién de patrones, con las técnicas de microcontact print-
ing, dip pen, focused ion beam y electron beam lithography.

Y las técnicas de caracterizaciéon empleadas para estudiar los polimeros y los
dispositivos desarrollados: microscopio atémico de fuerzas (AFM), microscopio
electrénico de barrido (SEM), interferémetro de luz blanca (WLI), difracciéon de
rayos X (XRD), microscopio electrénico de transmisiéon (TEM), espectroscopia
fotoelectronica de rayos X (XPS), espectrometria de masas de iones secundar-
ios por tiempo de vuelo (ToF-SIMS), espectroscopia infrarroja (IR), voltameria
ciclica, voltametria diferencial de pulso, dngulo de contacto y cromatografia lig-

uida acoplada a espectrometria de masas (HPLC-MS).

7.2 CAPAS DELGADAS Y MICROELECTRODOS DE POLIPIRROL PRODUCIDAS

BIOCATALITICAMENTE, SOBRE SUPERFICIES AISLANTES
7.2.1  Introduccion

En el campo de los dispositivos biomédicos hay una creciente demanda en el
desarrollo de dispositivos formados por arrays de microlectrodos, que sean com-
patibles con los sistemas bioldgicos. Los polimeros conductores han demostrado
ser mecanica y biolégicamente compatibles con estos sistemas, en multiples apli-
caciones como en los dispositivos implantables [11]. Sin embargo, la fabricacién
de polimeros conductores a la micro escala no es compatible con los métodos es-
tandarizados para materiales convencionales, puesto que degradan el polimero
y los grupos funcionales que puedan contener. Por ello, técnicas de depdsito
directo de polimeros como el screen-printing, el inkjet printing, el termal-laser-
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printing y la soft-lithography han sido abordadas, como alternativa para resolver
este problema [19, 20, 21, 22, 23, 24, 25, 26, 27]. Aunque estas técnicas han demos-
trado su utilidad en el rango de la microescala, sufren de problemas en la adhe-
sién a la superficie. Ademads, a veces necesitan de la manipulacién quimica del
polimero para aumentar su solubilidad, lo que acaba afectando a las propiedades
del mismo. Como alternativa, la polimerizacién directa sobre superficie ha sido
usada también. Asi, es posible crecer electroquimicamente polimeros conduc-
tores, con buena adhesién y conductividad, pero s6lo sobre superficies conduc-
toras [28, 29]. O también sobre superficies aislantes de modo quimico, aunque
aqui los polimeros obtenidos son poco conductores y las condiciones de sintesis
son demasiado agresivas para ser aplicadas en entornos biolégicamente compat-
ibles [30, 31]. Para superar estos problemas, recientemente ha surgido el método
de polimerizacién biocatalitica. Esta polimerizacién se produce en medios acu-
0so0s, bajo condiciones muy suaves que permiten la convivencia con entes biol6gi-
cos. También, se produce con alta selectividad y sin comprometer las propieda-
des eléctricas de los polimeros resultantes [32]. Los procesos de polimerizacion
biocatalitica mds frecuentes usan encimas como la lacasa y las peroxidasas, como
la peroxidasa del rdbano (HRP), la peroxidasa de la soja (SBP) y la peroxidasa
de la palmera (PTP) [33, 34, 35]. Sin embargo la eficiencia de estas encimas re-
specto al pirrol es muy limitada debido al alto potencial de oxidacién del pirrol.
Para solucionar este problema, se ha demostrado que se pueden incorporar medi-
adores redox, que participen en la cadena de polimerizacion, completando asi la
reaccién con el pirrol [36]. En concreto, este trabajo se centrard en el uso del HRP y
el mediador redox 2,2"-azinobis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) para
la sintesis de polipirrol [37, 38].

El potencial de oxidacién del pirrol estd entre 0.8 Vy 1.0 V y el de la enzima
HRP es 0.7 V (potenciales referidos a electrodo Ag/AgCl) [35, 39], siendo esta
una de las causas por las que el pirrol no es buen sustrato para la enzima. Sin
embargo, ha sido demostrado que usando el mediador ABTS en la reaccién, cuyo
potencial de oxidacioén se sittia entre 0.5 Vy 1.0 V (vs. Ag/AgCl) [35], ésta se pro-
duce de modo eficiente [37, 38]. En este proceso, la enzima activada por medio de
peréxido de hidrégeno, es capaz de oxidar dos moléculas de ABTS, que a su vez
pueden oxidar sendos mondémeros de pirrol desencadenando la reaccién (Figura
7.1). Tras esta reaccioén, la enzima se reduce a su estado original, quedando de
nuevo disponible para otra reaccién.

Aunque este proceso ha demostrado crear capas de polipirrol en los contene-

dores de la reaccién [38], nunca ha sido utilizado para crecer selectivamente
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Figure 7.1: Esquema de la polimerizacion biocatalitica del polipirrol, usando la enzima
HRP y el mediador redox ABTS.

capas de polipirrol. Por tanto, en esta seccién describiremos la fabricaciéon de mi-
croelectrodos de polipirrol, generados por método biocatalitico, usando la enz-
ima HRP y el mediador redox ABTS. Caracterizaremos el polimero quimicamente,
estructuralmente y electroquimicamente. También demostraremos que tras un
proceso de bio-funcionalizacion, el polimero sigue siendo electroactivo, ejempli-
ficado por una prueba de concepto de liberacién de farmacos. En ella, biotina
atrapada en el polimero durante la sintesis, se liberard de modo controlado bajo

estimulo eléctrico.

7.2.2  Fabricacion y caracterizacion de capas delgadas de polipirrol por método bio-

catalitico

7.2.2.1 Fabricacién

Capas delgadas de polipirrol fueron crecidas sobre superficies de SiO, con fines
de caracterizacion. Para obtener una capa de polimero homogénea y bien ad-
herida a la superficie se ha demostrado que el uso de silanos puede resultar efi-
ciente [30]. En este caso, un silano con un terminal pirrol (silano-pirrol) se enlazé
covalentemente a la superficie de 6xido, para poder establecer un anclaje estable
entre polimero y superficie. Asi pues, superficies de SiO; fueron silanizadas por
medio del método de fase vapor, con el silano-pirrol, para después ser polimer-
izadas. El proceso se describe a continuacion:

Las superficies de SiO, fueron tratadas con pirafa (7:3 (v/v) de H,SO4 concen-
trado y 30% HyO;) durante 15 minutos para crear grupos hidroxilos, necesarios
en el proceso de silanizaciéon (Figura 7.2a).

Las superficies activadas fueron introducidas en un desecador con una gota de

silano-pirrol puro y sometida a vacio durante 1 h (Figura 7.2b).
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Figure 7.2: Silanizacion por fase vapor de superficies de SiO, con silano-pirrol. a) hidrox-

ilacién de SiOy, b) depésito de silano por fase vapor and c) calentamiento.

Después, 1 h de calentamiento de la muestra
a 80°C fue necesaria para promover el enlace
covalente O-5i-O (Figura 7.2¢).

Tras el proceso de silanizacion, las mues-
tras fueron introducidas en un reactor en el
que la enzima, el pirrol y el mediador redox
fueron anadidos. La reacciéon se desencadend
al afadir el peréxido de hidrogeno.* Final-
mente, las muestras fueron lavadas con abun-

dante agua y analizadas.

7.2.2.2 Caracterizacion

* Detalles de la polimerizacion:

En 15 mL de buffer 4.0 pH (50 mM
potassium biphtalate): 3.35 mmol pir-
rol, 0.123 mmol ABTS y 0.042 mmol
EDTA.

Una cantidad 7.32 mg de HRP se dis-
olvieron en 1.68 mL de buffer 7.0 pH
(phosphate buffered saline, 10 x PBS).

3.35 mmol de HyO».

