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Chapter 1

Introduction

1.1 Motivation: towards a very early-stage detection using
smart biosensors

The term biosensor is relatively new and it refers to a device for the detection of analytes
that combines a biological recognition element with a physicochemical signal transducer
[1]. Specific biochemical reactions mediated by isolated enzymes, immunosystems, tis-
sues, organelles or whole cells are used to detect biochemical compounds by triggering
electrical, thermal or optical signals [2].

Over the past years, the dynamization of research and development of biosensors
has been enormous. Amongst others, these devices have been key for early diagnosis
of several diseases, which is crucial for their successful treatment. With all, a proper
development of biosensors requires multidisciplinary technology. Among the different
disciplines involved, molecular biology has led to a much understanding of potential
biomarkers for diagnosis. In this sense, the implementation of point-of-care (POC) di-
agnosis requires proper attention to the major challenge of multitarget detection. This
trend, together with rapidity, cheapness and reliability must be conjured up for a suc-
cessful disease diagnosis in a decentralized setting.

The first part of this chapter consists of a historical revision of the origins of medical
biosensing, from ancient civilizations to our days. Furthermore, some notes on the
application of biosensing to food and environmental analysis are provided. The second
part of this chapter contains details on this work: a presentation of the dissertation, the
hypothesis and objectives and an account of the scientific articles composing the main
body of the thesis.

1.1.1 Medical diagnosis along history: a brief overview

Medical diagnosis is not at all a modern concept. Medicine is an old discipline, and the
first documented diagnosis practices date of Ancient civilizations; however, these have
indeed changed over time. The discipline was initially focused on treating (and eventu-
ally healing) diseases confirmed by physiological evidences, but still an extremely high
mortality rate was usual. In the present, the concept has evolved towards “early diag-
nosis”, which evidently tries to prevent the advent of diseases in patients, thus lowering
mortality rates. All in all, the history of medicine can be divided into three distinct
periods associated to different diagnosis methods: bedside medicine was prevalent from
Middle Ages to the 18th century; hospital medicine became popular from 1794 to 1848;
finally, laboratory medicine took over from then and up to our days [3]. Let us devote
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the following lines to summarizing what is known about the origins of medical diagnosis.

The first documented reference to diagnosis as a medical practice dates around
3000 BC in Ancient Egypt (Figure 1.1a). It is supposed to have been practiced by
Imhotep, who would have been the founder of Ancient Egyptian medicine [4, 5]. The
practice of diagnosis was further rationalized by physicians in Babylonia (around 2000 BC,
Figure 1.1b). The Babylonian “Diagnostic Handbook” (by Sakikku) documented the ap-
plication of diagnosis and prognosis to many variations of epilepsy, intestinal and urinary
disorders, respiratory issues and several mental disorders [6]. References to Babylonian
medicine were also found in the Laws of Hammurabi. Further East, diagnosis was also
a relevant practice, and still has particular features in the present days. Indeed, inspec-
tion, listening and smelling, inquiry and palpation are diagnosis practices that outlived
modern times until today, but were first reported in an ancient Chinese book, the “Inner
Canon of the Yellow Emperor” (Huangdi Neijing), dating around 300 BC [7].

Two renowned personalities of Ancient Greece (Figure 1.2a), the “father of medicine”
Hippocrates of Kos (c. 460—c. 370 BC) and surprisingly the philosopher and mathemati-
cian Pythagoras of Samos (c. 570—c. 495 BC), are known to have had a say in the topic.
Regarding the practice of diagnosis, Hippocrates was known for tasting his patients’
urine and smelling their sweat, for he was the first to boost the doctrine of humoral
pathology. Pythagoras included this humour-based diagnosis doctrine into his four el-
ements (earth, air, fire and water) theory. Moreover, physicians in Ancient Greece
postulated heredity as the potential cause of some diseases, although no complete de-
scription or examples were provided. The latter was pursued by specialists in the Islamic
world (Figure 1.2b). As an example, Arabian physician Abu al-Qasim al-Zahrawi first
categorised haemophilia as an hereditary disease, whereas Persian physician Ibn Sina
introduced the concept of syndrome as a group of symptoms consistently occurring to-
gether as the basis of diagnosis.

During the medieval period, medicine experimented a major setback as Christian
culture became more widespread, and both diagnosis and therapy were superfluous and
based, basically, on religious preaching (Figure 1.3a). However, it would be greatly unfair

FIGURE 1.1: (A) Diagnostics procedure in Ancient Egypt; (B) Babylo-
nian stone inscribed with details on diagnosis of medical conditions and
prognostics of the outcome (1900-1700 BC).
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FIGURE 1.2: (A) Greek mug with images of medical procedures; (B)
diagnosis in the Islam.

to obviate pagan medicine during that time, which did consider diagnosis by analysing
symptoms, pulse palpitation (rate, tempo and arterial power helped determining the
origin of fevers) and even human secretions. Ancient Greek theories of humour imbal-
ances prevailed until Middle Ages, becoming the analysis of urine the most important
source of information for medical diagnosis. As an example, a flask called “matula”
was employed for collecting urine, and four differentiated regions were associated with
different parts of the human body. Analysis of the properties of the liquid in each region
was supposed to reveal the source of injury. Certainly, during that time, astrology and
interpretation of dreams also had a role in diagnosis.

It was not until the 17th century that medical diagnosis experimented a new impulse,
and it was due to the invention of the microscope, opening the door to the micro-world.
Microscopy in diagnosis was first employed by German Jesuit priest Athanasius Kircher
(1602-1680). Parallelly, the analysis of urine was still in widespread use at that time.
Urine was first reported to contain proteins in 1694, probably becoming a primitive
mention to biomarkers, which will be defined and discussed in the following sections.
Unlike the 17th, the 18th was not very prolific century in terms of advances in diagnosis.
Few attempts to employ precision instruments for practicing clinical diagnostic methods
of percussion, temperature, blood pressure and heart rate measurements were reported.
More relevant to our topic were observations of sediments in the urine of febrile patients
by J. W. Tichy in 1774, and the studies on the sweetness of urine and blood serum caused
by presence of sugar in diabetic patients (around 1780). With the 19th century came
a new wave of diagnostic tools: refined microscopes, X-rays, electrocardiographs and
the first chemical and bacteriological tests. Indeed, the breakthroughs in bacteriology
made by Robert Koch and Louis Pasteur (Figure 1.3b) during the second half of the
century permitted the isolation of organisms responsible for major infectious diseases.
Simultaneously, laboratory tests were introduced to detect a number of illnesses, and
advances in the analysis of urine and blood improved diagnostic tools.
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FIGURE 1.3: (A) “The Extraction of the Stone of Madness” by Hyerony-

mus van Aken Bosch, dating from around 1494 and parodying the popular

beliefs during the medieval period; (B) picture of French microbiologist
and chemist Louis Pasteur (1822-1895).

1.1.2 Medical diagnosis today: the concept of biomarker and early
detection

It was in the early 1900s that Archibald Garrod postulated that deoxyribonucleic acid
(DNA) encoded genes that in turn carried the information for encoding proteins respon-
sible for body structure and functionalities. However, this was not fully appreciated
in diagnosis until the sequencing of the human genome (the full set of genes encoded
by DNA in human cells) in 2003 (Human Genome Project, HGP [8]), which finally
confirmed Garrod’s hypothesis of biological individuality. The HGP revealed that bi-
ological individuality, inheritance and the environment are closely related at the level
of DNA and gene expression, and this accounts for how the body of an individual will
be modified and which diseases will develop throughout life. Thus, the sequencing of
the human genome is actually helping in preventing a number of diseases of hereditary
causes, raising the traditional medical attention level of individualization (in terms of
risk prevention) up to unprecedented standards. Moreover, this technology provides
knowledge about physiological features of diseases, their genetic causes and the factors
that induce genetic disposition for the disease to actually manifest.

On the other hand, it was previously pointed out that genes are further processed
into encoding proteins in a mechanism called translation, carried out inside the cells
by complex molecular machines called ribosomes. Each protein is encoded at a certain
time, at certain types of cells and under determined conditions. The full set of proteins
expressed by the genome, in the case of humans, at determined locations, cells, organs
and at certain times is called the proteome. As can be deduced, the encoding of proteins
is a highly delicate process that can be easily altered. Too high or too low protein levels
or even a switch in the type of protein can occur, and the measurement of this phenom-
ena is becoming of increased importance in diagnosis. What is more, the alteration in a
patient’s proteome usually occurs before symptoms manifest. Thus, the detection and
eventual quantification of specific proteins will become of capital importance for early
diagnosis of many hereditary and also acquired diseases, and will eventually severely
increase probabilities of survival.

With all, prevention but especially early-stage disease diagnosis is of utmost impor-
tance for appropriate prognosis but also for patient wellness during treatment (for ex-
ample saving the patient eventual awful operations and treatments). In this framework,
science and technology have become key pillars in the way of developing new strategies
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for early-stage detection of diseases. Advances in biomedical science, as recently expe-
rienced with genome and proteome mapping and also the search and determination of
biomarkers, sets new paradigms in medical diagnosis. On the other hand, technological
progress, in the present case manifested as the development of miniaturized, low-cost
and easy-to-use diagnostic kit systems, is crucial in actually materializing medical diag-
nosis paradigms postulated by biomedical science.

Up to this point, the need for defining the previously mentioned term “biomarker”
comes up inevitably. It is understood by biomarker a detectable and quantifiable (bio-
logical or chemical) indicator of presence and severity of a physiological condition, risk
of progression of a disease or response of disease to a treatment. Such indicators may be
specific cells, simple or complex molecules, proteins, hormones, genes and gene deriva-
tives. Some experts even consider temperature and blood pressure to be biomarkers for
fever and stroke, respectively. Examples of biomarkers could be antibodies indicating in-
fections or autoantibodies present in blood as a sign of autoimmune disease. In the field
of oncology, where biomarkers have gained increased interest lately, the KRAS gene and
its role in colorectal cancer can be highlighted [9], as well as prostate specific antigen
(PSA) for prostate cancer [10], amongst others. Early-stage biomarker detection has
become of capital importance to pursue effective treatment on cancer patients, but also
on other chronic and degenerative diseases such as Alzheimer’s disease and rheumatoid
arthritis, which both often begin with an early symptom-free stage, being beta amyloid
(Af) and the anti-cyclic citrullinated peptide (anti-CCP) [11, 12] the most paradigmatic
biomarkers, respectively. Besides, individualized treatment plans are becoming more and
more popular due to the widespread use of biomarkers in, for example, tailoring spe-
cific drugs addressed to each type of tumour and the particular stage of its development.

A classification of biomarkers may essentially be done regarding their application as
diagnosis, prognosis or predictive biomarkers. Diagnosis biomarkers help detecting and
identifying risk of a determined disease; prognosis biomarkers reveal how the disease will
progress (regardless of the existence and type of treatment), and predictive biomarkers
help monitoring the clinical response to a treatment. The transversal utility of biomark-
ers can be observed: indeed, they are a tool for helping the doctor make decisions on
diagnosis or treatment at any stage of the disease. Another classification of biomarkers
could be based on their characteristics and physicochemical properties [13].

1.1.3 Towards point-of-care assistance: biosensors and lab-on-a-chip

From a clinical point of view, biomarkers must be easy to obtain and process by the
clinician. Biomarkers may be obtained from blood, urine or saliva samples. Classical
tests are performed on specialized laboratories, where the clinicians send the biofluids
for further processing by complex machines. However, there is an increasing interest in
the development of integrated tools for in situ analysis of biofluids without the need for
sending the samples to an external clinical laboratory, with the high costs this implies,
as well as the time spent between the moment of sample extraction and diagnostic com-
munication to the patient. A paradigmatic case in this respect is the blood sugar test
kit, used in screening for diabetes. The latter is a compact pen-sized instrument that
basically consists of a layered strip with a microfluidic channel and a reaction zone where
the glucose oxidase enzyme is present. The enzyme reacts with the glucose present in the
blood sample, producing gluconic acid and hydrogen peroxide. The latter reacts with
a new reagent to produce either a current flow or a colour change, which are measured
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by amperometry or colorimetry, respectively. The intensity of the signal is correlated
with the amount of glucose present in the blood sample. This test may take between
few seconds to few minutes, so it fulfils the requirements of tiny sized, easy-to-use and
quick analysis.

The latter example takes us to two new concepts: biosensors and point-of-care (POC)
testing. Biosensors are devices consisting of a detection layer, where a reaction between
the target analyte and a biological element occurs; and a transduction layer, where
the energy released from the latter interaction is transformed into a measurable elec-
trical signal, either a difference of potential or a small current. Ideally, the electrical
signal is proportional to the amount of analyte measured in the detection layer. On
the other hand, POC testing uses biosensors and other devices for performing medical
testing at the site of patient care (bedside care), ideally at home or at the doctor’s office.

The evolution and refinement of biosensor kits has occurred simultaneously with the
improvement of computers. For example, let us highlight, out of all types of biosensors
(which will be detailed in subsequent chapters), electrochemical biosensors. Electro-
chemical biosensors’ transduction stage transforms the energy released from a biochem-
ical event into a measurable quantity in an electrochemical system. Around 1960s,
computer-controlled systems were introduced in the field of electrochemistry in order to
control the potential and current on electrodes and simultaneously record and represent
these quantities, to graphically visualize reactions occurring at the electrodes. Before,
several huge electronic systems were needed to excite the electrodes, and also big os-
cilloscopes to monitor the responses and eventually to save the curves for subsequent
analysis. For this, obviously, an expert in electronics was required to work side by side
with the chemist in order to support the whole measurement process. With the advent
of improved personal computers, a new era of commercial computer-interfaced electro-
chemical devices began, which are each time more accessible to doctors and untrained
personnel.

Currently, miniaturized POC systems based on biosensors are becoming popular in
the biomedical field, and a number of diagnostic kits are actually available. Beyond
the aforementioned blood sugar test, another famous kit is the pregnancy test, which is
based on a lateral flow assay for the detection of human chorionic gonadotropin (hCG),
a glycoprotein that can be found in urine [14, 15]. Similarly, tests for blood gas and
electrolytes, rapid cardiac markers, haemoglobin diagnostics and cholesterol screening,
amongst others, are in widespread use in POC environments. However, there is still a
long way to go towards a well-established network of portable and stable POC systems
covering a wide palette of diseases. Research in this scope must include three action lines:
(1) development of new materials with enhanced transduction properties; (2) refinement
of existing immunoassays and innovation for increasing biomolecule detectiveness, and
decreasing the time needed for conducting the immunodetection; (3) development of
rapid, portable, low-cost and low-power electronic devices for testing biosensors at POC
environments.
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1.1.4 New horizons in biosensing: environmental care and food anal-
ysis

Although biomedicine is the field where biosensors have had major impact during the
past years, these do have also a great future projection in food industry as well as en-
vironmental applications [16]. In the case of food industry, food processing operators
and safety authorities have long needed immobilization platforms and novel food de-
tection strategies to effectively detect potential contaminants and pathogens in a rapid,
specific, inexpensive and sensitive way. Biosensors have been employed in the food in-
dustry for detection of contaminants, monitoring of product freshness, verification of
product content and even beverage analysis. The latter is of special interest in the
particular case of assessing the quality of drinking water, for one of the most studied
microorganisms in the field is Escherichia Coli, responsible for diarrhoeas, urinary tract
infections, inflammation and peritonitis in risk groups such as immunosuppressed pa-
tients [17]. Other microorganisms such as Salmonella and Listeria monocytogenes have
also received much attention in the food analysis field, as well as pesticides, sugars and
other analytes [18, 19].

On the other hand, the use of biosensors in environmental analysis can provide fast
and specific data of contaminant sites in a reliable, low-cost and sensitive way [20]. Even
though high accuracy data with a low limit of detection has already been accomplished
by conventional methods, still these imply the need for highly trained personnel and are
time consuming, for samples must be sent to a laboratory for testing. In environmental
applications, the need for biosensors in order to perform field monitoring in a sensitive,
rapid and low-cost way becomes evident. Moreover, these permit the measurement of
pollutants in complex matrices with minimal sample preparation, offering the possibility
of detecting specific chemicals and also determining their biological implications. En-
vironmental monitoring has become a priority for the European Research Council, as
has been demonstrated in the last H2020 calls. The main reason for this concern is
the clear relationship between environmental pollution and human health and socioeco-
nomic development. The need for portable, rapid and smart biosensing devices is crucial
to explain the development in the past years of biosensors based on new transduction
materials for the detection on environmental contaminants.
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1.2 About this work

1.2.1 Hypothesis and objectives

The importance of developing qualified point-of-care systems in medical environments
but also for monitoring a number of natural parameters of utmost importance (e.g.
quality of air and water) is forcing researchers towards investigating (1) smart ways of
miniaturizing and developing integrated electronic circuitry and compact sensors into
portable devices and (2) new sensing materials in order to facilitate the stated minia-
turization and integration and yet guaranteeing a reasonable sensitivity.

In this work, we propose nanostructured indium tin oxide (ITO) as a suitable ma-
terial for developing working electrodes for electrochemical biosensing. In first place,
the combination of interesting features such as electrical conductivity and optical trans-
parency may make I'TO suitable not only for electrochemical sensing but also for optical
biosensors, or for developing a sensor based on the combination of both principles.
Furthermore, the nanostructuration of the material may help increasing the sensor sen-
sitivity, especially when miniaturizing the whole device and thus reducing the total
geometric sensing area.

On the other hand, this work also includes some contributions to readout electronics
for electrochemical biosensors. Some potentiostat prototypes were developed and tested
in collaboration with other european institutions in the frame of the 7th Framework
Programme project “Real time monitoring of SEA contaminants by an autonomous
Lab-on-a-CHIP biosensor” (“SEA-on-a-CHIP”, grant agreement number 614168). The
description of the most relevant aspects of these prototypes, as well as the results ob-
tained with adapted versions employed for measuring ITO-based electrochemical sensors,
are presented in this work. With all, the main objectives of this thesis project can be
itemized as follows:

e to develop nanostructured ITO electrodes by electron beam evaporation and to
test their performance in an electrochemical environment, benchamarking these
results agains those obtained with thin ITO films;

e to optimize the fabrication parameters in order to obtain good-quality nanostruc-
tured ITO electrodes offering maximum electrochemical sensitivity;

e to prove that nanostructured ITO electrodes can be successfully derivatized with
crosslinkers of interest such as organosilanes or diazonium salts, and to characterize
such derivatization by standard spectroscopic methods such as X-ray photoelectron
spectroscopy (XPS) or Fourier transform infrared spectroscopy (FTIR);

e to develop a full immunoassay on nanostructured I'TO used as working electrode,
in order to detect biomolecules of interest by standard electrochemical procedures
with commercial potentiostats;

e to design an appropriate electronic circuitry for miniaturizing potentiostats, focus-
ing on the measurement of electrochemical impedance spectroscopy, potentiometry
and amperometry;

e to design and develop a flexible and open-source graphical user interface to facili-
tate the operation of the developed portable potentiostats and
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e to integrate electronics, hardware and software into a compact device with com-
mercial or self-developed ITO-based electrodes for point-of-care testing.

1.2.2 Dissertation summary

As detailed along the previous sections, there is an increasing need for developing in-
novative, versatile and low-cost point-of-care (POC) systems capable of screening for
diseases before severe symptoms appear, i.e. at early stages of development. POC sys-
tems usually consist of a biosensor part integrated in an electronic circuit and eventually
a microfluidic system to manage the body fluid samples [21, 22]. The aim of this doc-
toral thesis is to investigate several ways of improving POC technology.

On the one hand, biosensors currently integrated into POC systems have limita-
tions. Let us consider one of the most popular POC systems: the blood glucose detec-
tor. This is based on a lateral flow immunoassay, which consists in a set of capillary
beds (e.g. porous paper or microstructured polymer) capable of carrying the sample
fluid through them. Thus, the sample moves along the different capillary beds host-
ing several molecules with affinity for the target analyte that may be contained within
the sample (exhaustive descriptions of how lateral flow assays work can be found in
[23-25]). This way, precise qualitative indicators of the presence or not of the target
analyte (such as glucose) in a sample (e.g. blood) are obtained. Home pregnancy tests
work very similarly, and, as a matter of fact, these and blood glucose monitoring de-
vices commercialized nowadays provide precise quantitative results [26, 27]. However, a
wide variety of important analytes cannot be properly detected and quantified by means
of a lateral flow immunoassay, and other methods supported by a powerful electronic
systems that supply the necessary energy to trigger a measurable event that can be
monitored are required. For this, adequate sensing substrates are required that allow
the coupling of analytes and other biomolecules and enable the detection of chemical
reactions occurring at their surfaces. Besides, the complex electronic circuitry capable
of simultaneously exciting the sensor and monitoring its response must be redesigned
into a low-cost and miniaturized format to be integrated into POC systems.

Leaving lateral flow assays aside, electrochemical and optical biosensors have be-
come relevant in point of care technology due to the versatility of POC systems based
on such transducing principles [28-30], which provide the sensors with high sensitivities
and specificities. In particular, sensitivity may become badly affected by the minia-
turization of sensors and devices. During the past years, gold [31-33], some polymers
[34, 35] and some oxides [36, 37] have been widely used as sensing materials in electro-
chemical biosensors for providing high sensitivities. However, the need for reducing the
surface of sensing electrodes and yet maintaining the sensitivity has boosted the research
and development of nanostructures such as gold nanoparticles and gold or oxide-based
nanostructured surfaces [38-44]. The high surface-to-volume ratio (SVR) presented by
nanostructures makes them extremely interesting for the detection of biomolecules, since
an increase of surface enables the interaction with a big amount of small-sized molecules
and this implies an increase of sensitivity and the possibility to reduce the sensor size [45].

Nevertheless, the attention paid to transparent materials in the field of biodetection
is limited and can be reduced to optical biosensors, with some exceptions [42, 46]. In
this thesis, nanostructured indium tin oxide (ITO), a transparent conducting oxide, is
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proposed as working electrode (WE) for electrochemical biosensors. Indeed, the trans-
parency of I'TO to optical and infrared wavelengths makes it a good candidate for optical
sensors. Moreover, its electrical conductivity suggests it could also be employed in elec-
trochemical sensors, and its nanostructuration would allow the reduction of the effective
size of ITO-based devices so that they could be integrated into POC systems.

With all, the first part of this thesis consists in a study of ITO properties and its elec-
trical, optical, electrochemical and structural characterization both as a thin film and as
nanostructured electrodes prepared by electron beam evaporation onto silicon (R. Pruna
et al., 2016, Electrochemical characterization of organosilane-functionalized nanostruc-
tured ITO surfaces) and glass (R. Pruna et al., 2019, Tuning the deposition parameters
for optimizing the faradaic and non-faradaic electrochemical performance of nanowire
array-shaped ITO electrodes prepared by electron beam evaporation) substrates. More-
over, the interaction of nanostructured I'TO with some molecules known as crosslinkers,
which allow subsequent functionalization of surfaces with biomolecules, has also been
studied in the frame of this thesis (R. Pruna et al., 2016, Organosilane-functionalization
of nanostructured indium tin oxide films). Finally, several immunoassays were performed
using nanostructured ITO as substrate, from the classical ones (involving bovine serum
albumin -BSA- or the interaction between biotin and streptavidin) usually employed
for testing the suitability of the substrates for biosensing, to the detection of several
concentrations of tumour necrosis factor a (TNF—«), a heart failure biomarker exten-
sively studied in the context of POC (Pruna et al., 2018, Novel nanostructured indium
tin oxide electrode for electrochemical immunosensors: Suitability for the detection of
TNF-a).

On the other hand, we have also paid attention to the electronics integrating POC
systems and complementing the biosensor. Several electrochemical sensor mechanisms
were studied. These were based upon different ways of electrically attacking the sensor
and processing its response, and included potentiometry, amperometry and electrochem-
ical impedance spectroscopy. Potentiometry consists in measuring the open circuit volt-
age difference between two electrodes immersed in aqueous media, which will account
for the amount of free ions in solution (the pH). Amperometry consists in applying a
constant voltage level between the sensor and a reference electrode and measuring the
current flow. This way it can be detected whether the target analyte is present in so-
lution by observing its effects on the behaviour of the current as long as the system
presents some redox activity at such level of voltage. Regarding the practical implemen-
tation of amperometry, this technique may be performed with two or three electrodes,
just as electrochemical impedance spectroscopy, although the use of three leads is highly
recommended. Concerning electrochemical impedance spectroscopy, a small AC voltage
is applied between the sensor and the reference electrode whose frequency is varied with
time, and the current level and phase shift are monitored between the sensor and an
auxiliary electrode, thus obtaining a numerical value for the sensor impedance at each
frequency. This way, the sensor behaviour may be fitted into an electronic model re-
garding the biochemical species interacting with its surface.

A low-cost and miniaturized device implementing electrochemical impedance spec-
troscopy measurements was designed and developed for the detection of several concen-
trations of TNF—« biomarker with an array of eight parallel gold-based microelectrodes
(R. Pruna et al., 2018, A low-cost and miniaturized potentiostat for sensing of biomolec-
ular species such as TNF-a by electrochemical impedance spectroscopy). Besides, we
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also designed the electronics for performing two-electrode amperometry and potentiom-
etry. The latter was tested on nanostructured ITO electrodes covered with a doped
conducting polymer, which was sensitive to pH changes in aqueous media.

To synthesize, this thesis gathers several proposals for improving current POC sys-
tems, regarding both the biosensor and the electronic parts, employing an important
biomarker in the biomedical area for the measurements and proofs of concept, and being
such approaches extensible to the environmental field.

1.2.2.1 Specific contributions

First, the contribution of I'TO nanowires to the electrochemically active surface area
was tested by cyclic voltammetry and benchmarked against the active surface area pre-
sented by thin ITO films. This was done with as-deposited as well as with annealed
ITO electrodes prepared by electron beam evaporation, proving that there is indeed
an increase in electroactive surface area provided by nanostructured ITO surfaces at a
constant geometrical projection regardless of the crystallinity of the substrate.

Second, the fabrication of nanostructured ITO electrodes by electron beam evapora-
tion was optimized in order to maximize the exposed electroactive surface area and hence
its sensitivity to electrochemical reactions occurring at its surface. This was achieved
by studying the influence of the configuration parameters during the evaporation pro-
cess, especially the substrate temperature, on the electrical, optical and electrochemical
performance of the resulting electrodes.

Third, a model for the formation of ITO nanowires on fused silica by electron beam
evaporation based on the Stranski-Krastanov paradigm of epitaxial growth was proposed
for the first time to our knowledge. This is suggested as a complement to the widely re-
ported self-catalyzed vapour-liquid-solid (VLS) growth method, which we believe helps
understanding not only the geometry of single nanowires but also the cross-sectional
appearance of the resulting electrodes.

Fourth, transparent nanostructured I'TO was employed for the first time to the best
of our knowledge as a working electrode for the electrochemical detection of an important
cardiac biomarker, tumour necrosis factor o (TNF—«). The processes of derivatization
and functionalization of nanostructured ITO with electroaddressed reduction of diazo-
nium salt and anti-TNF-«, respectively, were checked with spectroscopic techniques
(FTIR) and also with fluorescence microscopy. Detection of several concentrations of
TNF-«a cytokine was performed by electrochemical impedance spectroscopy (EIS) with
a commercial potentiostat.

Fifth, a low-power miniaturized potentiostat for electrochemical impedance spec-
troscopy analysis was designed and interfaced with a micropatterned gold working elec-
trode array with integrated reference and auxiliary leads. Subsequent detection of TNF—
« at increasing concentrations was performed and the results were benchmarked against
those obtained with a commercial potentiostat, obtaining a straight correlation between
the signal levels and species concentrations, as well as a good signal-to-noise ratio.

Finally, alternative potentiostat architectures for monitoring amperometry and po-
tentiometry were designed and implemented. An open-source software-based graphical
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user interface (GUI) was developed to interface the miniaturized device, which was
tested on a nanostructured I'TO electrode working as potentiometric sensor.

1.2.3 Organisation of the thesis

Chapter 1 includes the motivation of this thesis, with a historical overview on the ori-
gins and evolution of medical diagnosis. The chapter also includes some notes on the
application of biosensors to food analysis and environmental care. Then, a summary
of the present dissertation, together with an outline of the specific contributions of this
thesis is provided.

An extensive background overview is provided in Chapter 2. The main topics dis-
cussed are three: (1) in-depth description of ITO from a solid-state physics point of view;
(2) review on the basic principles of electrochemistry and electronics applied to poten-
tiostatic measurements used along the thesis and (3) introduction of generalities about
biosensors and immunochemistry, and description of the basic immunoassays studied
during the thesis.

In Chapter 3, a thorough description on the ITO-based electrode fabrication and
physicochemical characterization is provided. A comparison between thin films and
nanostructured films regarding electrochemical surface area available for detection is
presented, as well as the study of the influence of substrate temperature during material
deposition on nanostructure features.

Chapter 4 includes the results of the experiments performed using nanostructured
ITO as electrochemical biosensor. Specifically, the efforts were concentrated in carefully
describing the necessary steps for preparation of the immunosensor, providing for that
extensive characterization by a number of microscopy and electrochemistry techniques,
and finally, performing immunodetection of several biomolecules as proof-of-concept.

In Chapter 5, two low-cost and miniaturized electronic devices for electrochemical
biosensor testing are presented. Description of the electronic circuitry and software is
exhaustively provided, as well as pros and cons of both systems. Furthermore, results
on immunodetection performed with the manufactured electronic devices are provided
and analysed, with a well-established gold-based biochip and with a nanostructured
ITO-based prototype electrode.

Chapter 6 concludes this dissertation highlighting the most relevant aspects pre-
sented in the thesis.
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Chapter 2

Theoretical background

The aim of this dissertation is to investigate all the parts composing a biosensing device,
from the nature and shape of the material in the sensing element (coloured in pale red
in Figure 2.1), to the transduction mechanism of the biosensor (pale green in Figure 2.1)
and the signal conditioning and readout electronics (pale orange in Figure 2.1) interfacing
the biosensor.
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FIGURE 2.1: Schematic representation of a biosensing device, with three

differentiated parts corresponding to sensing material (red), transduction

mechanism (green) and signal conditioning and readout electronics (or-
ange).

__________l_il________

This chapter gathers some theoretical background on concepts employed along the
thesis; for this, it is divided into three parts attending to the schematic shown in Fig-
ure 2.1: in Part I, an in-depth study of the physical nature of the sensing material
(indium tin oxide in our case) is presented. In Part II, a detailed description of con-
cepts of electrochemistry is provided, since this is the main transduction principle on
which the developed biosensor is based. Moreover, Part II also compiles the main read-
out electronics configurations for electrochemical devices. Finally, Part III consists of a
compendium of concepts on biosensors and the description of the immunoassays studied
in this work.

15
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2.1 Part I: The sensing material. Indium tin oxide

As previously highlighted in Chapter 1, this thesis orbits around indium tin oxide (ITO)
as principal material used in almost all experiments. Indium tin oxide is a degenerate
n-type semiconductor that, due to its structural features, combines high optical and
near infrared (NIR) transparency and electrical conductivity, together with a high re-
flectance of the infrared (IR), being thus classified as a transparent conducting oxide
(TCO). Other TCOs are zinc-doped oxide (Zn0O), aluminium-doped zinc oxide (AZO) or
fluorine-doped tin oxide (FTO) [47-49]. The interest in transparent conductors can be
traced back to the beginnings of the 20th century, and these have been gold standards
in optoelectronics, display devices and some mechanical applications. Among the wide
range of metal oxides and alloys exhibiting high transmittance and electrical conductiv-
ity, ITO has always been one of the most employed and studied. Due to its rare and
yet excellent electrical and optical properties, as well as a wide electrochemical window,
ITO may provide high efficient ways for signal transduction as compared to traditional
methods. Let us now revise some of the fundamental physical properties of this material,
as well as the applications where it has been employed and the most used preparation
techniques, each providing unique electrical and optical features and structure.

2.1.1 Properties of indium tin oxide
2.1.1.1 Physical and structural properties

ITO is usually referred to as “tin-doped indium oxide”, which suggests that it consists
of a large lattice of indium oxide with a small tin doping level. Let us then first un-
derstand the crystal structure of bare indium oxide (InyO3), whose formula in a lattice
structure is InaOsz_, (Vo), [60]. Here, = accounts for the atomic portion of oxygen
vacancies (generally x < 0.01), and Vo represents the donor-like oxygen vacancy. As
reported by Mryason and Freeman [51], defect-free indium oxide presents a structure
based on the superposition of two basic atomic distributions (Figure 2.2a): the first one
(In; sublattice in Figure 2.2a) contains an indium atom at the centre of the cube and
two missing oxygen atoms in the body diagonal, and all other corners occupied with
oxygen atoms, being the medium atomic distance between them and indium of 2.18 A;
the second distribution (Ing sublattice in Figure 2.2a) also contains the indium atom
in the centre of the cube, but the missing atoms lie on the diagonal of one face, and
other oxygens between 2.13 A and 2.23 A away from the central indium atom. Both
incomplete body centred cubic structures are anion-deficient, and this oxygen vacancy
population regulates the electron concentration and thus the oxide conductivity, with a
free carrier concentration between 10'°-102° cm =3 [52]. This atomic distribution (Fig-
ure 2.2b) is the basis to build the unit cell, which is defined as the smallest group of atoms
containing the overall symmetry of a crystal and the three-dimensional translation of
which results in the entire crystal lattice [53]. The InaO3 unit cell is shown in Figure 2.2c.

Soft external tin doping does not affect the crystal structure and yet enhances the
properties of the material. For example, in the case of electrical conductivity, two mech-
anisms are possible when tin is doping the indium oxide structure: (1) if SnO is formed,
Sn*? acts as acceptor (in a In*? lattice), it takes an electron; and (2) if SnOs is formed,
this Sn** acts as donor and loses an electron. The latter is the dominating mechanism in
ITO, and this is why tin-doping increases the carrier density in the material up to 1020
10%! cm™3 [54] and thus the conductivity, provided there is no saturation (the carrier
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density and other properties are summarized in Table 2.1). A strong doping can damage
the lattice structure, for tin could interstitially replace indium, and the performance of
the material would become hindered. To go further into the conduction mechanism,
some basic concepts on solid state physics and electronic bands theory were gathered in
Appendix A.

FIGURE 2.2: (A) Schematic illustration extracted from [51] showing the
atomic arrangements in In-O octahedra corresponding to In; and In,
sublattices of the InyOj3 lattice. Solid circles and squares correspond to
oxygen atoms and oxygen vacancies, respectively. Shaded circles corre-
spond to In; atoms, whereas open circles correspond to In, atoms. The
merging of both sublattices is shown in (B), which was adapted from
[65]. The adequate replication and positioning of such structure origi-
nates the unit cell, shown in (C) and extracted from [56]. Here, the red
small spheres correspond to indium atoms whereas the brown bigger ones
correspond to oxygen atoms.

As expected, the level of tin doping modulates the carrier density in the crystal
structure and hence its electrical (and optical) properties. Theoretical and experimen-
tal dependence of carrier density with tin doping level can be observed in Figure 2.3.
Clearly, a tin doping level around 10 % (atomic weight) is optimal in terms of carrier
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FIGURE 2.3: Several models and real data of carrier density as a function
of the percentage of tin present in ITO. Extracted from [57].

density, with a value between 10%1-2x10%! cm~3 [58], at least an order of magnitude
above bare indium oxide. This optimal degeneracy is believed to be caused by both
oxygen vacancies and substitutional tin dopants created during the deposition of the
film. Below 8 % tin doping, the carrier concentration decreases due to a distortion of
the lattice structure by tin oxide [59]. Above 20 % tin doping, the probability of two or
more tin atoms occupying adjacent cation positions increases (this means that part of
the defective donor levels are being compensated), diminishing the conducting proper-
ties of the crystal structure [60].

TABLE 2.1: Electrical and optical properties of ITO electrodes typically
reported in the literature, extracted from [61], who in turn adapted them

from [58].

Sheet resistance Ry (207 1) 4-10-4
Electrical conductivity o (27! em™!)  30-2.3 x 10*
Carrier concentration N (cm™3) 1029-10%

Hall mobility N (cm™3) 10-70
Transmission (visible region) T' 80-95
Reflection (infrared region) R 80-90

Band-gap E, (eV) 3.0-4.6
Refractive index n 1.8-2.1
Effective mass m*/m, 0.30-0.35

As can also be observed in Figure 2.3 and Figure 2.4c, the film conductivity of thin
ITO films also depends on substrate temperature and post annealing processes. It can
be appreciated that an increase in substrate and annealing temperatures tends to de-
crease the sheet resistance of the films (Figure 2.5a) as a result of a reorganisation of
the crystal lattice, achieving a maximum in conductivity around 300 °C. This can be
attributed to the generation of oxygen-deficient films at these temperatures, which in
turn contributes to reducing the interplanar spacing after annealing (Figure 2.5b) [62].
The X-ray diffraction (XRD) technique has been employed to characterize the crystal
structure of most of the surfaces developed up to now, including ITO films. Commercial
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ITO substrates show a polycrystalline structure with the (222) as the dominant crystal-
lographic plane (Figure 2.5). Regarding home-made ITO, the temperature of deposition
is fundamental to modulate the degree of crystallinity of the resulting films. In the par-
ticular case of this work, the ITO films were deposited by electron beam evaporation and
experiments were conducted at a substrate temperature ranging from 100 °C to 600 °C.
Only samples grown at 100 °C showed a completely amorphous structure, yet after a
process of annealing at high temperature in a controlled atmosphere the atoms in the
lattice reorganize in a crystalline fashion, dramatically increasing both the transparency
and conductivity, as expected. Samples grown at substrate temperatures higher than
200 °C presented a nanostructured morphology,
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FIGURE 2.4: (A) Transmission spectra for 45 nm thick ITO films pre-

pared by electron beam evaporation and annealed at several tempera-

tures in Ny atmosphere. (B) Reflection spectra for ITO films deposited

without oxygen and anneled at several temperatures. (C) Dependence of

sheet resistance with annealing temperatures for 45 nm and 180 nm thick

ITO films prepared by electron beam evaporation. All subfigures were
extracted from [63].

The different behaviours of optical properties of ITO films with post-annealing tem-
perature are also shown in Figure 2.4. The kind of substrate and thickness of deposit
are also very influent in the degree of optical transparency of the films, as well as the
level of impurities and microstructures in the film. The mechanism of optical trans-
parency again depends on the band gap width. In the case of n-type semiconductor
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TCOs, the promotion of an electron from the valence to the conduction band requires
more energy than that of visible radiation photons, and so the absorption of radiation
by the TCO begins at higher energies (below 500 nm in Figure 2.4b) than the typical
energy of undoped oxides. Dopants take free levels closer to the conduction band, where
the electron can be easily promoted, hence causing a high reflectance and a degree of
absorption at low energies (infrared radiation) modulated by the dopant and oxygen
vacancy percentage. Eventually, high energy photons (ultraviolet radiation) are able to
provide the energy required to excite electrons to the conduction band, thus involving a
high absorption level. It has been shown that tin-doping increases both transmittance
and reflection [59].
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FIGURE 2.5: (A) X-ray diffraction patterns of as-deposited and annealed

ITO films. (B) Graing size and interplanar spacing along the (222) crystal

direction as a function of post-annealing temperature for ITO films. Both
subfigures were extracted from [62].

2.1.1.2 Chemical properties

In this subsection we provide some chemical features of indium tin oxide films, related
to their bulk and surface compositions, and also to the kind and degree of reactivity in
determined media.

The deposition technique introduces changes in the bulk composition and other prop-
erties of the films, as well as in the properties and shape of other structures which are
of interest in this thesis (i.e. nanowires, as will be explained in Section 2.1.3). On the
other hand, the post-deposition treatments introduce changes in the surface features.
Such post-deposition treatments can be mechanical (e.g. scrubbing with cleaning solu-
tion followed by ultrasonication for removing surface contamination), wet (e.g. piranha,
aqua regia® or acid or alkaline solutions) and dry (e.g. air, hydrogen, argon or oxygen
plasma treatment for cleaning and also for modifying surface morphology and chemical
or electrical properties). In particular, piranha treatment and air plasma have been
shown to increase significantly the level of surface hydroxyde coverage [64]. This is of

! Piranha solution is a mixture of sulfuric acid (H2SO4) and hydrogen peroxide (Hz03), typically
at a proportion of 3 parts of the former and 1 part of 30 % hydrogen peroxide, although this may
vary regarding the cleaning protocol being followed; aqua regia is a mixture of nitric acid (HNOg3) and
hydrochloric acid (HC1), typically at a molar ratio of 1:3.
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utmost importance for surface derivatization and functionalization, for the attachment
of organic molecules onto metallic and oxide surfaces needs reactive radicals to interact
with them [65, 66].

Surface chracterization of ITO films has been basically accomplished by techniques
such as X-ray photoelectron spectroscopy (XPS), which has proved useful in provid-
ing details on surface chemical states and element composition [67-69]. An exhaustive
description of surface composition of thin film and nanostructured ITO electrodes pre-
pared by electron beam evaporation measured by XPS is provided in Article 4.1.1 [70]
presented in this dissertation. Briefly, from the Ols peak we can obtain most of the
information on the surface composition of the films; it can be typically adjusted by
three gaussian-lorentzian curves, accounting for InyOgz-like and Sn-bound oxygen (529.8
eV), oxygen adjacent to oxygen-deficiency sites (521.0 eV), oxygen from hydroxyde and
oxy-hydroxide (532.1 V) and oxygen from adventitious contaminants [64, 70, 71]. The
Sn3ds/; and In3ds/; peaks are fitted to SnOg-like, SnOH-like and InzO3-like, In(OH);-
like species, respectively.

With all, the hydrolysis of indium oxides is generally more favoured than for tin ox-
ides at any pH, and can occur in a complete (Equation 2.1) or incomplete (Equation 2.2)
way:

In, O3 + 3H,O0 — QID(OH)g (21)
In, O3 + HoO — 2InOOH

Concerning the behaviour of I'TO molecules in solution, it is worth having a look at
the isoelectric point (IEP) concept. The IEP is the pH at which a molecule (understood
as the average molecule out of a set of molecules) is electrically neutral, i.e., it carries no
net electrical charge. This is directly affected by the pH of the surrounding environment;
indeed, the molecules can become positively (negatively) charged due to the gain (loss)
of protons.? ITO has a IEP of 6 [72], which means it can be easily dissolved either
in strong acids or in strong alkaline solutions. Besides, its chemical structure is not
affected when stored for a long period in atmospheric conditions, since it is inert to
most atmospheric gases.

2.1.2 Common preparation methods

Several deposition methods have been reported for preparing I'TO films, and these can
be divided into physical [73-78] or chemical [79-82] techniques. In this section, the
most popular of them are briefly described. Table 2.2 gathers some general features of
some of the most popular material deposition techniques, and details on the character-
istics of ITO films prepared by each method are provided along the following subsections.

It is worth mentioning that nanostructured I'TO surfaces cannot be prepared by all
of the techniques described below. Information on the suitability of each technique for
the preparation of nanostructured I'TO electrodes will be provided at each corresponding
subsection. Moreover, Section 2.1.3 is devoted to ITO nanostructuration, and details on
the physical processes leading to the formation of nanostructures are provided there.

Zhttps://en.wikipedia.org/wiki/Isoelectric_point,
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2.1.2.1 Chemical vapour deposition (CVD)

Chemical vapour deposition consists in the reaction of one or more gaseous reactive
species on a solid substrate; in the case of ITO, such species use to be organometallic
compounds, e.g. indium 2-ethyl hexanoate, indium and tin acetyl acetonates and tin
chloride [83, 84]. An inert gas (such as Argon) carries the vapour containing the conden-
sate material from the evaporation zone to the reaction zone, where it reacts with the
substrate. Plasma-enhance and low-pressure CVD are the most popular CVD variations.

3 is cre-

In plasma-enhanced chemical vapour deposition (PECVD), a reacting plasma
ated out of the gases by alternating current (AC) or direct current (DC). In low-pressure
chemical vapour deposition (LPCVD), the diffusion of the gases decreses proportionally
to the reciprocal of the pressure, thus decreasing the velocity of mass transport; this
results in highly uniform and homogeneous films. Variations in pressure maintaining
low temperatures can be achieved by working with non-thermal plasmas. On the other

hand, LPCVD can only be performed at high temperatures.

The morphology of the resulting films is highly dependent on deposition parameters
(e.g. difference of temperature between reaction and evaporation zones, gas flow rate)
and on the nature of the chemical reaction [83]. Advantages of preparing ITO films
by CVD include reproducibility and (relative) cheapness, and the possibility to do it
without the need for high vacuum and for large-scale applications.

2.1.2.2 Spray pyrolysis

This technique consists in spraying a metallic compound dissolved in a liquid mixture
with a spray nozzle onto a preheated surface, where it experiences pyrolytic decom-
position. Reproducible and homogeneous films may be produced by finely controlling
parameters such as the thickness and substrate temperature, the distance between the
nozzle and the substrate and total deposition time [58, 85-87]. Concretely, the substrate
surface temperature is the most critical parameter, since it influences the film roughness,
crystallinity and cracking degree, amongst others.

2.1.2.3 Sputtering

Here, the target and substrate holders are used as cathode and anode, respectively, and
the chamber is filled with an inert gas with a pressure between 1072-1073 Torr. A voltage
applied between the cathode and the anode induces the formation of a plasma, and the
target material (contained in the target holder) is intensely bombarded by plasma ions
and eventually ejected from the cathode towads the anode, where it becomes uniformly
deposited. The sputtering system may be powered either in direct current (DC) or
in radio frequency (RF) mode, both useful for conducting targets and only the latter
apropriate for non-conducting ones. Both DC and RF sputtering have been reported
as methods for ITO growth [89-92]. Parameters such as the sputtering rate, substrate
temperature and gas composition and pressure have a strong influence on the quality of
the resulting films [58].

3 A plasma is a partially ionized gas with a high content (around 50 %) of free electorns; plasmas can
be cold (non-thermal) or thermal. In the latter, electrons and gas particles are at the same temperature,
whereas in cold plasmas the electrons present a much higher temperature than that of the ions and
neutral atoms.
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2.1.2.4 Atomic layer deposition (ALD)

Atomic layer deposition is similar to CVD in that a thin film deposit is achieved by
gas phase chemical processes. However, ALD typically uses two chemicals or precursors
that are alternately presented to the reacting surface. The film is slowly deposited
through the repeated exposure to separate precursors. Advantages presented by the
ALD method include high control and precision in film thickness and thermodynamics.
However, ALD is an expensive, slow and material-limited method [93].

2.1.2.5 Electron beam (vacuum) evaporation

The electron beam is generated by re-
sistively heating a tungsten or tanta-
lum source under high vacuum (typ-
ically between 10~%-10~5 Torr), and =5
it is deflected by a magnetic field to- Vapor Electron beam

ds the target material ly i , ‘ [ .
war o target material (usually in Evaporant in M/./ Deflecting

the form of pellets) contained in a water-cooled | S maenet
- =T &
crucible, which is sublimated into the _,

Substrate

hearth & =— Focusin
gaseous phase. The material can be a "~ magnc{g
evaporated directly or rather in the B] . sz
presence of oxygen [88] onto a sub- (] A

strate which can be heated up to Hot filament ~ High vacuum area

high temperatures. The substrate on

which the material is deposited ro- FIGURE 2.6: Electron beam evaporation system.*
tates during the whole process in or-

der to get a uniformly deposited film. A schematic of the experimental setup for electron
beam evaporation is shown in Figure 2.6. Film roughness may be achieved by mounting
the substrate at a steep angle with respect to the material flux in the so-called glancing-
angle deposition (GLAD) method.

Compared to other deposition processes, electron beam evaporation provides a high
material utilization efficiency. Moreover, a deposition rate as low as 1 nm per minute
can be achieved, allowing a very precise control on the thermodynamics and geometry of
the films. On the other hand, some disadvantages of electron beam evaporation include
a potential degradation of the electron gun filament that could result in a non-uniform
evaporation rate; moreover, the rotational motion of the substrate holder is useless for
coating the inner surfaces of complex geometries. Due to a positive balance between
the pros and cons and due to the previous experience of some members in the research
group in which this thesis was conducted, electron beam evaporation was chosen as the
method for preparing the I'TO samples employed in the experimental part of this work.

2.1.2.6 Others

Some other techniques have also been reported for preparing I'TO films of relatively good
quality and/or cost-effective. For instance, electroless chemical growth and the sol-gel
technique consist in dipping a substrate into a solution of metal hydroxides, and then
heating the coated surface for yielding the desired metal oxides [95, 96].

“https://wuw.tungsten.com/how-does-electron-beam-evaporation-work/.
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TABLE 2.2: Qualitative features of some thin film deposition methods. Extracted from [94].

Process Material Substrate  Deposition Directionality Uniformity Film Grain size Impurity Cost
tempera-  rate (A s71) density  (nm) level
ture
(°C)
Thermal Metal or 50-100 1-20 Yes Poor Poor 10-100 High Very low
evaporation low-melting
point
materials
E-beam Both metal 50-100 10-100 Yes Poor Poor 10-100 Low High
evaporation and dielectric
Sputtering  Both metal  -200 Metal -200, Some degree Very good Good -20 Low High
and dielectric Dielectrics
1-10
PECVD Mainly 200-300 10-100 Some degree Good Good 10-100 Very low Very high
dielectrics
LPCVD Mainly 600-1200 Metal -100,  Isotropic Very good Excellent 1-10 Very low Very high
dielectrics Dielectrics
1-10
Thermal Mainly 50-300 0.1-1 Isotropic step Superior Superior  1-10 Very low Very high
ALD dielectrics conformal
Plasma ALD Mainly 20-200 0.1-1 Isotropic Superior Superior  1-10 Very low Very high
dielectrics
Spatial ALD Mainly 20-200 1-10 Isotropic step Superior Superior  1-10 Very low High
dielectrics conformal

punoibyonq w132.409Yy J 7 103dey))
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2.1.3 ITO nanowire growth by vapour-liquid-solid (VLS) mechanisms

Thin ITO films have found many appli-
cations (as will be detailed in the fol-
lowing section), and research was focused

SiCl, + 2H, — Si+ 4HCI

on the film properties as deposited by X l j
various methods. However, during the
last few years, the growth of ITO nanos- @
tructures has gained much attention due

to the improvement in the performance of
many applications (further developed in Sec- Whisker
tion 2.1.4). This is mainly due to an in- m

creased surface offered as a result of nanos-

tructuration, and also due to an enhanced
mechanical flexibility over thin film elec-

trodes, which usually form cracks when em- FIGURE 2.7: Growth mechanism of a sil-

ployed in flexible device applications [100* icon nanowhisker from the reaction of the
103]. vapor phases of SiCly and Hy.%

Many of the previously described methods are suitable for growing ITO nanostructures,
although physical ones have been reported more frequently: electron beam evaporation
[76, 77, 104, 105], sputtering [74, 75] and pulse laser deposition [78], amongst others.
Of these, electron beam evaporation provides nanostructured ITO electrodes of a high
quality and in a relatively easy way. In this frame, mainly two mechanisms for ITO
nanowire growth exist: vapour-liquid-solid (VLS) and self-catalytic VLS, which require
relatively high growth temperatures between 700 °C—-1000 °C and 250 °C—600 °C, re-
spectively [77, 106].

2.1.3.1 The VLS method

The VLS method is a mechanism by which the growth of a crystal by adsorption of a gas
phase on a solid surface is achieved in a quick way thanks to liquid alloy catalyzers. These
act as nucleated seeds at the substrate surface, absorbing vapour at supersaturation
levels and inducing the crystal growth. The method was first proposed to explain silicon
whisker growth from silicon gas in presence of liquid gold droplets on silicon substrates
[107]. ITO nanowhiskers have also been prepared by the VLS method, also using gold as
catalyzer [106]. In this case a thin gold layer (< 5 nm) is sputtered or evaporated onto
a silicon or quartz substrate. Then, the wafer is annealed at a temperature above the
gold-silicon eutectic point,® thus creating gold-silicon alloy droplets, which will catalyze
the chemical or physical growth of nanowires in the presence of ITO in vapour phase.
Thermodynamically, the presence of alloy droplets on the substrate surface lowers the
activation energy of traditional vapour-solid growth. Finally, ITO vaporized atoms
adsorbed on the silicon-gold seed precipitate out of the droplet at the liquid-alloy /solid-
silicon interface, thus rising the droplet from the surface (as observed in Figure 2.7).

°By Brandon Howe in Wikipedia (Vapor-liquid-solid method), https://en.wikipedia.org/wiki/
Vapor$%$E2$7%$80$%$9311quid$/#$E2$7%$80$%$93s0lid_method.

SThe eutectic point of an homogeneous mixture is the unique temperature at which it solidifies or
melts, and it is lower than the melting or solidifying temperature of the separate constituents.
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2.1.3.2 The self-catalyzed VLS method

The self-catalyzed VLS method is similar to the previously described one, except for
that no external catalyzer atoms or molecules are introduced now, but the same elec-
trode material acts as catalyzer. A quick look at the binary phase diagram of the In—Sn
system (Figure 2.8) reveals that its the eutectic point is located around 125 °C. Some
studies [77, 108] have demonstrated that at substrate temperatures around 100 °C, in-
dium and tin are in the solid state, and hence no In-Sn alloy is formed because the
temperature is below the melting points of indium and tin and the eutectic point of the
alloy. This non-catalytic activity of the material compounds results in the absence of
nanowire growth.
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FIGURE 2.8: In-Sn phase diagram. Extracted from [109].

At higher temperatures, branched nanowhisker growth is observed. Similar to those
growth by the VLS method, the self-catalyzed nanowhiskers present the catalyst par-
ticle at their tips, which has been confirmed to be made of the same material as the
nanowire by micrograph techniques [108], thus adding evidence to the self-catalytic VLS
hypothesis. With all, the self-catalytic VLS growth occurs due to the formation of a In—
Sn liquid alloy above its eutectic point which promotes the growth of the nanowhiskers
by collecting vapour atoms; this occurs because the sticking coefficient of the catalyst
particle is higher than that of the surface [107, 110, 111]. The morphology of ITO
nanowhiskers depends largely on the substrate temperature, deposition rate, presence
or absence of oxygen during deposition and vapour incident angle, amongst others, and
their electrical properties can be tuned in order to optimize the desired outputs [108].

2.1.4 Applications of ITO films

e Touch panels (TP). TPs are input devices that are generally layered on top of
an electronic display and enable the user to control information processing systems
through simple or multi-touch gestures. They can be found in smartphones, per-
sonal digital assistants (PDAs), tablets and point-of-sale (POS) systems, amongst
others. Several technologies have provided different methods for sensing touch,
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including resistive, surface acoustic wave, capacitive, infrared and optical based
approaches, amongst others. Of these, capacitive based touch panels can be found
in most of the devices implementing this technology. Capacitive sensing is based
on detecting and measuring a dielectric different from air (e.g. a fingertip). For
this, an insulator (typically glass) is coated with a transparent conductor (e.g.
ITO) and is integrated in an electrical design such that a touch on its surface re-
sults in a distortion of the screen’s electrostatic field. Such distortion is measured
as a change in capacitance. Since the transparent conductor coating is pixel-wise
distributed, the location of the touch can be easily determined and sent to a mi-
crocontorller for processing.

e Electrochromic devices (ECD). ECDs reversibly control the optical properties
(transmission, reflectance, absorption, emittance) of a material on application of
voltage, including smart glasses, electrochromic mirrors and electrochromic dis-
plays. The structure of ECDs is based on two transparent conducting electrodes
sandwiching an ion storage layer, an electrolyte and an electrochromic layer. The
former is a pure ion conductor (niquel oxide has been very popular recently [118—
120]), whereas the latter requires a material that changes colour upon electro-
chemical reduction and oxidation (e.g. Prussian blue or tungsten oxide). Thus,

TABLE 2.3: Summary of the role of ITO in several electrooptical ap-

plications, as well as the improvement introduced by the replacement of

thin films by nanostructured ITO electrodes. No relevant information
was found on nanostructured ITO-based LCDs and HRCs.

Applic. Role of ITO NW improvement Refs.
TP First or second Nanostructured surfaces present a [112]
piezoelectric higher piezoelectric constant and

transparent electrode improve the performance of
non-contact TP
ECD Working electrode for Increase in contrast ratio between [113]
charge transfer On-Off states by having large
surface area electrodes
ELD Transparent top The nanostructured geometry [114, 115]
contacts to maximizes the spectral emission
light-emitting devices and there is no need for multistep

deposition of defect-free layers for
reducing refractive indexes (which
would hinder the film conductivity)

GS Surface for electronic More than 7 times response to [116]
charge transfer in the acetone increase of nanowires
presence of reducing compared to thick wires at 400 °C
gas

PV Transparent top Large surfaces for increased light [73, 117]
contact for absorption and short charge
heterojunction solar extraction distances for the full
cells relevant wavelength and incident

angle ranges, improving the
efficiency and short-circuit current




Chapter 2. Theoretical background 28

electrons move from the transparent conductor into the electrochromic material
whereas charge balancing ions enter from the electrolyte at a determined voltage,
enabling the adequate redox reactions. Two operation modes are available for
these devices: the transmittance mode for smart glasses and the reflection mode
for electrochromic mirrors and displays (the latter can also operate in transmit-
tance mode). When operating in reflection mode, one of the transparent conduct-
ing layers is replaced with a reflective surface in order to gain control over the
intensity of the reflective light.

e Electroluminescent displays (ELD). These also consist in a sandwich-like
structure with an electroluminescent material (e.g. gallium arsenide) between two
conducting electrodes (an opaque one and a transparent one to let light out). The
inner material emits light at current passing through it (as a result of a voltage
difference between the external electrodes) due to atoms excitement.

e Liquid crystal displays (LCD). LCDs are a very popular type of flat panel
displays that can be found in televisions, computer monitors, instrument panels,
digital cameras and watches, amongst others, and whose operation principle is
based on the light-modulating properties of liquid crystals. Liquid crystals are
materials that combine some properties of conventional liquids and some of solid
crystals: they flow like liquids but keep an order degree in the arrangement of their
molecules. Regarding the orientation of the molecules, which can be modulated by
an applied voltage, these liquid crystals can act either as light polarizers or as re-
polarizers (i.e. they can change the polarization of light). The typical configuration
of a LCD consists of a liquid crystal sandwiched by two transparent conducting
electrodes (one of them patterned with what ought to be displayed), and these
in turn sandwiched by two perpendicular polarizing filters. Finally, either a light
source or a reflective surface is placed at the back of the pixel (regarding the
viewer). A full display is composed of several of such pixels, and can be employed
to display images (from seven segments displays, preset words or digits or even
television images).

e Heat reflective coatings (HRC). These are also called insulative or insulating
paints, and consist of some specific micro-spheres coated with a broad spectrum
thermally reflective material able to reducing heat transfer through the coating in
around 90 % [121].

e Gas sensors (GS). Gas sensors can detect and quantify the presence of specific
gases; as usual, they are classified according to the mechanism on which they are
based: oxidation, semiconductors, infrared, catalytic, etc. In particular, the oper-
ation principle of a semiconductor gas sensor consists in a change in its electrical
conductance as a result of a chemical reaction between the surface and the target
gas. Tin oxide has been a very popular semiconductor material with gas sensing
applications, and its electrical properties have been tuned by doping with several
elements in order to improve the sensitivity and selectivity to specific gases. I'TO
has been reported as carbon dioxide, carbon tetrachloride, nitric oxide, nitrogen
dioxide, methanol and chlorine gas sensor [122-127], amongst others.

e Photovoltaics (PV). The photovoltaic effect is a physicochemical phenomenon
that experiences a material creating a voltage difference and a current flow at the
exposure to light. Such materials typically are semiconductors, and in general
terms, photovoltaics consists in transforming ligth into electricity. This occurs at
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solar (or photovoltaic) cells, which can be made of a single layer of light-absorbing
materials and called single-junction cells; or can be made of several physical con-
figurations to take advantage of the maximum number of absorption mechanisms,
and are called multi-junction cells. Traditionally, ITO has been employed in the
past as a transparent conducting electrode for multi-junction solar cells [128, 129],
although it has been lately replaced by cheaper conducting polymers and other
metals [130-132].

The use of transparent conducting ITO electrodes for biosensing applications has
only been popular recently, and the most striking examples reported in the literature
will be provided in Section 2.3.1.2.
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2.2 Part II: The methodology. Electrochemistry

Along Part I in the present chapter, physicochemical aspects of the material (ITO) em-
ployed in the fabrication of electrodes were studied. The purpose of Part II is to revise
the main aspects in the theory of electrochemistry and potentiostatic electronics, since
the main objective of this thesis is to utilise ITO as working electrode for electrochemical
biosensing. purposes.

) External variables

Temperature (T)
Pressure (P)

Electrode C
variables

Material Time (1)
Surface area (A)
Geometry i L ‘ _
Surface condition Electrical variables
Potential (E)
Mass transfer Current (i)
variables Quantity of electricity (Q)

Mode (diffusion,

convection, ...)
Surface concentrations
Adsorption

Solution variables

Bulk concentration of electroactive
species (Co, Cp)

Concentrations of other species
(electrolyte, pH, ...)

Solvent

FIGURE 2.9: Schematic arranging the variables that affect the rate of
electrode reactions. Extracted from [133].

Figure 2.9 shows a schematic where several groups of variables affecting the rate
of electrode reactions are highlighted. These are discussed in Section 2.2.1, together
with the description of the electrode-solution interface and the electrical equivalent cir-
cuits used to model this interface in the two possible working regimes: faradaic and
non-faradaic current modes. In Section 2.2.2, a brushstroke of the kinetics of elec-
trode reactions is presented. A complementary electrochemical impedance technique,
the Mott-Schottky analysis, which is used to study semiconductor electrode-solution
interfaces, is presented in Section 2.2.3 due to its importance along Chapter 3. Fi-
nally, the electrochemical measurement techniques employed in this work are described
in Section 2.2.4 together with the suitable potentiostat electronic configuration in each
case.
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2.2.1 Variables affecting the rate of electrode reactions
2.2.1.1 Mass transfer

Mass transfer is described as the transport of material from one location in solution to
another as a result of differences in intensive properties of the system at both locations
[133]. The three known mass transfer modes are:

Migration Motion of charged species as a consequence of a potential gradient, i.e. an
electrical field.

Diffusion Motion of charged or uncharged species as a consequence of a concentration
gradient, i.e. a chemical potential.

Convection Motion of species as a consequence of density gradients (natural convec-
tion) or external fluid stirring (forced convection).

Such mass transfer modes and their influence in electrode reactions are gathered in
the Nernst-Planck equation (Equation 2.3), whose one-dimensional version is written as

DZ'ZZ‘F
RT

In the Nernst-Planck equation, the three mass transfer modes can be clearly identi-
fied. In the first term of the equation, the gradient of the species concentration, VC; (),
appears weighted by the species’ diffusion coefficient (D;); it corresponds to diffusion.
The second term consists in the contribution of migration, for the gradient of the elec-
trical potential, V¢ (r), appears weighted by the species’ concentration and diffusion
coefficient, as well as other thermodynamical factors. Finally, the third part of the
equation consists in the advection term accounting for convection; this is represented as
the velocity v (r) of a volume element in solution (at position 7) by the concentration
C; of species i at that position. In Equation 2.3, J; is the flux of the ith species at r
measured with respect to the coordinates origin at the electrode surface, and z; is the
charge of species 1.

J; (’I’) = -D,;VC; (’l“) — DZCZV¢ (T) + C;v (T) . (2.3)

A minimisation of the effects of mass transfer processes is important for the study of
real electrochemical systems. The convection efffect is easiliy avoidable if no vibrations
or stirring occur in the system, in other words, if the solution is in static equilibrium.
On the other hand, the influence of eventual electrical fields can be minimized by adding
to the redox species of interest an inert supporting electrolyte at much (generally ten
times) higher concentrations than the former species.

2.2.1.2 External variables: thermodynamics of electrochemical cells

The usage and evaluation of any physicochemical system and the theoretical description
of its behaviour needs to be done assuming some more or less severe stability conditions.
Usually, the most important condition to be met is reversibility. Reversibility is essential
for achieving a thermodynamic description of the physicochemical system.

In the case of electrochemical systems, prior to thermodynamic reversibility, chemical
reversibility must be accomplished. Only if the latter exists, thermodynamic reversibility
can occur, although not necessarily:
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EoZn?* 1zn) -0.763 -1.00 3.7 -3.7

NHE 0 -0.242 45 —4.5

SCE 0.242 0 4.7 -4.7

EO(F63+/FeE+) 0.77 0.53 5.3 -5.3
E vs. NHE E vs. SCE E vs. vacuum E- (Fermi energy)

(voits) (volts) (volts) (eV)

FIGURE 2.10: Schematic relating the potentials on the NHE, SCE and
“absolute” scales. Extracted from [133].

Thermodynamic stability — Chemical stability,
—Chemical stability — —Thermodynamic stability.

But, what is understood by chemical reversibility? In electrochemistry, the object
of study are reduction-oxidation (redox) reactions taking place at an electrode, which
implies the exchange of electrons between the electrode surface and the species under-
going reaction. The oxidant agent (O) is itself reduced by capturing an electron, and on
the contrary the reducing agent (R) is oxidized by giving an electron, as summarized in
Equation 2.4:

O™ + ne = R"". (2.4)

Each redox reaction occurs at a characteristic potential (needs an exact energy),
and thus the current flows from the electrode to the species in solution or wviceversa. A
chemically reversible system undergoes the reversed reaction (and thus the current is
also reversed, e.g. from the species in solution to the electrode) in the absence of addi-
tional reactions. Moreover, if this process is done in the absence of energy losses, then it
is said to be thermodynamically reversible. A more precise definition for thermodynamic
reversibility is found in [134], where the author claims that a reversible process reverses
its direction when infinitesimal driving forces are applied to its surroundings and with a
zero entropy balance, which implies that the system must be in equilibrium. As usual,
this entelechy can be overcome by considering actual quasireversible processes, which
are realized at very low rates (small enough perturbations applied to the system).
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Thermodynamically reversible electrochemical systems can be partially described by
the Nernst equation (2.5) [135]:

/ RT CO
E=E"4+—1In—-, 2.5
nF  Cr (2:5)
which relates the actual reduction potential at which a reaction takes place (E)
with the standard electrode potential (EO/), concentrations (as an approximation of the
chemical activities) of the chemical species undergoing the reaction and the system tem-

perature.

It is worth mentioning that the standard electrode potential, EO/, is the measure of
the potential of a reversible electrode in standard conditions (i.e. solutes at an effective
concentration of 1 mol dm~2 and gas pressures of 1 atm), generally tabulated at 25 °C
and referenced to a standard hydrogen electrode (SHE). The SHE is a platinum elec-
trode in a theoretical ideal solution at which the hydrogen’s standard electrode potential
is zero volts at all temperatures [1]. Actually, this was implemented as the normal hy-
drogen electrode (NHE), consisting of a platinum electrode in a 1 N strong acid solution.
Other common reference electrodes used in electrochemistry are the standard calomel
electrode (SCE) or the silver-silver chloride Ag/AgCl/KCl electrode. Figure 2.10 shows a
schematic relationship between potentials on the NHE, SCE and “absolute” scales [133].

Generally, strong experimental reasons lead the choice for one or other reference
electrode. For example, whether the electrochemical system is built upon aqueous or
nonaqueous solvents may determine that a Ag/AgCl/KCl electrode in aqueous solution
or a Ag/Ag™ in CH3CN is used [136, 137].

2.2.1.3 Electrical variables

When metal electrodes are used in elec-

trochemical applications and they are

brought in contact with an appropriate Steniaye Dhffascinyes
ionic solution, the particular zone where
electrochemical phenomena take place,
i.e. the electrode-solution interface or
electrical double layer (EDL), acquires
special importance. The capacitance of
this interface quantifies its ability to store
charge as a response to a perturbation
in potential. In this sense, the differen-
tial capacitance relates a small change in
charge density to a small alteration in po-
tential. Thermodynamically, this has its piqurg 2.11: Guoy-Chapman-Stern  model
origins in what are called surface excess of the EDL at an electrode-solution interface.
quantities (in a two-phase interface), sur- Adapted from Wang et al. [138].

face tension and its implication in surface

structure [133]. It is important to take into account that, contrary to ideal capacitors,
the interface capacitance is not constant with the applied potential, as will be explained
hereafter.

@ Solvent molecule
@ Cation
@ Anion
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Many theoretical models were proposed in the past to describe the EDL. A very com-
plete one is the Gouy-Chapman-Stern model [138-140], which is represented schemati-
cally in Figure 2.11. An anode in physical contact with a ionic solution can be observed.
When a potential difference is applied to the electrode, if the latter is conductive enough,
its charges accumulate at the surface. Solvated ions of the opposite charge arrange in so-
lution at a finite distance from the electrode by electrostatic interaction. This structure
is known as the Stern (or classical Helmholtz) layer, and is analogous to a parallel-plate
capacitor, with the ability to accumulate (non-faradaic) charge. Moreover, the poten-
tial drop across this layer (represented as a red line in Figure 2.11) is almost linear,
which accounts for a constant differential capacitance. The remaining voltage difference
drops in a non-linear fashion along the so-called diffuse layer, thus implying a potential-
dependent capacitance in this region. The Stern and diffuse layers contribute serially to
the double layer capacitance, and the prevalence of one or another will depend on the
concentration of electrolyte and applied potential [133].

In order to illustrate how electrical variables

R C affect the rate of electrode reactions, let us con-
sider that no electron exchange is occurring at the
electrode-solution interface (non-faradaic process).
In this situation, let us assume that the electrode-
L solution system can be modelled as an electrical

O\_| circuit consisting of the series addition of a resistor

(of resistance R) and a capacitor (of capacitance

FIGURE 2.12: Equivalent RC circuit (). These assumptions will be further discussed
for non-faradaic processes occuring at and developed in forthcoming sections. Now, with
an electrode-solution interface. the described electrochemical system, let us study
how the applied voltage will affect the current flow-

ing through the system in several examples. The equivalent electrical circuit in Fig-
ure 2.12 shows the general configuration for electrode excitation with a potential step.

2.2.1.3.1 Voltage step

Let us consider that a constant voltage is applied as a step function to the RC equivalent
circuit (modelling the electrode-solution system). Considering that the applied voltage
must divide up between the resistor (Egr) and the capacitor (F¢), as shown in Equa-
tion 2.6, taking into account that the current flowing through the resistor and through
—at

knowing the Ohm’s law by which E = iZ;,t and knowing that Zi,s = Zr + Z¢, where
Zr = R and the C = % relation for capacitors, then the current flowing through the
system is a decreasing exponential as shown in Equation 2.7 and in Figure 2.13a.

the capacitor is the same and the necessary for the capacitor to charge <z = @), and

E =FR + Ec (2.6)

i= %exp (%) (2.7)

2.2.1.3.2 Voltage sweep

When a voltage ramp instead of a voltage step is applied, the potential varies linearly
with time at a rate v (Equation 2.8). Taking the previous expressions and the one in



Chapter 2. Theoretical background 35

I L | =
= RCy
(A) (B) (c)

FIGURE 2.13: Time-dependent voltage and current flowing through the
equivalent RC circuit with applied (A) voltage step, (B) one-direction
voltage sweep and (C) cyclic voltage sweep.

Equation 2.8, now the current flowing through the system (Equation 2.9) is an increasing
function that stabilizes at imax = vC, when the capacitor is fully charged (please see
Figure 2.13b). As will be explained in subsequent sections, cyclic voltammetry (CV)
experiments consist in linearly sweeping the voltage up to a certain value and back
towards the initial value, as shown in Figure 2.13c. In this case, the current stabilizes
at imax = VC and starts falling with decreasing voltage down to iy = —vC.

E=uvt (2.8)

i—vC [1 —exp <1§(tj)] (2.9)

The equations shown here were taken as examples of the influence of electrical vari-
ables in the rates of non-faradaic simple systems. The introduction of the effect of
redox reactions at the electrode-solution interface in faradaic systems is tackled in Sec-
tion 2.2.2.

2.2.1.4 Electrode and solution variables

The double layer capacitance introduced in Section 2.2.1.3 is represented as Qcpr (CPE
stands for constant phase element, which accounts for non-idealities in the electrode
surface) in the equivalent circuits shown in Figures 2.14a and 2.14b. Figure 2.14a cor-
responds to a system with ionic solution consisting of an electrolyte and a redox probe,
whereas the system’s ionic solution in Figure 2.14b consists of the electrolyte alone
(without any redox probe). In the former case, an additional path is available for charge
at the electrode-solution interface. Indeed, the accumulation of solvated ions at the
electrode surface offers a resistive barrier to potential charge transfer between redox
species in solution and the electrode (faradaic current), which corresponds to a charge
transfer resistance Rcor as alternative path to (in parallel with) the Qcpg. Addition-
ally, the diffusion of ions occurs at the surroundings of the double layer, phenomenon
that contributes to the total impedance as a Warburg element (Zw). The equivalent
impedance model is schematically represented in Figure 2.14a as a Nyquist plot. The
charge transfer process is modulated by the applied potential difference, as can also be
observed in the schematic CV, shown in Figure 2.14a. Indeed, maximum reduction and
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oxidation currents occur at determined potentials, as predicted by the Nernst equation.

On the contrary, and as expected, the charge transfer phenomenon cannot be appre-
ciated in Nyquist and CV plots in Figure 2.14b, for there is no redox species in solution
accounting for it in this case, and all the current has capacitive (non-faradaic) origin. In
the Nyquist plot representation, the effect of the charge transfer resistance dominating
in the previous case is here screened by the impedance associated to the double layer
capacitance (Zcpy,), which in turn is overlapping the contribution of diffusion (or War-
burg effect). As expected, no redox peaks appear in the CV representation, and the
current level is directly proportional to the non-faradaic capacitance of the interface. In
both cases, a solution resistance (Rg) is added serially to the equivalent circuit.

A study of conductive electrode electrochemical features can be done by CV analysis
of faradaic current, as described by the Randles-Sevcik equation [133, 141, 142]:

FuD
It = knFAC / ”R” . (2.10)

Here, x = 0.4463 is a non-dimensional proportionality constant; n is the number of
electrons for the redox couple (1 in the case of Fe(CN)4 3/ ~* which is the one used in this
thesis); F and R are Faraday’s (96 485 C mol~!) and universal gas (8.314 J mol~! K~1)
constants, respectively; A is the electrode area in cm?; v is the rate at which the potential
is swept, in V s™1; D is the analyte’s diffusion coefficient in cm? s™!; C is the analyte’s
concentration in mol em™> and 7 is the solution temperature in K. This process was
thoroughly described elsewhere [143], but briefly, all parameters were known except for

the area of the nanostructured electrode. In order then to retrieve this area, successive
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FIGURE 2.14: (A) Faradaic electrochemical analysis: the Randles equiv-

alent electrical circuit of the EDL includes Rcr, Rs, Zw and Qcpk.

Typical EIS and CV representations for faradaic systems are shown. (B)

Non-faradaic electrochemical analysis: the equivalent electrical circuit

consists of single Qcpg in series with Rg. Typical EIS and CV represen-
tations for non-faradaic systems are shown.
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CVs at different scan rates must be performed and the oxidation current against the
square rooted scan rate should be plotted. The slope of this plot is directly proportional
to the electroactive surface area of the electrode. This, as can be deduced from Equa-
tion 2.10, is only dependent on the electrolyte solution and redox probe composition,
providing the electrode is conductive enough. The electrode features are not affecting
the intensity of the peak, but its position. Indeed, the more resistive the electrode,
the wider the separation between reduction and oxidation peaks. This is because redox
reactions occur reversibly at the ideal electrode surface, but this reversibility is hindered
by non-ideal conducting properties of the electrode.

On the contrary, when no redox probe is present in the aqueous medium, interactions
are assumed to be non-faradaic. As there is no redox species, no charge transfer occurs at
the electrode surface, as shown in Figure 2.14b. Moreover, in cyclic voltammetry, all the
current becomes capacitive; no faradaic peaks appear. In this case the current height
(assumed constant) is proportional to the scan rate, and the differential capacitance
becomes the proportionality constant, as shown in the following expression:

Iy = Cyv. (2.11)

The differential capacitance is directly proportional to the area of the electrode, as
will be developed in the following sections. This is a faster and more precise method
than the classical one, which consists in calculating the integral of the voltammogram
and dividing this by the potential scan rate to find the capacitance [144].

2.2.2 Kinetics of electrode reactions. Processes occurring at the
electrode-solution interface

Along the previous section, some variables affecting the rate of electrode reactions were
mentioned, amongst which the electrodynamics of electrochemical cells was introduced.
This is the basis for achieving a theoretical model for the kinetics of reactions at an elec-
trode’s surface. In this section, the Nernst equation (2.5) will be gathered together with
some classical thermodynamics concepts to present the Butler-Volmer model of electrode
kinetics, which is used in the treatment of almost any problem involving heterogeneous
kinetics [133].

2.2.2.1 Preliminary considerations

Let us assume that substance A is transformed into substance B in a discrete chemical
event:

A =B. (2.12)
kg

The rates of forward and backward reactions can be expressed as:

v = kiCla, (2.13)
vy = kbCB. (2.14)

Regarding Equations 2.12, 2.13 and 2.14, some considerations may be drawn:
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The rate constants k¢ and ky, are defined as the reciprocals of the mean lifetimes
of substances A and B. This is, the lower the lifetime of a substance, the quicker
its transformation.

The higher the concentration of a substance, the quicker its transformation into
the other substance.

At equilibrium, vy = 1, = vy, where 1y is the exchange velocity.

Experimentally, most solution-phase reactions are characterized by temperature-
dependent rate constants where Ink ~ %; such experimental behaviour was formulated
by Arrhenius as

k= Ae~Pa/RT (2.15)

Some more considerations:

R is the universal gas constant.

The pre-exponential (also known as frequency) factor A is constant and char-
acteristic of each chemical reaction, accounting for the number of collisions or
“attempts” for the reaction to occur.

The activation energy Fa determines the energy barrier the system must surmount
for the reaction to occur.

The exponential shape expresses a probability (for the system to overcome the
energy barrier), which is enhanced by an increase in temperature. With all, the
“number of attemps” to react by the probability of surmounting the energy barrier
of the reaction (e=#a/ET) accounts for “how fast” (k, the kinetics) the reaction
occurs.