Para investigar en detalle las caracteristicas quimicas de las capas de polipirrol

crecidas en este trabajo, se us6 la técnica de xPs. En la Figura 7.3, se muestra

un espectro completo de una de las muestras de polipirrol en el que se pueden

distinguir siete picos predominantes. Estos picos fueron identificados como car-

bono (C 1s), oxigeno (O 1s), silicio (Si 2s and Si 2p), nitrégeno (N 1s) y azufre

(S 2s and S 2p). La sefal del nitrégeno se asoci6 al pirrol, mientras que la sefial
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Figure 7.3: Andlisis de XPs andlisis de capas delgadas de polipirrol biocatalitico. a) Es-
pectro completo de capa de polipirrol. b) Espectro de alta resolucién del pico
N 1s, mostrando las deconvoluciones.

de azufre demuestra la existencia del mediador ABTS, que acttia como dopante y
permanece en la estructura polimérica [32, 38].

Si analizamos la sefial de alta resolucion del pico del nitrégeno (Figura 7.3),
podemos extraer informacion adicional acerca de las propiedades del polimero.
Las deconvoluciones de dicho pico, sugieren la existencia de tres estados difer-
entes de nitrégeno presentes en la muestra. La primera sefial (-N= en 398.5 eV),
corresponderia al polipirrol oxidado, la segunda sefial (NH en 400.1 eV), pertene-
ceria al nitrégeno en estado de amina secundaria y la tercera, compuesta de dos
picos (N+ en 401.6 y 403.1 eV), al nitrégeno cargado positivamente. Esta tltima
sefial representa el porcentaje de dopante presente en la muestra, que en este
caso corresponde al el 28% del nitrégeno total de la muestra. Este valor est4 den-
tro de lo esperado para polipirrol idealmente dopado, donde el tanto por ciento
de dopaje es del 25% [38].

También se analiz6 el grosor de las capas crecidas en funcién del tiempo. Para
ello, se crecieron capas de polipirrol durante tiempos entre cinco minutos y dos
horas. Tras el crecimiento, se realizé un proceso de lavado ultrasénico, en agua
durante 5 minutos, para eliminar cualquier resto de polipirrol que no estuviera
anclado fuertemente a la superficie de 6xido. Las medidas de grosor, realizadas
por AFM, revelaron que tras los primeros minutos de crecimiento, se formaban
capas homogéneas de unos 30 nm de espesor, con independencia del tiempo de
crecimiento. Esta limitacion en el grosor de las capas fue atribuida a la perdida

de cohesién del polimero a distancias superiores de 30 nm. Dicha cohesién po-
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dria estar producida por la existencia del silano-pirrol, que obliga a ordenar las
cadenas poliméricas de cierto modo durante los primeros nanémetros de espesor,
y que va perdiéndose con la distancia a la superficie [40].

Por ultimo se caracterizé el polimero electroquimicamente, mediante voltame-
tria ciclica. Esta técnica ofrece una rapida visualizacion de los potenciales redox
de las sustancias analizadas. En la Figura 7.4 observamos un voltamograma cor-
respondiente a una capa delgada de polipirrol, entre -0.9 Vy +0.9 V en PBS, a una
velocidad de escaneo de 10om V/s. Aqui podemos identificar los picos anddico
y catédico del polimero, situados a 0.45 V y -0.75 V respectivamente. Estos picos,
como suele ocurrir en polimeros conductores, son anchos y poco pronunciados,

pero reflejan la capacidad electroactiva del sistema [41].

Oxidation—>

<“+— Reduction

-1.0 -O..5 OjO 0j5 1.0
E (V vs. Ag/AgCl)

Figure 7.4: Voltamograma ciclico de capa de polipirrol biocatalitico.

7.2.3 Fabricacién y caracterizacion de microelectrodos de polipirrol por método bio-

catalitico

La fabricacién de arrays de microlectrodos de polipirrol estd mostrada en la
Figura 7.5a. Las dimensiones del microelectrodo se definieron introduciendo
un patrén de un fluorosilano hidrofébico (trichloro(1H, 1H, 2H, 2H-perfluoro
octyl)silane) (FDTES) en la superficie de 6xido, por medio de la técnica de micro-
contact printing. Este silano posee propiedades repelentes y anti adhesivas, que
permitirdn evitar el anclaje del polimero a la superficie [42]. En las zonas libres
de fluorosilano, se deposit6 el silano-pirrol (método en fase vapor), promoviendo
asi un fuerte enlace del polimero en estas zonas. Después de la silanizacién, las
superficies fueron polimerizadas durante 60 minutos, sonicadas y analizadas me-
diante SEM y ToF-SIMS (Figuras 7.5b y 7.5¢).
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Figure 7.5: Fabricacién de microelectrodos de polipirrol biocatalitico sobre superficies de
6xiodo de silicio. a) Esquema del proceso. b) Imagenes de SEM a cada paso
del proceso. c) Imdgenes de ToF-SIMS a cada paso del proceso.

Las imdgenes de SEM muestran como el patrén es conservado a lo largo del
proceso de fabricacion, habiendo conseguido una resolucién de patrén de 5 um,
comparable a la capacidad de las técnicas fotolitogréficas. Por otro lado, los resul-
tados de ToF-SIMS, prueban la correcta distribucién quimica sobre dicho patrén.
En concreto, en la imagen correspondiente a la silanizacién con el flurosilano, se
pueden observar franjas donde la presencia de iones de oxigeno (O™, correspon-
diente al sustrato (5iO;)) y de fldor (F~, correspondiente al fluorosilano) estan
bien diferenciadas. En el paso siguiente (afiadiendo el silano-pirrol), se puede
observar como la alternancia de iones se da ahora en entre CN~, correspondi-
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ente al pirrol, y F~, correspondiente al fluorosilano. Y por tltimo, después de la
polimerizacién se observan franjas de polimero (CN™) y de silano (F7).

7.2.4 Funcionalizacién bioldgica de capas delgadas y microelectrodos de polipirrol creci-
dos de modo biocatalitico

En este caso, capas y microelectrodos de polipirrol fueron fabricados, afiadiendo
biotina a la reaccién de polimerizacién. De este modo, la biotina queda atrapada
fisicamente en la matriz polimerica, como qued6é demostrado en los anélisis real-
izados sobre capas delgadas por medio de xrs.

En la Figura 7.6, pueden observarse los espectros de alta resolucién pertene-
cientes al azufre, de dos capas de polipirrol crecidas de modo biocatalitico, con
y sin biotina. En este caso analizamos el azufre, puesto que es un elemento car-

acteristico en la biotina.

Intensity (a. u.)

172 168 164 160
Binding energy (eV)

156

Figure 7.6: Espectros de alta resolucion de xrs del azufre S 2p, correspondiente a una
capa de polipirrol biocatalitico (linea roja de puntos) y una capa de polipirrol
biocatalitico con biotina (linea negra sélida).

En estas muestras, como se ha mencionado anteriormente, se encuentran otras
fuentes de azufre, como el mediador redox y la enzima, por lo que se evalu¢ la
diferencia entre espectros para muestras con y sin biotina.

Para ambos casos se obtuvieron dos componentes centradas en 165.1 eV y
162.0 eV, respectivamente. El pico observado a 165 eV, correspondiente a especies
oxidadas de azufre (-SO3H), fue asociado al dopante ABTS, mientras que el pico
a 162 €V, se asoci6 a la enzima HRP (C-S-C and C-SH) [43, 44, 45]. En ausencia
de biotina, el ratio entre ambos picos resulté de 0.9o, mientras que en presencia
de biotina, éste aument6 hasta 1.14, sugiriendo la incorporacién de biotina a la
estructura.
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Tras la confirmacion de la correcta funcionalizacion del polimero con biotina,
micorelectrodos con biotina fueron fabricados. Este proceso, resulté en estruc-
turas como las mostradas en la Figuray.7.