All the independent variables affecting the state of a system can be considered as “re-
action coordinate”, and each posible state has its own potential energy. This describes
a multidimensional surface in the system energy space, and reaction “paths” may be
“drawn” describing system reactions. These ideas are pictured in Figure 2.15, where

Activated complex

Std. free energy

Reaction coordinate

FicURE 2.15: Representation of potential or standard free energy
changes during a reaction.
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FIGURE 2.16: Representation of the standard free energy changes dur-

ing faradaic processes (A) at the equilibrium potential; (B) at a potential

higher (more positive) than the equilibrium potential and (C) at a po-
tential lower (more negative) than the equilibrium one.

the standard free energy” along a reaction coordinate shows two minima at which the
system is stable. The most stable state is that with the lowest free energy (the product

in Figure 2.15, or substance B in Equation 2.12).

The standard free energy changes in faradaic processes as a function of the electrode
potential are shown in Figure 2.16. In Figure 2.16a the applied potential is the standard
one, for which the reaction is at equilibrium. It is equally favorable for the reaction
to occur in one or another direction (reduction and oxidation), and thus the standard
free energy has the same value both for reactant and product. When a potential more
positive than the one in equilibrium is applied to the system (Figure 2.16b), the oxida-
tion reaction is favoured because this way the system minimizes the free energy. On the
contrary, when a potential more negative than the equilibrium potential is applied (Fig-
ure 2.16¢) the system moves spontaneously towards reduction to minimize the standard

free energy.

2.2.2.2 The Butler-Volmer model of electrode kinetics: one-step, one-electron

processes

Let us have a look at expression 2.4 arranged for one-electron redox reactions,
k
Of +e kﬁc R™,

and consider the forward (—) as the cathodic reaction and the backward (<) as the an-
odic reaction. These are characterized by reaction rate constants k. and k,, respectively,

as shown as follows:

o nF (E — E°)
ke = kP exp [ Qe T } , (2.16)
o nF (E — E°)
ks = k° exp [aaRT . (2.17)

"Along the text, potential energy and standard free energy are used indistinctively. Let us define
AFE as the standard activation energy, then the standard enthalpy of activation, according to thermo-
dynamics, is AHs = AEx + A(PV),. Since A (PV), is usually negligible in the described reactions,

then AHA ~ AFE}\.
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Equations 2.16 and 2.17 define the rate constants of reduction and oxidation of a
species as a multiple of the standard heterogeneous rate constant k°, which is charac-
teristic of the reaction between the reactant and the electrode material, same as the
electron transfer coefficient, « = a, = 1 — . Attention should be paid to the signs
inside the exponentials, which show that positive and negative potentials (£) favour the
oxidation and reduction processes, respectively. Defining the cathodic and anodic cur-
rents at the electrode surface (x = 0) as ic = kenFACo (0,t) and i, = k,nF ACR (0,1),
the total current through the electrode at its surface with respect of time is known as
the Butler-Volmer equation (2.18):

i = FAR | Co (0,1) e (B=E") _ o 0,1) =M (B2 | (2.18)

Total current
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FIGURE 2.17: Current-overpotential curve simulation of the one-electron
redox system O~ +e = RT with o = 0.5, T = 298 K, and dashed lines
corresponding to i. and i,. Extracted from [133].

Figure 2.17 shows the current-overpotential simulation of the one-electron redox sys-
tem as predicted by the Butler-Volmer equation. Of course, the solution to real systems
can only be approximated to what is described in this section. Advanced studies of the
kinetics of electrode reaction must include mass transfer effects, multistep mechanisms
(the ferrocyanide reaction, Fe (CN)g_ +e=Fe (CN)é_ —which is the one studied in this
thesis— is a one-step reaction) and quasireversible and irreversible electrode processes.

2.2.3 Mott-Schottky analysis of the semiconductor electrode

Another measurement of the capacitance of semiconducting electrodes can be obtained
from non-faradaic Mott-Schottky analysis. This is a much more precise method than the
ones mentioned before, for it allows distinguishing between the double layer capacitance
and the capacitance associated to a semiconductor electrode (which was not contem-
plated before).
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E F (redox)

FIGURE 2.18: Electronic band diagram of a n-type semiconductor

electrode-solution system (A) before and (B) after thermodynamic equi-

librium. The density distribution of redox energy states in solution is
shown as inset in (A). Adapted from Gelderman et al. [145].

When the working electrode is not based on a metal but on a semiconductor mate-
rial (such as ITO), additional phenomena is occurring at the edge of the semiconductor.
Indeed, if the electrolyte solution is conductive enough, then the system can be regarded
as analogous to the classical metal-oxide-semiconductor (MOS) capacitor in transistor
electronics [146]. With no aim of entering into further details, it is worth bearing in
mind that in MOS capacitors, the capacitance value is modulated by the voltage applied
to the metallic gate and referred to the bulk semiconductor. Now the total capacitance
of the system becomes the series sum of the capacitances of the semiconductor (because
of internal charge distribution due to differences in the energy bands) and the double
layer (exhaustively detailed in the previous section). Figure 2.18 intents to summarize
this physical phenomenon. The n-type semiconductor electrode is shown as the orange
area, whereas the blue area corresponds to the electrolyte solution. The electrolyte so-
lution can be parametrized in this analysis by a Fermi energy level associated to the
species in solution, Ep (redox), Which typically stays at the equilibrium between reduc-
tion (red Gaussian) and oxidation (green Gaussian) quantum states. Ep (redox) typically
stays below the Fermi level of n-type semiconductors until the systems are brought into
thermodynamic equilibrium, when they both leverage, inducing a bending of the semi-
conductor valence and conduction bands and an internal electrical field that empties the
region of charge carriers. This spatial charge region entails the semiconductor capaci-
tance, and the band bending can only be overcome by the so-called (external) flat band
potential.

In this context, electrochemical impedance spectroscopy (EIS) and Mott-Schottky
analysis are electrochemical techniques that can help understand the phenomena oc-
curring at the (semiconductor) electrode-solution interface. EIS consists in submitting
the working electrode at an alternating voltage and measuring the current to retrieve
the electrode’s complex impedance. For this, a small sinusoidal signal is added to the
working voltage, and the frequency is scanned between the desired limits. The resulting
impedance spectrum is fitted to the equivalent circuit shown in Figure 2.14b and de-
scribed before. At a determined polarization voltage, the evolution of the charge transfer
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resistance with subsequent functionalization steps provides a qualitative and pseudo-
quantitative measurement of the nature of the insulating layer between the electrode
and the solution. On the other hand, the evolution of the electrode’s capacitance with
the polarization voltage accounts for physical properties of the semiconductor electrode
(e.g. the flat band potential of the semiconductor and the density of charge dopants).
The latter is gathered in the Mott-Schottky equation, which in turn is derived from
the Poisson’s equation, i.e. the assumption of charge neutrality inside the semiconduc-
tor and Boltzmann’s statistics. The Mott-Schottky equation for n-type semiconductor
electrodes (which is the case of ITO) can be written as [145]

1 2 kT
= V-V — — 2.19
Ci?  eegA2eNp ( B e > ’ (2.19)

where Cy. is the capacitance of the semiconductor electrode; € and ¢ are the relative
and absolute dielectric constants of the semiconductor and vacuum, respectively; A is
the area of the electrode in contact with the electrolyte solution; e is the unitary charge;
Np is the density of donors (doping atoms) in the n-type semiconductor; V' and Vgp are
the polarization potential and the semiconductor’s flat band potential, respectively; T
is the temperature of the electrochemical system and kg is the Boltzmann’s constant.

Capacitance values can be retrieved by data adjustment of subsequent EIS mea-
surements at several DC polarization voltages in the frequency range of interest (Fig-
ure 2.14b). Representation of é against DC polarization voltage at a determined
frequency value may present several regions of different behavior [147]. Linear fitting of
the data points in the region attributable to Cys. to Equation 2.19 eventually leads to
determination of semiconductor electrode’s flat band voltage and carrier density.

2.2.4 Electrochemical techniques and potentiostatic configurations

A potentiostat is an electronic device interfaced with an appropriate software for con-
trolling two or three-electrode cells and performing a variety of electrochemical mea-
surements. In general terms, a voltage wave (which can be DC, AC or a combination
of both depending on the measurement technique) is applied between working and ref-
erence electrodes in the electrochemical cell, and the current flowing through the cell is
measured between the working and counter leads. A general schematic of configuration
of an electrochemical cell interfaced by a potentiostat is shown in Figure 2.19.

\f(t‘)
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FIGURE 2.19: Schematic of electrodes configuration for controlled-
potential experiments. Based on [133].
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In this section, the most popular electrochemical techniques, i.e. potentiometry,
voltammetry (or amperometry if the voltage is kept constant at a DC value) and elec-
trochemical impedance spectroscopy, are described and details on their practical im-
plementation are provided. The mentioned techniques are also those employed in the
experimental part of this thesis to characterize the developed electrodes.

2.2.4.1 Potentiometry

Potentiometry is the simplest of the available potentiometric techniques, and it basically
consists in passively measuring the potential at open circuit between two electrodes
in solution. As usual, one is called the reference electrode, which is nonpolarizable
(i.e. it maintains a constant potential); the other one is the indicator electrode. The
difference of potential between these two electrodes is the potential of the solution, and
it accounts for the composition of the medium. The indicator leads usually are ion
selective electrodes (ISEs), which are selectively sensitive to an ion of interest present
in solution. This way, the measured potential accounts for the activity of the studied
ion. If the indicator electrode is sensitive to protons (H'), then the open source voltage
gives a measure of the solution pH.

2.2.4.2 Linear sweep voltammetry

To determine the electrochemical behaviour of a system it would “suffice” to measure
the time-dependence of the current at a determined excitation potential, and to explore
several potentials, generating a three-dimensional surface in the ¢ — F — t domain as
shown in Figure 2.20a. However, some obvious issues arise from this approach:

e the accumulation of a huge amount of data hinders a rapid and/or proper analysis;

e single i — t curves alone are not optimal for recognizing the presence of different
species and

e the representation of well-resolved ¢ — F curves requires very closely spaced po-
tential steps.

(4) (B)

FIGURE 2.20: (A) Representation of the i — E' — t space for a nernstian
reaction, and (B) linear potential sweep across the surface. Reproduced
from [148].
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A solution to this is to perform a single experiment in which the i — E is recorded
at once by sweeping the voltage at a constant rate. In the i — F — ¢t space this would
be equivalent to intersecting the three-dimensional surface with a plane representing
the voltage variation with time, as shown in Figure 2.20b. This is called linear poten-
tial sweep chronoamperometry or linear sweep voltammetry (LSV). If, at a certain time
(switching time or potential), the voltage sweep is reversed, then this reversal technique
is called cyclic voltammetry (CV).

The electron transfer rate must be rapid at the electrode surface, so that the ratio of
concentrations of species O and R is the one predicted by the Nernst equation (2.5). In
this case, the system is said to be reversible, and the half-wave peak separation is only
dependent on the number of electrons echanged in the redox reaction:

|Ep — Eppo| = % mV at 25 °C. (2.20)

The notation ‘Ep -k, /2‘ refers to half the distance between reduction and oxidation
peaks in a faradaic cyclic voltammetry, being p referred to the current peak, as shown
in Figure 2.14a.

2.2.4.3 Electrochemical impedance spectroscopy

An interesting way of studying electrode reactions by large system perturbation is to
apply a small-amplitude alternating signal to the cell and observing how the system
follows the perturbation at a steady state. These techniques based on impedimetric
principles permit high-precision measurements at a wide frequency range, and thus
are very useful in providing knowledge of the system at the microscopic level. Elec-
trochemical impedance spectroscopy (EIS) consists in sweeping the frequency of the
small-amplitude sinusoidal voltage and measuring the resulting current to retrieve the
system’s impedance at each frequency. This was first presented by Sluyters [149] and
developed by others [150-153].

Potentiostat
Cell
i/E converter Lock-in amp.
L I
- AC component + @
Waveform
generator E Low-pass filter

DC component

FIGURE 2.21: Schematic of apparatus for impedance spectroscopy mea-
surement. Adapted from [133].
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A general schematic of the electronics in an electrochemical impedance system is
shown in Figure 2.21. Here, a (either digital or analogue) waveform generator pro-
vides the potentiostat with the potential signal to attack the electrochemical system,
represented in the figure as a three-electrode cell. The system current response to the
excitation signal is measured in the working electrode and converted to a measurable
potential, which is then processed by a low-pass filter to extract the DC component and
by a lock-in amplifier to extract the AC component and phase shift with respect to the
reference signal. In the following lines, the basics of the lock-in amplifier are provided.

To understand how EIS works, one must bear in mind that an electrochemical system
can be modelled as a more or less complex electrical circuit (which is called the equivalent
circuit). By definition, the equivalent circuit must be such that a small-amplitude
sinusoidal voltage induces in it a current of the same amplitude and phase that the
current through the real cell under the same excitation. The Randles equivalent circuit
(Figure 2.22) is the most representative one and facilitates both the calculations and
the interpretation of the results as chemical information.

|
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FIGURE 2.22: Equivalent Randles circuit for an electrochemical cell.

The lock-in amplifier is a mathematical tool very useful to retrieve the interesting
parameters from an EIS measurement. Henceforth, the methodology of the lock-in
amplifier will be illustrated with some basic equations to show the power of this tool (a
summarized version of the mathematics can also be found in Article V). Let us suppose
the sensor is excited with a periodic signal (called Vr%f, Equation 2.21) of amplitude,
frequency and phase V;, f; and ¢, respectively:

VO (t) = Visin (20 fit + ¢y) . (2.21)

Now, the sensor response to the excitation signal (Vy¢), attending to the circuit
shown in Figure 2.22 is a result of the contribution of the resistive and the capacitive
parts, as well as an added noisy signal due to random interferences. As shown in Equa-
tion 2.22, the contribution of the resistive-capacitive part to the sensor response is a
periodic signal of the same frequency as the excitation signal (fs = f;) and generally
phase-shifted and of different amplitude (Vi # Vi, ¢s # ¢;). Other periodic interfer-
ences from undesired sources (the 50-60 Hz from the electrical network, electromagnetic
couplings) are added to the output signal:

Vout (t) = Visin (2 fit + ¢) + > Visin (21 fit + ¢) + N (1). (2.22)
1#£S
A digital lock-in filter consists in generating a 3 shifted reference signal (V;g) from

the original one (V;ef) and multiplying both by the output signal:
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Vieg () = Visin (27 fet + 1)
) X Vous (t) (2.23)

™

V.2 (t) = Visin (27rfrt + ¢ + g

and integrating the resulting terms for a time period <7‘r = %), assuming f; = fs):

TT:l/fr 1
o= / Vout (t) V2 () dt = ervsn cos (¢s — br) (2.24)
0
w=1/fr /2 1
8= / Vout (t) Vil (t) dt = 5vrvsTr sin (¢s — ¢r) . (2.25)
0

Simple manipulation of the resulting terms (defined as o and () lead to the expres-
sions for the absolute amplitude (Equation 2.26) of the output signal and its phase shift
(Equation 2.27) with respect to the reference signal.

A¢ = arctan <ﬁ> (2.26)
a

V= 2 a2+ P (2.27)

Vit
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2.3 Part III: The application. Biosensors

A biosensor is an analytical tool, consisting of a bioreceptor component and a trans-
ductor mechanism (which is based on a determined principle of operation), used for the
detection of chemical substances. The bioreceptor is a sensitive biological element ca-
pable of recognizing, binding or interacting with the target analyte, and it can be either
an enzyme, a nucleic acid sequence, cellular structures, an antibody, etc. Biorecep-
tors are required a high selectivity for the target analyte among a matrix of interfering
biochemical components.
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F1GURE 2.23: Block diagram for the classification of biosensors regarding

the bioreceptor, biotransducer and principle of operation (please note that

this classification is not exhaustive, the interested reader is referred to the
TUPAC reports and others [13, 154, 155] for further details).
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On the other hand, the transducer transforms the physicochemical signal derived
from the interaction between the target analyte and the bioreceptor into a measurable
signal that can be optical, electrical or of any other kind. Optical, electrochemical and
mass-based detector elements are the most typical transducers, and these can be in turn
based on several principles of operation, such as amperometry, fluorescence, surface
plasmon resonance (SPR), the piezoelectric effect, surface acoustic wave (SAW), etc.
Finally, biosensors are interfaced with the appropriate electronics for signal processing
and proper display of the results.

In this third part of Chapter 2, some classifications of biosensor types are provided.
Then, an overview of the state-of-the-art of I'TO-based biosensors is provided. In Sec-
tion 2.3.2, some strategies for surface modification and detection of species are described;
first, several crosslinkers for electrode derivatization are mentioned, followed by the most
popular electrochemical principles of transduction (current and impedance based), and
finishing with a description of the immunoassays studied in this work.

2.3.1 Classification of biosensors and state-of-the-art
2.3.1.1 Bioreceptor and transducer-wise classifications of biosensors

Some of the most common bioreceptors as well as principles of operation are described
in two separate item lists in this section. Moreover, a schematic representation of the
different types of classification of biosensors is shown in Figure 2.23. Regarding the
bioreceptor-wise classification, some of themost popular interaction biocomponents are
itemized down below.

(i) Bioreceptors:

e Antibody—antigen interactions. Antibodies (or immunoglobulins) are Y-shaped
proteins produced by the immune system to neutralize pathogen agents in a unique
and specific way. Antigens are structural parts of the pathogen agents once these
have overcome the primary barriers of the immune system (this process is detailed
in Section 2.3.3.1), and they are recognized in a lock-key manner in the Fab’s vari-
able region at the tips of the Y-shaped antibodies (please see Figure 2.24a) [156].
A physicochemical change occurs as a result of the binding event, which triggers
a signal in combination of an auxiliary molecule (e.g. enzyme or radioisotope).

e Enzymatic interactions. Enzymes are macromolecular biological substances
that act as catalyzers of biochemical reactions (Figure 2.24b), increasing the reac-
tion rates without being consumed and thus being capable of iteratively acting as
long as the enzyme stability is maintained. Several mechanisms are available for
enzymatic analyte recognition; for example, the properties of the enzyme could be
modified (or it could even be inhibited or activated) as a result of the interaction
with the analyte, or most typically the enzyme would convert the analyte into a
sensor-detectable product. Generally, enzymes are very popular bioreceptors due
to their ability to catalyze a large number of reactions and their adaptability to
different transduction mechanisms.

e Cells. These structural, functional and biological basic units of living organisms
are often used as bioreceptors due to their high sensitivity and responsiveness to
stimuli of the surrounding environment, being common for the detection of stress
conditions, toxicity and organic derivatives. Cells can be easily immobilized on



Chapter 2. Theoretical background 49

sensor surfaces and remain active and stable for a long period, thus making cell-
based sensors reusable devices.

e Tissues. These are biological organizations of same-type cells and their extracel-
lular matrix that have specific functionality. Tissues host a great deal of enzymes
in their natural environment, which adds stability to the resulting biosensor and
makes them cheaper since there is no need for extraction, centrifugation and pu-
rification of the catalyzers. However, a lack of sensor specificity arises from the
interferences between different enzymes, as well as longer response time due to
transport barrier effect of the extracellular matrix.

e Organelles. An organelle is defined as a specialized subunit inside an eukaryotic
cell (some prokaryotic cells host protein-based bacterial microcompartments acting
as primitive organelles). Organelles perform functions independently, and several
of them contain enzymes. Popular organelle-based biosensors use mitochondria,
chloroplasts and lysosomes, amongst others.

e Nucleic acid interactions. Nucleic acids are the small biomolecules constituting
the material encoding and storing genetic information inside each living cell. If
the basic repeating structure of the nucleic acid sequence is a ribose, then we talk
about ribonucleic acid (RNA); on the contrary, we talk about deoxyribonucleic
acid (DNA) if the repeating structure is a deoxyribose (please see Figure 2.24c).
All in all, a nucleic acid is composed of the repeating structure (ribose or deoxyri-
bose), a phosphate group and a nitrogenous base (which can be adenine, guanine,
cytosine and thymine —in the case of DNA- or uracil —in the case of RNA-). The
recognition process in genosensors is based on the principle of complementary base
pairing (thymine/uracil — adenine, guanine — cytosine). Konwn the target nucleic
acid sequence, then the complementary sequence can be synthesized, labeled and
tethered to the sensor surface for then pursuing hybridization of both sequences
and generation of a measurable signal.

e Others. Less common bioreceptors than those itemized above include artificial
binding proteins and affinity binding receptors, amongst others. The former consist
of low-cost, artificially engineered recombinant binding fragments or domains of
antibodies with the ability of binding to several target proteins and still retaining
the favorable properties of the parent antibody. On the other hand, affinity binding
receptors consist of proteins with a high specificity for their target partner but with
much lower binding constant than the corresponding antbodies (which result in
almost irreversible associations).

Hereafter, some popular biotransducer principles of operation are described. These
and the previously described bioreceptors are organized in a classification diagram in
Figure 2.23.
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(ii) Transducers:

e Electrochemical transducers. These usually operate in liquid medium with

the aid of three electrodes: the working electrode (WE), where the reactions take
place; the reference electrode (RE), against which the WE is polarized; and the
counter electrode (CE), which collects the current flowing through the WE as a
result of the polarization. In few occasions, such as in potentiometric biosensors,
only two electrodes (WE and RE) are enough. Potentiometric sensors measure the
voltage potential at zero current, they are highly sensitive and robust, and they
measure physical changes at the sensor surface (typically made of a plastic sub-
strate coated with a conducting polymer) as a result of pH, hydration and redox
reactions or ionic strength. Other electrochemistry-based principles of operation
include amperometry and impedance spectroscopy (which measure the passing
current at a fixed potential). All of them are usually based on the enzymatic
catalysis of a reaction producing or consuming electrons in which the target an-
alyte is involved. All in all, detailed information on the operation principles of
electrochemical transducers, which is of major interest in the scope of this thesis,
was provided in Section 2.2.4.

Optical transducers. These exploit principles of operation involving light to ac-
count for a biorecogniton event. Such principles of operation include absorbance,
transmittance, chemiluminescence, fluorescence, etc. In label-free biosensors, the
target material interacts directly with the transducer and an optical signal is gener-
ated as a result of this interaction; on the other hand, labelled biosensors employ
a label (which can be for instance a fluorescent molecule) to trigger the opti-
cal signal at the recognition event. On another note, surface plasmon resonance
(SPR), evanescent wave and optical waveguide interferometry take advantage of
the evanescent field close to the sensor surface in order to detect the biorecognition
event.

Mass-based transducers. Recognition reactions at sensor surfaces imply that
some molecules may become attached to the subtrate, or that those already present
experiment a variation in mass as a result of their participation in chemical reac-
tions. This mass variation can be detected and quantified to account for biosensing.
In this context, many operation principles can be employed for the detection of
mass variation. For example, the piezoelectric effect employs crystals that undergo
elastic deformation at the application of an electrical potential. Indeed, the ap-
plication of an alternating potential produces a standing wave at a characteristic
frequency on the crystal. This frequency depends on the elastic properties of the
crystal, which become affected regarding the recognition events occurring at its
surface.
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2.3.1.2 ITO-based biosensors: the state-of-the-art

Over the past fifteen years, a number of electrochemical biosensors based on indium tin
oxide thin film substrates have been reported. Many of them employ gold nanoparti-
cles as surface area and conductivity enhancers [157-160]. In the majority of cases, the
gold nanoparticles were electrodeposited onto the I'TO substrates by cyclic voltammetry,
which permits a fine control over the size of the particles (of great importance in the per-
formance of enzyme electrodes). Some works have reported that small size nanoparticles
(between 20-24 nm) deliver a higher catalytic capability of certain enzyme-based biosen-
sors than large size gold nanoparticles [157, 161]. Most of these gold nanoparticle-coated
ITO-based senors have been devoted to the detection and quantification of hydrogen per-
oxide (H202). HaO2 is an essential mediator in industry, medicine, food, biology and
environmental analysis [162]. In this sense, the biosensor must be prepared by chemically
entrapping the horseradish peroxidase (HRP) enzyme on the sensor surface; typically
this is done by means of an intermediate layer of crosslinkers, such as self-assembled
monolayers by L-Cysteine [157] or membrane of chitosane [158].

Other works studied the aggregation of gold nanoparticles onto thin ITO films in
a more fundamental way. Hu et al. investigated the morphologies of gold nanoparti-
cles on ITO-coated glass by cyclic voltammetry and scanning electron microscopy, and
their performance as streptavidin sensor by surface plasmon resonance [160]. An alter-
native electrode based on nickel ion implanted-modified ITO was presented by Tian et
al. [163]. This was conceived for chronoamperometric detection of glucose, achieving
good sensitivity and limit of detection levels as well as acceptable reproducibility and
long-term stability. Other authors also used bare indium tin oxide electrodes for glucose
sensing by amperometry [164]; such biosensor is based on direct electrochemical oxida-
tion of HpOg (which is the product of the oxidation reaction of glucose at the glucose
oxidase-functionalized ITO electrode) at an auxiliary electrode. Generally, most glucose
biosensors are based on two well defined chemical reactions: the oxidation of glucose
catalyzed by the glucose oxidase (GOx) enzyme,

d—glucose + O2 —» GOxH503 + d—gluconolactone, (2.28)
followed by a non-enzymatic hydrolysis:
d—gluconolactone + HoO — d—gluconic acid. (2.29)

A great variety of bioreceptors have been immobilized on ITO surfaces for electro-
chemical and optical sensing, which include not only the aforementioned enzymes but
also antibodies and nucleic acids for DNA detection [165, 166]. Indeed, the use of a
transparent conducting oxide such as I'TO is suitable for bridging the gap between elec-
trochemical and optical sensing by offering the capability of dual detection [165]. Yang et
al. developed an ITO-based impedimetric sensor for Escherichia coli O157:H7 by immo-
bilizing anti—F. coli antibodies. In this work, a self-assembled monolayer of epoxysilane
was used as crosslinker to attached the organic antibodies to the ITO surface. Similarly,
silane chemistry was also employed as crosslinker layer in [165] to functionalize ITO
electrodes for DNA hybridization. The mentioned works prove that silane chemistry
can be used to properly derivatize thin ITO films, and this leads to the investigation
of the adequacy of nanostructured ITO electrodes for the formation of self-assembled
silane monolayers, as will be developed in Chapter 3. Regarding the advantage of I'TO
in the complementation of electrical and optical applications, this material was used
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as a coating for non-conductive optical fiber tips, electrochemically derivatized with
biotin-labelled polymers and used for optical detection of several concentrations of an
electroluminescent label attached to the target biomolecule.

Recently, a few investigations of the effect of ITO nanostructuration on both biomolecule
and gas sensing have been reported [167-169]. However, the use of nanostructured ITO
films is still very emerging and hence the present dissertation aims to contribute in
reporting the behaviour of such electrodes as electrochemical sensors.

2.3.2 Strategies for surface modification and detection of species

Along the previous section, a general overview on biosensor classification was provided.
Bearing in mind that, in the context of this work, electrochemical biosensors are the
main object of study, here a series of biosensor preparation techniques will be revised.
In the first place, some of the most popular methods of surface derivatization, this is,
the preparation of an inorganic substrate for tethering organic biomolecules, are de-
scribed. These include silane coupling agents, aryl diazonium salts and thiolation of
gold surfaces. Then, the two basic principles of operation of electrochemical transducers
(impedance and current-based methods) are explained in order to justify the choice of
specific enzymes and other biomolecules for labelling the target species in the immunoas-
says performed in this work. The latter are also described in the final subsection of this
part.

2.3.2.1 Crosslinkers for electrode derivatization

Crosslinkers are intermediate molecules useful to attach organic substances to inorganic
substrates. The most common of them will be explained in this section. Two of these
methods (silanization and CMA electroaddressing) were widely used in the scope of the
thesis, and the other (gold thiolation) is also very commonly employed with the studied
materials.

2.3.2.1.1 Silane coupling agents

Silane compounds (Figure 2.25) are bifunctional molecules that can attach one substance
to another. They have been used for many years as “adhesive” agents to promote the
bonding of an organic layer to an inorganic layer [170].

on atom
S
- = o [ -+
THJ_S\XX &

Alkyl chain

FIGURE 2.25: Silane coupling agents include a functional group R at the
end of the alkyl chain (CHj),,. The latter is attached to the core silicon
atom, which also has up to three hydrolysable groups X attached to it.
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As observed in Figure 2.25, a silane compound is a monomeric silicon-based molecule
that contains four constituents, as the other silicon and carbon-like compounds. Never-
theless, silicon is less electronegative than carbon, which makes it undergo more specific
reactions than carbon and other typical organic compounds. Organosilanes have at least
one bonded carbon atom, and the silicon atom core can also have hydrogen, oxygen or
halogen atoms directly attached. Some of these derivatives are highly reactive, and can
be used to form covalent linkages with other molecules or surfaces. In particular, those
organosilanes containing a functional organic component on one side and a hydrolizable
group on the other side allow conjugation of silanes to other organic compounds. Hy-
drolizable groups in organosilanes typically are unreactive to organic compounds, yet
they can be covalently coupled to certain inorganic substrates. The whole silane molecule
is named depending on which type of hydrolizable group is attached to the silicon atom,
e.g. silicon hydride if the hydrolizable group is simply a hydrogen atom, chlorosilane if
the hydrolizable group is a chlorine atom, silanol if the terminal group is —OH, and so on.

The general chemical structure of a functional silane coupling agent is shown in Fig-
ure 2.25. Figure 2.26 depicts the general reactions involved in the coupling of silane
agents onto inorganic substrates. The illustration shows the particular reaction of
alkoxysilanes (silanes where the reactive groups are alkoxy), as it is the case of the
silane in Figure 2.25), which must first undergo hydrolysis to form silanols, the highly
reactive forms that will couple to hydroxyls (~OH groups) in the neighbouring molecules.
This occurs spontaneously as a result of the high instability of silanols. Then, the silane
coupling agents condensate all together to form a polymer matrix linked by covalent Si—
O-Si bonds. The growing silane network interacts with the inorganic substrate through
the formation of a hydrogen bonding network with the superficial —-OH groups. Then,
another condensation reaction occurs to result in an organosilane polymer covalently
linked (by siloxane linkages) to the substrate. Ideally, the silane coating should be a
monolayer, although this actually does not occur. The thickness of the silane layer de-
pends on the concentration of the silane coupling agent, as well as on the amount of
water present in solution during the process. It is worth mentioning that the hydroly-
sis can only occur in aqueous media, but the attachment of organosilanes to inorganic
substrates can also be conducted in organic media (e.g. toluene, pure ethanol). In the
latter case, no hydrolysis can be produced, and hence no thick polymer layer is formed
on the substrate but a thin organosilane layer where each agent is coupled directly to
the substrate. It is worth highlighting that inorganic substrates suitable for silane cou-
pling must present functional —OH groups on their surfaces, as do silica, glass, tin oxide,
aluminium oxide and zinc oxide, amongst others. The bifunctional nature of silane cou-
pling agents has popularized their use in many industries such as electronics, materials
for construction, automotion, and of course bioconjugate chemistry, amongst others.
Exhaustive reviews on the use of silane coupling agents can be found in the literature
[171, 172].

The reaction techniques that can be employed with these compounds are varied,
and the choice of strategy mainly depends on the substrate being modified and also
on the inorganic reactive groups of the silane. Therefore, firstly the inorganic reac-
tive groups must be chosen; and once the reactive groups are chosen, the silaniza-
tion protocol must be established. Hermanson [170] provides an exhaustive review of
available organosilanes for surface modification. In particular, in Chapter 3 of this
thesis, the glycidory compound containing a reactive epory group was chosen, the so-
called 3-Glycidoxypropyltrimethoxysilane (GOPTS). Surfaces covalently coated with
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such molecules can be used to conjugate thiol-, amine— or hydroxyl-containing ligands,
for then attaching biomolecules to them, in regard of the pH at which the reaction takes
place. These three possible ligands have been represented as X in Figure 2.27, and the
box symbol O represents the biomolecule being attached to the surface. Thiol-containing
ligands are of particular interest in the present project. GOPTS has been used most
often in bioconjugation applications [173-176], and the particular reactions it undergoes
are illustrated in Figure 2.27. Inorganic terminals in the silane molecule undergo hy-
drolisis to form reactive silanols, which interact with the inorganic surface as shown in
Figure 2.26. The functional termination in GOPTS is called epoxy group, which consists
of an oxygen O and two CHy in this triangle-like disposition. When GOPTS reacts with
an organic biomolecule, the epoxy ring breaks to accomodate the biomolecule ligand X.

4 B gy
G i -

0—si—o0 & & &
e | ch, e
0
|
CHs HO—T.——O—T—O——T—O——T—OH
o) o) o o

H-0O | Hydrolysis [ |
Ligand coupling via an ether or secondary amine linkage

l:I—XH

9 X=8,Nor0
Reactive silanol
(o] Hydrogen bond formation 5] (%] o 0O
(’ with surface -OH groups

Silanation of surface with epoxy groups

FIGURE 2.27: Epoxy-containing silanol coupling agents can be disposed
into reactive surfaces, which in turn can be used to couple amine—, thiol—
or hydroxyl-containing ligands: NH3—, S— and OH—, respectively.
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2.3.2.1.2 Diazonium salt electroaddressing (grafting reactions)

Diazonium salts are a set of organim molecules sharing a common functional group of
the form RfN;X_. Generally, R is an aryl or alkyl organic group, and X usually is an
halogen or any organic or inorganic anion. As a result of electrochemical reduction of
diazonium salts, aryl radicals are formed and these become eventually grafted on the
surface of the working electrode.

QOO

C, Si, Metal

FicURE 2.28: Electrochemical reduction of diazonium salts onto con-

ducting surfaces, where (A) represents the spontaneous diazotation, in

(B) is represented the electrochemical reduction and the grafting on the
electrode surface in (C). Extracted from [177].

The grafting of diazonium salts on conductive surfaces by electroaddressing requires a
controlled environment and must be performed very cautiously and rapidly. Figure 2.28
schematizes the steps by which aryl diazonium is processed and finally attached to a
conductive surface. Of most importance is step (a) in Figure 2.28, where the sponta-
neous diazotation is only achieved in a relly controlled acid medium, generally achieved
by an aqueous mixture of hydrochloric acid and sodium nitrite at 0 °C (see the detailed
mechanism in Figure 2.29). The intermediates resulting from this primary diazotation
are highly unstable. Hence, a proper derivatization of conductive surfaces with aryl dia-
zonium salts must be done quickly and within controlled pH and temperature conditions.
A really effective way of electroaddressing the coating is by cyclic voltammetry using the
target conducting surface as working electrode. Indeed, once the diazonium salt is diazo-
tated, the application of the proper voltage drives the reduction of the molecules on the
conductive surface. Sweeping the potential at the working electrode within a reasonable
voltage range (that will depend on the molecule to be reduced and the working electrode
material) and cycling it three or four times leads to a highly covered (derivatized) work-
ing electrode surface, which results in decreased conductivity. This can be checked out
by further cyclic voltammetry with a sensitive redox species such as ferrocyanide, whose
redox peaks visible before electrode derivatization cannot be observed any more after
diazonium salt electroaddressing (or appear strongly damped). Similarly, the Nyquist
semicircle in electrochemical impedance spectroscopy can be widened more than three
orders of magnitude.

This derivatization method can only be performed on specific conductive surfaces,
so in this sense its applicability is much more reduced than organosilane conmpounds’
is. On the other hand, the fact that it is done in an electroaddressed fashion is useful
when having micropatterned electrodes in a multielectrode configuration, where it is
impossible to avoid some of them from being soaked in the solution.
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FIGURE 2.29: Mechanism of diazotation of aryl diazonium salts.

2.3.2.1.3 Thiolation of surfaces

The elements known as thiols consist of organic molecules with one carbon atom bonded
to a sulfhydryl group (R—SH). The sulphur-gold interface has been far one of the most
popular ones for creating self-assembled monolayers (SAMs). SAMs consist of highly-
ordered chemisorbed species on a substrate which allow precise control on topology,
chemistry and functionality at the molecular level, serving as structural or functional
parts of (bio)sensors and other nanotechnology-based devices [178]. Thiol SAMs cover-
ing a surface can be prepared by exposure of the surface to thiols in both liquid and gas
phases [179-181].

Figure 2.30a shows model thiol molecules and their interaction with gold surfaces
and nanoparticles. Almost any functional or structural molecule can be thiolated by
synthetic procedures [182-184]. Generally, one end of a bifunctional crosslinker consists
of a sulfhydryl reactive group, whereas the other one tends to be an amine-reactive group
already coupled to the target molecule. One of the most popular ways of thiolating
molecules is by thiol-disulfide exchange reactions. A thiol molecule and a compound
containing a disulfide group can participate in a reaction where the thiol attacks at the
disulfide, breaking the -S—S— bond and resulting in the formation of a new disulfide as a
mix of the reagents (general reaction shown in Figure 2.30b). These bonds are reversible
under the action of disulfide reducing agents.

2.3.2.2 Transduction mechanisms

In the previous section, a brief overview of the options available for derivatizing elec-
trode surfaces was presented. Now the electrode surface is ready for hosting an im-
munoassay on it. The immunoassays studied during the development of this thesis are
described in the following section. Typically, after the surface derivatization, a first
layer consisting of an antigen (or an antibody, regarding the kind of measurement we
are interested in performing) is attached to the surface by chemical interaction with the
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FIGURE 2.30: (A) Thiolated gold nanoparticles and surfaces. (B) For-
mation of a disulfide compound by breaking the —S—S— bond of an already
existing molecule. Both images were extracted from [185].

crosslinker. Then, the detection of corresponding antibody (or antigen) can be done
in several ways, regarding the transduction mechanism. The simplest method for de-
tecting subsequent concentrations of species on top of the electrode is by performing
electrochemical impedance spectroscopy. However, the physicochemical interpretation
of the phenomena occurring during detection is not direct. Moreover, system stabi-
lization issues are common when dealing with electrochemical impedance spectroscopy.
Thus, detection by amperometry usually becomes an interesting alternative in spite of
requiring some more steps and time during the immunoassay. Here are described both
transduction principles and how they were implemented.

2.3.2.2.1 Impedance

Let us recall from Part II of this chapter that if electrochemical impedance spectroscopy
is performed in a liquid medium containing one redox species, if the electrode is conduc-
tive enough then the typical equivalent circuit for the system consists of a series resistor
in series with the parallel association of a pseudocapacitor and a resistor in series with
a Warburg element. The series resistor is the one that offers the medium, which is
supposed to be maintained constant as long as the medium does not vary. The par-
allel resistor corresponds to the difficulty of the charge to be transferred from solution
to the working electrode and wviceversa. This parameter is essential when performing
biodetection by electrochemical impedance spectroscopy. Typically, the charge transfer
resistor value increases when the biological layer between the electrode and the solution
thickens. This is illustrated in Figure 2.31, reproduced here with permission from [186].
The geometry of the biosensor is shown in Figure 2.31a, as well as the immunoasay stud-
ied. Regarding the biosensor, a circular working electrode surrounded by the reference
and counter electrodes are observed. This geometry is identical to the screen-printed
electrodes based on carbon and commercialized by DropSens!! (Asturias, Spain).

Yhttp://www.dropsens.com/en/screen_printed_electrodes_pag.html.
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FIGURE 2.31: (A) Screen-printed working electrode modified by a nitro-

cellulose membrane with anti-BSA for BSA detection. (B) Detection of

BSA at increasing concentrations by EIS measurement of Nyquist plots.

(C) Linear calibration plot of normalized charge transfer resistance Rer

- Reto/Rero versus BSA concentration. (D) Selective responses of the

system to BSA, HSA, and a peptide (mean + standard deviation, n = 5).
Extracted from [186].

The working electrode was derivatized with a nitrocellulose membrane, useful for
hosting a coating of anti-BSA (bovine serum albumin) antibodies on the electrode sur-
face. Detection of BSA antigen at subsequent increasing concentrations was performed
by electrochemical impedance spectroscopy. In Figure 2.31b, the Nyquist plots of the
system at subsequent increasing concentrations of BSA shows that the charge transfer
resistance of the system increases accordingly. Figure 2.31c¢ shows a linear calibration
of the relative charge transfer resistance with the basal value with no BSA detection
(just PBS). The authors show the specificity to BSA of their biosensor in Figure 2.31d,
where the response of the device is benchmarked against the response to human serum
albumin (HSA) and another peptide, showing a notable selectivity for BSA.
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2.3.2.2.2 Current

As previously stated, electrochemical impedance spectroscopy measurements are not
always easy to stabilize or to be conducted at the optimal levels for measurement pa-
rameters. Hence, in some cases it may be useful to include an additional step to the
immunoassay procedure in order to label the target substance with an electroactive
molecule or substance. Very frequently (especially in enzyme-linked immunosorbent
assays, ELISA) this is an enzyme with redox activity, such as horseradish peroxidase
(HRP) or alkaline phosphatase (AP). Figure 2.32 shows the most common types of
enzyme-linked immunoassays; regarding the target molecule and the required sensitiv-
ity, ELISA can be performed as direct, indirect, sandwich or competitive assay.

ELISA ELISA ELISA ELISA

| |
1 ® 6% | @ An
ntigen
I L ™ /) \ I g o
i ] Inhibitor Primary antibody
I G 1
I O(,;:r\- 4% ./ X /)L\ L Rt 5 : antigen )k\ conjugate
1 /)k\ /)\ \\rf ® /)k\ ‘* Substrate ]
o o %) | Sccondary antibody
! DIRECT INDIRECT SANDWICH COMPETITIVE | Capture conjugate
| I antibody
| |

FIGURE 2.32: Types of enzyme-linked immunosorbent assays.'?

In direct ELISA, the antigen is directly coated to the substrate and detected by a
primary antibody conjugated to the enzyme. Although this is the least time-consuming
and costly type of assay, the signal amplification may be concerned due to an eventual
diminished immunoreactivity of the primary antibody caused by its labeling. This is
overcome with indirect assays, since the primary antibody is not labelled there. More-
over, the sensitivity is further increased, for each primary antibody has several epitopes
where labeled secondary antibodies can be bound. As a major drawback, cross-reactivity
with the secondary antibody may occur. On the contrary, sandwich ELISA is highly
specific, because both capture and detection antibodies are specific for different and
non-overlapping epitopes. Regarding the competitive ELISA, a constant and known
amount of enzyme-conjugated recombinant protein (competitive molecule) is added to
the sample containing the target antigen. The known antigen surface coating competes
with the target antigen in solution for the enzyme-labelled antibody, and thus, after in-
cubation and washing steps, the lower the detection signal, the higher the target antigen
concentration.

Now the question is, how to turn the presence of an enzyme-labelled antibody into
a measurable signal? Let us take HRP as our study enzyme, since it is the one used in
the scope of this thesis. HRP catalyzes the oxidation of hydrogen peroxide in the pres-
ence of a reduceable substrate. If current or colorimetric changes are to be measured,
3,3”,5,5—tetramethylbenzidine (TMB) is used as substrate. Figure 2.33a schematizes
the chemical changes in this molecule when present in a redox reaction with hydrogen
peroxide catalyzed by HRP. Interestingly, not only current and colorimetric changes can
be measured with an inmunoassay involving HRP; using Luminol (Figure 2.33b) instead

2https://www.bosterbio.com/protocol-and-troubleshooting/elisa-principle!
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of TMB produces photon emission when HRP catalyzes the oxidation of hydrogen per-
oxide, which could be quantified by spectrophotometry.

An interesting example of biomarker detection by amperometry is shown in Fig-
ure 2.34. The authors derivatized gold working electrodes with NHy terminated crosslink-
ers, and a coating of tumour necrosis factor a« (TNF—«) was immobilized on them. Then,
subsequent concentration levels of TNF-« antigen were added, with a final constant
concentration of secondary TNF—« antibody labelled with HRP. Figure 2.34a shows the
amperometric response of the sensor, where increasing current levels can be observed
for increasing antigen (and thus HRP) concentrations. Figure 2.34b shows the linear

HsC Hz02 + CH; HaC
HRP
+2H,0  HoN - NH; ——— HN
HSC H3 HaC
T™B
(A)
NH, O
NH HRP :
NH ~
o
+N2
0
0
Luminol
(B)

FIGURE 2.33: (A) Reduction of tetramethylbenzidine (TMB) and oxi-

dation of hydrogen peroxide and (B) reduction of luminol and oxidation

of hydrogen peroxide with the emission of a photon; both reactions cat-
alyzed by horseradish peroxidase.

0,0
0 2 = X=TNF-u
051} e X=IL-10
& X=Cortisol
2 L
‘1-0 -
_______ _
74 T M5 y=0.069X-0.62937
= PBS +ig TNF-a Tppt - R'=0.974
—— +*, - s — ‘2 u rd v -
r PES +Ag TNF-a fupt O ¥=0.0392X-0.2958
— PBS +Ag-TNF-c 10ppt R'=0.9688
—— PBS +Ag-TNF 15ppt 251 y=0.0369X-0.1873
B8 —— PBS +Ag-TNF-x 20ppt idariae
—— PBS +Ag-TNF-a 30ppt gl . . . . .
0 1 2 3 4 5 0 5 10 15 20 25 30
Time(s) X/ [ppt]
(a) (B)

FIGURE 2.34: (A) Amperometric response of a gold working electrode-
based biosensor to increasing concentrations of tumour necrosis factor c.
(B) Linear calibration of the sensor response to TNF-«a and interfering
molecules. Reproduced with permission from [187].
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response of the sensor with TNF—« concentration, as well as its behaviour to interfering
molecules such as cortisol and Interleukin—10.

2.3.3 Assays of interest used in this work

In this section, background on the nature of the immunoassays tested in this thesis will
be provided: the type of target analytes and their possible implications in human health
or environmental care, as well as the necessary steps for building the immunoassay and
detection principles.

2.3.3.1 Bovine serum albumine

Bovine serum albumin (BSA) is a protein chem-
ically similar to human serum albumin (HSA),
and it is found in cows blood plasma. Al- e
bumins are a kind of globular (spherical) pro-
teins, soluble in water and also in concentrated
salt solutions, whose main function is to regu- LA
late blood volume by maintaining the colloid os-
motic pressure (exerted by dissolved proteins) of
blood. BSA is extensively used as standard pro-
tein in laboratory experiments. It is composed of
583 aminoacids and weights around 66.5 kDa. The

three-dimensional structure of BSA is shown in Fig- FIGURE 2.35: Three-dimensional
ure 2.35. model of bovine serum albumin.
Extracted from [188].

Sudlow 117

Monoclonal anti-bovine serum albumin antibody is

specific for BSA. Antibodies are substances generated by the immune system'3 to iden-
tify and neutralize foreing objects, and each antigen is specific for recognizing a specific
antigen. Monoclonal antibodies are produced by a single type of immune cell and so
they are identical. On the contrary, polyclonal antibodies are derived from different
cell lines and so they differ in the aminoacids sequence. For the purposes of this thesis
and concretely in the case of this immunoassay, derivatized surfaces are coated with
BSA, and monoclonal anti-BSA is employed for biorecognition of BSA. Detection is
performed by amperometry, and thus a reactive enzyme (HRP) is incorporated as a
label to immunoglobulin G antibodies (anti-IgG). In this case, IgG acts as secondary
antibody (please see Indirect ELISA in Figure 2.32) to assist in detection. Indeed, pri-
mary antibodies not only exhibit high specificity for the corresponding antigen, but also
for secondary antibodies.

2.3.3.2 Biotin — streptavidin

Biotin is a water-soluble vitamin (also known as vitamin B7, vitamin H or coenzyme R)
that is involved in several metabolic processes regulating the utilization of fats, carbo-
hydrates and amino-acids, also helping in the steady upkeep of blood sugar levels. A
deficiency of biotin is believed to cause hair thinning and skin rush on human bodies,
among other effects. Such deficiency may be caused by an inadequate dietary uptake or
by the inheritance of inborn genetic disorders related to biotin metabolism.

13Some notes on the production of antibodies can be found in Appendix B.
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Biotin presents a high affinity for a protein known as avidin or streptavidin, a
biomolecule weighting 52.8 kDa that is obtained from the Streptomyces avidinii bac-
terium. Moreover, streptavidin presents up to four binding sites for biotin (Figure 2.36),
which can be exploited for immunoassay signal amplification, as will be explained
below. The biotin—streptavidin complex presents a dissociation constant of around
Kq =~ 1071 — 1071 mol L~! [189)], resulting in one of the strongest non-covalent inter-
actions known in nature [190]. This provides the complex a high resistance to organic
solvents, denaturants, detergents, proteolytic enzymes, and extreme pH and tempera-
tures. However, regarding the nature of the final application, such a strong binding may
become a problem rather than an advantage, yet certain avidin variations (mutations)
are available which allow a reversible interaction.

.'_1
= 3 i I~
+ + LL —_—
T " ~ ‘L‘

R Biotin Avidin-Biotin
conjugate complex

F1GureE 2.36: Up to four biotin molecules can be bound to a single
streptavidin.'*A typical immunoassay configuration involves a first bi-
otin layer to which a second streptavidin layer is conjugated, and taking
advantage of the multi-binding site provided by streptavidin, a top layer
of biotin-labelled functional molecules is added to build the biosensor.

The reasons for such a high affinity between biotin and streptavidin are both physical
and chemical, and can be enumerated as follows:

e The first physical reason why biotin and streptavidin present that strong affinity
is the high shape complementarity between the vitamin and the protein’s binding
pocket.

e Such pocket is hydrophobic, and thus several van der Waals force-mediated con-
tacts and hydrophobic interactions are exherted to the biotin when the latter is
accomodated in the pocket.

e An extensive network of hydrogen bonds is formed between the vitamin and its
binding site in the protein.

e Finally, the binding event is accompanied by the stabilization of a flexible loop
on the structure of the protein, which closes over the bound biotin and further
tightens the biotin—streptavidin liaison.

The biotin—streptavidin interaction has been used as a reference in biosensor research,
to attach biomolecules to one another or onto a solid support, and in the detection and
purification of biomolecules [191, 192], or as a building block for linking biomolecules to

“https://www.thermofisher.com/content/dam/LifeTech/Images/integration/
Avidin-Biotin-Interactionl. jpg.
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create nanoscale devices or structures [193, 194]. This complex has also immunothera-
peutic uses, for streptavidin conjugated to a monoclonal antibody can be introduced in
the body to face determined cancer cell-specific antigens. This is followed by an injection
of radiolabelled biotin that will deliver the radiation only to the target cancerous cell to
whose antigens the streptavidin-conjugated antibodies have been bound. The process
of attaching a biotin molecule to other species is known as biotinylation.

2.3.3.2.1 Biotinylation and signal amplification

As mentioned before, biotinylation is a laboratory technique that consists in labelling
molecules of interest with biotin in order to study a variety of processes such as protein
localization and protein interactions and signal amplification (Figure 2.37), as well as
DNA transcription and replication.'?
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FIGURE 2.37: (A) Molecular representation of biotin and preparation

of a biosensing electrode based on biotin-streptavidin interaction.'® (B)

Example of signal amplification by multiple binding of biotin to strepta-
vidin.'”

The process of labelling proteins and other biomolecules with biotin can be per-
formed either by enzymatic or chemical means, being the latter the most commonly
used. Three reagents are needed in order to proceed with chemical biotinylation: the
biotinyl group on one end and a reactive group on the other end, both separated by a
spacer arm. The latter provides the whole complex with some relevant physicochemi-
cal features; for example, the length of the spacer arm affects the biotin disposition to
bind the streptavidin: long spacer arms tend to be hydrophobic, thus they render less
soluble labelled proteins, which are in turn ideal to be employed in hydrophobic organic
solvents (e.g. when modifying hydrophobic peptides). Overall, the solubilty of biotinyla-
tion reagets influences the possibility of modifying proteins located in membrane-bound
compartments or either altering the solubility of the labelled target proteins.

As mentioned before, spacer arms link a biotin to the reactive group responsible for
interacting with certain functional groups composing the target protein. Regarding the
reactive groups of the biotinylation agents, the most common of them are listed below,
together with their respective targets in proteins:

Yhttps://www.thermofisher.com/es/es/home/life-science/protein-biology/
protein-biology-learning-center/protein-biology-resource-library/
pierce-protein-methods/overview-protein-labeling.html#/legacy=www.piercenet.com.

“http://www.proteinslides.com/sites/default/files/Biotin_2. jpg.
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e N-hydroxysuccinimide (NHS) and Sulfo-NHS — primary amines;
e Maleimide, iodoacetyl groups or pyridyl disulfides — sulfthydryls;
e Primary amines in combination with EDC — carboxyls;

e Hydrazines and alkoxyamines — glycoproteins.

2.3.3.3 Tumour necrosis factor «

Tumour necrosis factor (TNF) is a cytokine with a role in systemic inflammation and
acute phase reaction that causes several clinical disorders related to autoimmune diseases
(e.g. psoriasis, rheumatoid arthritis, inflammatory bowel disease). TNF is produced in
its primary stage as a 233 amino-acid long transmembrane protein, from which the final
TNF-« is released. The proteic structure of TNF—« is shown in Figure 2.38a.

TNF is produced by several cell types, including macrophages, lymphoid cells, car-
diac myocites, neurons, fibroblasts, mast cells, adipose tissue and endothelial cells [195],
and is released in response to inflammatory stimuli. TNF—« binds mainly to the trans-
membrane receptor TNFR1, which is expressed in most tissues (TNFR2 is expressed in
cells of the immune system), and triggers a signaling cascade, which is shown in Fig-
ure 2.38b. Out of all the effects that TNF—a has on various organ systems, generally
together with Interleukin-1 and Interleukin—6, the most important of them are suppres-
sion of appetite and fever (effect on the hypothalamus); increase of insuline resistance
(on the liver); stimulation of phagocytosis (on macrophages); etc. It has also been found
to have a role in Alzheimer’s disease, major depression and cancer, amongst others [196—
199].

(a) (B)

FIGURE 2.38: (A) Crystal structure of TNF-« as published in the Pro-
tein Data Bank.'® (B) Simple representation of TNFR signaling path-
ways, where dashed lines represent multiple steps.'®

18Created by Ramin Herati from PDB1 TNF and rendered with Pymol, https://upload.wikimedia.
org/wikipedia/commons/thumb/3/3b/TNFa_Crystal_Structure.rsh.png/250px-TNFa_Crystal_
Structure.rsh.png.

Original uploaded by Subclavian (Transfered by Vojtech.dostal) to Wikipedia, https://en.
wikipedia.org/wiki/Tumor_necrosis_factor_alpha#/media/File:TNF_signaling. jpg.
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Chapter 3

Study of the viability of
nanostructured ITO as electrode
for electrochemistry

Prior to the development of an immunoassay to test a material as working electrode for
biosensing, the behaviour of this material must be thoroughly studied. In this thesis,
indium tin oxide (ITO) is the subject of study for the reasons explicited in the previous
chapter. All the ITO electrodes used in this thesis were either prepared by electron beam
evaporation in the facilities of the Universitat de Barcelona, or purchased as commercial
transparent slices for comparing both results.

First thing we became aware of was that, although used to produce good-quality thin
ITO films at low temperatures, the electron beam evaporator beared higher tempera-
tures, which resulted in highly-densed nanostructured ITO films. Thus, the first tests
performed in the frame of this thesis were oriented to comparing the electrochemical
performance between thin films and nanostructured electrodes. This was done by com-
puting the equivalent electrochemical surface area from measurements of the faradaic
current across the electrodes under redox reactions, and will be thoroughly described in
Article 1, included in Section 3.1.

The natural continuation of this work was to investigate the role of substrate tem-
perature during deposition in the nanostructuration of the resulting surface, and to de-
termine the lowest temperature producing good-quality electrodes for electrochemistry
applications. This is shown in the first part of Section 3.2 (Article II). Additionally, the
influence of target composition in the quality of the resulting films was also investigated.

Having optimized the fabrication parameters to obtain the optimal material in
terms of electrochemical performance, an interesting thing to investigate is whether
it is suitable for micropatterning arbitrarily shaped electrodes. The micropatterning
was achieved by photolithography and the results of these experiments are gathered in
Section 3.3.

3.1 Thin film versus nanostructured indium tin oxide

The experiments comparing the electrochemical performance of thin films and nanos-
tructured ITO electrodes are gathered in Article I: Electrochemical characterization of
organosilane-functionalized nanostructured ITO surfaces. The main objectives of this
article can be summarized as follows:

67
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1. surface characterization of the resulting nanostructured ITO electrodes;

2. comparison of the electrochemical performance of thin ITO films and nanostruc-
tured electrodes;

3. determination of the influence of post-annealing treatment in the electrochemical
performance of thin and nanostructured ITO films and

4. proof-of-concept in a real sensing environment: detection of the redox activity of
ferrocene molecules immobilized on the electrodes’ surface.

Thin and nanostructured ITO films were prepared by electron beam evaporation
at 100 °C and 700 °C, respectively, and some were left as-deposited whereas the rest
of them were submitted to a post-annealing process to promote the crystallization and
consequent transparency of the I'TO films. The resulting films were observed by scan-
ning electron microscopy (SEM) and atomic force microscopy (AFM), showing a dense
nanostructuration with wires of diameter around 30 nm.

The electrochemical surface area was computed by performing successive cyclic
voltammetries at increasing scan rates in a classical redox medium and verifying the
Randles-Sevcik equation in a constant-sized electrochemical cell. Annealed nanostruc-
tured I'TO electrodes presented the highest electrochemically active surface area. In this
work, the first attempt of functionalizing the I'TO structure was made, just to confirm
that an increase in the electrochemical surface area of nanostructured electrodes com-
pared to thin films was also observable in a real sensing scenario. For this, a model
organic molecule with redox activity was chemically attached to the surface, and its re-
dox electrochemical behaviour was tested again by cyclic voltammetry. Nanostructured
electrodes delivered a better signal, presumably because their increased surface area
accomodated a higher number of functionalizing molecules. Moreover, this increased
signal was more pronounced in the case of annealed surfaces due to the effect this pro-
cess has in the conductivity of the electrodes.

Please note that in this and subsequent articles reproduced in this dissertation, sec-
tion, equation, figure and table labels as well as figure, table and reference numbering
are those of the published version.

The article has been reproduced from Applied Physics Letters; vol. 109; R. Pruna,
F. Palacio, M. Lépez, J. Pérez, M. Mir, O. Blazquez, S. Herndndez and B. Garrido,
“Electrochemical characterization of organosilane-functionalized nanostructured ITO
surfaces”, 063109, 2016; with permission from the American Institute of Physics (AIP)
Publishing.
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ABSTRACT

The electroactivity of nanostructured indium tin oxide (ITO) has been investigated for its further
use in applications such as sensing biological compounds by the analysis of redox active molecules.
ITO films were fabricated by using electron beam evaporation at different substrate temperatures and
subsequently annealed for promoting their crystallization. The morphology of the deposited material
was monitored by scanning electron microscopy, confirming the deposition of either thin films or
nanowires, depending on the substrate temperature. Electrochemical surface characterization revealed
a 45 % increase in the electroactive surface area of nanostructured ITO with respect to thin films, one
third lower than the geometrical surface area variation determined by atomic force microscopy. ITO
surfaces were functionalized with a model organic molecule known as 6-(ferrocenyl)hexanethiol. The
chemical attachment was done by means of a glycidoxy compound containing a reactive epoxy group,
the so-called 3-glycidoxypropyltrimethoxy-silane. ITO functionalization was useful for determining
the benefits of nanostructuration on the surface coverage of active molecules. Compared to ITO thin
films, an increase in the total peak height of 140 % was observed for as-deposited nanostructured
electrodes, whereas the same measurement for annealed electrodes resulted in an increase of more
than 400 %. These preliminary results demonstrate the ability of nanostructured ITO to increase the
surface-to-volume ratio, conductivity and surface area functionalization, features that highly benefit

the performance of biosensors.

During the last decade there has been an increasing interest in ultrasensitive, low-cost and miniaturized
biosensors. Nanostructured materials have been key research subjects due to their high surface-to-volume ratio,
favorable electronic properties as well as electrocatalytic activity [1-3]. In particular, carbon nanowires and

carbon nanotubes (CNTs) have received particular attention, as they have proven to be highly robust and
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sensitive [4 and 5]. However, the use of carbon has been generally avoided on electronic devices because of its
polluting action [6]. For instance, during thermal oxidation of a contaminated silicon surface, the pyrolysis of
organic contaminants degrades the silicon oxide and exerts adverse influences on the device performance [7].
This and other facts hinder the integration of carbon-based nanotechnology with the silicon chip technology
and make necessary to use other compounds compatible with it. Several authors are currently working on the
integration of CN'T's with contemporary technology, yet such integration is presently unfeasible due to a number

of unsolved critical issues [8 and 9].

Recently, there has been a growing interest in fabricating biosensors by standard silicon technology using
complementary metal-oxide-semiconductor (CMOS) compatible processes, which allow integration with mi-
croelectronics [10]. As stated by Libertino et al., such silicon-based devices would provide many potential
advantages, mainly small size, reduced weight and on-chip integration, which would lead to a low-cost mass
production of portable and miniaturized microanalysis systems. Besides, silicon-based devices also permit fast
response and low output impedance, providing highly reliable results, which is crucial for the development of
biosensors. In this scenario, the need for new CMOS-integrable materials arises. Indium tin oxide (ITO) is
a transparent material with excellent conductivity that has been extensively studied and used in the field of
opto-electronics [11 and 12], enabling the design of light detectors or photovoltaic devices that can be inte-
grated with the silicon technology. Besides, ITO thin films have been widely employed for sensing applications,
for ITO is a material that can be easily functionalized like some other common oxides [13-15]. In addition,
the integrability of this material with the silicon chip technology allows fast sensors prototyping, i.e., their
mass-production at low costs. Choi et al. reported a system capable of obtaining optical images at the same
time they performed microimpedance analysis of time-dependent cellular growth [16]. Thus, they were able
to correlate the higher cell-covered area increase with the impedance increase on the electrode. This system
evolved towards an opto-electronic biosensor able to perform simultaneous optical and electrical measurements
to examine the dynamic cellular attachment, spreading and proliferation of endothelial cells [17]. A different
approach was followed by Muhammad-Tahir [18] that, by combining highly specific antibody molecules and
conductive polymer compounds with excellent electrochemical properties, developed a I'TO-polyaniline biosen-
sor capable of identifying multiple targets of detection, namely, potential bioterrorism agents. Recently, Wu et
al. presented an electrochemiluminescence biosensor based on a gold-ITO hybrid bipolar electrode for detecting

cancer cell surface proteins using a ferrocene-labeled aptamer as a signal recognition and amplification probe [19].

This letter reports on the viability of increasing biosensor sensitivity by means of nanostructured ITO surfaces.
The interest in this material is justified by the ease of its fabrication, together with its good conducting and
optical properties, which ultimately permit mass fabrication of electrochemical biosensors and their integration
with the silicon chip technology, to take advantage of the many possibilities that this entails. After electrode
fabrication by electron beam evaporation and observation by scanning electron microscopy (SEM), geometrical
surface area was measured by atomic force microscopy (AFM). Cyclic voltammetry (CV) helped deducing
the available conductive surface area, and results were compared with the previous ones. Next, the surfaces
were chemically functionalized with a ferrocene-labeled organic molecule known as 6-(ferrocenyl)hexanethiol.

Immobilization of the organic molecule and its surface coverage was also determined by CV.

ITO was grown by means of the electron beam evaporation technique onto crystalline N*-doped Si sub-
strates. The system used was a Pfeiffer Vacuum Classic 500 with a Ferrotec Genius electron beam controller

and a Ferrotec Carrera high-voltage supply. Commercial ITO targets were employed as raw materials during
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FIG. 1: Microscopy images of as-deposited nanostructured ITO films. (a) x35,000 and x100,000 magnified
SEM images and (b) 10 x 10 um? AFM topographical image.

evaporation. The substrate temperature was set at 200 °C and 700 °C for thin film and nanostructured growth,
respectively. In both cases, the deposition rate was set at 1 A s™!, and the evaporation time was programmed
to obtain an equivalent thin film thickness of 500 nm. At this point, half of the samples were left as-deposited,
whereas the rest were submitted to an annealing process at 600 °C under nitrogen atmosphere for 1 h. The
dependence of ITO electrical and optical characteristics on annealing parameters has been so far widely re-
ported in the literature [20-22]; thus the aforementioned annealing specifications were chosen to promote the
ITO crystallization and to achieve good electrical conductivity. The resulting electrodes were observed by
SEM. The geometrical surface area of the different ITO morphologies was determined from the analysis of
AFM data, taking the area under the z-displacement versus the scanning direction. AFM observations were
carried out in a Multimode 8 with a Nanoscope V electronics from Bruker. The electroactive surface area was
deduced by CV, which was carried out in a conventional three-electrode Teflon electrochemical cell containing
5 mM ferricyanide/ferrocyanide (Fe(CN)3~ /Fe(CN)g ™) in 0.1 M KCI solution at 25 °C and connected to a
Biologic-EC-Lab SP300 potentiostat interface. A platinum wire was used as a counter electrode and a Ag/AgCl
as reference electrode. The working electrode was the corresponding I'TO surface under analysis. The electrode

geometrical projected area exposed to the redox ferrocyanide solution was 0.7 cm?.

ITO functionalization has been widely described. Ref. 23 provides an exhaustive review of available organosi-
lane molecules for surface modification. In particular, a glycidoxy compound called 3-glycidoxypropyltrimethoxy
silane (GOPTS), containing a reactive epoxy group, was chosen for the present study. Surfaces covalently
coated with such molecules can be used to conjugate thiol-, amine- or hydroxyl-containing ligands, for then
attaching biomolecules to them [24 and 25]. One way to attach specific functional molecules to the GOPTS-
functionalized surface was demonstrated by covalently linking a ferrocene-labeled thiolated molecule, i.e.,
6-(ferrocenyl)hexanethiol, via reaction of epoxy rings with sulfide terminations. ITO surfaces were first cleaned
with acetone for 10 min and dichloromethane for another 10 min. All ITO electrodes were rinsed with ultra-
pure water three times, and then immersed in 5:1 HoO + HO5 (30 %) solution for 10 min. Finally, all ITO
electrodes were rinsed and dried with a stream of nitrogen. For ITO film silanization, a solution of GOPTS at
4 % (v/v) in toluene was prepared. All slides were immersed in the prepared solution for 8 h under soft mixing.
Immediately afterwards, the epoxy ring opening was performed by immersing the substrates in 500 M solution
of 6-(ferrocenyl)hexanethiol in N,N-dimethylformamide (DMF). Reaction between the epoxy group (on the
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FIG. 2: Cyclic voltammetry at different scan rates (10 mV s~!, 50 mV s~!, 100 mV s~1, 300 mV s~ 1,
500 mV s~! and 700 mV s~1!) of (a) as-deposited and (b) annealed thin film electrodes, and (c) as-deposited
and (d) annealed nanostructured electrodes. An increase in redox current peaks occurs as a result of surface

nanostructuration.

electrode’s surface, coming from GOPTS) and the thiol termination was let to take place at room temperature
and kept from light for 8 h, under physiological pH for the sake of efficient coupling. Finally, all ITO surfaces

were rinsed with washing solution three times and with 10 mM NaCl one more time.

Fig. 1 shows the resulting images from (a) SEM and (b) AFM analysis for one of the bare nanostructured ITO
films, allowing the calculation of its geometrical surface area. The geometrical surface area was calculated by
triangulation algorithms on AFM data in Nanoscope Analysis v.1.5 software, Veeco Instruments (see Ref. 26 for
more details regarding the surface area evaluation from AFM measurements), and we found that nanostructured
film area was 2.54 times the projected area, for both as-deposited and annealed samples. On the other hand,
electroactive surface area was deduced by CV analysis using a redox solution. The cathodic and anodic currents
and the potentials at which this solution is reduced and oxidized are (Ipc, Epc) and (Ipa, Epa), respectively.

The anodic peak current can be expressed by the Randles-Sevcik equation as in Eq. 1

Ipa = knFACH | nguD’ (1)

where k£ = 0.4463 is an adimensional proportionality constant; n is the number of electrons for the redox
couple, 1 in the present case; F and R are Faraday’s (96,485 C mol~!) and universal gas (8.314 J mol~! K1)

constants, respectively; A is the electrode area in cm?; v is the rate at which the potential is swept, in V s™!;
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FIG. 3: Representation of anodic intensity peak in ampéres vs. square root of scan rate in V1/2 s~1/2 for (a)
as-deposited ITO electrodes and (b) annealed ITO electrodes. An equation y = a x x was adjusted for each
dataset. The increase in nanostructured sensor sensitivity with respect to thin film’s, which is determined by

the slope of the equation, is higher in the case of annealed electrodes.

2 s71: C is the analyte’s concentration in mol cm™2 and T is the

D is the analyte’s diffusion coefficient in cm
solution temperature in K. The latter parameter was 25 °C, the analyte’s concentration was 5 x 1076 mol cm ™3
and its diffusion coefficient was 2.7 x 1076 cm? s~!. Eq. 1 predicts a proportionality between the oxidation peak
current and the electrode area when voltammograms are taken at different scan rates. Cyclic voltammograms of
the different studied samples are presented in Fig. 2. The images show the Fe(CN)gf/ 4~ reversible one-electron
redox peaks in bare ITO electrodes, with an average peak-to-peak separation AEp = Ep,, — Epc ~ 55 mV at
v =50 mV s~ ! for as-deposited electrodes. Annealed electrodes present a shorter average peak-to-peak separa-
tion of 40 mV at v = 50 mV s~!. The peak separation is related to the speed of the electrons interchanging in
the redox reaction. The faster electron transfer in the case of annealed nanostructured electrodes demonstrates
a more conductive electrode surface. The peak separation is increased with scan rate increase. Similarly, the
current intensity is higher at greater scan rate values, as predicted by Eq. 1. These results are in accordance

with cyclic voltammograms of thin ITO films published in the literature [27].

The linear representation of Eq. 1 is shown in Figs. 3(a) and 3(b) for as-deposited and annealed ITO elec-
trodes, respectively (the fitting parameters are summarized in Table I). The slope of the fitting equation is
directly proportional to the electroactive surface area. In the case of as-deposited electrodes, an electroactive
surface area of 0.44 cm? and 0.50 cm? was deduced for thin film and nanostructured electrodes, respectively,
which resulted in a net increase of A“%;A“ x 100 = 14 % after nanostructuration of the ITO surface. In the
case of annealed electrodes, an electroactive surface area of 0.42 cm? and 0.62 cm? corresponding to thin film
and nanostructured electrodes was observed, respectively, resulting in a net increase of 45 %. Crystallization
of the nanostructured ITO produced a reorganization of atoms in In,O3 and SnOs, with a subsequent highly
ordered microscopic structure, which enhances the conductivity of the material due to the decrease in sheet
resistance, as reported in Refs. 20 and 28. Thus, these results point out that not only the nanostructured

surface but also its crystalline degree plays an important role in terms of electrochemical performance.

Up to now, the proof of geometrical as well as electroactive surface area increase for nanostructured ITO

electrodes with respect to thin film ITO electrodes was presented. The corroboration of these results implies
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FIG. 4: CV of 6-(ferrocenyl)hexanethiol functionalized (a) as-deposited and (b) annealed ITO electrodes. An
increase in the total peak height indicates a higher nanostructured surface coverage than thin in the case of
thin films.

that nanostructured ITO electrodes should increase biosensor sensitivity because of their more conductive and
larger electroactive surface area, which would improve the signal-to-noise ratio. To prove this hypothesis,
a model organic molecule was attached to the ITO surfaces. For this purpose, previous self-assembling of
GOPTS was performed to construct an active epoxy monolayer, which was covalently attached with a thiolate-
ferrocene molecule. The presence of the ferrocene-labeled organic molecule onto the ITO surface was detected
by CV, as ferrocene provides the necessary redox couple for electron transfer to be measured. In this case, CV
measurements were carried out within the electrochemical cell containing 10 mM NaCl electrolyte at 25 °C.
CV measurements of these structures at v = 50 mV s~! are shown in Figs. 4(a) and 4(b) for as-deposited and
annealed ITO surfaces, respectively. Redox peaks, which are the proof that ferrocene molecules are present in
the electrodes surfaces, can be clearly observed in all voltammograms at the expected position [29]. An increase
in the total peak height of 140 % was observed for as-deposited electrodes, whereas the same calculation for
annealed electrodes resulted in more than 400 %, and these values are of the same order of magnitude as
the geometrical area increase. The redox intensity peak height is indirectly related to the surface coverage of

molecules surface coverage by the following equation:

Q =nFAT, (2)

where @ is the total charge consumed during the reduction or oxidation of the adsorbed ferrocene, and I' is the

ferrocene surface coverage on the ITO surfaces. Assuming that % is equal to the total peak height increase,

TABLE I: R-squared R?, slope a and standard deviation S.D. as fitting parameters of linear regression

equations in Fig. 4. S.D. and a are expressed in A s'/2 V=12, Areq is expressed in cm?.

R? a S.D.
As-dep. nano. ITO 0.991 0.00181 6.9 x 107°
As-dep. thin. ITO 0.980 0.00159 7.4 %x107°
Ann. nano. ITO 0.996 0.00222 5.5 x 107°
Ann. thin. ITO 0.980 0.00153 7.2x107°
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and taking the areas from Table I, the nanostructured surface coverage resulted in 1.3 times higher than thin
film’s for as-deposited electrodes. In the case of annealed electrodes, the nanostructured surface coverage was
2.7 times higher than thin film surface coverage. The nanostructuration of ITO surfaces generates a larger
area available for the immobilization of redox active molecules, and the surface coverage is enhanced in the
case of annealed electrodes. These results show that in the future, biomolecules such as modified nucleic acids
with thiol functionality could be covalently attached to GOPTS-functionalized nanostructured ITO surfaces,
for developing sensitivity-enhanced bioelectronics that could be fully integrable with the silicon technology.
However, every single application may be specifically optimized, since the volume and chemical structure of
each type of bioreceptor could behave differently on the nanostructured ITO, thus modifying the observed

features.

In summary, the results presented here indicate the viability and the benefits of electrochemical sensors based
on nanostructured ITO films. These nanostructured films present higher geometrical as well as electroactive
surface area, which increases the intensity current when redox reactions take place. We also observed a substan-
tial difference between amorphous and crystallized structures in terms of electrochemical performance. Besides,
the functionalization of ITO surfaces with organosilanes containing ferrocene functionality was also carried out.
For this purpose, a model organic molecule, 6-(ferrocenyl)hexanethiol, was immobilized on the GOPTS-coated
ITO surfaces. All these analyses were more effective for annealed substrates, due to the enhanced conductivity

properties as a result of a higher molecular-level organization.
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3.2 Nanostructuration of ITO by electron beam evapora-
tion

Once nanostructured I'TO electrodes were proved to increase the sensitivity of electro-
chemical systems with respect to thin ITO films, the next logical step was to study
the influence of the configuration parameters during electron beam evaporation in the
quality of film nanostructuration. From the literature, it can be deduced that both
substrate temperature during deposition and the composition of raw ITO targets are
the most influent paramenters in the quality of the final films, and so this was studied
in the present section.

3.2.1 Influence of substrate temperature and study of the electrical
double layer

In Article II: Tuning the deposition parameters for optimizing the faradaic and non-
faradaic electrochemical performance of nanowire array-shaped ITO electrodes prepared
by electron beam evaporation, the influence of substrate temperature during deposition
on the quality of nanostructuration was studied. Successive deposits were performed
at increasing temperatures from 100 °C to 500 °C maintaining the rest of parameters,
e.g. deposition rate or chamber pressure, at constant values. The resulting electrodes
were exhaustively characterized morphologically by electron microscopy. Moreover, a
basic experiment with adhesive tape was performed to test the adherence of the nanos-
tructured film to the transparent substrate, concluding that in all cases the material is
well-adhered and no or very few nanowhiskers are released during electrode manipula-
tion. Moreover, the electrode transparency to optical and near infrared wavelengths was
also monitored before and after thermal annealing of the samples, confirming that in all
cases the transmittance increases after the thermal process. Similarly, the resistivity of
the films was also evaluated by monitoring the sheet resistance with a four points probe
station. A decrease in sheet resistance was observed in all cases after thermal annealing.

After the structural description of the films, the influence of nanostructuration in the
interaction between the electrode surface and a covering liquid was studied. First, the
dependence of electrochemical surface area with deposition temperature was monitored
to determine the evolution of the degree of aparent nanostructuration. This again was
found by the Randles-Sevcick faradaic analysis, which was used in Article I.

Moreover, non-faradaic cyclic voltammetry was performed to obtain the relation of
electrochemical specific capacitance with substrate temperature during deposition. This
experiment shared results with the faradaic one: electrodes prepared at 300 °C presented
the highest aparent surface area and consequently also the highest specific capacitance.
In the same line, and due to the semiconducting nature of ITO, the Mott-Schottky
electrochemical experiment was conducted to retrieve some characteristic physical pa-
rameters of this material. This technique was used to quantify, as a proof-of-concept,
the change in flatband voltage regarding the type of surface chemistry previously con-
ducted on the electrodes.

To sum up, the objectives of this paper can be summarized as follows:

1. systematic structural characterization of nanostrucutred ITO electrodes prepared
by electron beam evaporation at different substrate temperatures;
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2. quantification and comparison of the degree of aparent nanostructuration by faradaic
cyclic voltammetry and Randles-Sevcik analysis;

3. determination and comparison of electrochemical specific capacitance by non-
faradaic cyclic voltammetry and study and application of the electrical double
layer theory;

4. application of the Mott-Schottky theory to the analysis of the semiconductor elec-
trode from the solid state physics point of view;

5. first attempt at derivatizing a nanostructured ITO-based electrode by electroad-
dressed reduction of organic linker molecules on the surface and

6. determiantion of quantitative changes in electrode flatband voltage after surface
derivatization and dependence on substrate temperature during electrode prepa-
ration.