Figure 7.7: Imagen de SEM de microestructuras de polipirrol biocatalitico con presencia
de biotina.

En esta imagen de SEM, se puede observar como la cohesién del polimero se ve
afectada por la presencia de la biotina, lo que ha sido reportado anteriormente
en otros trabajos [14]. Esto, fue atribuido al hecho de que la biotina, cargada
negativamente durante el proceso de polimerizacién, actiie como dopante en la
reaccion, interfiriendo en el proceso de polimerizacion. Mediante el ajuste de los

pardmetros de revelado (tiempo de sonicacién) los patrones fueron conservados.

7.2.5 Aplicacion: liberacién controlada de biotina

Ha sido demostrado que el salto electroquimico del polimero entre sus estados
oxidado y reducido, produce la liberaciéon de iones contenidos en su interior [46],
lo que puede tener aplicaciones en dispositivos de liberacién de farmacos.

Asi pues, capas de polipirrol biocatalitico, crecidas en presencia de biotina,
fueron sometidas a voltametria ciclica (CV) en PBS entre -0.9 V y +0.9 V, a una
velocidad de escaneo de 100 mV/s. En el caso de la biotina y el polipirrol, cuando
el polimero se reduce, la interaccion electrostatica entre los iones dopantes y el
polimero desaparece, produciéndose una liberaciéon al medio de dichos iones
[47].

Tres experimentos fueron conducidos: uno en el que se aplicé voltametria
ciclica a una capa de polipirrol con biotina durante 25 minutos, otro en el que
se aplicé un potencial constante de oxidacién de +0.9 V durante 25 minutos a
otra capa con biotina y un tltimo experimento en que no se aplicé estimulo eléc-
trico alguno sobre el polimero, pero se mantuvo en solucién durante 25 minutos.
Se extrajeron muestras de la solucién de medida después del primer minuto de
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experimento y cada 5 minutos hasta el final. Dichas muestras se analizaron por
HPLC-MS, resultando en curvas de liberaciéon de biotina con el tiempo, como las

mostradas en la Figura 7.8.
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Figure 7.8: Resultados de HPLC-MS para la liberacion de biotina. Gréfico de evolucién del
pico caracteristico correspondiente al fragmento de la biotina m/z = 245.09,
obtenido mediante el andlisis de la solucién de medida a diferentes tiempos,
durante un proceso de reduccién por CV (linea roja), un proceso de oxidacién
constante (linea verde) y sin aplicacién de estimulo eléctrico (linea azul).

Los resultados muestran que bajo estimulacioén por voltametria ciclica, la mayor
parte de la biotina atrapada en el polimero se libera durante los primeros 5 min-
utos. Por otro lado se observa un pequefio efecto de liberacién cuando no hay es-
timulo eléctrico aplicado, producido por un intercambio i6nico, cuando existe un
gradiente de especies negativas entre la solucion y el polimero [48]. Finalmente,
cuando se aplica un potencial de oxidacién constante, no se observa liberacién
significativa de biotina, ya que se incrementa la interaccién electrostatica entre
polimero y biotina, impidiendo su liberacion.

Estos resultados demuestran que tras el proceso de funcionalizacién con bi-
otina, las capas de polipirrol generadas en este trabajo, siguen siendo electroacti-
vas, liberando controladamente biotina al medio.

7.2.6  Conclusiones

Este trabajo introduce una nueva técnica biocatalitica en superficie, para la fab-
ricacién de microlectrodos de polipirrol sobre superficies aislantes, con resolu-
ciones comparables a las de la litografia ¢ptica. Esta es una técnica de micro-

fabricacién medioambientalmente respetuosa, que permite la incorporacién de
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biomoléculas durante el proceso de sintesis. Esta técnica ha demostrado retener
la electroactividad del polimero después de los procesos de fabricacion y fun-
cionalizacién, como pudo ser observado mediante la liberacién de biotina atra-
pada en la estructura, bajo estimulacién eléctrica. Estas caracteristicas podrian ser
usadas en dispositivos de interaccién con tejidos o células, mediante la liberacién

de farmacos o la estimulacién eléctrica.

7.3 ELECTRODOS DE AZIDA-PEDOT. APLICACION EN SENSORES DE ADN
7.3.1 Introduccién

La deteccion especifica y cuantitativa de secuencias de ADN es de gran impor-
tancia en el sector de la medicina, no sélo para diagnosticar enfermedades, sino
también para desarrollar terapias efectivas [49, 50]. En este ambito, los sensores
de hibridacién de ADN representan una alternativa atractiva a los métodos tradi-
cionales de secuenciado, por ser simples, versatiles y ttiles para el desarrollo de
arrays de dispositivos [51, 52].

Los sensores de hibridacion estan generalmente compuestos por un elemento
transductor, en el que una cadena simple de ADN, llamada prueba, se ancla. Este
sistema se expone entonces a otra cadena simple de ADN, complementaria a la
primera (diana), produciéndose la hibridacién. Este proceso de reconocimiento
(hibridacién) genera una sefial, que es traducida por el transductor a una sefial
directamente legible (Figura 7.9).

La calidad de un sensor se mide por su selectividad y su sensibilidad, las
cuales dependen del disefio del dispositivo. La selectividad de un sensor de
este tipo viene dada por la especificidad en el reconocimiento entre dos cadenas
complementarias de ADN. Dicha especificidad en la interaccion entre cadenas de
ADN proviene de restricciones estéricas y de formacién de puentes de hidrégeno
entre bases purinicas (adenina o guanina) y pirimidinicas (timina o citosina) [53].
Esto es, el espacio interior de una doble hélice de ADN corresponde exactamente
a una pareja purina-pirimidina, ademads adenina y timina forman dos puentes de
hidrégeno, mientras que guanina y citosina forman tres puentes de hidrégeno, lo
que determina inequivocamente la especificidad de la interaccién entre las bases.

En cambio la sensibilidad viene dada por parametros mas técnicos como la
matriz usada para la inmovilizacion de la prueba, la estrategia de inmovilizacién
o el mecanismo de transduccién. Asi, es posible encontrar sensores de hibri-

dacién con estrategias de inmovilizacién variadas, como la simple adsorcién en
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Complementary
DNA probe DNA target

Transducer Transducer

Readable Signal

Figure 7.9: Esquema de un sensor de hibridacién de ADN. Estd compuesto de un ele-
mento transductor, una capa de reconocimiento (DNA probe) y el analito a
detectar (Complementary DNA target). Tras la hibridacién una sefial legible
se obtiene del transductor.

la superficie, el enlace covalente o la interaccién estreptavidina-biotina, etc [7].
Y basados en diferentes mecanismos de transduccién como 6ptico, de masa o
electroquimico [7, 54, 55, 56, 57]. En esta seccién nos centraremos en el uso de
sensores electroquimicos, por ser fiables, simples, rdpidos, rentables y ser ca-
paces de convertir directamente un proceso de hibridacién en una sefial eléctrica
legible [7]. Diferentes técnicas se han empleado para monitorizar la hibridacién
de ADN, como amperometria, potenciometria, voltametria, cronoamperometria
0 espectroscopia electroquimica de impedancia [5, 58]. También se han desarrol-
lado métodos indirectos de deteccién (de marcaje), en los que se usa un marcador
electroquimico para detectar la hibridacién. Ejemplos de estos marcadores son
los indicadores redox (se anclan al ADN diana, enzimas, quantum dots ) o los in-
tercaladores redox (se intercalan en la doble hélice por interaccion electrostatica,
iones complejos o0 marcadores orgdnicos como el methylene blue), cuya detecciéon
evidencia la hibridacién [59, 60, 61].

La detecciéon mediante estas técnicas de marcaje ha demostrado ser muy sen-
sible (rango nanomolar incluso femtomolar) y capaz de distinguir mutaciones
de una sola base [62, 63]. Sin embargo, muchos de estos métodos pueden afec-
tar al enlace con la secuencia de prueba, interfiriendo asi en el proceso de re-
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conocimiento. Ademads, estas técnicas necesitan tiempo de preparacién, costes
extraordinarios y no permiten detectar la hibridacién en tiempo real.

Por el contrario existen también técnicas de deteccién directa (sin marcaje), en
las que lo que se evalua es la electroactividad de los acidos nucleicos o los cam-
bios producidos en las propiedades electrénicas del transductor tras el proceso
de hibridacion. Estas técnicas son més rdpidas, no necesitan un tiempo adicional
para hacer el marcaje y pueden ser usadas con independencia de la secuencia
elegida [64].

Como se ha avanzado anteriormente, las técnicas de deteccion directa se basan
o bien en la electroactividad de las bases nitrogenadas o en la electroactividad
del transductor/sustrato del sensor. En el primer caso, se ha demostrado que la
adenina y la guanina son las bases més electroactivas del ADN y son sus sendos
picos de oxidacion los que usualmente son evaluados para detectar su presencia
[65, 66]. Sin embargo, esta técnica es muy controvertida y depende altamente de
la secuencia elegida, asi como de su contenido en guaninas y adeninas [7]. Por
otro lado, respecto a la electroactividad del sustrato, los polimeros conductores
han demostrado ser ttiles por comportarse como matriz inmovilizadora de ADN
y como transductor al mismo tiempo [5]. En particular, sus propiedades eléctri-
cas, electroquimicas y 6pticas son sensibles a sucesos que ocurren en el entorno
cerca de su superficie, como pueda ser un proceso de hibridacién [6]. Ademas,
se pueden funcionalizar por medio de multiples técnicas, permitiendo su uso en
sensores de ADN sin marcaje [67].

En esta seccién se describe la fabricacién y prueba de un sensor de hibridacién
de ADN sin marcaje, basado en electrodos de poly(3,4-ethylenedioxythiophene)
modificado con un grupo azida (azida-PEDOT). Estos electrodos de azida-PEDOT
se fabricaron por medio de polimerizacioén electroquimica sobre electrodos de
oro, quedando directamente funcionalizados después del proceso de sintesis
(parte de este trabajo fue desarrollado en colaboracién con el instituto de quimica
organica II y materiales avanzados de la universidad de Ulm, Alemania). De-
spués, se usaron como plataformas para la inmovilizacién de secuencias de
ADN modificadas con grupos acetileno por medio de la reaccién “Click”. Las
secuencia inmovilizada en el polimero corrersponde a una secuencia de 21 bases
complementaria al virus de la “Hepatitis C”. Se comprob¢ la correcta inmovi-
lizacién de la secuencia de prueba por diferentes técnicas como XPS, ToF-SIMS y
voltametria diferencial de pulso. La hibridacién de ADN se detecté por medio
de voltametria diferencial de pulso, donde el cambio en la electroactividad del

polimero se evalué después del proceso de hibridacion. Se evalu6 la selectividad
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del sensor de PEDOT por medio de su prueba con diferentes secuencias diana
entre las que se encontraban la secuencia complementaria, una no complemen-
taria y una secuencia con dos bases desaparejadas (a una concentracion fija de
50 nM). También se evalué la sensibilidad del sensor, probdndolo a diferentes
concentraciones de la secuencia complementaria desde 20 nM a 1 nM.

El sistema aqui presentado, representa una nueva herramienta para la prepa-
racién de sensores sin marcaje de hibridacion de ADN, con gran potencial en el

campo de la deteccién de enfermedades y mutaciones genéticas.

7.3.2  Fabricacién y caracterizacion de electrodos de azida-PEDOT

7.3.2.1 Fabricacion

Electrodos de oro fueron usados en un proceso estdndar de crecimiento electro-
quimico de PEDOT, en una celda electroquimica de tres electrodos [68]. La elec-
tropolimeracién se hizo bajo atmésfera de argén a temperatura ambiente usando
diclorometano y tetrabutylamonium hexafluorophosphate como electrolito. Tras
afiadir a la celda electroquimica el monémero azida-EDOT, se inici6 un proceso
de voltametria ciclica entre -1 V y 1.7 V (frente a un pseudo-electrodo de refer-
encia de Ag/AgCl) a una velocidad de 100 mV/s. Se usé un contra-electrodo
de platino. La Figura 7.10 muestra los voltamogramas correspondientes a la elec-
tropolimerizacién a partir del monémero azida-EDOT.
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Figure 7.10: Comportamiento electroquimico en DCM y TBAPF;. Linea negra: CV de elec-
trodo limpio de oro en ausensia de mondmero. Lineas rojas: CVs de azida-
EDOT. Linea azul: CV de azida-PEDOT en ausencia de monémero.
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El voltamograma negro representa el electrodo de oro en el electrolito sin la
adicién del mondmero, mientras que los voltamogramas rojos representan los
ciclos consecutivos de polimerizacion tras la adicién del monémero. En azul se
puede observar el voltamograma del electrodo de azida-PEDOT en diclorometano,
en ausencia de mondémero en la solucién.

7.3.2.2 Caracterizacion

Ya que la técnica escogida para los experimentos de deteccion fue la voltametria
diferencial de pulso, los electrodos de azida-PEDOT fueron caracterizados en Tris-
HCI buffer por este método. La voltametria se realiz6 entre 0.3 Vy 1.5 V a
una velocidad de 100 mV/s. Los resultados mostraron que dos anchos picos de
oxidacién existian a valores aproximados de 0.8 V y 1.3 V, solapdndose con los
valores reportados en la literatura para la oxidacién de la guanina y la adenina
respectivamente (Figura 7.11). Por este motivo, los experimentos siguientes no
evaluardn los picos de oxidaciéon de dichas bases, sino que se centrardn en el
estudio del caracter electroactivo de polimero bajo los sucesos de hibridacién,
entre 0.5 Vy 1.0 V.
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Figure 7.11: Voltametria diferencial de pulso de un electrodo de azida-PEDOT en Tris-HCl
buffer. Los dos picos de oxidacién marcados con flechas rojas, coinciden con
los picos de oxidacién para la guanina y la adenina.

7.3.3 Inmovilizacién de secuencias de ADN del virus de la Hepatits C sobre electrodos
de azida-PEDOT

Los electrodos de azida-PEDOT fabricados aqui, permiten su directa funcional-
izacién, mediante enlace covalente por la llamada quimica “Click”. Para ello,

secuencias complementarias al virus de la hepatitis C, fueron obtenidas (en colab-
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oracién con el Dr. Ramén Eritja, IQAC-CSIC, Barcelona) con un grupo acetileno,

que permiti6é completar la reaccién “Click” (Figura 7.12).
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Figure 7.12: Esquema de la reaccién “Click” entre el grupo azida del polimero y el grupo
acetileno del ADN.

Dos espectros de alta resolucion de XPs, correspondientes al nitrégeno presente
en una muestra de azida-PEDOT y otra muestra de azida-PEDOT funcionalizada
con aceileno-ADN fueron analizados. De estos resultados puede obtenerse un
incremento y cambio en la distribucién de los picos, atribuida al incremento de
nitrégeno, aportado por las bases nitrogenadas de ADN y por la formacién de
triazoles cuando la reaccion “Click” se completa.

De modo alternativo, se analizaron las mismas superficies por ToF-SIMS (Figura

7.13), obteniendo resultados similares.
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Figure 7.13: Espectros de ToF-SIMS de electrodos de azida-PEDOT incubados con difer-
entes soluciones de inmovilizacién. En negro, espectro correspondiente a
un polimero incubado sin ADN. En azul espectro de un polimero incubado
con AND sin acetileno. En rojo, polimero incubado con AND con acetileno.
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Iones correspondientes a fragmentos de ADN se encontraron en cantidades
significativas para muestras que fueron funcionalizadas con ADN, mientras que
para las muestras control, dichas contribuciones fueron despreciables.