The article has been reproduced from Nanoscale; vol. 11(1); R. Pruna, F. Teixi-
dor and M. Lépez, “Tuning the deposition parameters for optimizing the faradaic and
non-faradaic electrochemical performance of nanostructured ITO electrodes prepared by
electron beam evaporation”, 276-284, 2019; with permission from the Royal Society of
Chemistry.
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ABSTRACT

Nanostructured indium tin oxide (ITO) surfaces present an interesting yet unusual combination of
properties (high electrical conductivity and optical transparency) at a high surface-to-volume ratio.
Thus, previous studies presented nanostructured ITO electrodes as potentially suitable platforms
for electrochemical biosensors, but still there is lack of research on the optimization of preparation
methods for such electrodes. We present a systematic study on the properties of nanostructured ITO
electrodes prepared by physical deposition, where the substrate temperature was tuned for achieving
the best combination of structural properties (namely electrical conductivity and optical transparency)
and electrochemical performance. Analysis of faradaic cyclic voltammetry (CV) was performed to
determine the electroactive surface area of the samples, and these results were benchmarked against
those obtained by non-faradaic CV and Mott-Schottky (MS) analysis. The latter was useful to
determine the dependence of some intrinsic features of the semiconductor on the substrate temperature
during deposition. The results show that, out of a wide temperature range covering from 200 °C to
500 °C, there is a two-phase temperature-dependent growth, explained by the Stranski-Krastanov
and self-catalytic vapor-liquid-solid (VLS) methods; and, on the other hand, that there is an optimal
growth temperature at 300 °C that maximizes the electroactive surface area and sensitivity. This
means that cost-effective electrodes can be prepared at low temperatures outperforming in terms of
electroactive surface area, surface capacitance and sensitivity. As a proof-of-concept, nanostructured
ITO electrodes were electrochemically derivatized with aryl diazonium salts (as a first step towards
biochemical functionalization), and the performance of the optimized electrodes was tested in a real

scenario.




Article II: Tuning the deposition parameters for optimizing the faradaic and non-faradaic electrochemical
performance of nanowire array-shaped ITO electrodes prepared by electron beam evaporation

I. INTRODUCTION

Indium tin oxide (ITO) is a degenerate n-type semiconductor, traditionally classified as a transparent con-
ductive oxide (TCO). Simultaneous good transparency and conducting properties result from a band gap energy
of 3.2 eV [1] and have been exhaustively exploited for years in optoelectronics. However, this falls short of what
is required by innovative and high-tech applications, and the assessment of quantum effects at the nanoscale
becomes crucial at this point. Recently, a nanostructured variation of ITO electrodes has gathered attention
due to the additional value of increased surface-to-volume ratio: they have been reported more than 40 %
increase in electrochemical surface area in small projected regions with respect to their thin film counterparts

[2-4], showing noticeable advantages in terms of electrochemical detection.

The use of nanostructured ITO films has already shown improvement with respect to thin layers in several
applications. For instance, in chromophore-type electrochromic devices, the area available for electrochro-
mophoric molecules to undergo redox reactions is directly related to the contrast ratio between on-off states
[5]. In the field of optoelectronics, an improved performance of organic light emitting devices (OLEDs) by
increasing the surface area contact between the electrode and the organic film has been reported, and this was
achieved by nanostructuration of the ITO deposit [6-8]. In energy applications, such as organic photovoltaics,
high surface area electrodes in dye-sensitized solar cells can overcome limited efficiency by increasing the sites

for light absorption and charge extraction [9].

On the whole, nanomaterials have gained much interest recently in biosensors, for they can supply increased
sensitivities required in early-stage detection point of care systems. Carbon nanowires and nanotubes [10],
porous silicon [11] and silicon carbide nanostructures [12], amongst others, have been used as substrates for
highly sensitive biosensing devices. To our knowledge, just one attempt to use nanostructured ITO electrodes
in this field has been reported in the literature [13], where they are employed as electrochemical biosensors
and detection of a heart failure biomarker is shown as case study. Despite promising results, still fabrication
processes need to be tuned for optimal performance. However, among the aforementioned nanostructured ma-
terials, ITO shows powerful advantages, such as its compatibility with the standard complementary metal oxide
semiconductor (CMOS) silicon technology, and the unique possibility to perform simultaneous electrochemical

and optical measurements due to its high transparency and good conductivity [14 and 15].

This work provides semi-quantitative and qualitative electrochemical and structural characterization of trans-
parent nanostructured ITO electrodes prepared by electron beam evaporation at several substrate temperatures.
The physical structure of the electrodes was controlled by tuning the deposition rate during evaporation and
the substrate material, and the results of a pull-off test suggested the Stranski-Krastanov as epitaxial growth
mechanism for the nanowires, complementary to the widely reported self-catalytic vapor-liquid solid method.
A thorough analysis of the electrode behavior under faradaic and non-faradaic electrochemical regimes proves
useful to determine the electrochemical surface area of the samples, as well as their surface capacitance, showing
that low temperatures (around 300 °C) are enough to prepare high-performance electrodes. Moreover, since
we are dealing with semiconductor electrodes, Mott-Schottky (MS) analysis leads to a complete theoretical
description of the electrodes in terms of solid-state physics and electronics. With all, surface modification with
aryl diazonium salts was quantified in a final experiment, and the obtained results light up high future prospects

in the use of nanostructured I'TO electrodes for electrochemical biosensing.
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Il. MATERIALS AND METHODS

A. Sample preparation

Several studies reported the fabrication of nanostructured ITO surfaces in the past, either by physical [8, 16—
20] or chemical [21-24] methods. Of them, electron beam evaporation is the most effective for allowing nanos-
tructuration without the need for any metal catalyst or additional oxygen gas and control on the crystallo-
graphic growth direction [25 and 26]. Kumar et al. [27] investigated the dependence of the physical properties
of nanostructured ITO films with deposition parameters by systematically varying one parameter (substrate
temperature, deposition rate, growth time or partial oxygen pressure) at a time, from where it can be deduced
that the substrate temperature during deposition has major influence in the morphology of the nanowires and
the porosity of the deposit. For this reason, we focused our study on the variation of this parameter, slightly
widening the range previously studied by the cited authors (from 150 °C—400 °C to 100 °C-500 °C), and pin-
ning the rest of parameters at levels that allow for thermodynamic control on the growth process. Kumar and
co-workers prepared their samples at evaporation rates ranging from 2.5 A s™! to 5 A s~! during 10-30 min,
thus working in a kinetic regime. Moreover, they used silicon and glass as substrates, but none of them present a
crystalline atomic distribution similar to Sn-doped InsO3. In this work, the ITO nanowires were grown on fused
silica at a rate of 1.04£0.5 A s~! (an accelerating voltage of 6 kV was used for the electron beam) during 33 min
(for an equivalent thickness of 200 nm) in a basal vacuum of 10~% mbar in order to study the influence of the
substrate and the kinetics on the epitaxial growth. Commercial ITO pellets with a composition of InoO3/SnO4

90/10 % wt. were used as raw target material.

B. Structural characterization

1. Field-effect scanning electron microscopy (FE-SEM)

A JSM-7100F (JEOL, US) Field-Emission Scanning Electron Microscope (FE-SEM) equipped with an energy
dispersive X-ray (EDX) spectroscopy module was used to analyze the morphology and composition of the

nanowires. A LED source of 15 kV was employed for electron acceleration.

2. Transmittance measurements

A Bentham PVE300 Spectral Response analyzer coupled to an integrating sphere was used for measuring
transmittance spectra. A monochromator with grid resolution between 0.3 nm and 0.6 nm and dispersion be-
tween 2.7 nm and 5.4 nm selected wavelengths from two light sources: a 75 W xenon light source for wavelengths
between 300 to 700 nm and a 100 W quartz halogen light source for wavelengths between 700 nm to 1700 nm.

3. Sheet resistance measurements

The sheet resistance of the samples was measured with a four points probe system based on a Keysight
Technologies B2912A dual precision source-measurement unit (SMU), with a minimum source and measurement
resolution of 10 fA/100 nV. The four probes were distributed horizontally with a separation of 1 mm between

needles. The current was injected through the inner surface needles, and the potential difference between the
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FIG. 1: Schematic model of the growth of ITO nanowires by self-catalytic VLS. Several steps are shown:
deposition of a uniform thin ITO film of several atomic layers, temperature-driven formation of seeds on the
surface as a result of the melting of In-Sn atoms/molecules and growth of nanowires by crystallization of

atoms/molecules at the seed-semiconductor interface.

outer needles was measured, and the probes were positioned at the center of aleatory-shaped electrodes of
appropriate size to avoid edge effects (mainly a distortion of the electric field lines). Three independent samples
prepared at each temperature were measured, and no appreciable Schottky barrier was observed at the interfaces
of the needles (conductor) and the electrodes (semiconductor).

4. Electrochemical measurements

All electrochemical measurements were performed with a SP150 (Biologic, France) potentiostat and EC-Lab
V11.12 software. The measurements were conducted on a three-electrode polycarbonate cell, with a geometrical
projected area for the working electrode (WE) exposition to ionic solution delimited by an O-ring of 6 mm
diameter (area ~ 0.28 cm?). ITO films were used as WEs, a platinum wire was used as counter electrode (CE),
and KCl saturated Ag/AgCl was used as reference electrode (RE); stabilized voltammograms were obtained
after 5 cycles between the anodic and cathodic limits. All experiments were performed in aqueous solution (ul-
trapure water, milliQ-Millipore). Phosphate buffer saline (PBS, Sigma Aldrich, Spain) was used as supporting
electrolyte in all cases. Potassium hexacyanoferrate II and III (Fe(CN)q 3/ - Sigma Aldrich, Spain) was used

as redox couple in faradaic experiments.

I1l. RESULTS AND DISCUSSION

A. Morphology analysis
Resulting nanostructured ITO electrodes were observed by scanning electron microscopy. An x80 000 am-

plified image of the nanostructures for each substrate temperature is shown in Figure S1 in the Electronic

Supplementary Informationt. Nanowires can be observed from 200 °C to 500 °C. However, at 100 °C the
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FIG. 2: SEM images of nanostructured ITO electrodes pressed for 10 s with (a) and (b) transparent Scotch
sellotape, and (c) and (d) black electrical tape. Insets in (b) and (d) contain EDX spectra of the two
distinguishable regions in the SEM images. The red spectra point the bare ITO nanowires, whereas the green

spectra show the carbon peak corresponding to the organic tapes.

deposit is a true thin film (Figure S2 in the Electronic Supplementary Information'), which implies that nanos-
tructuration starts at an intermediate temperature, presumably closer to 200 °C, as suggested by the phase
diagram of the In-Sn system|[28 and 29]. In fact, the electrodes prepared at 200 °C consist of a thin layer of
material with emerging nanowires sparsely distributed. The results presented by Kumar and co-workers [27]
show electrodes densely populated with nanowires grown at 150 °C. They prepared the deposits at 2.5 A s~! on
a crystalline silicon substrate, whereas those presented here were prepared in twice the time at 1 A s~ on crys-
talline SiO5. Comparing the results, the importance of the substrate and the kinetics of the deposition process
must be highlighted. Indeed, the similarity in crystalline atomic structures between SiOs and Sn-doped InyOj3
together with a slow deposition rate facilitate that the first atomic layers of deposited material follow those of
the substrate. This explains why at 200 °C we can observe how nanowires begin to grow from a thin epitaxial
layer. This can be interpreted as the Stranski-Krastanov method of epitaxial growth [30], which postulates that
the deposition follows a two-step process as shown in Figure 1. First, a few layers of adsorbates grow up to
several monolaters thick until a physicochemical feature triggers a change in the growth fashion, which keeps
on through nucleation and coalescence of adsorbates. The latter has been stated to be the fusion of SnO2 and
Iny,O3 molecules into ‘seeds’ due to the elevated temperatures, which thermodynamically favor the system to
achieve its eutectic point [19, 27, 31, and 32]. Some authors proposed the self-catalytic vapor-liquid-solid (VLS)
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as growth mechanism for ITO nanowires prepared by electron beam evaporation [16 and 19]. This is briefly

discussed in Section 1 of the Electronic Supplementary Information?.

A rather rudimentary yet efficient adherence test was conducted to support the proposed epitaxial growth
mechanism. This was initially envisaged as a competing procedure to learn if the nanostructured pristine ITO
was able to be drawn from a coating material initially deposited on a separate backing material. The coating
material must be strongly adhered to the backing material. As we shall see, the nanostructured ITO draws all
the adhesive material, which indicates its high surface area and compatibility with the adhesive. The experiment
also provided information on the way the nanowires are adhered to the ITO surface. When a piece of adhesive
tape was pressured for 10 s on the nanostructured ITO surface and further released, two possibilities existed:
that the nanowires remained on the ITO or that they were transferred to the adhesive backed material. To
discern it, both the ITO surface and the detached adhesive tape were observed by SEM to learn on the fate of the
nanowires. They remained on the ITO surface, which indicates that the nanowires are rooted in the ITO surface
and grow from raw material rather than being deposited already in that shape on the ITO film. confirming
the self-catalytic VLS hypothesis by which initial ‘seeds’ lead to full-grown wires (please see Figure 1). Here,
two pressure-sensitive adhesives (PSAs) were used: conventional transparent office sellotape (3M Scotch, US)
and black electrical tape (Thorlabs, US). SEM images in Figure 2 show how in both cases (Figures 2(a)-2(b)
for Scotch tape and Figures 2(c)—2(d) for electrical tape) not only the nanowires were prevented from being
detached from the electrode surface, but the adhesive glues were transferred to the nanowires. These conclusions
are confirmed by the EDX spectra shown as insets in Figures 2(b) and 2(d): the red spectra correspond to the
bare ITO nanowires, and the peaks of indium, tin and oxygen can be appreciated, together with the intense
peak of the substrate silicon; the green spectra correspond to the glue-covered nanowires, and new intense
carbon peaks can be observed. On the other hand, no ITO traces were found on the remaining glue in the PSAs
(images not shown). The transfer of the adhesive material from the tape to the nanostructured ITO surface
can only be interpreted by either a higher affinity of the adhesive material for the nanostructured ITO due to

their hydrophilicity or by a high surface area of the nanowires, or by a combination of both.

B. Electro-optical properties

The optical and infrared transmittance spectra for all samples are shown in Figure 3(a). The low optical
transparency of the 200 °C sample compared to the rest of samples can be observed by naked eye (please see
Figure S3 in the Electronic Supplementary Information’). Some authors [17] ascribe this to an eventual oxygen
deficiency in the deposit, suggesting that oxidation of the material is promoted at higher substrate temperatures.
The rest of the samples present similar optical transmittance spectra (higher than 80 % as deposited). After
rapid thermal annealing, the transmittance spectra of all samples converge and skim values around 100 % in
visible wavelengths. Some works also report an improvement of transmission properties after plasma treatment
of the samples [17 and 33].

The reliance of sheet resistance with substrate temperature during deposition is shown in Figure 3(b). A
progressive decrease in sheet resistance with increasing growth temperatures can be observed, with a minimum
at 300 °C, which could be explained by a change in the final solid phase of the system. Kumar et al. [27]
presented a slightly shifted yet very similar pattern, which correlated with the atomic percentage of tin in the
samples. The sheet resistance values reported in this work stay an order of magnitude below those presented in
the cited article (which move around 1 k§2 sq~!). This could be explained by local differences in the geometry

of the nanowires and the thickness of the deposit.
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FIG. 3: (a) Transmittance spectra (in %) for as-deposited samples prepared at 200 °C, 300 °C, 400 °C and

500 °C. (b) Sheet resistance (in  sq~!) for samples prepared in the aforementioned conditions.

C. Faradaic analysis of voltammograms

Cyclic voltammetry in liquid medium containing a redox probe (Fe(CN)g 3/ _4) was used to conduct faradaic
electrochemical analysis. The as-recorded cyclic voltammograms of all samples are collected in Figure S4 in
the Electronic Supplementary Information®. The two-peaks motif, typical of single redox-pair systems, can be

observed as expected [2 and 34]. The behavior of the faradaic current peaks is described by the Randles-Sevcik

equation [35-37]:
FvD
It = knFACY/ nRu . (1)

Here, k = 0.4463 is a non-dimensional proportionality constant; n is the number of electrons for the re-
dox couple (1 in the case of Fe(CN)g?’/%); F and R are Faraday’s (96 485 C mol™!) and universal gas
(8.314 J mol~! K1) constants, respectively; A is the electrode area in cm?; v is the rate at which the potential
2

is swept, in V s7!; D is the analyte’s diffusion coefficient in cm? s™'; C is the analyte’s concentration in
mol ecm ™3 and T is the solution temperature in K. This process was thoroughly described elsewhere [2], but
briefly, all parameters were known except for the area of the nanostructured electrode. In order to retrieve this
area, successive CVs at different scan rates must be performed and the oxidation current against the square
rooted scan rate should be plotted. The slope of this plot is directly proportional to the electroactive surface
area of the electrode. This, as can be deduced from Eq. 1, is only dependent on the electrolyte solution and
redox probe composition, providing the electrode is conductive enough. The electrode features are not affecting
the intensity of the peak but its position. Indeed, the more resistive the electrode, the wider the separation
between reduction and oxidation peaks. This is because redox reactions occur reversibly at the ideal electrode

surface, but this reversibility is hindered by non-ideal conducting properties of the electrode.

The linear dependence of both anodic and cathodic current peaks height (after capacitive current subtraction
by EC-Lab software) on the square root of the voltage scan rate (as described in Eq. 1) is shown in Figure 4(a).
The highest linearity can be appreciated at low scan rate values, where processes occurring at the electrode-

solution interface are quasi-static and quasi-reversible. The results of all linear regressions are summarized in
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FIG. 4: (a) Representation of anodic (upper datasets) and cathodic (lower datasets) faradaic current peaks as
a function of the square root of voltage scan rate and (b) dependence of anodic-cathodic voltage peaks
separation on square root of voltage scan rate for as-deposited electrodes prepared at several substrate

temperatures.

Table I. As previously stated, the geometrical projected area of the WE in the electrochemical cell is ~ 0.3 cm?.
Consequently, all samples present evident surface nanostructuration, as observed by SEM, except for the elec-
trode prepared at 200 °C, where nanostructuration is not statistically evident from numerical data. The sample
prepared at 300 °C presents the highest available electroactive surface area. Since the computed surface area
seems to correlate with the inverse sheet resistance measured before, the logical question to be asked would be
if the effect of surface nanostructuration is being masked by the conductivity of the electrode. Despite that
the theory leading to Eq. 1 is built upon the assumption of conductive (metal) electrodes, it is not less true
that ITO is considered a transparent conductive electrode yet its applicability in electrochemistry is extensively
supported in the literature [38-40]. However, let us assume that, given the semi-conductive nature of ITO,
the dependence of measured electrochemically active area on sheet resistance and eventually on the atomic
percentage of tin in sample is a second order effect. But, from Figure 3(b), differences in sheet resistance are
within a range of few ohms, which are hardly observable as a second order effect. On the other hand, differences
in conductivity between samples indeed influence the dependence of anodic-cathodic peak separation on the
preparation substrate temperature of the electrodes, as shown in Figure 4(b). Here, the electrode conductivity

indeed plays the role of first order effect through the entire voltage scan rate range.

D. Non-faradaic analysis of voltammograms

When no redox probe is present in the aqueous medium, interactions at the electrode-solution interface are
assumed to be non-faradaic. As there is no redox species, no charge transfer occurs at the electrode surface.
Moreover, during cyclic voltammetry, all the current becomes capacitive; no faradaic peaks appear (please see
Figure S5 in the Electronic Supplementary Information’). In this case the current height (ideally constant) is

proportional to the scan rate, and the differential capacitance becomes the proportionality constant, as shown
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in the following expression:
Inf = CdV. (2)

The differential capacitance is directly proportional to the area of the electrode. This is a faster and more
precise method than the classical one for retrieving the electrode’s capacitance, which consists in integrating

the voltammogram curve and dividing this by the potential scan rate to find the capacitance [41].

The cyclic voltammograms of nanostructured ITO films in PBS solution (shown as dotted line in Figure 5(a)),
performed at 50 mV s~!, show no remarkable features. The cathodic peak occurs below —0.3 V due to irreversible
reduction of the tin oxide [42], eventually producing electrode damage. On the other hand, a current rise would
appear around 1 V due to oxygen-related phenomena [43]. To avoid these undesirable effects, differential
voltammograms (DV) at the same scan rates were performed in three narrower potential ranges of width 0.2 V
(see solid lines in Figure 5(a)). According to some authors [44 and 45], differences between DV and complete
voltammograms occur because of hysteretic phenomena, e.g. slow capacitive processes and charge accumulation.
The capacitance for all samples was measured as previously described from the cathodic and anodic current
measurements in the three potential ranges. There is now a linear dependence between the anodic and cathodic
non-faradaic currents and the voltage scan rate, and the proportionality constant is directly related to the double
layer capacitance (see Eq. 2). This is shown in Figure 5(b), from which a clearly differentiated capacitance value
can be observed for samples prepared at 300 °C. This is consistent with the fact that this is the sample presenting
the highest surface area (retrieved by the faradaic method); assuming that the expression of the parallel-plate
capacitor [46] can be applied locally in this case, an increase in capacitance is directly explained by an increase
in surface area. Specific (per unit area) and mass capacitances for all samples in the three voltage regions (in
the region around 0.2 V in the case of mass capacitance) are summarized in Table II. As predicted by the
Mott-Schottky equation [47-49] (Eq. 3) for n-type semiconductors, the capacitance decreases with increasing

potentials. Further details on this will be analyzed in the following section.

E. Proof-of-concept: surface derivatization for biosensing applications

Careful analysis of the results presented in Sections IIIC and IIID reveals that figures of merit obtained
from non-faradaic studies are more sensitive to changes in the electrode-solution interface. This may be due
to the fact that faradaic processes in semiconductor electrodes become masked by simultaneous non-faradaic
ones when capacitive effects are strong. Thereupon, the power of non-faradaic analysis will be used to illustrate

the potential use of nanostructured ITO electrodes in biosensing applications, where the quantification of the

TABLE I: Summary of linear fitting parameters for the expression y = a * z to the data shown in Figure 4(a)
at low voltage scan rates. Parameters a and S.D. are expressed in mA s'/2 V=1/2. The absolute area (in cm?)

is obtained from Eq. 1 and parameter a.

Sample R? a S.D. Area
200 °C 0.993 1.38 0.06 0.31
300 °C 0.997 1.84 0.05 0.42
400 °C 0.995 1.68 0.06 0.38
500 °C 0.998 1.77 0.04 0.40
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FIG. 5: (a) The dashed line corresponds to the non-faradaic CV at 50 mV s~! of an ITO electrode prepared
at 500 °C. The solid lines correspond to the differential voltammograms used to retrieve the double layer
capacitance of the samples. (b) Representation of anodic (upper datasets) and cathodic (lower datasets)
non-faradaic current values as a function of the potential scan rate for as-deposited electrodes prepared at

several substrate temperatures.

TABLE II: Summary of specific (uF cm™2) and mass capacitance (MF g=1) values obtained from data
represented in Figure 5(b) and Eq. 2.

Specific capacitance

Sample Mass capacitance
-100 mV 200 mV 500 mV

200 °C 71.63 59.95 51.17 0.42

300 °C 111.7 91.25 77.18 0.64

400 °C 76.31 62.16 53.08 0.44

500 °C 80.96 65.09 56.32 0.46

change in a physicochemical magnitude due to a binding/recognition event at the electrode surface becomes
essential. In this section, we will only present the first step of the whole process, which consists in the derivati-
zation of the electrode surface with a layer of molecules (crosslinkers) capable of attaching organic biomolecules
(eventually an antibody) to an inorganic substrate (ITO electrode). This insulating crosslinker layer acts as
part of the semiconductor electrode in the whole electrochemical system, and thus the physical properties of the
electrode become modified. The same would apply to further modification layers, such as capture antibodies
and subsequent antigen detection.

In the present work, Mott-Schottky analysis was conducted by measuring subsequent electrochemical
impedance spectra (EIS) in a limited frequency range and at varying DC voltage polarization values. The
AC frequency in the present study ranged from 100 Hz to 10 kHz. This range was chosen after some tests and

based on other studies previously reported in the literature [49 and 50].

At a determined polarization voltage, the evolution of the charge transfer resistance with subsequent function-

alization steps provides qualitative and pseudo-quantitative information on the nature of the insulating layer
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FIG. 6: (a) Representation of measured 1/C? vs. DC polarization at 100 Hz, known as Mott-Schottky
analysis. Magnification of the linear region at most negative potentials is shown as inset, and the subsequent
linear regressions correspond to these data points. (b) Bar diagram showing the change in flat band potential

measured by Mott-Schottky analysis at 1 kHz for all samples before (orange) and after (blue)

CMA-derivatization of the surfaces.

between the electrode and the solution. On the other hand, the evolution of the electrode capacitance with the
polarization voltage accounts for physical properties of the semiconductor electrode (e.g. the flat band potential
of the semiconductor and the density of charge dopants). The latter is gathered in the Mott-Schottky equation,
which in turn is derived from the Poisson’s equation, i.e. the assumption of charge neutrality inside the semi-
conductor, and Boltzmann’s statistics. The Mott-Schottky equation for n-type semiconductor electrodes can
be written as [47]

1 2 kgT
C2.~ eeyA2eNp (V ~Vrs — e > ’ 3)

where Cy. is the capacitance of the semiconductor electrode; € and €y are the relative and absolute dielectric
constants of the semiconductor and vacuum, respectively; A is the area of the electrode in contact with the
electrolyte solution; e is the unitary charge; Np is the density of donors (doping atoms) in the n-type semicon-
ductor; V and Vgp are the polarization potential and the semiconductor’s flat band potential, respectively; T

is the temperature of the electrochemical system and kg is the Boltzmann’s constant.

Capacitance values can be retrieved by data adjustment of subsequent EIS measurements at several DC
polarization voltages in the frequency range of interest. Representation of the measured 1/C? against DC
polarization voltage at a determined frequency value may present several regions with different behavior [49].
Linear fitting of the data points in the region attributable to Cy. in Eq. 3 eventually leads to the determination
of the flat band voltage and carrier density. In this case, the resulting data was fitted to an equivalent circuit
consisting in the series association of a resistor (corresponding to the electrolyte solution) and the constant
phase element (accounting for the total electrode capacitance), since we are dealing with a non-faradaic system.
The total electrode capacitance (Ciot), in turn, consists of the series addition of the double layer capacitance
(Cai, electrode-electrolyte interface) and the semiconductor electrode’s internal capacitance (Cys.). The latter

occurs because of an internal charge distribution due to the external polarization. Since these two capacitances
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are added serially, Cio is computed as the inverse of the sum of their reciprocals. Thus, if Cs. < Cgq;, then
Ciot = Cse, and reversely if Cgq; < Cyc, Ciop & Cq1. These two regimes can be clearly identified in Figure 6(a),
where the dependence of the square inverse of the total electrode capacitance against the DC polarization
at 100 Hz is plotted for the unmodified ITO electrodes, prepared at the usual substrate temperatures. The
lowest region (inside the dotted square) was taken for linear fitting. Figure 6(b) shows the evolution of the flat
band potentials at 1 kHz for the different electrodes before and after 4-carboxymethyl aryl diazonium (CMA,
Sigma Aldrich, Spain) derivatization. Details on the derivatization process are thoroughly described elsewhere
[13]. In all cases, there is an evolution towards more negative voltage values, which occurs due to a decrease
in capacitance: the additional insulating layer (CMA) widens the spatial charge region in the semiconductor
electrode (again the parallel-plate capacitor), which means that a larger potential is needed to flatten the
electronic bands in the semiconductor. Again, the change in the flat band potential becomes larger in the
case of electrodes prepared at a substrate temperature of 300 °C, confirming them as the most sensitive for

electrochemical sensing applications.

IV. CONCLUSIONS

An exhaustive structural and electrochemical analysis of nanostructured ITO electrodes prepared by electron
beam evaporation at several substrate temperatures is presented in this work. Some specific conclusions can be

drawn:

e Self-catalytic VLS growth of ITO nanostructures is promoted by the raise of substrate temperature dur-
ing deposition, achieving the eutectic point of the SnOs—-InsO3 system. Small nanowires are present at
substrate temperature of 200 °C, and the surface area is increased at high temperatures. A controlled
Stranski-Krastanov epitaxial growth was achieved by working in a thermodynamic regime and on a crys-
talline SiOy substrate. This was proved with a pull-off test, resulting in the adhesive material being
transferred to the nanostructured surface, which may be due to the combination of similar hydrophilicity

for both materials, a large surface area and the physical attachment of the nanowires to the substrate.

e Faradaic current analysis revealed the highest electrochemical surface area for electrodes prepared at
300 °C. This may be because at 300 °C the separation between nanowires is optimal for redox reactions to
reach the electrode surface, whereas (1) at lower temperatures, nanostructuration is not important enough
to provide increased surface area and (2) at higher temperatures the increased density of whiskers hinders
an eventual electron exchange between the solution and the electrode. This implied an increased double

layer capacitance for these electrodes, which was confirmed by non-faradaic CV analysis.

e The use of nanostructured ITO electrodes in electrochemical sensing applications was shown by Mott-
Schottky analysis of bare and CMA-derivatized electrodes, and those prepared at 300 °C proved to be
the most sensitive, as expected. This was useful to characterize the solid-state electronic behavior of
the n-type semiconductor electrodes, showing that subsequent addition of isolating layers on top of the
electrode shifts the flat band potential towards more negative values. The whole analysis is sound with

the description of electronic band diagram of the semiconductor electrode-electrolyte system.
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1. SEM images of the nanostructured electrodes prepared at several substrate
temneratures
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Figure S1. SEM images of nanostructured ITO wicsuoues piopaicu vy eiecuon vedin
evaporation, with substrate temperatures of (a) 200 °C, (b) 300 °C, (c) 400 °C and (d) 500 °C.
In the latter image, a representative ‘seed’ and ‘stick’ appear circled and outlined, respectively.



The self-catalytic VLS growth occurs from “seeds” that constitute regions offering high
probabilities for the material to accumulate, inducing the nanostructuration appreciated
in the SEM micrographs. Let us consider the substrate as a region activated by catalyst
drops (the In-Sn alloy). Atomic or molecular particles of the semiconductor raw target
material impact the catalyst drops either from an external flux at an arbitrary angle from
the surface or by diffusion from the surface. Nanowire growth occurs by supersaturation
of the catalyst drops with the flux material: the semiconductor is dissolved in the drop
and the crystallization occurs at the drop-material interface!. A proof of the self-catalytic
VLS growth method can be assessed again from the images shown in Figure S1. Indeed,
if we take a careful look at the shape of the nanowires, we observe that although there are
different lengths and widths, in all cases the aforementioned “seeds” are present at the tip
of the whisker. This is indicative of the growth process for the nanostructures. Very
precise compositional studies were conducted elsewhere?, showing by transmission
electron microscopy (TEM) that the composition and crystallinity at the tips is essentially
the same of the sticks’. Moreover, the stoichiometry of the target material is also
conserved, altogether accounting for the accuracy and degree of precision this method
provides for nanowire fabrication.

1 A. G. Nastovjak, I. G. Neizvestny and N. L. Shwartz, Pure Appl. Chem., 2010,
82,2017-2025.

2 R. R. Kumar, K. N. Rao, K. Rajanna and A. R. Phani, Mater. Res. Bull., 2014,
52, 167-176.



2. SEM image of a thin ITO film prepared at 100 °C

Figure S2. SEM image of a thin ITO film prepared by electron beam evaporation at a
substrate temperature of 100 °C. No nanowhiskers or other structures can be appreciated.

3. Transparency of ITO electrodes prepared at several temperatures

200 °C 300 °C 400 °C 500 °C

Figure S3. Transparency of the as-deposited nanostructured ITO electrodes at naked eye.



4. Faradaic cyclic voltammetry
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Figure S4. Faradaic cyclic voltammetry of ITO electrodes prepared at (a) 200 °C, (b) 300
°C, (c) 400 °C and (d) 500 °C. The cycles were taken at scan rates of 10, 25, 50, 75, 150,
250, 350, 500 mV s (increasing order in the figures).



5. Non-faradaic cyclic voltammetry
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Figure S5. Non-faradaic cyclic voltammetry of ITO electrodes prepared at (a) 200 °C, (b)
300 °C, (c) 400 °C and (d) 500 °C. The cycles were taken at scan rates of 10, 25, 50, 75,

100, 300, 500 mV s™' (increasing order in the figures).
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3.2.2 Influence of target composition

It has long been known that the optimal composition maximizing I'TO’s optical trans-
mittance and electrical conductivity is 90/10 (atomic weight) In/Sn [200]. This was
assumed in this work, and all the experiments published and gathered in this disserta-
tion were conducted with ITO electrodes prepared with indium and tin oxides in the
mentioned proportion. However, we studied the effect of increasing the percentage of
tin oxide in the raw target material. Namely, a proportion of 70/30 (atomic weight)
In/Sn was prepared by mixing the separate components (InoOs and SnOs); electron
beam evaporation at 1 A s~! with a substrate temperature of 500 °C was conducted to
prepare working electrodes of the new composition.

1000
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FIGURE 3.1: (A) Optical transmittance and (B) sheet resistance of ITO
electrodes prepared at 70/30 and 90/10 In/Sn proportions, as-deposited
and after an annealing process.

The optical transmittance and sheet resistance were measured for 90/10 (atomic
weight) and 70/30 (atomic weight) In/Sn ITO electrodes, both for as-deposited samples
and after an annealing process of 1 h at 600 °C conducted under nitrogen atmosphere.
In both cases (for 90/10 and 70/30 proportions), the optical transmittance was increased
after the annealing process, as shown in Figure 3.1a. On the other hand, the sheet re-
sistance increased substantially after annealing in the case of 70/30 proportion, whereas
this parameter was reduced, i.e. the conductivity increased, in the 90/10 case after
annealing, as shown in Figure 3.1b.

3.3 Micropatterning of transparent I'TO electrodes

3.3.1 Objective

The deposition of ITO by electron beam evaporation cannot be easily targeted at a mi-
crometric level. Indeed, unless a mask made of an adequate material (which could bear
the temepratures reached during evaporation) was used to delimit the regions where the
material was to be deposited, the micropatterning needs to be done after macroelectrode
preparation.
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F1GURE 3.2: Schematic of the several steps for transfering a micropattern
to an electrode by photolithography using a positive photoresist.’

The interesting thing about electrode micropatterning is the possibility to create
electrodes of aleatory shapes for being integrated in miniaturized systems or even lab-
on-a-chip architectures. It is important to highlight that the experiment detailed in the
following sections was conducted in the last period of the thesis, once the viability of
using the material as electrochemical biosensor was proved. Thus, the results need to
be improved in the future to optimize the quality of the resulting microelectrodes.

3.3.2 Materials and methods

3.3.2.1 Method I: photolithography

In photolithography, UV light is used to transfer a pattern from a photomask to a light
sensitive chemical photoresist previously coated on the substrate surface (before or after
ITO deposition depending on whether we are pursuing a positive or negative pholitho-
graphic process). It must be done in a clean room environment, and the substrates must
be gently cleaned from organic and inorganic contaminants before photoresist coating.

In a photolithographic process involving a positive photoresist, those parts exposed
to UV light will be removed after resist development. This process is illustrated in
Figure 3.2. On the contrary, a negative photoresist-based photolithographic process
will keep those parts of the resist exposed to UV light and those unexposed will be
removed after development. Both processes were tested to pattern nanostructured ITO
electrodes, yet only the one involving negative photoresist produced highly qualified
electrodes, as will be explained in the following lines.

Positive photoresist With a positive photoresist (Figure 3.2), the black motifs in the
photomask will be transferred to the resist (which correspond to the parts unexposed to
light). Thus, the photoresist must be spin-coated on the already prepared ITO electrode
(P1 and P2 in the image). In the present case, a first ramp was applied to accelerate the
wafer from O rpm to 500 rpm in 9 s; then a second ramp of total duration 30 s reaching
4000 rpm in 9 s was applied, achieving a resist thickness of 1.4 ym.? Immediately after
resist coating, the whole electrode was pre-baked for 1 min in a hotplate at 90 °C to
drive off any excess of photoresist solvent. Now, the electrode is ready for the photomask

nspired from https://en.wikipedia.org/wiki/Photolithography#/media/File:
Photolithography_etching_process.svg.
“AZ5214E photoresist datasheet — http://dvh.physics.illinois.edu/pdf/AZ5214E. pdfl
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pattern to be transferred to it. The resist-coated ITO electrode must be placed on the
UV exposer holder, and the photomask must be properly aligned. A glass may be placed
on top of the photomask to increase contact between the latter and the photoresist. At
this point, UV exposure is maintained for 6 s (P3 in the image). Then, the whole
electrode is immersed in a solution of developer (diluted in a proportion 1:4 in water)
for 1 min to remove the exposed photoresist thanks to a chemical change induced by
UV light that makes it soluble. Afterwards, the electrode must be rinsed with abundant
water to remove the excess of developer (P4). Now, the etching of the regions uncovered
by the photoresist may be performed (P5). In the case of ITO, the indications provided
by [201] were followed. These will be detailed in Section 3.3.2.2. Once the etching is
done the photoresist may be stripped by rinsing in acetone (P6).

Negative photoresist In this case (Figure 3.2), it will be the photoresist unexposed
to UV light that will be removed by the developer. Thus, if the same photomask is to
be used, then the microelectrode pattern must be created on the glass substrate prior
to ITO evaporation® (please see steps N1 and N2 in the image). Then, the undesired
ITO will be removed together with the photoresist after evaporation. Taking this into
account, the whole process is conducted identically, except for the illumination step,
where two UV exposures are perfomed, of 3.5 s and 30 s each. A post-baking step
after the first UV exposure must be conducted, leaving the coated glasses in a hotplate
at 120 °C for 110 s. After the second UV exposure, the photoresist is developed, yet
it is now the exposed regions of the pattern which remain (N3). In this case, the
development must be conducted very carefully and the exact amount of time, otherwise
the exposed photoresist will undergo the reverse chemical process and be removed as
well. After photoresist development, the samples must be rinsed in abundant water
and dried carefully with a stream of nitrogen to stop the chemical process. Now the
photoresist pattern coated glasses may be used as substrates for ITO evaporation by
an electron beam machine (N4). Finally, the remaining photoresist must be dissolved
together with the unwanted ITO (N5) by an adequate chemical (e.g. acetone).

3.3.2.2 Method II: ITO etching

During the tests of the positive photolithographic process, an etching of the unwanted
ITO was required in step P5 in Figure 3.2. The process followed here was based on
one reported by Huang et al. in [201]. After some tests, immersing the electrode in a
solution of HCl 9 M and controlling the etching by eye proved to be the most effective
method, although not enough to reach the desired precision. Indeed, the solution of HCI
3 M acted too slowly and, due to the high electrode porosity, a very strong underetching
occurred before the unwanted I'TO disappeared.

3.3.2.3 Materials and reagents

AZ5214E (MicroChemicals, Germany) was used as photoresist and AZ400K (Micro-
Chemicals, Germany) was used as photoresist developer. Acetone was used as photore-
sist remover after ITO etching. The photomask was designed with a computer assisted
design (CAD) software. The design is of no importance to this thesis, but it reproduces
small enough patterns that could be required in any project.

3In this case, it is important to work with a photoresist that bears the high temperatures reached
during electron beam evaporation.
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3.3.3 Results and discussion

F1GURrE 3.3: Optical images before ITO etching. The dark regions cor-
respond to the excess ITO to be etched, and the light regions correspond
to the photoresist-coated ITO electrodes to be patterned.