Finalmente, la funcionalizacién fue monitorizada por voltametria diferencial
de pulso, como se muestra en la Figura 7.14. En dicha figura podemos observar
como la electroactividad del polimero decrece cuando la muestra es funcional-
izada con ADN (HCV-probe). Por el contrario, para polimeros en los que la reac-
ciéon “Click” no ocurrié y por tanto no tienen ADN covalentemente anclado a la
superficie, la electroactividad es mayor y bien diferenciada.
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Figure 7.14: DPV de la reaccién “Click”. La muestra con ADN con acetileno (HCV-probe) es
la tinica que experimenta una reduccién abrupta de la electroactividad. Los
controles, permanecen con alta electroactividad.

7.3.4 Hibridacién de secuencias diana sobre electrodos de azida-PEDOT funcionaliza-
dos con secuencias del virus de la Hepatitis C

7.3.4.1 Sensibilidad

En estos experimentos se evalu6 la respuesta electroquimica del polimero, fun-
cionalizado con la cadena simple de ADN (ADN-prueba), a la hibridacién con
distintas concentraciones de ADN complementario (HCV-target). En la Figura 7.15
observamos como bajo la exposicién del electrodo funcionalizado a las difer-
entes concentraciones, la electroactividad del polimero varia. A mayor concen-
tracion de ADN complementario, mayor resulté la perdida de electroactividad
del polimero. Esto fue atribuido a la formacion de puentes de hidrégeno en la su-

perficie, lo que representa una barrera de potencial que dificulta el intercambio
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iénico con el medio y por tanto la reduccién en la electroactividad del polimero
[69, 70, 71, 72].
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Figure 7.15: DPVs de electrodos de PEDOT funcionalizados con ADN, expuestos a difer-
entes concentraciones de ADN diana (entre o nM y 20 nM).

En la Figura 7.16, tenemos la recta de calibracién correspondiente a estos exper-
imentos de la que se pudo extraer el limite de deteccién del sistema, estimado en
0.13 nM. Este valor es comparable al obtenido en otros sensores electroquimicos

de ADN, con una sensibilidad mejorada, gracias al uso de marcadores redox o
sistemas miniaturizados [67].
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Figure 7.16: Recta de calibracion para la sefial de oxidacién de los electrodos de PEDOT
a diferentes concentraciones de ADN diana. La intensidad de corriente se
representa frente al logaritmo de la concentracién.

Ademas, la escasez de estudios publicados en relacién a sensores de hibri-
dacién sin marcaje para la “Hepatitis C”, hace especialmente importante la con-

tribucién de nuestro trabajo. Que nosotros sepamos, sélo existen dos trabajos
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referentes a sensores de hibridacién de “Hepatitis C” sin marcaje. Uno de ellos
se basa en la deteccion directa de la oxidacién de las bases de ADN. En éI se
obtuvo un limite de deteccién de 6.5 nM [73], similar al obtenido en otros sen-
sores de hibridaciéon del mismo tipo ( basados en la oxidacién de guaninas), pero
muy superior al obtenido en nuestro trabajo. El otro estudio, reporta el uso de
polypyrrole y se basa en la variacion de electroactividad del polimero tras el pro-
ceso de hibridacién [74]. Este sensor de polipirrol reporta limites de deteccién
extremadamente bajos (102! M), pero hace uso de la miniaturizacién (mediante
la fabricaciéon de microelectrodos), para obtener dichos resultados. Ademads usa
un mondémero precursor modificado con la secuencia de prueba, lo que puede in-
ducir la degradacién de la prueba por accién de los potenciales eléctricos usados
para la sintesis del polimero. Por el contrario, nuestro caso preserva la secuencia
de prueba de la sintesis, puesto que la inmovilizacién se realiza en un proceso
independiente (“Click”). Ademads, y a diferencia del trabajo basado en polipirrol,
el tamafio de los electrodos usados en esta tesis es macro y no necesita de pasos
adicionales de fotolitografia para obtener resultados en la nanoescala, compati-

bles con los rangos de deteccién de la “Hepatitis C” usados en analisis clinicos
(1.5-2.0 pM) [75].

7.3.4.2 Selectividad

Después, se evalu6 la respuesta del sensor a diferentes secuencias diana a la
misma concentracion (50 nM).

Las secuencias evaluadas consistieron en la secuencia complementaria, una
secuencia no complementaria, una mezcla de dos secuencias no complemen-
tarias y la secuencia complementaria y una secuencia con dos bases desapare-
jadas. Los resultados, mostrados en la Figura 7.17 indicaron que todas las se-
cuencias pudieron ser resueltas de los controles. Ademds la muestra consistente
en una mezcla de no complementarios y la secuencia complementaria demostré
el mismo cardcter electroquimico que la muestra evaluada con la secuencia com-
plementaria en solitario, lo que sugiere que el sensor desarrollado aqui, podria

tener una potencial aplicaciéon en muestras méds complejas y reales.

7.3.5 Conclusiones

En esta seccion se ha descrito la fabricaciéon y prueba de un sensor de hibridacién
de ADN sin marcaje, basado en electrodos de poly(3,4-etilendioxitiofeno) mod-
ificado con un grupo azida (azida-PEDOT). Estos electrodos de azida-PEDOT se
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NC HCV Mix 2BM

Figure 7.17: Selectividad del sensor de ADN. “NC” muestra la respuesta del sensor a la
secuencia no complementaria. “HCV” muestra la respuesta del sensor a la
secuencia complementaria (tomada como referencia 100%). “Mix” muestra
la respuesta del sensor a una mezcla de secuencias no complementarias
(Nc1, Nc2) y la secuencia complementaria. “2BM” muestra la respuesta del
sensor a una secuencia con dos bases desaparejadas.

usaron como plataformas para la inmovilizacién de secuencias de ADN modi-
ficadas con grupos acetileno por medio de la reaccion “Click”. La hibridacién
de ADN se detecté por medio de voltametria diferencial de pulso (DPV), donde
el cambio en la electroactividad del polimero se evalué después del proceso de
hibridacién. Este sistema permitié distinguir entre diferentes secuencias a una
misma concentracion, probando su selectividad. Limites de deteccién por debajo
del nM fueron obtenidos para secuencias complementarias, valores muy infe-
riores a los detectados en andlisis clinicos comunes para la “Hepatitis C”. Este
sistema, no requirié de complicados procesos litograficos, ni marcajes para llegar
a dichos limites de deteccién, lo que representa una mejora importante frente a
los pocos trabajos reportados acerca de sensores sin marcaje para la “Hepatitis
C”.

7.4 FABRICACION DE DISPOSITIVOS DE NANOHILOS DE POLIPIRROL
7.4.1  Introduccion
Los nanohilos han demostrado ser muy ttiles en diferentes aplicaciones, gracias

a sus propiedades derivadas de su unidimensionalidad [76]. Desde sus primeras

aplicaciones en electrénica, los nanohilos han sido usados mayormente como
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parte de transistores de efecto campo (FET) [77, 78]. En estos dispositivos, la
conduccién a través del nanohilo (conectado a dos electrodos, source/drain) es
manipulada por medio de un campo ejercido desde un tercer electrodo (gate)
(Figura 7.18) [77]. En estos sistemas nanométricos, la influencia sobre la conduc-
cién del polimero es mucho mayor que en sistemas bidimensionales. Ademas,
su alta razén superficie-volumen, sus propiedades 6pticas, su sensibilidad a cam-
bios en el entorno cercano a su superficie y sus excelentes propiedades mecénicas,
hacen de los nanohilos, materiales especialmente ttiles en aplicaciones optoelec-
trénicas, de cuidado medioambiental, en sensores quimicos y biolégicos, etc [2,
79, 80, 81, 82]. En aplicaciones biotecnolégicas, el campo de los biosensores ha
resultado ser uno de los que mayor provecho han obtenido de los nanohilos, con
tiempos de deteccion y sensibilidades notablemente mejorados [83, 84]. Asi, uno
puede encontrar multiples trabajos, donde los nanohilos han sido usados en la
deteccién de importantes biomoléculas relacionadas con enfermedades comunes
como la glucosa, o en la deteccién de secuencias especificas de ADN, virus y

proteinas [85, 86, 87, 88].

Nanowire

Figure 7.18: Transistor efecto campo basado en nanohilo. Un nanohilo conecta dos elec-
trodos metalicos (source y drain) y reposa sobre una capa aislante que esta
sobre el electrodo gate, el cual ejerce un campo eléctrico sobre el nanohilo.

Polimeros conductores como el polipirrol, la polianilina o el politiofeno [2],
aportan ventajas anteriormente mencionadas a estos fines, como pueden ser: la
posibilidad de manipular sus propiedades eléctricas mediante accién sobre los
pardmetros de sintesis, las multiples estrategias de funcionalizacién aplicables,
su bajo coste, etc [31].

FETs basados en nanohilos de polimeros conductores pueden encontrarse en
modo de arrays desordenados de nanohilos o en modo de dispositivos de un
tnico nanohilo. El primer caso, ofrece una facil fabricacién del dispositivo, pero
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carece de control en cuanto al ntiimero de nanohilos por dispositivo. Esto, pro-
duce diferentes resistencias de contacto para diferentes dispositivos, lo que es
traducido en sistemas poco reproducibles [18]. Por el contrario, los dispositivos
de un tdnico nanohilo ofrecen un excelente entendimiento de las propiedades
del dispositivo y del mecanismo de operaciéon. También, ofrece la posibilidad
de mejorar la resolucién espacial del sistema mediante la fabricaciéon de arrays
ordenados de nanohilos [86, 89].

Sin embargo, la fabricacién de dispositivos de un tnico nanohilo basada en
polimeros conductores, sufre atin de serias limitaciones. Como explicado con an-
terioridad, los métodos litograficos desarrollados a la micro y nanoescala para
materiales convencionales, no son compatibles con los polimeros conductores
[18]. Hasta el momento, la técnica mas usada para la fabricaciéon de estos dis-
positivos, se basa en la fabricacién de nanohilos en solucién, para después dis-
persarlos sobre una superficie con electrodos y alinearlos por medio de campos
magnéticos o eléctricos [90, 91]. Este proceso, requiere de muchos pasos y proce-
sos de alineamiento para conseguir dispositivos de un tinico nanohilo, por lo que
estrategias alternativas basadas en técnicas de barrido con sonda han sido tam-
bién estudiadas (STM, AFM, DPN, etc.) [92, 93]. Ultimamente, se han descrito tam-
bién el uso de técnicas basadas en la directa electropolimerizacién de nanohilos
entre electrodos metélicos, aunque atn es una técnica por optimizar, donde los
pardmetros experimentales influyen enormemente en los resultados obtenidos.

Asi pues, atin no se disponen de técnicas para la fabricacién de dispositivos
de un tnico nanohilo de polimero conductor, que demuestren la habilidad de
incorporar estos materiales en dispositivos funcionales de modo sencillo y es-
tandarizado. Por ello, en esta seccién se descibe la investigacion de técnicas di-
rigidas a éste propodsito, que permitan un mejor control y entendimiento de la
fabricacién de nanohilos de polimero conductor.

En este trabjo se estudiaron dos técnicas de fabricacion de dispositivos de un
tnico nanohilo de polimero conductor: la nanolitografia de dip-pen y la elec-
tropolimerizacion sobre superficies con plantillas. La técnica de dip pen se us6
para depositar nanohilos sobre superficies de 6xido de silicio, entre dos electro-
dos metalicos, para su uso como FETs en diferentes aplicaciones. Se optimizaron
los parametros de fabricacion, obteniendo curvas que mostraban la dependen-
cia del didmetro del nanohilo con la humedad y con la velocidad de deposicién.
Alternativamente, la electropolimerizacién afiadi6 la capacidad de manipular el

polimero quimicamente, demostrado por el uso de varios electrolitos (fuente de
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los iones dopantes), lo que se tradujo en dispositivos polméricos con diferentes

conductividades.

7.4.2 Nanohilos de polipirrol por medio de Dip-pen Naolithography

Para el deposito de nanohilos de polipirrol sobre superficies de 6xido de silicio,
se us0 la interaccion electrostatica entre “la tinta” (suspension de polipirrol) y la
superficie. Teniendo en cuenta que el polipirrol usado estaba dopado (cargado
positivamente) [94], la superficie de 6xido fue cargada negativamente para facil-
itar el transporte de “la tinta” desde la punta de dip pen a la superficie (Figura
7.19). Para ello, las superficies fueron tratadas con solucién pirafia durante 15

minutos, creando cargas negativas en su superficie.

Substrate

Figure 7.19: Fuerza electrostatica para el depésito de polipirrole por DPN. La tinta de
polimero estd cargada positivamente y la superficie estd cargada negativa-
mente.

Los experimentos de dip pen fueron realizados a temperatura ambiente, a
humedades relativas de 30%, 35% and 40%, y diferentes velocidades de escritura
entre 0.1 pm/s y 2.0 um/s (0.1, 0.3, 0.5, 0.7, 1, 1.5 and 2 um/s). Las nanoestruc-
turas resultantes fueron caracterizadas por lateral friction mode AFM, evaluando
su didmetro. En la Figura 7.20 se muestra la dependencia en el didmetro del
nanohilo con la humedad y con la velocidad de depésito.

De estos resultados podemos extraer principalmente dos conclusiones, que el
didmetro decrece con la humedad y que decrece también con la velocidad de
depésito, lo que coincide con los modelos reportados en la literatura [95, 96,
97]. De estos experimentos también podemos concluir que el menor didmetro
obtenido para los nanohilos de polipirrol es de 101 + 8 nm para un 35% de
humedad relativa y una velocidad de depésito de 2.0 um/s. Este es el menor
valor reportado para nanohilos de polipirrol depositados por medio de DPN [93],
solo superado por otras técnicas basadas en DPN, pero més sofisticadas como el
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Figure 7.20: Dependencia del diametro de nanohilo de polipirrol con la humedad y la ve-
locidad de depésito. En negro, resultados para humedades del 40%. En azul,

resultados para humedades del 35%. En rojo, resultados para humedades
30%.

DPN térmico o electroquimico, donde los didmetros son ligeramente menores a
100 nm [98, 99].

Finalmente, para probar la capacidad de posicionar nanohilos entre electrodos
metdlicos y fabricar asi un dispositivo, se depositaron nanohilos de polipirrole
sobre superficies de 6xido de silicio con contactos metélicos, resultando en dis-
positivos como el mostrado en la Figura 7.21. De este modo se demostr6 la ca-
pacidad de controlar dimensiones y localizacién de los nanohilos de polimero,
por medio de esta técnica. Sin embargo, se encontraron problemas de adhesién
de los nanohilos a la superficie. Ademads, mediante esta técnica no es posible ma-
nipular la estructura del polimero, por lo que se decidi6 estudiar otro método de
fabricacién alternativo, que salvara estos problemas y que permitiera un mayor
control sobre las propiedades del dispositivo final.

WY

" \.. . e , Pl Sm.:ll'“

Figure 7.21: Imagen topografica de AFM correspondiente a un nanohilo de polipirrol
depositado entre electrodos metélicos. El nanohilo fue depositado a una

humedad del 40% y una velocidad de depésito de 1um/s. El didmetro del
nanohilo fue de 339 nm.
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7.4.3 Nanohilos de polipirrol por medio de polimerizacién electroquimica entre superfi-

cies con plantillas

Esta técnica se basa en la polimerizacién oxidativa comun y el uso de superfi-
cies con plantillas que dirijan el crecimiento del polimero en forma de nanohilo
[100, 101, 102, 103]. Para ello se fabricaron superficies en las que dos electrodos
metdlicos enfrentados estuvieran pasivados, excepto por un nanocanal que los

conectase, como esquematizado en la Figura 7.22.