FIGURE 3.4: Optical images after ITO etching and after photomask re-
moval. The patterned ITO electrodes are observed in dark colour with
irregular borders as a result of strong underetching.

F1GURE 3.5: Lateral SEM images after ITO etching during the process
involving the positive photoresist.

Photolithography was first performed with a positive photoresist as previously described.
Figure 3.3 shows some optical microscopy images of the ITO electrodes as after step P4
in Figure 3.2. The light areas correspond to the photoresist-coated ITO regions to be
conserved (patterned), whereas the dark areas correspond to the ITO to be etched.
Some unresolved issues with the positive photoresist method arise:

e There is a high underetching at the borders of the patterns due to the porosity of
the nanostructured surface, as explained before. This happens even when using a
solution of HC1 9 M to decrease the time of excess ITO etching, as can be observed
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in Figure 3.4, which shows the optical image of the micropatterned electrode after
ITO etching.

e There is also a strong degradation of the lateral profile of the ITO deposit at the
borders of the electrodes. This can be fully appreciated in Figure 3.5, where a SEM
micrograph of the material after ITO etching and photoresist removal is shown.
The morphology of the nanowires becomes irreversibly damaged at the edges of
the pattern, although the material still keeps its physicochemical properties.

This was partly solved by the negative photoresist method at the cost of spending
more time during the whole process. Nonetheless, the geometry of the ITO film was
degraded during photoresist removal. The strong point in this case was that the borders
of the pattern were perfectly delimited, and obviously no ITO excess appeared at blank
regions. This still needs to be optimized, especially the removal of the photoresist during
the negative process, since we observed this irreversively damages the moprhology of the
nanowires.






Chapter 4

Surface modification and sensing:
nanostructured ITO as
electrochemical biosensor

The experiments presented in Chapter 3 demonstrated an enhanced electrochemical per-
formance of nanostructured ITO electrodes compared to thin ITO films. The present
chapter gathers the results of the experiments conducted to test the suitability of nanos-
tructured ITO electrodes as electrochemical biosensors.

Some preliminary results on the ITO surface modification by organosilane linker
molecules were shown in Article I, where the oxidation of an additional molecule (con-
taining a ferrocene termination) attached to the organosilane was detected by cyclic
voltammetry and quantified on nanostructured electrodes in relation to thin films. In
Section 4.1 of the present chapter we study the chemical modification of the surfaces
with organosilanes in terms of composition, and its effect in electrochemical impedance
spectroscopy.

During the performance of these experiments we became aware that the surface
modification of ITO by organosilanes presented some difficulties. Temperature, humidity
and pH must be very well controlled for the whole procedure to succeed, and even so
the impedance change (which can be considered proportional to the derivatized surface
area) is not very pronouned. This is the reason why an alternative way of derivatizing
ITO substrates was explored; a technique widely implemented on gold-based electrodes
and based on the electroadressed reduction of crosslinker molecules onto the electrode
substrate was chosen, obtaining interesting results. These are gathered in Article IV
included in Section 4.2. There, this new surface derivatization is physicochemically
characterized and further surface modification is performed towards detection of an
actual disease biomarker. Section 4.3 includes some preliminary results, which have not
been published yet, on the performance of bovin serum albumin and biotin-streptavidin
based immunoassays on thin film and nanostructured I'TO used as working electrodes
in electrochemical biosensors.

4.1 Surface modification of nanostructured ITO and first
experiments

In Article III: Organosilane-functionalization of nanostructured indium tin oxide films,
an in-depht characterization of organosilane-derivatized nansotructured ITO electrodes

105



Chapter 4. Surface modification and sensing: nanostructured ITO as electrochemical
biosensor 106

(which was already proved in Article I) is presented. The main objectives of this article
can be summarized as follows:

1. morphological characterization of nanostructured I'TO substrates by atominc force
microscopy (AFM) and scanning electron microscopy (SEM);

2. derivatization of nanostructured ITO substrates with (3-glycidoxy propyl) trimethoxy
silane molecules;

3. compositional and chemical characterization of the derivatized substrates by X-ray
photoelectron spectroscopy (XPS) and comparison with bare ITO substrates and

4. conduction of electrochemical studies by cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) comparing bare and derivatized ITO sub-
strates, and analyzing the influence of the derivatization strategy in electrochem-
ical parameters such as double layer capacitance and substrate impedance.

The article has been reproduced from Interface Focus; vol. 6; R. Pruna, F. Palacio,
M. Martinez, O. Blazquez, S. Herndndez, B. Garrido and M. Lépez, “Organosilane-
functionalization of nanostructured indium tin oxide films”, 20160056, 2016; with per-
mission from The Royal Society Publishing.
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ABSTRACT

Fabrication and organosilane-functionalization and characterization of nanostructured ITO electrodes
are reported. Nanostructured ITO electrodes were obtained by electron beam evaporation, and a sub-
sequent annealing treatment was selectively performed to modify their crystalline state. An increase in
geometrical surface area in comparison with thin-film electrodes area was observed by atomic force mi-
croscopy, implying higher electroactive surface area for nanostructured ITO electrodes and thus higher
detection levels. To investigate the increase in detectability, chemical organosilane-functionalization of
nanostructured ITO electrodes was performed. The formation of 3-glycidoxypropyltrimethoxysilane
(GOPTS) layers was detected by X-ray photoelectron spectroscopy. As an indirect method to confirm
the presence of organosilane molecules on the ITO substrates, cyclic voltammetry and electrochemical
impedance spectroscopy (EIS) were also carried out. Cyclic voltammograms of functionalized ITO
electrodes presented lower reduction-oxidation peak currents compared with non-functionalized ITO
electrodes. These results demonstrate the presence of the epoxysilane coating on the ITO surface. EIS
showed that organosilane-functionalized electrodes present higher polarization resistance, acting as an
electronic barrier for the electron transfer between the conductive solution and the ITO electrode.
The results of these electrochemical measurements, together with the significant difference in the
X-ray spectra between bare ITO and organosilane-functionalized ITO substrates, may point to a new
exploitable oxide-based nanostructured material for biosensing applications. As a first step towards
sensing, rapid functionalization of such substrates and their application to electrochemical analysis
is tested in this work. Interestingly, oxide-based materials are highly integrable with the silicon chip
technology, which would permit the easy adaptation of such sensors into lab-on-a-chip configurations,
providing benefits such as reduced size and weight to facilitate on-chip integration, and leading to

low-cost mass production of microanalysis systems.
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I. INTRODUCTION

Indium tin oxide (ITO) is a degenerate n-type semiconductor with wide band gap energy around 3.2 eV [1]
that has been highly exploited in the field of optoelectronics due to its simultaneously good conducting and
transparency properties [2 and 3]. ITO thin films have been widely used to develop organic light emitting
diodes (OLEDs), solar cells, flat panel displays and transparent conducting electrodes, among others [4-7].
Moreover, some nanostructured materials have been extensively used for developing ultrasensitive, low-cost
and miniaturized sensors, as they present large surface-to-volume ratio, favorable electrocatalytic activity and
excellent electronic properties [8 and 9]. Actually, some applications of sensors based on thin film structured
ITO can be found in the literature [10-13], yet no electrochemical sensor application based exclusively on

nanostructured I'TO has been developed to our knowledge.

Covalent attachment of specific biomolecules to nanostructured conductive surfaces is of great importance for
the development of sensitive biosensors based on molecular recognition. The attachment of organic biomolecules
to inorganic substrates requires an intermediate layer of molecules. A group of molecules that have been widely
used are the so-called organosilanes, which participate in the first steps of immobilization procedures for the
fabrication of on-chip biodevices [14]. Although being quite unstable in aqueous solutions at the time of form-
ing the dense and homogeneous layer on the electrode’s surface, organosilanes have proved to be very useful
for biosensing [15 and 16]. Many authors have reported the fabrication of oxide-based biosensors functional-
ized with organosilanes for the detection of biomolecules in aqueous environaments. For instance, Wang &
Wang described hydrogen peroxide detection with a horseradish-functionalized gold-modified ITO electrode in
phosphate-buffered solution (PB, pH 7.0) wtih a limit of detection of 8 uM estimated at a signal-to-noise ratio of
3 [17]. Yang & Li measured Escherichia coli O157:HT7 by electrochemisty in aqueous solution of [Fe(CN)g]3~/4~
in PBS [18]. Other systematic investigations on functionalization of ITO-based devices have been reported
[19-21]. Hanson et al. [19] described a method for surface modification of ITO with a-quarterthiophene-
2-phosphonate to enhance charge transport across anodic and cathodic interfaces in OLEDs. High current
densities in simple single-layer devices and double-layer light-emitting devices were obtained compared with
those with untreated ITO anodes. Similarly, Hatton et al. [20] reported functionalization of ITO-coated glass
thin films with small molecule chlorosilanes, dramatically improving the performance of ITO anodes in OLEDs.
Cossement et al. [21] reported n-hexyltrichlorosilane and 6-(1’-pyrrolyl)-n-hexyltrichlorosilane modification
of ITO substrates, for further polypyrrole polymerization of the substrates, which is halfway optoelectron-
ics and sensing applications. Such conducting organic polymers have been found to have extensive sensing
applications [22-24]. The intermediate molecule used to functionalize ITO substrates in the present work is (3-
glycidoxypropyl)trimethoxysilane (GOPTS), and its use has been widely reported in the literature [18, 25, and
26]. This molecule helps controlling ITO physical and chemical properties for biosensing purposes. Hillebrandt
& Tanaka [26] reported ITO thin films functionalization with self-assembled monolayers of octyltrimethoxysilane
and octadecyltrimethoxysilane, demonstrating the behaviour of the alkylsiloxane monolayer as a barrier for
ions in the electrolyte, as well as the passivation effect of the monolayers against electrochemistry. This feature
may be used as the basic principle for the development of a biosensor. For instance, Ruan et al. reported
the use of GOPTS for immobilizing anti- Escherichia coli antibodies onto ITO thin films in order to fabricate
an immunosensor for the detection of E. coli O157:H7, achieving a detection limit of 6 x 10 cells m1~! [27].
The same authors presented a study on the AFM and impedance spectroscopy characterization of the specific
recognition of E. coli O157:H7 cells by the immobilized anti-E. coli antibodies. They observed a systematic

increase in the impedance spectra on GOPTS-functionalized substrates, anti-F. coli antibodies immobilization
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and biorecognized E. coli O157:H7 with respect to bare ITO substrates. The same principle is investigated in

the present work.

Our long-term aim is to test the feasibility of developing robust electrochemical sensors taking advantage of
the structural and technological characteristics of nanostructured ITO, i.e., enhanced surface-to-volume ratio,
together with other useful properties such as good conductivity and high stability under physiological conditions
because of its polarizability [28 and 29]. In this paper, we report on the interaction of GOPTS with -OH termi-
nated nanostructured ITO surfaces, to test the viability of functionalizing such nanostructured ITO surfaces.
The experiments were carried out under two conditions: with as-deposited nanostructured ITO electrodes and
also with annealed electrodes, thus observing the effect of the annealing treatment on organosilane adsorption.
As-deposited nanostructured ITO substrates were observed by scanning electron microscopy (SEM) and charac-
terized by atomic force microscopy (AFM) for the determination of geometrical surface area. The electroactive
surface area was measured by cyclic voltammetry (CV) and results are shown elsewhere [30]. Surface func-
tionalization was monitored by X-ray photoelectron spectroscopy (XPS) as a microscopic charcterization. XPS
results may point to a better organosilane-functionalization of as-deposited ITO slides, so CV and electrochem-
ical impedance spectroscopy (EIS) were performed on as-deposited substrates for better characterizing them at
the macroscopic level. Electrochemical measurements also confirmed the presence of organosilanes on the ITO

electrode.

Il. METHODS
A. Substrates fabrication: electron beam evaporation

ITO was deposited on one face of double-sided polished nT-type Si substrates by electron beam evaporation
using a Pfeiffer vacuum classic 500 growth chamber. Substrate temperature was set at 500 °C, and deposition
rate was set at 1 A s=! for depositing an equivalent thin film thickness of 200 nm of ITO. Then, half the
samples were left as-deposited, and the rest were submitted to an annealing process, at 600 °C under nitrogen
atmosphere for 1 h. There is an enhancement of the surface conductivity when films are annealed [31 and 32],
due to the decrease in sheet resistance produced by the crystalline organization of InoO3 and SnOs molecules
in the evaporated ITO. That is the reason why we extended our study to explore the possibilities that annealed

substrates may open in the field of surface functionalization.

B. Substrate characterization: atomic force microscopy, X-ray photoelectron spectroscopy and electrochemical

measurements

AFM observations of as-deposited nanostructured ITO films were carried out in a Multimode 8 with a
Nanoscope V electronics from Bruker. Height images were obtained under peak force tapping mode using a

25 pm scanner and SNL tips with force constant of 0.35 N m~! purchased from Bruker.

XPS meaurements of as-deposited and annealed nanostructured ITO substrates were performed in a PHI 5500
Multitechnique System (Physical Electronics) with a monochromatic X-ray source (Al Ka line of 1486.6 ¢V
energy and 350 W), placed perpendicular to the analyser axis and calibrated using the 3ds/, line of Ag with a
full width at half maximum (FWHM) of 0.8 eV. The analised area was a circle of 0.8 mm in diameter, and the

selected resolution for the spectra was 23.5 eV of pass energy and 0.1 eV step~'. All measurements were made
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FIG. 1: Schematic representation of the formation of (3-glycidoxypropyl)trimethoxysilane layer on the ITO
substrates. Adapted from [14].

in ultra-high vacuum chamber pressure between 5 x 10~ Torr and 2 x 10~8 Torr.

All electrochemical measurements (CV, EIS) were carried out in a conventional three-electrode Teflon electro-
chemical cell, with a solution of 5 mM ferricyanide/ferrocyanide (Fe(CN)3~ /Fe(CN)g™) in 0.1 M KCl at 25 °C.
The ITO geometrical projected working electrode area, defined by the inner diameter of an O-ring, was 0.7 cm?2.
A platinum wire was used as a counter electrode, and an Ag/AgCl reference electrode was placed inside the

cell. The electrochemical cell was connected to a Biologic-EC-Lab SP150 potentiostat.

C. Sample cleaning and functionalization

The samples were cleaned and prepared for the chemical deposition of epoxysilane compounds. ITO slides
were treated with acetone and dichloromethane for 10 min each, then rinsed with ultrapure water and finally
immersed in 5:1 HoO+H505 30 % for another 10 min. Then, all slides were rinsed with ultrapure water and
dried with a gentle stream of nitrogen. For nanostructured ITO films silanization, a solution of GOPTS at
4 % (v/v) in toluene was prepared and slides were immersed in it for overnight reaction at room temperature
and physiological pH. Figure 1 shows the schematic of the assembly of the epoxysilane layer onto the ITO

electrodes, which consists in a hydrolysis (1), described as follows:

— Si(OR)3 + 3H,0 < R’ — Si(OH)3 + 3ROH, (1)

followed by a condensation

— Si(OH)3 + 20H «» R’ — Si0,0H + 2H,0. (2)
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5000

FIG. 2: (a) AFM 25 x 25 pum? topographical scan and (b) SEM micrograph of as-deposited nanostructured
ITO electrode.

I1l. RESULTS AND DISCUSSION
A. Atomic force microscopy and scanning electron microscopy

Surface morphology of the clean as-deposited nanostructured ITO electrodes is represented as an AFM topo-
graphical scan in Figure 2(a): nanostructuration is clearly appreciated in the image. The effective geometrical
surface area can be calculated by triangularization algorithms from the AFM data. We found that nanostruc-
tured geometrical surface area increases 2.5 times with respect to projected area. There is direct correlation
between the latter and the increase in electroactive surface area with respect to thin ITO films, which yields
enhanced sensitivity in terms of electrochemical performance [30]. This AFM image shows that we are able
to fabricate nanostructured ITO films by controlling the electron beam evaporation conditions, according to
recent publications [33 and 34]. Figure 2(b) shows the nanostructured surface morphology observed by SEM as

a complement to AFM measurements. Nanowire formation can be clearly appreciated.

B. X-ray photoelectron spectroscopy

Our XPS analysis is focused on the intensity and position of XPS binding energy peaks for O 1s and Si 2p
bounds. Figures 3(a)-3(d) show general binding energy spectra for as-deposited ITO electrodes, GOPTS-coated
as-deposited ITO electrodes, annealed ITO electrodes and GOPTS-coated annealed ITO electrodes. GOPTS-
coated ITO electrodes spectra show an overall intensity baseline reduction with respect to non-functionalized
ITO electrodes. The same effect can be observed between as-deposited ITO electrodes and annealed ITO elec-
trodes. Besides, Si 2p bounds (red circles in Figures 3(b) and 3(d)) can be appreciated in GOPTS-functionalized
ITO electrodes spectra. Insets in each graphic correspond to spectral regions where In 3d and Sn 3d peaks can
be found. In all cases, Sn 3d bounds are splitted in two peaks centered at 495 eV and 485 eV for Sn 3d5 and
Sn 3ds, respectively, while In 3d bounds are splitted into peaks at 451 eV for In 3d3 and 444 eV for In 3ds.
The separation between two peaks of the same element stands for spin orbital splitting. Spin orbital splittings
of a core level of a particular element in different compounds are nearly the same, and so it happens with peak
area ratios. This is characteristic of ITO, as some references in the literature show [34 and 35].
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FIG. 3: XPS spectra of (a) as-deposited ITO, (b) GOPTS-functionalized as-deposited ITO, (c) annealed ITO
and (d) GOPTS-functionalized annealed ITO. Each image contains zoom plots corresponding to energy

regions of Sn 3d and In 3d peaks, respectively. Si peaks are found and circled in graphics (b) and (d).

The first sign of ITO functionalization appears when observing the O 1s bonds. Indeed, this is shown in
Figure 4, where a peak splitting due to Si-O bond formation can be appreciated in Figures 4(b) and 4(d),
which correspond to GOPTS-coated as-deposited and annealed ITO slides, respectively. GOPTS is attached
to the ITO surface by covalent binding with -OH terminals in the ITO surface. Indeed, the Si core atom binds
to surface oxygen and this produces a shift in the corresponding binding energy peak. Figures 4(a) and 4(c)
correspond to non-functionalized ITO slides, thus showing no oxygen peak separation. Non-functionalized
as-deposited and annealed ITO O 1s peak can be fitted by two Gaussians, centred at 530.0 eV and 531.1 eV
(as-deposited films) and 530.0 eV and 531.5 eV (annealed films), and resulting in a single oxygen peak in
the generalized spectra. This is not the case for GOPTS-coated ITO surfaces, which do show an O 1s peak
separation. The corresponding fitting Gaussians are centred at 530.1 eV and 532.4 eV for both as-deposited and
annealed films, respectively. This can be correlated with som studies that show the variations in XPS spectra
for functionalized ITO. Brewer et al. [25] investigated the formation of thiolate and phosphonate adlayers on
ITO. Similar to our results, they found that the fitting Gaussians for the O 1s peak were centred at 530.0 and
531.7 eV for bare ITO, and 530.8 and 532.2 eV for adlayer-coated ITO.

Figure 5 shows the amplified spectral region for Si 2p binding energies. Figures 5(a) and 5(c) correspond to
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FIG. 4: Gaussian fit of XPS O 1s peak for (a) as-deposited ITO, (b) GOPTS-functionalized as-deposited ITO,
(c) annealed ITO and (d) GOPTS-functionalized annealed ITO. GOPTS-functionalized substrates spectra
clearly show a peak splitting due to Si-O bond formation.

bare as-deposited and annealed ITO, respectively, and they show weak features in the low energy range, which
is probably a result of impurities due to ITO evaporation onto Si substrates. Figures 5(b) and 5(d) correspond
to GOPTS-functionalized as-deposited and annealed ITO slides, respectively, and a five-time magnified peak
at &~ 102 eV with higher signal-to-noise ratio can be observed. This may be indicative of the presence of Si
on the substrate surface, as a result of GOPTS functionalization. The Si 2p peak position is in accordance
with the information provided by Materne et al. in their review on organosilane technology in coating appli-
cations [36]. Table I contains a numerical description of Gaussian curves used for peak fitting and depicted in
Figures 4 and 5, where p is the mean binding energy in which gaussian curves are centered, o is the standard

deviation of the mean, and « is a scaling factor, attending to the following equation: yg; = ae~@=m?*/o* 1
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FIG. 5: XPS Si 2p peak for (a) as-deposited ITO, (b) GOPTS-functionalized as-deposited ITO, (c) annealed
ITO and (d) GOPTS-functionalized annealed ITO.

the particular case of oxygen, the lowest peak corresponds to O 1s and the highest binding energy corresponds
to SiOg, as reported in the literature [37]. The Si-related peaks shown in Figures 5(b) and 5(d) correspond
to SiO binding energy [37]. A small shift (= 1 eV) can be observed for the Si peak. More notorious is the
case of the O 1s peak splitting, which is increased by more than 1 eV in the case of GOPTS-functionalized slides.

TABLE I: Summary of gaussian fit characteristics for peaks shown in Figures 4 and 5. All data is expressed

in eV.
s s BT oht 1 B2 oht 2
As-dep. ITO 101.3 1.09 530.0 0.84 531.1 1.70
Func. As-dep. ITO 102.4 1.19 530.1 0.97 532.4 1.35
Ann. ITO 101.5 1.33 530.0 0.92 531.5 1.61
Func. Ann. ITO 102.4 1.16 530.1 0.96 532.4 1.33
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FIG. 6: Electrochemical measurements to prove the presence of GOPTS on the ITO surface. (a) Cyclic
voltammetry before (blue line) and after (red line) GOPTS immobilization on the ITO surface. Three
repetitive potential cycles were applied from —0.4 V to 0.9 V at a scan rate of 50 mV s~!. (b) Bode
impedance plot from 200 kHz to 100 mHz for as-deposited ITO (blue line) and after GOPTS immobilization

(red line), demonstrating the presence of functionalizing molecule on the working electrode surface.

Table IT summarizes the atomic concentrations in percentage of different elements on the differently treated
surfaces. This analysis was done taking into account the background noise level and atomic characteristics of
the elements under analysis. Quantitative analysis of XPS spectra leads to the determination of the atomic
concentration of the ith element by knowing the intensity of its peak, I, = N;o;\; K, where N; is the average
atomic concentration of element i on the surface under analysis, o; is the photoelectron cross-section for element
i as expressed by peak p, \; stands for the inelastic mean free path of a photoelectron from element i as expressed
by peak p and K combines all other factors related to quantitative detection of a signal. Clearly, there is a
correlation between the Si atomic concentrations and the intensity of the corresponding binding energy peaks,

which is coherent with whether the substrates were GOPTS-coated or not.

C. Cyclic voltammetry and electrochemical impedance spectroscopy
Electrochemical measurements were performed on bare and functionalized as-deposited nanostructured ITO

films in order to test the presence of epoxysilane compounds on the sensor surface at a macroscopic level.

Figure 6(a) shows CV measurements on bare (blue line) and GOPTS-functionalized (red line) ITO electrodes.

TABLE II: Atomic concentrations expressed in %.

O 1s In 3d Sn 3d Si 2p
As-dep. nano. ITO 50.0 38.7 11.3 0.0
As-dep. thin. ITO 57.9 27.4 7.6 7.1
Ann. nano. ITO 51.5 35.0 12.5 1.0
Ann. thin. ITO 60.9 25.7 7.6 5.8
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The experiment was carried out in a 5 mM Fe(CN)3~ /Fe(CN)g~ solution in 0.1 M KCI buffer. Potentials were
scanned at 50 mV s~! from —0.4 V to 0.9 V. Oxidation peaks appear around 0.3 V, which is in accordance
with published information [38 and 39]. GOPTS-functionalized ITO presents lower intensity current than
non-functionalized ITO electrodes, which indicates that the organic layer of epoxysilane compounds acts as an
insulator between the Fe(CN)3~ /Fe(CN)s~ medium and the conducting ITO working electrode. Figure 6(b)
shows the impedance response of the Fe(CN)3~ /Fe(CN)g~ redox couple probe on the bare (blue lines) and
the GOPTS-functionalized (red lines) ITO electrodes in a Bode impedance plot representation. Frequency was
varied from 200 kHz to 100 mHz, and the excitation signal consisted of a 10 mV amplitude sine waveform
centred at 200 mV DC. The Bode impedance plot shows the normalized absolute impedance and phase response
as a function of frequency in a linear-logarithmic scale representation. No significant difference can be observed
in the absolute impedance values for frequencies above 102 Hz. This could indicate that the resistance of the
solution was not significantly affected by the immobilization of the epoxysilane layer on the ITO electrodes.
On the contrary, there is a difference in the absolute impedance values for bare and functionalized electrodes
at frequencies below 102 Hz, indicating a change in the double-layer capacitance and also in the polarization
resistance values as a result of the chemical surface modification, supporting the hypothesis that the epoxysi-
lane layer behaves as a diffusion barrier for ions in the electrolyte [18 and 26]. An increase in electron transfer
resistance can be observed in the low-frequency range for organosilane-functionalized substrates with respect

to bare substrates.

Future work will involve the optimization of annealing conditions (time of annealing and temperature) for
a better adhesion of organosilanes on the electrode surface. Besides, an in-depth study of ITO substrates as

electrochemical transductors will be done, analysing their behaviour under different electrochemical conditions.

IV. CONCLUSIONS

In summary, the current study presents an analysis on the viability of developing nanostructured ITO
electrodes for biosensing applications. The AFM image shows very densely distributed ITO nanostructures
grown on Si substrates during electron beam evaporation at high temperatures. Nanostructures have higher
surface-to-volume ratio and thus higher geometrical and electroactive surface area than thin films, permitting
the flow of elevated currents and increasing the sensitivity of such working electrodes as electrochemical sensors.
As-deposited and annealed nanostructured ITO electrodes were analysed by XPS at the microscopic level,
before and after organosilane-functionalization. XPS allowed qualitative and semi-quantitative information
from the films, indicating that the level of attachment of silanes may be slightly higher on as-deposited ITO
electrodes than on annealed ITO electrodes. This could be ascribed to a better adhesion of GOPTS molecules
on disorganized atomic distributions (as-deposited ITO films) rather than on crystalline organized annealed ITO
substrates. Finally, the macroscopic electrochemical behaviour of both bare and functionalized as-deposited
nanostructured I'TO electrodes was analysed by CV and EIS. These techniques also permitted semi-quantitative
analysis of the effect of the organic epoxysilane layer on the electron transfer between redox species in solution
and conducting nanostructured I'TO substrates. A slight increase in polarization resistance can be observed
in organosilane-functionalized ITO electrodes, which accounts for the behaviour of the organic layer as an

electronic barrier.

116



Article I1I: Organosilane-functionalization of nanostructured ITO films

The obtained results may indicate that a basic and systematic functionalization of nanostructured ITO is
possible, which would open the door to a wide scope of possible applications in fields such as biomedicine and

environmental sciences.
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4.2 Detection of biomolecular species: design of the first
biosensor

As previously introduced in this chapter, the derivatization approach was modified in Ar-
ticle IV: Novel nanostructured indium tin oxide electrode for electrochemical immunosen-
sors: Suitability for the detection of TNF-«, as an attempt to enhance the effectiveness
of this surface modification step and to facilitate further steps in an eventual immunoas-
say performed on the substrates. Thus, an electroaddressed reduction of diazonium salts
as crosslinker molecules on the nanostructured I'TO electrodes was conducted by cyclic
voltammetry. Then, subsequent modification steps were performed towards the con-
struction of an immunosensor for the detection of tumour necrosis factor o (TNF-«), a
biomarker with an accused influence in several cardiovascular diseases and also in many
cancer types. The main objectives of this article can be summarized as follows:

1. derivatization of nanostructured ITO substrates by electroaddressed (voltammet-
ric) reduction of diazonium salts in a temperature and pH-controlled medium;

2. electrochemical characterization of diazonium-modified ITO substrates and com-
parison with bare ITO electrodes;

3. chemical and compositional characterization of diazonium-modified ITO substrates
by common spectral techniques such as XPS and infrared (IR) spectroscopy;

4. construction of a whole sandwich-type immunoassay Ab—TNF-a/TNF-a/Ab-
TNF-a—Rhodamine for the determination of the biosensor specificity to the tar-
get cytokine by detecting the fluorescence of Rhodamine labels by flourescence
microscopy;

5. construction of a label-free immunosensor for the detection of TNF—«a by electro-
chemical impedance spectroscopy (EIS) and

6. detection by EIS of several TNF-« concentrations in physiological medium and
pseudo-quantification of equivalent circuit parameters.

The article has been reproduced from Electrochimica Acta; vol. 283; R. Pruna, A.
Baraket, A. Bonhommé, N. Zine, A. Errachid and M. Lépez, “Novel nanostructured in-
dium tin oxide electrode for electrochemical immunosensors: Suitability for the detection
of TNF-o”, 1632-1639, 2018; with permission from Elsevier.



Novel nanostructured indium tin oxide electrode for
electrochemical immunosensors: Suitability for the

detection of TNF-«
Raquel Pruna,! Abdoullatif Baraket,> Anne Bonhommé,? Nadia Zine,?
Abdelhamid Errachid,? and Manel Lépez1
Y Departament d’Enginyeries: Electronica i Biomédica, Universitat de Barcelona, e
Marti i Franqués 1, E-08028 Barcelona, Spain
2 Université de Lyon 1, Institut des Sciences Analytiques, UMR 5280, CNRS,
5 rue de la Doua, F-69100, Villeurbanne, France

Electrochimica Acta, 283 (2018), 1632-1639
doi: 10.1016/j.electacta.2018.07.066

ABSTRACT

The need for new and innovative point of care (POC) systems providing a feasible alternative to
costly and time consuming standard laboratory techniques is becoming more evident every day,
particularly in the case of cardiovascular diseases. Coupling optical and electrochemical principles
for highly specific and sensitive detection of biomarkers could boost the successful implementation
of POC systems in biomedical environments. We suggest indium tin oxide (ITO) as a promising
material for working electrodes in optoelectrochemical sensors, owing to the rare combination of high
electrical conductivity and optical transparency it presents. Moreover, the nanostructured nature of
the electrodes’ surface is crucial for an eventual miniaturization of the POC system. In this work, we
describe the construction and characterization of a nanostructured ITO electrode modified with aryl
diazonium salt as transparent substrate for electrochemical immunosensors. The developed electrode
was tested for the detection of tumour necrosis factor o (TNF—«), a cardiac biomarker playing an
important role in the prevention of heart failure. Macro and microscopic evidences (gathered from
electrochemical and spectral techniques) of covalent bonding and high surface coverage are provided.
Specific interaction between antigen (TNF-«) and monoclonal antibody (Ab-TNF-«a)) was verified by
fluorescence patterning, confirming the proper bio-recognition of the cytokine. As a proof-of-concept,
results of electrochemical impedance spectroscopy (EIS) show stabilized semi-quantitative label-free
detection of TNF-a at several concentrations (from 10 pg mL~! to 100 pg mL~!). These preliminary
results demonstrate the feasibility of using transparent substrates for the detection of cytokines at low
concentrations, and the consequent application in POC systems for the monitoring of cardiovascular

diseases.

I. INTRODUCTION

Heart failure is a very fast growing cardiovascular disease, with around 1 million new patients being diagnosed

(only in the US) per year with this illness [1 and 2]. Symptoms such as shortness of breath, leg swelling and
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exercise intolerance manifest as a consequence of an insufficient pump action of the heart, which is thus unable
to maintain an adequate blood flow [3-5]. Several device-based therapeutic implants, e.g. left ventricle assisted
devices (LVADs), have been proposed as potential solutions to the lack of donor organs. Nevertheless, multiple
organ failure syndrome (MOFS) is commonly triggered by LVAD implants and is one of the main causes of
patient mortality after cardiac surgery [6]. Specific biomarkers are secreted as a consequence of this fatal acute

rejection, causing inflammation in both cellular and biochemical stages.

Biomarkers related to cardiovascular diseases have been traditionally detected with well-established laboratory
techniques such as immunoaffinity column assay, fluorimetric immunoassay and enzyme-linked immunosorbent
assay (ELISA), amongst others [6-10]. These methods, although sophisticated and highly sensitive and selective,
are still handicapped by some inexorable requirements: the two former techniques require trained personnel
and are costly and time consuming, whilst ELISA needs large amounts of disposable material. Thus, the proper
assistance of patients and hence their quality of life is compromised, for they may not be diagnosed in time.
At this point, it becomes urgent the need for highly reliable alternatives based on easy-to-use devices that
provide real-time information for point-of-care (POC) theranostics, i.e. rapid identification of the severity of
the inflammatory state to facilitate early intervention [11 and 12]. However, POC systems for in situ follow-up
of cardiovascular diseases are still not well-established, and new and innovative biosensor architectures will play

a key role in this respect.

In this context, electrochemical biosensors provide a sensitive, label-free, rapid and portable solution based
on the biochemical recognition of a biomarker of interest by biochemical interactions [13 and 14]. Besides,
the low production costs make biosensors a real and affordable alternative to the aforementioned laboratory
techniques. In the past years, biosensors have been used for the detection of Interleukin-6 (IL-6), IL-8, IL-10 and
tumour necrosis factor o (TNF-a) at very low concentrations [15-20]. The latter is a particularly interesting
biomarker due to its potential implication in a number of autoimmune diseases. TNF-« is found at very low
concentrations in body fluids such as serum and saliva. Healthy humans present TNF—a concentrations below
10 pg mL~! and 3 pg mL~! in serum and saliva, respectively. On the contrary, TNF-« concentrations in patients

with severe autoimmune diseases range between 10 and 300 pg mL~! in serum and 30 pg mL~! in saliva [21-24].

Traditionally, gold has been the standard material for the development of electrochemical biosensors due
to the ease of its manipulation and functionalization [19, 20, 25-28]; Baraket et al. presented a multichan-
nel biosensors platform based on gold working electrodes (WEs) for the detection of several heart failure
biomarkers at low concentrations [29]. Others have focused their attention on nanomaterials-based TNF-«
immunosensors; examples of this are gold nanoparticles, magnetic microbeads and carbon nanotubes, amongst
others [30-32]. Nevertheless, due to the increased interest in new materials compatible with complementary
metal-oxide-semiconductor (CMOS) processes and the silicon technology [33], researchers have also focused
their attention on the semiconducting properties of silicon-based compounds (SiO2, SigNy), which were used in
the past as transistor gates within field effect transistors (FETSs) [34-36]. The necessary compromise between
high capacitance of CMOS dielectrics and minimal gate oxide leakage led to investigations of new materials with
increased dielectric constants, such as AlyOg3, TagOs, TiOg, ZrO2 and HfO4 [18, 37-42]. In particular, Lee et al.
[18] reported a device based on HfOq, achieving detection of IL-10 by electrochemical impedance spectroscopy
(EIS) with a wide linear range and high sensitivity. Aydin and co-workers [43] covered indium tin oxide (ITO)
thin films with a semi-conductive conjugated polymer in order to increase the electrode’s surface-to-volume

ratio and serve as a matrix for immobilization of TNF—-« antibodies. They developed an impedimetric TNF-«
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immunosensor with good analytical performance and high sensitivity, selectivity and reproducibility.

In the light of this trend, ITO has recently been used as substrate for optical and electrochemical biosensors.
Indeed, ITO is one of the most used transparent conductive oxides (T'COs) in optoelectronics owing to its simul-
taneous good electrical conductivity and excellent optical transparency. Back in the field of biosensors, Choi et
al. developed an optoelectronic ITO-based biosensor for simultaneous optical imaging and microimpedance
analysis of time-dependent cellular attachment, spreading and proliferation [44 and 45]. Similarly to authors in
[43], Muhammad-Tahir [46] used a conductive polymer to develop a ITO-polyaniline biosensor for identification
of multiple targets. However, to avoid the introduction of polymers or other layers over the ITO electrodes,
nanostructured ITO arose as a self-contained alternative for achieving high surface-to-volume ratio without the
need for extra materials that could increase the cost, fabrication time and risk of contamination. It has already
been shown that nanostructured ITO presents higher electrochemical surface area compared to thin ITO films,
and also that it can be properly derivatized with organosilanes for further functionalization, resulting in a

promising material for electrochemical bio and immunosensing applications [47-49].

In this work, we describe the fabrication process, characterization and functionalization of a novel biosensor
based on a transparent nanostructured ITO electrode. The performance of the developed ITO-based biosensor
was tested for TNF—« cytokine as a proof-of-concept. The nanostructured electrodes were fabricated by physical
deposition and derivatized with diazonium salt by cyclic voltammetry (CV) electroaddressing. The surface was
exhaustively characterized before and after functionalization by electrochemical techniques and also by X-ray
and infrared spectroscopy, thus obtaining information on the nature of the covalent bonds and the extent
of functionalization. We believe this may be of interest, since electroaddressed diazonium salt reduction on
nanostructured ITO electrodes has been hardly reported in the literature [50]. Finally, antibody-antigen bio-
recognition was demonstrated by fluorescence imaging, and EIS was used for preliminary semi-quantitative
evaluation of this novel nanostructured ITO-based biosensor, proving suitable for POC systems devoted to the

monitoring of cardiovascular diseases.

Il. EXPERIMENTAL DETAILS
A. Materials
1. Reagents

4-carboxymethyl aryl diazonium (CMA), sodium nitrite (NaNOs), hydrochloric acid (HCl) 37 %, N-
hydroxysuccinimide (NHS), N-(3-dimethylaminopropyl)-N’-ethyl-carbodiimide hydrochloride (EDC), potassium
ferrocyanide (II) and potassium ferricyanide (IIT) (Ks[Fe(CN)g]/Ka[Fe(CN)g]), and phosphate buffered saline
(PBS) were purchased from Sigma-Aldrich, France. All immunoreagents, i.e. TNF-a cytokines, Ab-TNF-«a
and Rhodamine-labelled Ab—TNF—« antibodies were purchased from R & D Systems, France.

2. Antibodies and cytokines preparation

Antibodies and cytokines were diluted in PBS buffer, aliquoted, and stored at —20 °C following the protocol
of the supplier. TNF-« cytokines were aliquoted at five different concentrations: 1 pg mL~!, 5 pg mL™!,
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10 pg mL™!, 15 pg mL~! and 100 pg mL~!, and stored at 4 °C. The Ab-TNF-« antibody solution was
aliquoted at 2.5 ug mL~! in PBS.

B. Instrumentation
1. X-ray photoelectron spectroscopy (XPS)

XPS measurements of bare and functionalized nanostructured ITO substrates were performed in a PHI 5500
Multitechnique System (Physical Electronics) with a monochromatic X-ray source (Al Ka line of 1486.6 eV
energy and 350 W), placed perpendicular to the analyser axis and calibrated using the 3ds,, line of Ag with
a full width at half maximum (FWHM) of 0.8 eV. The analysed area was a circle of 0.8 mm in diameter, and
the selected resolution for the spectra was 23.5 eV of pass energy and 0.1 eV step~!. All measurements were
made in ultra-high vacuum (UHV) chamber pressure between 5 x 10~2 Torr and 2 x 10~8 Torr. Multipak v8.2B

software (Ulvac-phi, Inc., USA) was used for peaks identification and analysis.