Passivation layer
Nanochannel

Figure 7.22: Esquema de superfice con plantilla. En él se puede observar el nanocanal
abierto en la capa de pasivacién, conectando los electrodos metalicos de-
positados sobre la oblea de éxido de silicio/silicio.

Para la fabricacién de dicho nanocanal, se us6 la técnica de e-beam. Los materi-
ales empleados como pasivantes fueron PMMA y 6xido de silicio. Los canales que
se fabricaron tuvieron un ancho de 200 nm y 450 nm y los electrodos estuvieron
separados por distancias de 15 pm y 5 pm.

Después de estudiar diferentes materiales de pasivaciéon y condiciones experi-
mentales, se lleg6 al establecimiento de unos pardmetros 6ptimos para la fabri-
cacién de nanohilos de polipirrol. Estos parametros consistieron en la aplicacién
de una corriente alternada entre los electrodos enfrentados de una magnitud de
1 pA, con una frecuencia de 0.5 kHz. Esto fue acompafiado de la generacion de
un campo eléctrico perpendicular a la superficie de los electrodos, cuya funcién
es la de confinar los monémeros oxidados en el nanocanal entre electrodos, como
mostrado en la Figura 7.23. El potencial necesario para producir dicho campo fue
de-1V.
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Figure 7.23: Esquema eléctrico usado en el proceso de electropolimerizacién. Una corri-
ente es aplicada en el 4nodo, iniciando la polimerizacién. Un campo perpen-
dicular confina los monémeros oxidados en el nanocanal.

Por este método se consiguieron fabricar nanohilos de polipirrol en diferentes
solventes (agua y acetonitrilo) con diferentes electrolitos (NaCl y TBAPF), como
el nanohilo mostrado en la Figura 7.24a. Dichos nanohilos demostraron estar
bien conectados con los electrodos metélicos (Figura 7.24b), resultando en dis-
positivos listos para usar en diferentes aplicaciones.
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Figure 7.24: Nanohilo de polipirrol (450 nm de didmetro) crecido en un nanocanal de
PMMA. a) Imagen de SEM del nanohilo. b) Curva I-V del nanohilo.

Asi pues, mediante la variacién del solvente y electrolito, se obtuvieron difer-
entes valores para la conductividad del sistema (de 7 S/cm para nanohilos cre-

cidos en agua y cloruro de sodio y de 45 S/cm para nanohilos crecidos en ace-
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tonitrilo con tetrabutilammonium hexafluorophosphate), lo que confirma que la
variacion de los pardmetros de sintesis influencia las propiedades del disposi-
tivo final. Ademads, dichos valores superan lo reportado en el caso de disolventes

acuosos y estan dentro del rango de lo esperado para disolventes organicos [104,
105].

7.4.4 Conclusiones

Aqui se discute la fabricacién de nanohilos de polipirrol para el desarrollo de
dispositivos FET. Se investigaron dos técnicas: la nanolitografia de dip-pen y
la electropolimerizacion sobre superficies con plantillas. La técnica de dip-pen
demostr6 ser ttil en la deposicion de nanohilos de polipirrol con un buen con-
trol sobre las dimensiones y la localizacién del polimero. Por otro lado, la elec-
tropolimerizacién afiadi6 la capacidad de manipular el polimero quimicamente,

lo que se tradujo en dispositivos polméricos con diferentes propiedades fisicas.

7.5 CONCLUSIONES GENERALES

En esta tesis se han investigado nuevas técnicas de fabricacién y de funcional-
izacion de polimeros conductores, poniendo un especial interés en su aplicacién
biomédica.

Una nueva técnica de fabricacion de microestructuras de polipirrol por método
biocatalitico sobre superficies aislantes ha sido desarrollada con resoluciones
comparables a las de la litografia 6ptica. Dicha técnica es compatible con la in-
corporacion de biomoléculas durante el proceso de sintesis, lo que garantiza
su utilizacién en entornos bioldgicos. Esto fue demostrado mediante la incorpo-
racién de biotina durante el proceso de polimerizacién y su posterior liberacién,
mediante estimulo eléctrico.

También se ha desarrollado un nuevo sensor de ADN sin marcaje basado en
electrodos de azida-PEDOT, para la deteccién de secuencias basadas en la “Hep-
atitis C”. Estos electrodos, permiten la directa y covalente funcionalizacién con
secuencias de ADN, modificadas con grupos acetileno, por medio de la quimica
“Click”. La hibridacion fue detectada mediante la evaluacion de la electroactivi-
dad del polimero tras el suceso de reconocimiento. Esta novedosa modalidad
de sensores demostré ser selectiva y sensible, siendo capaz de detectar secuen-
cias complementarias en el rango nM, sin necesidad de marcajes, ni complejas

técnicas de microfabricacién.



7.5 CONCLUSIONES GENERALES

Finalmente, se estudiaron dos técnicas de fabricacién de nanohilos de polimero
conductor: nanolitografia de dip-pen y electropolimerizacién sobre superficies
con plantillas. Estos estudios proveen al incompleto campo de la fabricacién de
nanoestructuras de polimeros conductores de resultados adicionales, que am-

plian el campo de aplicacién de dichos materiales.
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FABRICATION OF AZIDE-PEDOT MICROWIRE-BASED
DEVICES

It is demonstrated that by reducing the size of a sensor’s electrode, many bene-
tits can be obtained regarding the device performance. By using microelectrodes,
faster double-layer charging can be achieved, poorly ionic conducting solvents
can be used and high mass-transfer ratios can be obtained. Additionally, small
volume samples can be investigated and an improvement of the spatial resolu-
tion of the sensor is possible, which benefits the development of multiplexed
sensors [1, 2]. This appendix describes the miniaturization process of the sensor
developed in chapter 4, based on Azide-PEDOT electrodes. After the fabrication
process was developed, the microwire-based systems were characterized, result-
ing in ready-to-use devices to perform the detection of DNA hybridization events
in further investigations. In this case, the rod-like electrodes used in chapter 4 to
perform the electrochemical polymerization of Azide-EDOT monomers, were sub-
stituted by opposite microelectrodes deposited on a Si/SiO, substrate. Similarly
to the fabrication process conducted in chapter 2, microelectrodes consisting on
10 nm of a titanium adhesion layer and 70 nm of gold were deposited by evapo-
ration on Si/SiO, wafers with the help of direct write laser lithography (DWL).

Passivation layer

Microchannel

— Metallic contacts

Figure A.1: Schematics of the two opposite-electrode chip for microwire fabrication.
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The two opposite microelectrodes were separated by a distance of 5 pm and
later were coated by a passivation layer of SiO,. Microchannels of 2 ym width
were opened on the SiO; surface between electrodes by applying e-beam lithog-
raphy and resulted in the configuration schematized in Figure A.1.

Then, the substrates were diced in pieces containing just two opposite elec-
trodes and they were stuck on polyvinyl chloride (PVC) substrates, with large
printed copper electrodes (Figure A.2).

Figure A.2: Images of a two opposite-electrode chip and a PVC substrate with copper
electrodes.

To achieve a good electrical connection with the external copper electrodes,
the large electrical pads of the microelectrodes were soldered to the printed elec-
trodes. Subsequently, the whole system was passivated with teflon tape, contain-
ing a 2 mm circular openings that exposed the microchannel area to the polymer-
ization solution (Figure A.3). This eluded the interference of the external contacts
and solderings with the solution. The configuration employed here was designed
to avoid the use of drop-sized electrochemical cells, where the evaporation of the
solvent would represent an important limitation.

Then, cyclic voltammetry was applied on the couple of opposite electrodes, us-
ing both microelectrodes as working electrodes. 100 mM tetrabutylammonium
hexafluorophosphate (TBAPF¢) and 1.5 mM Azide-EDOT monomer were dissolved
in 5 mL dichloromethane and used as polymerization solution under argon at-
mosphere at room temperature. 2 scans between -1 V and +1.7 V at 100 mV/s,
versus an Ag/AgCl pseudoreference (used for organic solvents, see chapter 4),
were performed to obtain microwire-based devices, as the ones observed in Fig-

ure A.4. An external platinum counter electrode was used.
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Figure A.3: Image of a Teflon passivated two opposite-electrode chip, mounted on a PvVC
substrate. Inset corresponds to a microscope image of the central part of the

chip between electrodes.

Figure A.4: SEM image of an azide-PEDOT microwire of 6 pm averaged diameter.

The Azide-PEDOT microwires showed a tapered body from the electrode prox-
imities, which was attributed to the use of cyclic voltammetry on both electrodes
at the same time. When the cyclic potential is applied, the Azide-EDOT monomers
are oxidized to radical cations, keeping a high concentration of radicals near the
working electrodes (the two opposite electrodes) that gradually decrease away,
due to the diffusion of the ions [3]. Since the electron transfer is much faster
than the diffusion process, there is a competition between the formation of ions
and the migration away from the electrode, which produces an accumulation of
polymer at the electrodes, distorting the straight shape of the wire.
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Microwires of sizes between 4 and 6 um in averaged diameter were obtained,
with good ohmic contact with the metallic electrodes as evidenced by the I-V

characteristics shown in Figure A 5.

40
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Figure A.5: I-V characteristics of an azide-PEDOT microwire.

Conductivities between 1 and 8 S/cm, depending on their geometry, were cal-
culated by Equation A.1. ¢ is the conductivity, R the measured resistance, A the

area of the microwire’s cross section and ! de separation between contacts.

I
7= AxR

(A.1)

These conductivity values are in good agreement with the conductivity ex-
pressed by other PEDOT micro- and nanowires reported in litterature [3, 4, 5,
6]. This fabrication route provides microwire-based devices, readily functional-
ized in a single step fabrication process, which permits the direct reaction with
acetylene-modified molecules. This represents a fundamental improvement for
further applications, as for instance in the development DNA hybridization mi-
crosensors, extending the work performed in chapter 4 of this thesis. Further
investigations in this direction will be directed to the application of these ready-
to-work Azide-PEDOT microwire-based devices in DNA hybridization sensors.
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FABRICATION OF NANOPATTERNS BY
ELECTRON-SENSITIVE SILANES

Self-assembly monolayers (SAMs) acting as electron-beam (EBL) resists have
been shown to be very useful for the development of nanopatterns in the biomed-
ical field [1, 2, 3]. The fabrication of such nanopatterns has shown to bring impor-
tant improvements as a higher spatial resolution, the capability of using small
volume samples and a higher detection sensitivity like in the case of sensors
[2]. Traditional polymeric electron-beam resists have shown to limit the resolu-
tion of the lithographic process due to their excessive thickness, which increases
the effects of scattering and the proximity effect. On the contrary, self-assembly
monolayers, with few nanometers of thickness, have been used to reduce the fea-
ture size down to 5 nm [4]. Aliphatic and aromatic SAMs have been employed on
different surfaces as positive and negative resists, respectively. For aliphatic SAMs
the e-beam radiation causes desorption of the monolayer and on aromatic SAMs
the electron beam crosslinks the neighboring aromatic moieties, increasing their
etching resistance [4]. Therefore, by employing the electron radiation with SAMs,
chemical patterns can be created over a wide variety of surfaces, with nanometer
resolution.

This appendix describes the fabrication of Trichloro(1H,1H,2H,2H-perfluorooc-
tyl)silane (FDTES) nanopatterns by electron-beam lithography, on silicon oxide
(5i0y) surfaces. Moreover, it was demonstrated that FDTES acts as a good protec-
tion layer against wet chemical etching, preserving the SiO, surface of the areas
that were not exposed to the electron beam. Characterization of the nanopat-
terns was performed by scanning electron microscopy (SEM) and atomic force
microscopy (AFM). This nanopatterned surfaces will be used in future works for
the development of polymer nanostructures.

For the fabrication of nanopatterns, FDTES monolayers were deposited on SiO,
surfaces by the vapor phase deposition method [5]. This is a relatively cheap
and straightforward technique that limits the concentration of alkoxysilanes on
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the surface, favoring homogeneous silane formation, although the formation of
multilayers is not avoided. To prevent the formation of silane multilayers, more
sophisticated silanization techniques, such as chemical vapor deposition (CVD)
would be preferred [6]. However, it requires expensive CVD growth chambers
in a clean room environment, which was beyond our possibilities during these
preliminary experiments.

Therefore, fresh S5iO, surfaces were treated with “piranha” solution (7:3 (v/v)
of concentrated H,SO4 and 30% H,O,) for 30 minutes, to obtain high density of
terminal hydroxyl groups and proceed with a silanization process. Then, a drop
of FDTES and the activated SiO, surfaces were placed inside a dissecator on which
vacuum was applied (vapor phase method) for 1 hour. The process was followed
by an annealing step of 1 h at 80°C, required to promote covalent Si-O-Si bonds
between the surface and the silane compound.

Afterwards, substrates were sonicated for 10 minutes in ethanol to remove
any not attached silane compound and subjected to the electron beam radia-
tion. Lines of 200 nm of width separated 5 pm were patterned by e-beam at
doses of 250 pAs/cm?. A chemical etching process was conducted after electron
beam exposure, testing the resistance of the non-affected silane regions. The pat-
tern was treated with a hydrofluoric acid solution (Buffered Oxide Etch, BOE 7:1
(HF : NH4F = 12.5 : 87.5%, from MicroChemicals GmbH.) for 10 s. The process is

schematized in Figure B.1.

E-beam lithography

Electron beam

Silane Silane
S0, Laumd Sio,

Wet etching

Silane
S0, Lamd

Figure B.1: Nanopattern fabrication process. First, silanized surfaces were exposed to
electron radiation, resulting in desorption of the silane. Then, a wet (chemi-
cal) etching was applied on the surfaces to create nanochannels on the SiO,
surface.
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Figure B.2a shows SEM images of a SiO, surface after the nanopatterning pro-
cess. In the first image one can observe that large areas can be patterned by
the method described here in a uniform way. Moreover, lines between 200 and
250 nm of width separated 5 pm were obtained after the etching process, which
were slightly wider than the lines initially designed.

Figure B.2: SEM images of a nanopatterned SiO; surface. Nanochannels between 200 and
250 nm in width were obtained.

This discrepancy in the width of the channel could arise from an excessive
etching time, which over etched the initial lithography, or from the use of non-
fully optimized e-beam conditions. To characterize in detail these patterns and to
elucidate the reason for the oversize in the channels, AFM studies were conducted
(Figure B.3).
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Figure B.3: AFM image and profile of a nanopatterned SiO; surface. Nanochannels with
10 to 15 nm in depth were obtained.

AFM showed that the FDTES silane areas, not exposed to the electron beam, re-
mained unaffected by the etching process, which confirms that FDTES is a good
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mask for preserving the surface underneath, against etching processes of this
nature. Moreover, it revealed that depths between 10 and 15 nm were etched
away after 10 seconds of etching treatment, which indicates that the discrepancy
in the width of the channel cannot account for an etching effect but instead
should come from a non-optimized e-beam process. Therefore, to achieve accu-
rate nanopatterns special care should be taken regarding the e-beam process.

These preliminary results, although need further optimization, reveal the po-
tential of the method described here for the fabrication of highly homogeneous
nanopatterns, which have the capability of being chemically tunable by means
of functional groups, providing not only physical but also chemical patterns.
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