2. Fourier transform infrared spectroscopy (FTIR)

Attenuated total reflectance infrared (ATR-IR) spectra were acquired on a Nexus 470 Thermo-nicolet Fourier
transform infrared (FTIR) spectrometer (Thermoscientific) using Harrick’s GATR™. The GATR™ is a
grazing angle ATR accessory with a fixed 60 © incident angle and a hemispherical germanium crystal. All
spectra were recorded with 256 scans at 4 cm~! resolution with a mercury-cadmium-telluride (MCT) detector

cooled by liquid nitrogen.

3. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS)

Electrochemical measurements, i.e. CV and EIS, were performed with a multichannel potentiostat anal-
yser (Biologic-EC-Lab VMP3). The ITO samples were placed in a three-electrode Teflon electrochemical cell
(schematized in Figure 2(a)), and all the experiments were carried out at room temperature. An aqueous solu-
tion of 5 mM ferrocyanyde/ferricyanyde (Fe(CN)z~ /Fe(CN)g™) in PBS was used for electrodes characterization

(CV) and cytokine detection at several concentrations (EIS).

x 80000 === 100 nm

FIG. 1: Surface characterization of the nanostructured electrode by scanning electron microscopy.
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FIG. 2: (a) Electrochemical Teflon cell with KC1 saturated Ag/AgCl reference electrode (RE), platinum
counter electrode (CE) and ITO working electrode (WE). The latter was sandwiched between the two parts of
the Teflon cell with an O-ring to avoid leakage of electrolyte. (b) Schematic illustration of sandwich-type
detection <Ab-TNF-a—cytokine-Ab—TNF-a-Rhodamine>.

4. Fluorescence microscopy

Fluorescence images were taken using a fluorescence microscope (Zeiss Axioplan 2 Imaging apparatus,
equipped with 10x and 40x lenses and a monochrome camera). Fluorescence microscopy was used to observe
ITO substrates, which were first excited with a 550 (£25) nm band-pass filter (green light), whilst fluorescence
from the sample (red light) was observed with a 605 (£70) nm band-pass filter.

C. Procedures
1. ITO substrates

Electron beam evaporation was used to grow nanostructured ITO layers onto fused silica substrates. A
Pfeiffer Vacuum Classic 500 with a Ferrotec Genius electron beam controller and a Ferrotec Carrera high-
voltage supply was employed. Commercial ITO targets with a composition of 90/10 (w/w) InpO3/SnO2 were
used as raw material during evaporation. Substrate temperature was set at 500 °C to promote vapour liquid
solid (VLS) self nanostructuration of ITO, and the deposition rate was set at 0.1 nm s~! during a total growth
time of 33 min. After fabrication, the electrodes were submitted to rapid thermal annealing (RTA) in an oven
at 600 °C under nitrogen atmosphere during 1 h. Figure 1 shows a topographical scanning electron microscopy
(SEM) image of the morphology of the nanowires. Branched nanowires presenting lengths around 700 nm and
with a catalyst particle of diameter around 50 nm at their ends (tip), the latter accounting for self-VLS growth,
are densely present at the electrodes. Self-VLS growth mechanism has been exhaustively detailed elsewhere
[51-53].
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FIG. 3: (a) Cyclic voltammetry showing CMA deposition onto ITO substrates. Four repetitive scans were

performed at 100 mV s~! from 0 V to —1 V vs. saturated Ag/AgCl RE. (b) Difference in voltammogram

shapes between bare ITO and CMA-coated ITO. These were performed at a scan rate of 50 mV s~! from
—0.2 V to 0.8 V vs. saturated Ag/AgCl RE. (b) Electrochemical impedance spectroscopy showing increase in

polarization resistance for CMA-coated surfaces compared to bare ITO.

2. Cleaning and derivatization of ITO surfaces

Prior to CMA electroaddressing, the ITO surfaces were cleaned with ethanol and acetone for 10 min and dried
under a gentle stream of nitrogen, followed by UV /ozone exposure for 20 min in order to remove all organic
contaminants. CMA (5 mM) was diazotated in an aqueous solution of HCl (20 mM) and NaNOg (20 mM) for
10 min at 4 °C. Then, four repetitive CV cycles between 0 V and —1 V were applied to the ITO electrodes,

with a scan rate of 100 mV s~ 1.

3. Immobilization of antibodies and fluorescence microscopy assssment

Ab-TNF-« monoclonal antibodies were covalently attached to the CMA-coated surfaces by EDC/NHS
(0.1 M) crosslinking both at 0.1 M following a protocol widely reported for conductive electrodes [54].

Fluorescence microscopy was used to qualitatively assess immobilization of antibodies on ITO substrates and
to determine non-specific adsorption of cytokine on the nanostructured electrode surface. Therefore, antibod-
ies (Ab—TNF-«) were immobilized through EDC/NHS as previously stated. Then, the Ab-TNF-« modified
immunosensor was incubated at 4 °C for 30 min in a solution of TNF-« cytokines at a concentration of

2.5 ug mL~! in PBS. The antibodies were immobilized only inside the area limited within the O-ring using
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FIG. 4: XPS analysis of ITO electrodes before (green) and after (red) CMA-coating. (a) General spectra from
0 to 1 keV, and details on (b) C 1s, (¢) N 1s and (d) O 1s peaks.

the aforementioned electrochemical Teflon cell (Figure 2(a)). Then the biosensor was rinsed with PBS and
incubated again in Rhodamine-labelled Ab—TNF-«a for 30 min to form a sandwich <Ab-TNF-a—cytokines—
Ab-TNF-a-Rhodamine> (please see schematic in Figure 2(b)). Afterwards, the ITO substrate was dried and

observed by fluorescence light as described in Section IT B 4.

I1l. RESULTS AND DISCUSSION

A. Derivatization of ITO

TABLE I: Summary of Gauss-Lorentz fits characteristics for peaks shown in Figures. 4(b)-4(d). All values are

expressed in eV.

pBE T GEET vz Rtz Aes fies on piE T SR vz fvz A3 fics
Before CMA coating 285.7 1.6 287.1 1.2 - - - - 530.9 1.4 532.1 1.2 - -

After CMA coating 285.2 1.3 286.0 1.7 289.7 1.1 400.6 2.1 530.9 1.4 532.5 1.7 532.8 2.7

Derivatization of nanostructured ITO was done by electrochemical reduction of diazonium salts (CMA) on

its surface, taking advantage of the good electrical conductivity of this transparent conductive oxide. This is a
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TABLE II: Quantitative XPS results for the analyzed samples. Atomic concentration expressed in %.

O1ls In 3ds Sn 3ds Cls Nls
Before CMA coating 45.1 28.8 11.2 14.4 0.5
After CMA coating 27.8 8.6 4.9 57.1 1.6

very common technique for coating electroaddressing on gold microelectrodes that was in the past reported on
commercial thin ITO films [50] but not yet on nanostructured ITO to our knowledge. The electroaddressing
of the coating was done by CV in four repetitive cycles from 0 V to —1 V at a scan rate of 100 mV s~!. The
corresponding CV is shown in Figure 3(a), where a first broad and irreversible cathodic peak around —0.6 V
accounts for diazotised CMA covalent linkage to the ITO surface by diazonium salt reduction. Successive
cycles show reduced cathodic peak as a consequence of an already large passivated area of the electrode. This
appears macroscopically confirmed in Figures 3(b) and 3(c) by CV and EIS, respectively. The voltammogram
in Figure 3(b) shows how Fe(CN);?/~* redox peaks on bare ITO electrodes were weakened considerably after
CMA surface coating. To endorse these results, EIS analysis shown in Figure 3(c) reveals a wider semicircle
in the case of the ITO electrode after CMA coating. This can be interpreted as an increase in polarization
resistance due to the insulating coating between the conductive electrode and the electrolyte, which hinders the
electron exchange between these two media. In general terms, the shape of the voltammogram for CMA-coated

ITO electrodes is similar to those reported for gold microelectrodes [19, 20, and 55].

As this is the first time that, to our knowledge, nanostructured ITO is derivatized with CMA by electroad-
dressed diazonium salt reduction, it is worth showing some microscopic evidences on how this coating modifies
the surface of the electrode. Results of XPS analysis are shown in Figure 4. General binding energy spectra
from 0 to 1 keV can be observed in Figure 4(a), whereas Figures 4(b)—4(d) show amplified spectral regions for
C 1s, N 1s and O 1s, respectively. Direct evidence of organic coating onto the ITO electrode comes from the
substantial increase in C 1s (Figure 4(b)) peak and the occurrence of the N 1s peak (Figure 4(c)). In the former
case, the C 1s core level spectrum can be fitted to three peaks with binding energies 285.2, 286.0 and 289.7 eV,
which are attributed to hybrid orbitals Csp?/Csp?, -C-O and -COOH, respectively [56-58]. This last peak is
particularly important, as it does not appear in the XPS spectrum of bare ITO, and it corresponds to the
functional group by means of which the antibodies are linked to the electrode surface. Figure 4(c) shows a small
peak corresponding to N 1s (notice that the scale is an order of magnitude smaller than the rest in Figure 4),
which could be attributed to few molecules adsorbed on the nanostructured surface after CMA electroaddress-
ing. Finally, the O 1s core level spectrum can be fitted to two peaks that are separated in the CMA-coated
electrode. This is a common behaviour, as has been reported previously [47 and 59]. Table I contains nu-
merical data of Gaussian curves used for peak fitting and which are also depicted in Figures 4(b)-4(d). In

the table, u is the mean binding energy where the peaks are centred, and ¢ is the standard deviation of the mean.

Table II summarizes the atomic concentrations in % of the different elements found on both bare and CMA-
coated ITO surfaces. Clearly, there is a correlation between the evolution of the concentration of the species
under study and the superficial state of the electrode. Bare ITO electrodes present similar atomic proportion
of O, In and Sn to previously reported results [47]. When the CMA coating is electroaddressed to the electrode
surface, the species of the new molecules screen superficial indium and tin oxides, whose atomic concentrations

become considerably reduced. Instead, an increase of more than 40 % in the superficial atomic concentration of
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FIG. 5: Normalized FTIR spectra of ITO electrodes before (green) and after (red) functionalization.

carbon can be observed, due to the organic nature of CMA molecules, and also the occurrence of the nitrogen

peak. This can also be deduced by careful observation of the spectra in Figure 4(a).

Further microscopic evidences on ITO functionalization were searched after antibody binding to CMA-
modified electrodes. In this case, FTIR was used to characterize the samples. Figure 5 shows the normal-
ized FTIR spectra for bare ITO and for electrodes derivatized with CMA and functionalized with Ab—TNF—q.
While the FTIR spectrum for bare electrodes is quite uniform, several absorption peaks appear in the case of
modified electrodes. Indeed, some alkane-compatible bands appear at 2966 cm~! (¢vCHs), 2931 cm~! (vCHy)
and 1651 and 1571 cm™! (both corresponding to secondary amides). A very representative band is the one
at 2094 cm ™!, which can be attributed to alkyls and amides present in diazonium salts. Indeed, the IR band
related to diazonium salts usually appears between 2130 and 2300 cm ™!, yet it can be reduced in 40 cm~! in
the presence of aromatic compounds (this corresponds to the peak in 2094 cm™1!), which is the case of CMA.

Similarly, the band observed at 1512 cm™! is also compatible with aromatic compounds.

(a) (b)

FIG. 6: (a) Rhodamine fluorescence observed after forming the sandwich
<Ab-TNF-a-cytokine-Ab-TNF-a-Rhodamine>. (b) No fluorescence was observed in the negative test
<Ab-TNF-a-PBS-Ab-TNF-a-Rhodamine>.
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FIG. 7: Detection of TNF-« by EIS. (a) Nyquist plots for different TNF-« concentrations in PBS in a
frequency range of 100 kHz to 100 mHz. A polarization potential of 0.3 V plus a small sine potential of
amplitude 80 mV were used. (b) Normalized curve showing the relative variation of charge transfer resistance
with increasing cytokine concentrations, taking bare Ab—TNF—« functionalized electrode as a reference. Inset
figure shows the equivalent electrical circuit employed for results fitting, and inset table contains the adjusted

parameters for the logistic curve.

B. Fluorescence microscopy

The sandwich <Ab—TNF-a—cytokine—~Ab—TNF-a—Rhodamine> was formed onto the ITO substrate as pre-
viously described in Section IIC3. Here, the fluorescence of Rhodamine [60 and 61] will confirm the good
interaction between TNF—-«a cytokines and immobilized Ab—-TNF—« (please see Figure 6). Indeed, the red sur-
face in Figure 6(a) corresponds to the area inside the rubber ring, and it contains the fluorescent antibodies.
The latter were not only adsorbed onto ITO surface, but they were also placed well oriented outwards from the
surface, forming the sandwich <Ab—TNF-a—cytokine—~Ab—TNF-a—Rhodamine>. This was confirmed by a neg-
ative test after the same fluorescence experimental process, but without TNF-« cytokines. Thus, Ab—-TNF-«
antibodies were immobilized onto ITO substrate through EDC/NHS as previously described. Then, the Ab—
TNF-a modified immunosensor was rinsed with PBS and directly incubated in Rhodamine-labelled Ab—TNF-«
for 30 min. Afterwards, the biosensor was abundantly rinsed with PBS and dried. Results in Figure 6(b) show
no florescence, confirming that, indeed, nanostructured ITO is an adequate substrate for cytokine detection by
specific interaction with antibodies, and non-specific adsorption hardly takes place.

C. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy is an effective technique for studying interfacial properties of the
modified surfaces of working electrodes. Previously in this work, EIS proved useful to have an idea on the
degree of surface passivation of CMA-modified electrodes when compared to bare ITO. Now, EIS was used to
monitor the detection of TNF—« cytokines at several concentrations by Nyquist plot analysis. As detailed in
Section IIB 3, a solution of the Fe(CN)3~ /Fe(CN)g~ redox couple in PBS (pH 7.4) was employed for charac-
terization. A modulation potential difference of 80 mV over a fixed WE potential of 0.3 V vs. Ag/AgCl sat.
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was set, and the frequency was varied from 100 kHz to 100 mHz.

Figure 7(a) shows the Nyquist impedance plot for TNF-a detection. The inner semicircle corresponds to
bare Ab—TNF-« immobilized onto CMA-modified ITO electrodes, this is without TNF-a detection. Subsequent
semicircles correspond to increasing concentrations of TNF—q, after 30 min incubation at 4 °C in a solution of
TNF-a at the corresponding concentration (1, 5, 10, 15 and 100 pg mL~!). This gradual increase of semicircles
is directly related to an increase in charge transfer resistance, Rcr, which is part of the electrical circuit
employed for modelling the behaviour of the biosensor impedance, and which is shown as inset in Figure 7(b).
This consists in Rg as the solution resistance, and the parallel combination of a constant phase element, QcpEg,
as the non-ideal capacitance of the functionalized nanostructured surface-electrolyte interface, with the series
of the aforementioned Rcr and the Warburg (Zvw) impedance, accounting for the electron flow between the
solution and the electrode and the diffusion phenomenon, respectively. All fitting parameters can be calculated
from impedance spectra at different concentrations of TNF—«, and are summarized in Table III. The change
in charge transfer resistance (data in Figure 7(b)) demonstrates the bio-recognition of the cytokine to the fixed
mADb on the ITO electrode. The high error associated to the concentration of 1 pg mL~! could be ascribable
to a hindered optimization and stabilization of the ITO nanowires at low concentration ranges. The data
was adjusted to a Logistic behaviour, considering a low responsiveness at very low concentrations, a highly
sensitive linear behaviour at middle cytokine concentrations and a saturation plateau at high concentrations. A
table summarizing the fitting Logistic equation and values and standard error for the fitting parameters is also
included as inset in Figure 7(b). These preliminary results show that semi-quantitative detection of TNF-«
is possible with this novel nanostructured substrate. Moreover, the lowest concentration triggering a stable
response in this work (5 pg mL~!) seems enough to discriminate unusual traces of TNF-a either in blood or in

saliva in healthy patients, as pointed out in Section I.

TABLE III: Fitting parameters for the equivalent electrical circuit of ITO-based TNF—« biosensor. Rg and
Rer are the solution and the charge transfer resistances, Qcpg is the capacitance of the constant phase

element, a measures the ideality of the CPE, and w is the Warburg coefficient.

Ag conc. Rs (Q) Rer (92) Qcpr (uF s 1) a w (2 s1/?)
0 pg mL~! 360.1 £0.2 1202 £ 3 159+0.1 09+05 793 £ 1
1 pg mL~! 331.4+£0.5 1349 £ 2 178+ 0.2 09+0.5 689 £ 1
5 pg mL™! 398.1£0.5 1355+ 3 17.2+£0.1 0.9£0.5 726 £ 1
10 pg mL~* 388.3 £0.4 1583 £ 3 16.4+0.2 09+0.5 762+ 1
15 pg mL ™! 402.8 £0.5 2221+ 2 16.2+0.1 09+0.5 700 £ 2
100 pg mL™! 492.3£0.5 2348 £ 2 16.1£0.1 0.9£0.5 902 £+ 2

IV. CONCLUSIONS

A novel nanostructured transparent substrate with biosensing capabilities was presented in this work. Nanos-
tructured ITO electrodes were fabricated by electron beam evaporation and were derivatized by electroaddressed
diazonium salt reduction. Derivatized surfaces were carefully characterized at a macroscopic (CV and EIS) and
microscopic (XPS and FTIR) level, as this is the first time such surface treatment is reported. The effectiveness

of the covalent bonding of antibodies to CMA-modified ITO electrodes and corresponding cytokine detection
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was tested by fluorescence microscopy. Finally, semi-quantitative detection of TNF-« cytokines at varying
concentrations from 1 pg mL~! to 100 pg mL~! was conducted by electrochemical impedance spectroscopy.

To our knowledge, this is the first nanostructured I'TO-based biosensor for the monitoring of cardiac biomarkers.

Although ELISA is still the gold standard for the quantification of cytokines, all the necessary steps it entails,
i.e. immobilization, bioconjugation, washing and quantification, are material and time consuming. Besides, the
time a sample takes to be analysed is contingent upon the resources of the clinical laboratory, sometimes being
necessary to collect and freeze samples until the amount of them makes analysis economically viable. By all
means, this compromises the safety of patients, hindering useful knowledge of protein concentration during the
first few hours after LVAD implantation, and thus preventing adequate therapeutic intervention in crucial cases.
For this reason, it is important to keep focused on the development and improvement of alternative diagnostic
techniques based on electrochemical biosensors, and to take advantage of the reduced costs and preparation
and analysis time they offer. Eventually, electrochemical sensing could be backed up with optical transduction
thanks to the use of a transparent conductive electrode material like ITO, further improving the reliability of
POC tests outcome. Moreover, an enhanced sensitivity favoured by the nanostructured nature of such electrode

would be of utmost importance in the development of POC systems.

Future research will focus on further electrochemical characterization of this novel nanostructured I'TO-based
biosensor in terms of linearity, response time, sensitivity and selectivity. Moreover, new lines of research will
be opened to explore the feasibility of developing biosensors based on FETs with ITO as gate material, and
also the integration of nanostructured ITO as highly sensitive transparent support for biomolecules with optical
instrumentation for immunodetection. This is a response to the need for developing and consolidating POC

technology.
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4.3 On the performance of nanostructured ITO electrodes
as electrochemical biosensors

In this section, the preliminary results of the bovine serum albumin and biotin—streptavidin
based immunoassays employing nanostructured I'TO electrodes as electrochemical sen-
sors are presented. These results have not been published yet, and are presented here
just as a proof of concept to validate the suitability of both thin and nanostructured
ITO films as electrochemical biosensors, and to show the increased sensitivity presented
by the nanostructured electrodes as compared to the flat ones.!

4.3.1 Bovine serum albumin

As detailed in the third part of Chapter 2

(Section 2.3.3.1), bovine serum albumin E + H,0,
(BSA) is a protein typically found in the

blood plasma of cows, and its function @
consists in regulating the blood volume in
the body by maintaining the colloid os-
motic pressure of blood. The BSA im-
munoassay is very commonly performed in
the laboratory as part of the research to-
wards validating new substrates for opti-
cal and electrochemical biodetection. Fig-
ure 4.1 shows a general schematic of the
biofunctionalization process and detection
principle for the BSA assay performed
on thin film and nanostructured ITO as
working electrode substrates. First, the FIGURE 4.1: Schematic summarizing the steps

ITO-based electrodes were derivatized for towards performing the BSA immunoassay and
detection on an inorganic substrate (ITO). Step

. . . 1: surface derivatization with organosilane self
f (3-Glycid )t th 1
of (3-Glycidoxypropyl) trimethoxysilane assembled monolayer; step 2: BSA immobiliza-

(GQPTS’ purchased fI"OHl Slgma—AIdrlch, tion; step 3: anti-BSA bioconjugation; step 4:
Spain) at a concentration of 2.5 % in pure conjugation of anti-IgG labelled with HRP.
ethanol. Then the electrodes were rinsed

in ethanol and dried with a stream of ni-

trogen. To perform step 2 in Figure 4.1, 5 mg of BSA were dissolved in PBS to prepare
a stock solution of 500 ug, from which a 100 ug ml~! dilution of BSA in PBS was
prepared. A 20 pl drop was added to the silane-derivatized electrodes and left react for
30 min at room temperature. Afterwards, the samples were rinsed with PBS. During
step 3, successive aliquotes of anti-BSA in PBST were prepared at volumetric dilutions
of 1/1000, 1/2000 and 1/3000 (this is, 1 part of antibody for 999, 1999 and 2999 parts
of PBST, respectively), and were left react with the BSA-functionalized electrodes for
30 min at room temperature, followed by rinsing with PBST and drying with a stream of
nitrogen. Finally, step 5 consisted in preparing a constant concentration of immunoglob-
ulin G antibody (anti-IgG) labelled with the enzyme horseradish peroxidase (HRP). The

E' +H,0,

step 4
)
4

step 3
3
4

stepl step2
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1 h at 37 °C by immersion in a solution

L All the electrodes employed in the experiments described in this section were submitted to a cleaning
protocol prior to further manipulation. The electrodes were immersed for 10 min in acetone and for
10 min in ethanol, and then rinsed three times with ultrapure water. Next, they were immersed in a
solution of pure dichloromethane (CH2Cls) for 10 min in soft agitation. Finally, they were thoroughly
rinsed with ultrapure water and dried with a stream of nitrogen.
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electrodes were left react with a 20 ul drop of 1/1000 anti-IgG-HRP in PBST for 30 min
at room temperature and isolated from light.

The functionalization process was monitored by Fourier transform infrared (FTIR)
spectroscopy, in order to benchmark the spectra of BSA-functionalized ITO electrodes
against the spectra obtained from bare I'TO electrodes. The results are shown in Fig-
ure 4.2a, where three absorption bands can be observed for functionalized ITO elec-
trodes compared to bare ITO films; these absorption peaks occur around 3700 cm™!,
3000 cm~! and 1000 cm~!. These absorption peaks correspond to bonds present in
organic molecules deposited on the electrode as a result of the functionalization process.
Mainly, the footprints of secondary amides and carbon-based compounds (such as ~CHy

and ~CHs) can be observed in the spectra.

The suitability of ITO electrodes as electrochemical sensors was tested by monitoring
the amperometric current flowing between the working electrode and a platinum aux-
iliary electrode as a result of the reduction of hydrogen peroxide catalyzed by HRP in
presence of the reducing 5'-tetramethylbenzidine (TMB) substrate (represented as E in
Figure 4.1, which becomes oxidized —E’-). Figure 4.2b shows the amperometric current
measured for a geometrical projected area of the ITO working electrode of 0.7 cm?, as
defined by the inner diameter of an O-ring in a Teflon-based electrochemical cell. A DC
voltage of —100 mV was applied between the working and reference electrodes, and the
current was recorded for 60 s. An increase in amperometric current can be observed
with increasing anti-BSA concentrations (directly related to the concentration of HRP
on the electrode surface). Moreover, nanostructured ITO electrodes offer a substan-
tial increase in amperometric current due to a higher electroactive surface area, being
the nanostructures capable of hosting a greater quantity of HRP enzyme than the flat
surface of thin ITO films.
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FIGURE 4.2: (A) FTIR spectroscopy results of bare ITO and electrodes

after BSA functionalization and anti-BSA detection at several concentra-

tions, showing the presence of several species after functionalization; (B)

bar diagram showing the increase in amperometric current at the addi-

tion of hydrogen peroxide for several concentrations of anti-BSA (which
limit the amount of HRP present on the electrode surface).
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4.3.2 Biotin—streptavidin

The performance of ITO films as electrochemical sen-
sors was also tested basing on another principle of op-
eration requiring no labelling molecules: electrochemical
impedance spectroscopy (EIS). For this, a new immunoas-
say based on the interaction between biotin and strep-
tavidin was studied. Streptavidin was detected at sev-
eral concentrations by EIS, and the effect of interfer-
ing antigens was useful to determine the sensor selectiv-

1ty.

First, the derivatization of the electrode surface
with a layer of crosslinkers is required as usual
in order to couple organic biomolecules to inorganic
substrates. In the present case, the nanostruc-
tured ITO surface was derivatized by the electroad-
dressed reduction of 4-carboxymethyl aryl diazonium
(CMA) salts (see step 1 in Figure 4.3). This was
done by cycling a DC voltage at the ITO elec-
trode from 0 V to —1 V at 100 mV s~ ! with
respect to a KCl saturated Ag/AgCl reference elec-
trode in a solution containing the diazotated CMA
(by storing 5 mM of the latter for 10 min at
4 °C in a 20 mM HCI and 20 mM NaNO, aque-
ous solution). The resulting voltammogram is shown
in Figure 4.4a. A first peak at —0.5 V can be
observed, which corresponds to the CMA reduction
on the electrode surface. The intensity of subse-
quent cycles is damped as a result of a large passi-
vated area of the electrode surface, which hinders the
electron transfer between the medium and the elec-
trode.  The quality of the CMA-deposited film was
tested by cyclic voltammetry (Figure 4.4b). These
results show a considerable weakening of the ferro-
cyanide readox peaks after CMA deposition. Fig-
ure 4.4b also shows the effect of successive EIS anal-
ysis (Mott-Schottky technique) on the performance of
the working electrode. A slight damage on the CMA
layer can be appreciated after successive EIS mea-
surements; the CMA layer is not removed since no
redox peaks appear, but the capacitive current in-
creases due to a slight deterioration of the whole sur-
face.

Next step consists in activating the carboxylic acids
present at the electrode surface after CMA derivatization.

FIGURE 4.3: Schematic of

the four-step process for

the immobilization of the

biotin-streptavidin complex

on nanostructured ITO elec-
trodes.

For this, the electrodes surfaces need to be activated by the EDC/NHS? chemistry, and

2EDC is the acronym for 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride, and NHS

stands for N-hydroxysuccinimide.
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this was done by incubating for 30 min at room temperature the electrodes in a EDC
(80 mM) and NHS (20 mM) aqueous solution. After that, the electrodes were rinsed
with PBS, and then incubated for 2 h at room temperature in a 0.1 mM solution of
biotin-NHj in PBS (step 2 in Figure 4.3). Afterwards, the electrodes were rinsed with
PBS and incubated for 30 min at room temperature in a 1 mM solution of ethanolamine
in pure ethanol in order to block the unspecific sites where no biotin-NHs molecules
were coupled (step 3 in Figure 4.3).
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FIGURE 4.4: (A) Electrodeposition of CMA on the ITO electrodes by

cyclic voltammetry, performed at 100 mV s~! from 0 Vto —1 V vs. a KCl

saturated Ag/AgCl reference electrode. (B) Voltammograms of ITO elec-

trodes before and after CMA electrodeposition performed at 50 mV s—!
in a 5 mM ferrocyanide medium.

Finally, detection of streptavidin was achieved by incubation of successive aliquotes
of the protein in PBS, for 1 h at room temperature. Figures 4.5a and 4.5b show pri-
mary EIS results, acquired by incubating three nanostructured ITO-based electrodes
successively in 1 gM, 100 nM and 10 nM streptavidin solution in PBS. An increase in
polarization resistance can be observed for increasing concentrations (with a logarithmic
dependence). The polarization resistance was obtained, as usual, by fitting the result to
an equivalent electrical circuit: a series resistance corresponding to the liquid medium,
and the parallel association of a double layer pseudocapacitance on one side, and the
polarization resistance together with the Warburg element, on the other side.

The experiment was extended to averaging the results obtained with five independent
electrodes in order to minimize the variance of the measurements, increasing the concen-
tration range studied down to 100 pM streptavidin and studying the selectivity of the
sensor by measuring the change in polarization resistance introduced by the unspecific
detection of interfering antigens (bovine serum albumin ~-BSA— and immunoglobulin G
—IgG-). The results are shown in Figure 4.5¢, from which one can still appreciate the
logarithmic dependence of the polarization resistance change on the streptavidin con-
centration, and no relevant level of unspecific detection of BSA or IgG, which suggests
the developed sensor is adequately selective.
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FIGURE 4.5: Detection of streptavidin by EIS. (A) Nyquist plot for four
streptavidin concentrations in PBS in a frequency range of 200 kHz to
100 mHz, polarization voltage of 0.2 V plus a small sine potential of
amplitude 50 mV. (B) Normalized curve showing the relative variation
of charge transfer resistance with increasing streptavidin concentrations,
taking the biotin-functionalized electrode as a reference. (C) Calibration
curve showing the variation in polarization resistance for an extended con-
centration range of streptavidin and response of the sensor to interfering
agents (BSA and IgG).






Chapter 5

Miniaturized readout electronics:
from the laboratory to a chip

Along Chapter 3, the preparation process and characterization of a novel material
(nanostructured ITO) was detailed, focusing on its electrochemical properties. This
electrochemical behaviour was exploited along Chapter 4 for developing electrochemi-
cal biosensors. The chemistry of crosslinker derivatization was investigated on thin ITO
films and on nanostructured ITO electrodes, and three different immunoassays were built
on the electrodes for the quantification of several species of clinical interest by different
principles of detection: amperometry and electrochemical impedance spectroscopy.

This chapter gathers some studies carried out along the thesis on the electronic de-
signs required for exciting electrochemical sensors and measuring their response. Such
devices are called potentiostats. Commercial potentiostats generally available at research
laboratories are very large and heavy, expensive and need to be manipulated by trained
personnel. Nevertheless, they have the advantage of offering several electrochemical
techniques and a large number of possible configurations. But this feature may not be
imperative in point of care (POC) applications. Indeed, rapidity, cheapness and ease of
use are most demanded attributes for POC devices, for these are targeted to bedside
patients and specialized medical staff.

Section 5.1 includes Article V, which presents a simplified electronic design and
the implementation process of a low-cost and miniaturized device for electrochemical
impedance spectroscopy measurements. Complementary designs for performing amper-
ometric and potentiometric measurements are included in Section 5.2.

5.1 Integration of electrochemical impedance spectroscopy

In Article V: A low-cost and miniaturized potentiostat for sensing of biomolecular species
such as TNF-« by electrochemical impedance spectroscopy, the design and implementa-
tion of a low-cost and portable electronic device for the monitorization of biosensors by
electrochemical impedance spectroscopy is presented. The purposes of this work are:

1. to design an appropriate and simplified electronic configuration that permits the
application of a voltage wave between two leads (working and reference electrodes)
and the measurement of the current flowing through the working and auxiliary
electrodes as a result of the voltage excitation;

2. to implement the designed potentiostat on a printed circuit board (PCB), placing
the electronic components (hardware) and designing the appropriate firmware for
the microcontrollers involved in the device;
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7.

. to design a MATLAB®-based software implementing a graphical user interface

(GUI) to set the device’s configuration parameters and to process and represent
the measured signals;

. to validate the software and the device by testing several configurations of elec-

tronic components (resistors and capacitors) emulating the typical behaviour of
electrochemical systems;

. to derivatize and functionalize an array of gold microelectrodes with the appro-

priate immunoassay for the detection of a heart failure cardiac biomarker, tumour
necrosis factor o (TNF-«);

. to quantify several concentrations of TNF-a by electrochemical impedance spec-

troscopy with the developed potentiostat and to study the performance of the
device, as well as its linearity and detectiveness and

to benchmark the results against those obtained with a commercial potentiostat.

The article has been reproduced from Biosensors and Bioelectronics; vol. 100; R.
Pruna, F. Palacio, A. Baraket, N. Zine, A. Streklas, J. Bausells, A. Errachid and M.
Lépez, “A low-cost and miniaturized potentiostat for sensing of biomolecular species such
as TNF—-« by electrochemical impedance spectroscopy”, 533-540, 2018; with permission
from Elsevier.
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ABSTRACT

Miniaturizing potentiostats, keeping their cost low and yet preserving full measurement characteristics
(e.g. bandwidth, determination of capacitive/inductive contribution to sensor’s impedance and parallel
screening) is still an unresolved challenge in bioelectronics. In this work, the combination of simple
analogue circuitry together with powerful microcontrollers and a digital filter implementation is pre-
sented as an alternative to complex and incomplete architectures reported in the literature. A low-cost
acquisition electronic system fully integrated with a biosensors platform containing eight gold working
microelectrodes and integrated reference and counter electrodes was developed and validated. The
manufacturing cost of the prototype was kept below 300 USD. The performance of the proposed device
was benchmarked against a commercial impedance analyzer through the electrochemical analysis of a
highly sensitive biosensor for the detection of tumor necrosis factor & (TNF—«) within the randomly
chosen range of 266 pg mL~! to 666 ng mL~! in physiological medium (PBS). A strong correlation
between the outputs of both devices was found in a critical range of frequencies (1-10 Hz), and several
TNF-« cytokine concentrations were properly discriminated. These results are very promising for
the development of low-cost, portable and miniaturized electrochemical systems for point-of-care and

environmental diagnosis.

I. INTRODUCTION

Heart failure (HF) is one of the fastest growing cardiovascular disorders (CVDs), since approximately 1 mil-
lion new patients are diagnosed with this illness every year [1 and 2]. HF occurs when the heart cannot provide
enough pump action to maintain an adequate blood flow, and it manifests in a number of symptoms such as
shortness of breath, leg swelling and exercise intolerance [3-5]. To overcome the lack of donor organs, patients
have been implanted with some bioelectronic devices such as pressure sensors and left ventricle assisted devices
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(LVADs). However, these clinical interventions result in increased risk of triggering upregulated inflammatory
cytokine levels (e.g. Interleukin 1 (IL-1), IL-6, IL-8, IL-10, tumor necrosis factor o (TNF-a)) in blood and in
saliva [6 and 7].

Immunoaffinity column assay, fluorimetric and enzyme-linked immunosorbent assay (ELISA) are amongst the
traditional gold-standard techniques for the detection of CVD biomarkers [6, 8-13]. The two former techniques,
although accurate and sensitive, require highly specialized personnel and huge sample volumes for analysis,
since they are based on sophisticated instrumentation. On the other hand, ELISA is relatively affordable in
terms of cost and expertise, but is still handicapped by the large amount of disposable material needed and
for being time-consuming. Thus, there is an urgent need for easy-to-use, real-time and yet highly sensitive
and selective diagnostic tools for early-stage detection of inflammatory biomarkers to enable rapid intervention
and improve the patients’ quality of life. In this light, biosensors present a low-cost, portable, reproducible,
rapid, sensitive and label-free alternative [14-22], being electrochemical biosensors the most used among them
[23]. Several electrochemical biosensors have been developed for the monitoring of inflammatory cytokines.
Electrochemical impedance spectroscopy (EIS) was used to detect IL-10 with a complementary metal oxide
semiconductor (CMOS) based biosensor, achieving a limit of detection of 0.1 pg mL~! [2]. Similarly, a biocom-
patible and flexible biosensor based on gold microelectrodes was developed to detect TNF—a by EIS [24]. Also
in the frame of TNF-« detection, Pui et al. developed an electrochemical impedance based biosensor achieving
detection limits of 1-100 pg mL ™! in cell culture medium [20]. A limit of detection of 10 pg mL~! was achieved
by Yin et al. by electrochemical monitoring of micropatterned aptamer-modified electrodes [25]. Liu and
coworkers reported electrochemical detection of TNF—« in whole human blood with an aptasensor, achieving a
limit of detection of 10 ng mL~! [26 and 27]. On the other hand, it has been reported from the clinical point
of view that plasma levels of TNF—« for HF patients in functional classes I to IIT is 1.95 +0.54, 2.63 £ 0.48 and
6.4 + 1.9 pg mL~! [28 and 29], respectively. These are high cytokine levels compared to age-matched control
subjects (0.75 + 0.05 pg mL~!). Careful interpretation of these results indicates that it is still difficult to meet
detection limit requirements for TNF—a with current biosensors and measurement systems, and even more to

discriminate between patient functional classes.

With all, most effort in the literature has been devoted to biosensor miniaturization, whereas commercial
potentiostats are still large in most cases, and also expensive and time-consuming [37]. Some trademarks
have indeed commercialized portable versions of potentiostats [33-36]. Table I summarizes some technical
specifications (focusing on impedance spectroscopy) of some of these portable and also of classic potentiostats,
which can be directly benchmarked against the prototype presented in this work. Other characteristics such as
geometry, weight and price are provided, as well as the number of channels available (at the indicated price) for
real-time measurements. Overall, we are still far from meeting technical specifications such as frequency and
voltage range presented by all commercial potentiostats, although our prototype can perform well in a variety
of situations, as demonstrated hereinafter. Moreover, our prototype outperforms in terms of weight, number

of channels (compared to portable, commercially-available potentiostats) and, most importantly, in terms of cost.

This illustrates the urgent need for low-cost miniaturized potentiostats that can be integrated into point-of-
care (POC) diagnostic tools [38-41]. In spite of the importance for this to be pursued, there are few proposals
on low-cost miniaturized potentiostats in the literature, and they are still not easily embeddable into POC
environments. In this context, Cruz and coworkers [42] proposed a low-cost miniaturized potentiostat based on
a LMP91000EVM commercial chip and a BeagleBone development board (Texas Instruments). The system was
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customized to perform cyclic voltammetry (CV) measurements for electrochemical immunosensing of cortisol,
achieving a limit of detection of 1 pM. Here, the developed potentiostat was fully described, yet no impedance
measurements were reported, which is indeed the issue at hand. In terms of portable impedance meters, Li et al.
developed such an instrument in combination with a 3D-printed USB-compatible sensor chip for the detection
of aflatoxins in rice. Here, the authors evaluated the performance of the developed device in relation to a
Zahner commercial station (ZAHNER-elektrik GmbH & Co KG, Germany) [43]. A calibration curve showing
the sensor impedance as a function of frequency was presented, indicating that their system cannot achieve
frequencies below 100 Hz. This seriously compromises the versatility of the technique, hindering the use of
the portable electrochemical station to measure other biosensors, as important features may be visible only at
low frequencies. A more detailed system was presented by Yu et al. [44]. They came up with an electronic
architecture including open-loop rectifiers in order to determine absolute impedance values as well as two high
speed complementary metal oxide semiconductor (CMOS) comparators and a two-input XOR gate followed
by a low pass filter to measure impedance phases. However, only the absolute impedance versus frequency
was shown, achieving good accuracy in their results. One could deduce that determining the impedance phase
by hardware may not be the optimal approach. Another drawback of this system is that, again, frequencies
below 100 Hz cannot be achieved, thus limiting its use in real-life biomedical environments. A very interesting
approach was presented by Zhang et al. [45]. Here, the authors embedded a miniaturized commercial impedance
analyzer (AD5933 from Analog Devices) into an integrated platform controlled by an Arduino UNO board.
They also developed a smartphone application program and used a Bluetooth module to control the portable
potentiostat. They tested the device with biological samples, and succeeded in detecting bovine serum albumin
(BSA) at different concentrations. The main drawback was the limitation of the frequency range, which was
10 Hz—-10 kHz. This range was indeed wider than the range in previously cited works [43 and 44], yet this may
not be enough in some cases. As a matter of fact, many diffusion processes at the electrode-solution interface
become important at low frequencies, i.e. below 10 Hz [46-49]. Moreover, their system was customized to
perform one measurement at a time, and at some point this should be overcome for the sake of immediacy and

multiplexed monitoring of analytes.

TABLE I: Comparison of several commercial potentiostats with the presented prototype in terms of

orientative cost, geometry and specifications. Information missing in empty fields was not possible to obtain.

Price (USD)  Freq. range (Hz) V range (V) Size W x D x H (cm®) Weight (g) Channels  References

ZENNIUM - 107° -4 x 10% - 36.4 x 16 x 37.6 11400 5 [30]
Electro-

chemical

Workstation

Parstat MC 13000 1075 — 10° +10 51.4 x 40.6 x 38.7 - 3 [31]
VMP3 100000 1075 — 108 +10/0 —20  49.5 x 46.5 x 26 20000 16 [32]
ACIP100 8500 1072 —10% +2 19.3 x 11.2 x 4.3 650 1 [33]
MicroAnalyzer 3200 1072 - 10° +2.4 10 x 6.4 x 2.4 150 1 [34]
160C

CHI660E 13000 1075 — 108 +10 36 x 24 x 12 5400 1 [35]
Gamry 1010E 8000 1075 — 108 +12 27T x 24 x 6 3000 1 [36]
Our  proto- 300 107! —10* +2.5 12X 7% 2 70 8 This work
type
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In summary, the literature revised hitherto suggests that there are three main issues regarding the performance
of low-cost portable potentiostats that have not been properly solved yet: (1) the expansion of the frequency
range to low values, i.e. below 10 Hz (the reader should note from Table I that this is not an issue in the case
of most commercially available miniaturized potentiostats, but they do not represent low-cost alternatives); (2)
the determination of the capacitive/inductive contribution to the sensor complex impedance (magnitude and
phase) and (3) the extension of the miniaturized electronic module to perform parallel measurements. In the
present work we intend to individually tackle these issues. We developed a small and wearable potentiostat
capable of measuring three-lead electrochemical biosensors, based on a well-described electronic circuit topology
[50 and 51]. We designed some additional conditioning electronics to enable the measurement of eight parallel
biosensors for redundant and/or multiplexed analyte detection, which is of crucial importance in some clinical
and environmental scenarios [49, 52-54]. Moreover, the developed potentiostat allows the user to choose be-
tween a pure DC voltage signal for the sensor excitation (thus eventually permitting the performance of cyclic
voltammetry as well as amperometric measurements, amongst others) or a DC voltage bias plus a small AC
signal at a desired frequency (to perform electrochemical impedance analysis). A graphical user interface (GUI)
was also developed in MATLAB R2012a (The Mathworks, Inc.) to enable total control over the device, thus
permitting the user to choose which of the eight biosensors to measure, or to measure all of them. The portable
potentiostat was tested and validated for the detection of TNF—a cytokines at several concentrations in physio-
logical medium, specifically within the range of 266 pg mL~! to 666 ng mL~!. The authors would like to remark
that, as documented previously in this section, the latter is no clinically significant range, and it was chosen
arbitrarily to illustrate the performance of the reported potentiostat. Future work will involve the detection
of cytokines in real conditions, i.e. in blood and/or saliva in the case of TNF-«, and the characterization of

biosensors in terms of linearity, limit of detection, sensitivity and specificity.

Il. EXPERIMENTAL: MATERIALS, METHODS AND ELECTRONIC DESIGN

A. Reagents

4-carboxymethyl aryl diazonium (CMA), sodium nitrite (NaNOsy), hydrochloric acid (HCl) 37 %, N-
hydroxysuccinimide (NHS), N-(3-dimethylaminopropyl)-N’-ethyl-carbodiimide hydrochloride (EDC), potas-
sium ferrocyanide (II), potassium ferricyanide (III) (K3[Fe(CN)g]/K4[Fe(CN)g]) and phosphate buffered saline
(PBS) were purchased from Sigma-Aldrich, France. All immunoreagents, i.e. TNF—« cytokines and anti-TNF-«
antibodies were purchased from R & D Systems, France.

B. Antibodies and cytokines preparation

Antibodies and cytokines were diluted in PBS buffer, aliquoted, and stored at —20 C following the protocol of
the supplier. The TNF—-« cytokines were aliquoted before EIS measurements at three arbitrary concentrations:
266 pg mL~', 13 ng mL~' and 666 ng mL~!, and stored at 4 C. The anti-TNF-a antibody solution was
aliquoted at 2.5 ug mL~! in PBS.
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C. Miniaturizing the biosensor. Gold WEs chemical modification

The fabrication and characterization of the miniaturized biosensor platform has been previously described
[16]. Prior to CMA electroaddressing, the gold working microelectrodes (WEs) surfaces were cleaned with
ethanol in an ultrasonic bath for 10 min and dried under a gentle stream of nitrogen. The device was then
placed under UV /ozone for 20 min in order to remove all organic contaminants. In parallel, CMA (5 mM)
was diazotated in an aqueous solution of HCl (20 mM) and NaNOg (20 mM) for 10 min at 4 C. Then, four
repetitive CV cycles between 0 V and —1 V were applied to the gold WEs, with a scan rate of 100 mV s~!.
Afterwards, the anti-TNF—« monoclonal antibodies were covalently attached to the CMA-coated WEs by
EDC/NHS (0.1 M) crosslinking both at 0.1 M following a protocol available in the literature [17]. All eight gold

WEs were functionalized and measured after the same protocol.

D. Miniaturizing the potentiostat. Design and development of the electronic system

The electronic board that was designed and customized as a miniaturized potentiostat is hereby described
in two well-distinguishable parts: the digital and the analogue stages (Figure 1(a)). The power supply stage is
described in an additional section for the sake of legibility. The digital stage includes two microcontrollers (uCs)
for waveform generation, response acquisition, optional further in situ signal post-processing and serial commu-
nication with a computer and optionally with other modules. On the other hand, the analogue part includes
an electronic circuit topology based on operational amplifiers (OpAmps) and feedback loops for measuring
three-lead electrochemical biosensors. A GUI was developed in MATLAB to help the user set measurement
parameters such as frequency and voltage amplitude, and for post-processing purposes. The GUI main window
is shown in Figure 1(b) and further described in Subsection IID 2.

1. Power supply

A power supply stage is necessary to guarantee the correct operation of each active component in the board
(green region in Figure 1(a)). Four low-power integrated chips were required in the present approach. Regarding
the digital stage, the MCP1603B (Microchip) is a 2.0 MHz synchronous buck regulator that supplies both uCs
with 3.3 V. Although the analogue-to-digital and digital to analogue converters (ADC/DAC) are embedded in
the uCs, they require additional power supply in order to guarantee a stable voltage reference. This was provided
by the low-noise and low-power ADR4525 from Analog Devices. As for the analogue part of the potentiostatic
system, the LM1117 (Texas Instruments) linear regulator and the TC962 (Microchip) high voltage DC-to-DC
converter were used to have a bipolar (5 V and —5 V) supply to the OpAmps.

2. Digital stage

In this section we will focus on the description of the digital part of the potentiostatic system, which comprises
the intercommunication of two uCs and the computer interface. The PIC32MX795F512L (Microchip), PIC32
hereafter, is a 32-bit, 80 MHz, 1.56 DMIPS/MHz, M4K core with a five stage pipeline and Harvard architecture
microcontroller that was given the role of central control unit in the potentiostat. It was programmed to inter-
face a computer via its UART /USB peripheral. Simultaneously, the PIC32 was also programmed to establish
serial communication with an additional PIC24FJ128GGC010 (Microchip), PIC24, microcontroller based on a
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FIG. 1: (a) High level representation of the portable potentiostatic device, showing the interaction between
the digital and analogue stages. The green region comprises the electronic elements responsible for power
supply. (b) The graphical user interface and post-processing algorithms were developed in MATLAB. Here,
measurement parameters such as frequency, DC polarization and small AC amplitude can be introduced in the
GUI main window. This interface also allows for determination of positive/negative reference sign, and the

user may choose between sensors 1-8 to measure the corresponding electrochemical impedance.
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serial peripheral interface (SPI) protocol. A quick look at Figure 1(a) reveals the role of each pC in the system.
In this respect, the PIC24 uC is responsible for waveform generation (sensor excitation) and acquisition of
sensor’s response for subsequent transmission to the PIC32. To do so, it includes a 10-bit DAC and a 16-bit
ADC, respectively. This PIC24’s 16-bit ADC is optimal for acquisition in the present application compared to
the PIC32, whose 10-bit ADC could impede meeting the required standards of resolution and thus precision. In
addition, the PIC32 has no DAC, and thus an external waveform generator would have been required. On the
other hand, the PIC32 allows for better processing performance and data storage due to its 32-bit core. In situ
signal post-processing will be implemented in the future, and if only the PIC24 had been included in the digital
architecture, the need for further storage capacity would have arisen. Furthermore, the use of two separate
microcontrollers for signal processing and data logging will eventually enable simultaneous measurement and
data analysis with one device, which will speed up the monitoring process. Appendix A in the supplementary

information includes a flowchart to illustrate the firmware implementation in both microcontrollers.

In parallel, a GUI was developed in MATLAB (1) to set voltage reference parameters and (2) for post-
processing of the acquired sensor response. The software implementation of the GUI and processing algorithms
is also described in Appendix A. Briefly, the first panel in the GUI (Figure 1(b)) allows for selection between
positive or negative voltage reference signals. Regarding the desired electrochemical analysis, a pure DC voltage
or a DC plus small AC signal is required. DC offset, AC amplitude and frequency need to be input by the user.
In the acquisition panel, WEs 1-8 may be selected for response acquisition and plotting. Signal post-processing
was done in the lock-in digital filter panel, where the deduced amplitude and phase were shown for the chosen
WEs. As an alternative approach, the PIC32 could be programmed to autonomously generate the excitation
signal and also to perform the necessary post-processing steps in case no computer was available. This may
be useful in portable and autonomous lab-on-a-chip configurations, where the signal processing would be done
in situ and displayed on the lab-on-a-chip device. However, this approach has a strong disadvantage: the
reference voltage signal and frequency limits should be fixed a priori, and changing them would imply the need

for reprogramming the board.

3. Analogue stage

First task in the analogue stage is to implement proper “Reference signal conditioning” (Figure 2) electronics.
As the DAC in the PIC24 uC works between 0 and 3.3 V, the reference excitation signal is always generated
in the positive voltage domain. Nevertheless, regarding the intrinsic nature of the biosensor under study, the
user may need a negative voltage. To solve this, specific analogue circuitry was implemented in the electronic
board. A switch allows the selection between either an inverter circuitry of gain 1 to create a negative reference
from the positive one or a follower circuitry to maintain the positive reference. As already explained in the
previous section, the user just needs to select the “negative” option in the DAC reference sign panel in the
GUI (Figure 1(b)). In the analogue circuitry of the “Reference signal conditioning” stage, 1 nF decoupling
capacitances were added to avoid interferences. Moreover, an additional switch was added in order to choose
between a DC offset plus a small AC signal or a pure DC excitation signal. This once again is up to the user and
the electrochemical measurement required to be performed on the biosensor, and needs to be indicated in the
GUI For instance, amperometry or cyclic voltammetry (CV) require DC signals, whereas for electrochemical
impedance spectroscopy (EIS) analysis, small AC signals need to be applied to the sensor. As in typical three-
lead electrochemical cell configurations, the reference voltage is applied to the biosensor between the reference

(RE) and the working electrode (WE). In order to maintain this voltage constant, an electrical current flows

149



Article V: A low-cost and miniaturized potentiostat for sensing of biomolecular species such as TNF-a by
electrochemical impedance spectroscopy

Sensor Sensor response  Sensor response
excitation acquisition conditioning
DC+AC
\ , Negative reference
Q v ~
Zs =1(Cr.Rp)
= ',4 CE —l I—
1 1
e \ 1
\
= 1
1
Positive reference = 0A1
Reference signal Reference signal
generation conditioning

FIG. 2: Schematic of the electronics behind the portable potentiostat, including five main different stages: (1)
the “reference signal generation”, to choose between pure DC signal or DC bias plus small AC voltage; (2) the
“reference signal conditioning” to select the sign of the voltage signal excitation; (3) the “sensor excitation”
stage including a three-lead connection to an electrochemical cell (EC); (4) the inverter “sensor response
acquisition” stage to transform the sensor response current to a measurable voltage, and finally, (5) the
“sensor response conditioning” as a signal adaptation stage before ADC acquisition. OpAmps labelled as OA1
correspond to AD8672, whereas OA2 corresponds to LPC662. The feedback impedance Z; can be calculated

as a function of adjustable C¢ and Rg.

between the counter electrode (CE) and the WE. This is described in the “Sensor excitation” stage in Figure 2.
Furthermore, a “Sensor response acquisition” stage is needed in order to translate the aforementioned current
flowing through the biosensor into a measurable voltage. For this purpose, a transimpedance amplifier (TIA)
configuration with a feedback resistor Ry was used. Finally, and since the latter is an inverter configuration, the
final “Sensor response conditioning” stage consists of a unity gain inverter configuration to obtain a positive
voltage signal that can be digitalized by the ADC in the PIC24 microcontroller. Figure 3 shows the printed
circuit board (PCB) of the miniaturized potentiostat connected to the biosensor platform. It is worth men-
tioning that stages 3 to 5 were implemented eight times in the board, since the biosensor array included eight
integrated WEs. This was useful for performing eight measurements in parallel either for detecting different
analytes or to study the repeatability of one single measurement.

Throughout the analogue stage, several OpAmps were employed. These can be sorted into two groups,
regarding the technical specifications required for each of them. The OpAmp used in the “Sensor excitation”
stage (labelled as OA2 in Figure 2) was the LPC662 (Texas Instruments). The only requirement at this stage
was that the OpAmp had high enough input impedance (> 1 TQ in the present case, which is achieved by
an ultra-low input bias current of 2 fA), so that it could measure sensors with arbitrarily high impedance;
otherwise, it would modify the measured sensor impedance. It should be noticed that the rest of OpAmps
in the other stages act as voltage followers or as TTAs, and thus they require maximum precision in order
to guarantee the output at the OpAmps. These were labelled as OA1l in Figure 2, and the AD8672 from

Analog Devices was chosen in this case. Here, the OpAmp’s maximum precision is achieved due to a low input
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impedance that prevents any external undesired frequency to be coupled to the signal.

It is worth mentioning that the response signal may not be clean enough to properly deduce the sensor’s
impedance features. Possible noise sources may arise from (1) the biosensor’s intrinsic nature, (2) undesired
instabilities of certain electronic components in the potentiostat at some frequencies, (3) the coupling of the
network’s electrical noise (50/60 Hz and corresponding harmonics), (4) instabilities in the acquisition stage, etc.
Indeed, oscillations due to instabilities of the TTAs in the circuitry at certain frequencies were detected due to the
capacitive nature of the systems to be measured. Open-loop gain of operational amplifier-based circuitry with
feedback such as the one we are dealing with is frequency-dependent, and from Barkhausen stability criterion,
oscillations appear if the TTA circuit does not have sufficient phase margin [55]. The latter may be achieved
by adding a bypass capacitor Ct (Figure 2) in parallel with the feedback resistance, R¢. The values of R¢ and
Ct need to be regulated regarding the effective impedance of the sensor. Here, values of 150 kQ2 and 1 uF were

enough to cover the whole range of measured impedances.

Biosensor array

RE
CE

Top view

Bottom view

o

un /

12 cm

FIG. 3: Manufacturing details of the PCB and the biosensor array. Several electronic components are
indicated in the top and bottom views of the PCB. The potentiostatic circuits for the different channels are
labelled as 1-4 (top view) and 5-8 (bottom view). Regarding the rest of the elements, A) is the PIC32
microcontroller; B) is the UART connector for PC communication; C) is the external power supply; D) is the
10-pin connector for the biosensor array; E) is the RJ-11 connector to program the microcontrollers; F) is the
data bus; G) is the LM1117 voltage regulator; H) is the MCP1603B voltage regulator; I) is the ADR4525
stable voltage reference; J) is the PIC24 microcontroller and K) is the TC962 voltage regulator.

151



Article V: A low-cost and miniaturized potentiostat for sensing of biomolecular species such as TNF-a by
electrochemical impedance spectroscopy

P 0

&

B N

2 )

= 2 >

E— : : —T/4 g

o Theoretical |Z] —
wN ¢ Measurt?d 1Z| g

o — Theoretical Z phase —

h @ Measured Z phase : I

10" 100 100 106 100 10°

Frequency (Hz)

FIG. 4: Bode plot of the equivalent circuit shown in the inset as a proof of concept, showing both theoretical

and measured impedance (magnitude in {2 and phase in radians), from 100 mHz to 10 kHz.

4. Signal processing and extraction of parameters

The digital implementation of a lock-in amplifier was used to extract the sensor response signal within a
known carrier wave, the frequency of which was fixed by the excitation signal. Once the sensor response is
known, i.e. the amplitude and phase shift of the acquired periodic signal, the determination of the sensor
impedance just involves an Ry | Cr feedback gain, as explained in Section IID 3. From careful circuit analysis of

Figure 2, the following expression for the sensor impedance as a function of known parameters can be deduced:

Viet (wrt + ¢r)

Zs:m fy (1)

where Z¢ is the complex feedback impedance, Vier (wrt 4+ ¢;) is the voltage reference signal and Vit (wit + ¢s)
is the response of the sensor to the reference excitation. Note that the frequency of the sensor response should
be the same as the reference signal’s, with an additional phase and gain accounting for the intrinsic nature of
the sensor. However, due to interferences and additional noise, extra frequencies mask the desired and pure
response. Equation 1 is true under the assumption that the equivalent solution resistance is negligible compared
to the equivalent polarization resistance of the biosensor. The lock-in amplifier method consists in extracting
the characteristic parameters (sensor response amplitude, Vg, and phase shift with respect to reference signal,
A¢ = ¢s — ¢) of the response to a single-frequency well-defined excitation signal (reference) in an extremely
noisy environment [56 and 57]. The lock-in filter is mathematically described in the Appendix B supplementary
file.

E. System validation and performance

Having implemented the basic potentiostat as well as the necessary compensation circuitry, we proceeded to
the calibration of the device. The validation process was performed with known SMD electrical components
simulating Randles equivalent circuits [58 and 59]. A system composed of 1.5 k2 in series with the parallel
of 1 nF and 150 kQ was used as a proof of concept (equivalent circuit shown as inset in Figure 4). Nine

frequencies were taken between 100 mHz and 10 kHz, and the impedance magnitudes as well as phases were
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deduced and compared with the theoretical values from impedance analysis, as shown in Figure 4. A sinu-
soidal AC signal of 500 mV peak-to-peak amplitude with a DC offset of 1 V was used for the calibration of the
device. The results shown in Figure 4 demonstrate the applicability of the developed potentiostat in terms of fre-

quency range and also the power of the lock-in digital filter to discriminate the impedance magnitude and phase.

The integrated biosensor array was first electrochemically characterized with a commercial VMP3 multichan-
nel potentiostat (Biologic-EC-Lab, France). All the experiments were carried out at room temperature in an
aqueous solution of 5 mM Kj3[Fe(CN)g]/K4[Fe(CN)g] in PBS buffer at pH 7.4. CV was used to characterize
the bare gold WEs, to electroaddress the CMA coatings and finally to characterize the CMA-modified WEs.
EIS with commercial potentiostat was performed onto bare gold WEs and after each step of functionaliza-
tion: after CMA deposition, after antibody modification and at three cytokine concentrations. After each EIS
spectrum performed with the commercial potentiostat, the data were fitted by EC-Lab software. Extraction
of EIS parameters gave enough information to optimize the feedback elements in the portable miniaturized

potentiostat.

I1l. RESULTS AND DISCUSSION

A. Diazonium-antibody immobilization onto gold WEs

Figure 5(a) shows the voltammogram corresponding to the electroaddressing process of CMA deposition
onto gold WEs. It consists of an initial broad and irreversible cycle with a peak potential at —0.8 V, which
corresponds to the reduction of diazotated CMA onto the bare gold WEs surface. The immobilization of
this salt was also confirmed by a difference in the shape of CV before and after gold modification, as can be
observed in Figure 5(b). A huge decrease in peak-to-peak intensity corresponding to reduction/oxidation of
K3[Fe(CN)g]/K4[Fe(CN)g] on the electrode surface is observed as a result of a large passivation area in the

microelectrodes.
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FIG. 5: Cyclic voltammetry showing (a) CMA deposition onto gold WEs. Four repetitive scans were
performed at 100 mV s=! from 0 V to —1 V vs. integrated Ag/AgCl. (b) Difference in voltammogram shapes

between bare gold and CMA-coated gold WEs. These were performed at a scan rate of 50 mV s~! from 0 V
to 0.5 V vs. integrated Ag/AgCl reference electrode.
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FIG. 6: (a) Nyquist (a) and Bode amplitude (b) plots showing the detection of varying TNF—« concentration
measured with the commercial station and the developed potentiostat, respectively. In both cases, an increase
in polarization resistance with increasing steps in the functionalization procedure, i.e. from bare gold,
CMA-coated gold and anti-TNF—« antibody to cytokines interaction, can be clearly appreciated. (c) Linear
calibration curve showing the relation between the absolute impedance at 1 Hz measured by the portable and

the commercial potentiostats.

B. Cytokine detection by EIS with commercial potentiostat

EIS was performed with the commercial potentiostat to characterize each functionalization step. The mea-
surements were taken in PBS buffer solution of 5 mM Kj[Fe(CN)g]/ K4[Fe(CN)g] at pH 7.4 for all WEs.
Figure 6(a) shows Nyquist plots of all steps performed on a representative WE. First semicircle corresponds
to CMA-coated gold WE, which is considerably bigger than the bare gold WE Nyquist plot, shown as inset.
The second semicircle corresponds to the immobilized anti-TNF-a antibodies. Prior to cytokines incubation,
the electrodes were rinsed abundantly with PBS to remove possible remaining electrolyte solution from the
sensitive layer. The biosensor was then immediately immersed in a 266 pg mL~! solution of TNF-«a cytokines
for 30 min incubation at 4 C. It is of crucial importance to perform this step as carefully and fast as pos-
sible, in order to prevent denaturation of the immobilized antibodies. Afterwards, the unbounded cytokines

were removed by abundant rinsing with PBS, and EIS was performed. The corresponding Nyquist plot proves
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for antigen-antibody recognition. These steps were repeated for subsequent increasing cytokines concentration
(13 ng mL~! and 666 ng mL~1), providing the corresponding increase in electrochemical impedance, as shown

in Figure 6(a).

C. Cytokine detection by EIS with miniaturized potentiostat

From the Nyquist plots shown in Figure 6(a) it can be deduced that the maximum impedance variation
between subsequent steps was measured in the frequency range of 1-10 Hz. Thus, the portable electronic board
was programmed to perform impedance measurements in such frequency range. The measurements were taken
immediately after those with the commercial device. Results are shown as a Bode plot in Figure 6(b). The
relation between the absolute impedance at 1 Hz measured by the portable and the commercial potentiostats

is shown as a linear calibration plot in Figure 6(c).

We demonstrated that our device can perform electrochemical impedance spectroscopy at frequencies as low
as 100 mHz, and also that the lock-in digital filter is useful for discrimination of impedance amplitude and
phase, as shown in Figure 4. In the present case, frequencies above 10 kHz are tricky, especially when the sensor
impedance achieves very low values. In such cases, the device response is saturated, for the system total gain is
% A solution to this could be lowering | Z; |, at the risk of a possible noise coupling at low frequencies. Thus,
the most efficient solution would be the implementation of a digital feedback resistor selector, e.g. a multiplexer.
This will be considered in future work. Moreover, the implementation of fitting functionality in the MATLAB
based GUI will be also addressed in the future, in pursuit of self-contained software to account for important

electrochemical parameters measured by this compact and total autonomous miniaturized impedance analyzer.

IV. CONCLUSIONS

A low-cost and miniaturized potentiostat was designed, developed and interfaced with a miniaturized and
integrated biosensor array to perform electrochemical impedance analysis at a critical frequency range. The
potentiostat prototype was sized 12 x 7 x 2 cm?, weighed 70 g and had an approximate manufacturing cost
of 300 USD. The electronic board design is flexible enough to leave a door open to completely autonomous
operation and to the application of several electrochemical techniques, such as amperometry, cyclic voltammetry
and electrochemical impedance spectroscopy, and future steps will consider remote data transmission through
Internet connection. Impedance spectroscopy is one of the most precise techniques, and it provides detailed
characterization of label-free biosensors. Our electronic device was tested on anti-TNF-a-immobilized over
CMA-modified gold microelectrodes for the detection of TNF—« cytokines at several concentrations. Surface
modification and antibody functionalization of gold electrodes were measured with the portable device, which
also successfully discriminated between three concentrations of TNF-« cytokines. We measured impedance
absolute values in the range of few hundreds kS, features that are comparable to those obtained with the
VMP3 commercial impedance analyzer. Our approach succeeds in fixing some of which we consider important
issues reported in the literature, such as the performance of measurements at low frequencies (below 10 Hz),
the determination of the sensor’s contribution to its complex impedance and the performance of eight parallel
measurements for multiplexed analyte detection or for single measurement redundancy. The results suggest

that the developed device could be useful and easily embeddable in POC environments.
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Appendix A

Firmware and software implementation: description and flowcharts

The digital stage of the potentiostatic system is based on the intercommunication of two
microcontrollers and a computer interface. Scheme A.1 below describes in a flowchart the
firmware running in both microcontrollers, and the role played by the MATLAB-based graphical
user interface (GUI). The states and actions of each microcontroller and the PC-side software are
organized column-wise. Briefly, the communication is established between MATLAB-PIC32
(via UART). The PIC32 (master) initiates communication with PIC24 (slave) via SPI, and
eventually with other modules (dotted panel), yet the latter is out of the scope of this work. The
user sets the measurement parameters in the GUI, and these are transmitted to the PIC24 by the
PIC32. When the measurement starts, the GUI rests waiting for the resulting data. The PIC24,
basing on the parameters introduced by the user, generates the reference signal to excite the sensor
and acquires its response. Both reference and response signals are transmitted to the PIC32, which
in turn transmits them to the computer, where they are further processed. Eventually, the
processing algorithms could be implemented on-board in the PIC32 (dotted panel).

Scheme A.2 shows a detailed flowchart description of the MATLAB-based software, including
the GUI and the post-processing algorithm. Concretely, the user can decide between a positive
and a negative reference signal, and if it consists of a DC or AC waveform. In the latter case,
frequency and small AC amplitude are required, apart from the DC offset voltage. Finally, the
user may select the working electrode(s) to be measured. When the software receives the data
arrays (including reference signal and sensor(s) response), these are used by the lock-in filter
algorithm module as described in Appendix B.
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Appendix B

On the working principle of the lock-in amplifier

The equations provided hereby describe in detail how V, and Ap may be deduced by simple
algebraic and geometrical manipulation.
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5.2 Integration of amperometry and potentiometry

After successfully developing a low-
cost and miniaturized device for mea-
suring electrochemical impedance spec-
troscopy, we aimed at designing a com-
plementary device capable of implement-
ing both the amperometric and po-
tentiometric techniques. The archi-
tecture of the device basically con-
sists of a digital and an analogue
stage. The former is composed of
a PIC32MX795 (Microchip Technology)
microcontroller interfacing a HUZZAH
EPS8266 (Adafruit Industries) micro-
controller that contains a full Wi-
Fi front-end.  The measurement set-
tings are configured through the digi-
tal stage, which is also responsible for
generating the voltage excitation sig-
nal through its digital-to-analogue con-
verter (DAC). The sensor is interfaced
in the analogue stage, and its re-
sponse is acquired by the analogue-
to-digital converter (ADC) back to
the PIC32 microcontroller, which pro-
cesses the data and sends it to the
ESP8266 module through I2C com-
munication. From there, the data
is dump to the network via Wi-
Fi.

The analogue part consists basically of
six differentiated stages: the power stage,
the generation of a voltage excitation for
amperometry, the (current) detection cir-
cuitry for amperometry, the (open-source
voltage) detection circuitry for potentiom-
etry, the data processing circuitry and the
transmission stage. It is worth mention-
ing that due to initial specifications and
requirements, the whole system was de-

signed for interfacing two-electrode sensors.
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FIGURE 5.1: Generation of a DC voltage signal
by PWM. (A) Schematic of the PWM method,
with the equivalence between the width of the
pulses and the expected DC value. (B) Second-
order (~ 40 dB attenuation per decade) Sallen-
Key low-pass filter outputting an actual DC

voltage.

Along the following sections, technical details on the implementation of powering
stage, amperometry and potentiometry measurements, software and preparation of ITO-
based pH electrodes for proof-of-concept are provided.
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FI1GURE 5.2: Electronic circuitry for amperometric excitation and mea-
surement of a two-lead sensor —S—. (A) A constant voltage (V;) is applied
at the working electrode of the sensor, and the resulting current is turned
to a voltage by a feedback impedance (green rectangle, which can be se-
lected digitally out of eight impedances in a multiplexor shown in (B)).
The orange rectangle points out a signal conditioning stage outputing
a positive response regarding the configuration of the A, I', ¥ and
resistors.

5.2.1 Power stage

The power stage consists of a 4000 mA h rechargeable battery with an output voltage
of 3.7 V. A swithching regulator (TPS799) placed at the battery output provides a
constant DC value of 3.3 V, and another switching regulator (LM2611A) outputs a
constant and stable level of —3.3 V. The 3.7 V original signal powers directly the Wi-
Fi communication transceiver HUZZAH EPS8266. The 3.3 V line powers the digital
parts of the electronics, control and power-on-reset LEDs, and the positive lead to the
analogue part. The —3.3 V line powers the negative lead to the analogue part. Moreover,
decoupling and bulk capacitors were strategically distributed in order to guarantee a
proper power supply along the whole system.



Chapter 5. Miniaturized readout electronics: from the laboratory to a chip 165

T R ey ey g e
i
| | | |
I I- ,
x \ I x I TOA?(,
| (Si y [ I y ! .
g I l 1V I —_l__
I_ (R — IFrom filtered PWM I =

FiGURE 5.3: Electronic circuitry for potentiometric measurement of

open-source voltage between the two leads of a sensor —=S—. The dark

blue rectangle is a voltage follower-configured operational amplifier. The

measured voltage is shifted 1 V towards positive values by means of an

adder configuration (light blue rectangle), and finally filtered before ADC
acquisition.

5.2.2 Signal generation for amperometric excitation

The amperometry measurement requires a constant voltage for exciting the sensor. This
was generated by means of a pulse modulating system (PWM), consisting in the gener-
ation of a squared AC signal with a variable duty cycle provided by the microcontroller,
and which must then go through a low-pass filter. This is shown in Figure 5.1. The rela-
tionship between the pulse width and the equivalent voltage level can be appreciated in
Figure 5.1a. Figure 5.1b shows the second-order low-pass Sallen-Key filter employed in
this design for filtering the PWM-generated signal and cancelling all the noise levels that
there may be. The operational amplifier of the active low-pass filter can be configured
either in the inverter mode or in the voltage follower mode, depending on whether the
amperometry experiment requires a negative or a positive voltage level. In the present
circuit, the covered range goes from —3 V to 3 V, with a precission of 3.2 mV.

5.2.3 Detection stages for amperometry and potentiometry

The analogue electronics for the detection stages of amperometry (Figure 5.2) and po-
tentiometry (Figure 5.3) are clearly differentiated and still the design is such that both
measurements can be conducted simultaneously. To this end, the virtual mass potential
used at the positive input lead of the transimpedance amplifier (left-most operational
amplifier in Figure 5.2a) must be the same as the reference potential in the potentio-
metric circuit (on one lead of the sensor in Figure 5.3). This way, the potentiometry
measurement does not affect the amperometry measurement and wviceversa. This ap-
proach was inspired by the work of Schelter et al. [202], with the difference that we
are employing ion sensitive electrodes (ISEs) for the potentiometry measurement and
Schelter made use of ion sensitive field effect transistors (ISFETS).

Regarding the electronics for amperometry, Figure 5.2a shows the transimpedance
amplifier used for the current measurement and transformation into a measurable volt-
age by a variable feedback impedance. The variable feedback impedance was imple-
mented by means of a multiplexer (integrated circuit ADG728), with eight different
input impedances (composed of the parallel association of a resistor and a capacitor).
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This is shown in Figure 5.2b, where the eight input impedances are {Iy, ..., I7} and the
output impedance is O. The latter is selected by three selector inputs, {Qo, @1, @2},
and the whole integrated circuit is interfaced by the microcontroller via 12C through the
C (clock) and D (data) inputs. All this is followed by an inversor stage, which changes
the sign of the resulting voltage signal in case this is negative, so that it can be acquired
by the microcontroller’s analogue-to-digital converter (ADC), for the range of detection
of the ADC varies from 0 V to 3.3 V. For this, if the signal is positive at the output of
the transimpedance amplifier, then resistors A and X are 0 and resistors I and € are
not placed (infinitive resistance paths). This would be the voltage follower configuration
and the signal would still be positive at the output of the amplifier. On the other hand,
if the signal is negative at the output of the first transimpedance amplifier, then the
resistor X is not placed (path of infinitive resistance) and €2 is zero, and I" and A are resis-
tors of the same value; this is an inverter configuration, and the output signal is positive.

The amperometric sensor is connected to the negative input lead of the operational
amplifier, as shown in Figure 5.2a. The system mass potential is connected to the
positive input lead; this way, the current flowing through the sensor corresponds to the
voltage difference caused by the sensor polarization voltage and the virtual ground value
corresponding to the mass at the positive lead of the operational amplifier. As men-
tioned before, this ground potential is taken as a reference by the potentiometry circuit.

Regarding the electronics for the monitorization of open ciruit potential, Figure 5.3
shows the potentiometric measurement stage. The sensor signal goes through the posi-
tive input lead of the operational amplifier configured as a voltage follower. The output
of this stage goes through one of the branches entering a voltage adder, which ensures
a positive signal at the ADC. This 1 V offset is deleted via software to show the actual
values.

5.2.4 Signal processing, data transmission and control software

The processing and data transmission stage consists of two devices: the PIC32MX795
microcontroller and the HUZZAH ESP8266 transceiver. The PIC32MX795 microcon-
troller is a 32 bit RISC architecture-based processor with a serial USB peripheral that
permits (1) to load the measurement configuration parameters; (2) the generation of
the powering signals for the amperometry measurements; (3) the analogue-to-digital
simultaneous conversion of the amperometric and potentiometric sensors by means of
the microcontroller’s 10 bit ADCs; (4) the configuration of the feedback resistors, by
means of the 12C communication with the ADG728 device (the multiplexer); (5) the
data processing and (6) the transmission by means of a second 12C port of the data to
the Wi-Fi transceiver HUZZAH ESP8266. The HUZZAH transceiver is a device that
can be connected to a Wi-Fi network and can transfer the data as if it was a computer.
Moreover, this device holds a connector where the power battery can be plugged.

The whole device is integrated in a compact box fabricated by 3D printing for iso-
lation. The sensor leads were implemented with microUSB connectors to electrically
isolate them from the environment. The control software was based on open-source
Python programming language. A view of the main software front panel is shown in
Figure 5.4. First, the user must select, from the top-left panels, the COM ports for
configuration of the potentiostatic device and for the data transmitter (which can be
either the same potentiostat —the transmission would be done wvia USB cable— or the
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FIGURE 5.4: Front panel of the graphical user interface developed in
Python.

ESP8266 module —in this case, the transmission is done via Wi-Fi-). Second, the user
must choose a value for the feedback resistor (at the transimpedance amplifier in the
amperometric circuitry), which depends on the approximate intensity of the current to
be measured: the lower the current to be measured, the higher the required feedback
resistor. Then, the measurement channel (or both) must be selected (each consisting of
one amperometric and two potentiometric modules), and the “simultaneous measure-
ment” checkbox must be ticked in case both potentiometries and the amperometry were
to be measured simultaneously. On the contrary, if a specific order of measurement is
desired, this is to be indicated in the sequencing boxes, where the time duration and
excitation voltage level in the particular case of amperometry must be set. By pressing
the “start acquisition” button, the device is configured and the measurement starts; the
data is sent back to the computer and plotted in real time. Once the measurement
finishes, a filename may be chosen and a directory may be browsed so that the data and
plots can be saved.

5.2.5 Proof-of-concept: transparent and nanostructured ITO-based
pH electrodes

Henceforth, the text reproduced in this section is partly extracted from a conference paper
published in Multidisciplinary Digital Publishing Institute Proceedings, 2(13); R. Pruna,
F. Palacio, 1. Fuentes, C. Vinas, F. Teizidor, M. Lopez, “A novel transparent pH sen-
sor based on a nanostructured ITO electrode coated with [3,3’-Co(1,2-C2BoHi1)2]-doped
poly (pyrrole)”, 869, 2018; with permission from MDPI.
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Commercial-based pH sensors are becoming obsolete in many challenging applica-
tions such as biomedical and environmental monitoring, for they are constructed around
liquid-filled glass membranes that imply limitations in size and rigidity. To overcome
these limitations, solid-state pH sensors based on various organic materials were sug-
gested in the past, which allowed the mass-production and miniaturization of flexible
electrodes. Still a challenge in pH sensors is optical transparency, which would allow
the simultaneous monitoring of potentiometry and optical features (e.g. fluorescence in
some biochemical systems). Indeed, some important biomedical applications [203] have
recently been reported in these terms.
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FIGURE 5.5: (A) Nernstian evolution of the voltage measured by

the ion-sensitive electrode with the pH of solution, showing linear be-

havior along the whole pH range. (B) Chemical structure of the
cobaltabis(dicarbollide) [3,3’-Co(1,2-C2BgH;11)2]~ anion.

In this work, the use of transparent nanostructured electrodes based on indium tin
oxide (ITO) as a novel electrochemical platform for pH determination is proposed. These
were grown by electron beam evaporation at 300 °C at a constant rate of 1 A s~! during
30 min, and further annealed at 600 °C during 1 h in Ny atmosphere. The surface
was coated with a functional conducting polymer via electrochemical polymerization by
cyclic voltammetry (CV). Poly(pyrrole) (PPy) was used in this scope for being one of the
most stable intrinsic conducting polymers (ICPs) known [204]. Cobaltabis(dicarbollide)
[3,3-Co(1,2-C2BgH;11)2]~, whose chemical structure is shown in Figure 5.5b, was used
as doping structure for its high chemical resistance and major advantages over com-
mon dopant anions [205]. A three-electrode system was used to electropolymerize a
solution of 100 mM Pyrrole and 50 mM [3,3’-Co(1,2-C2BgH;1)2] ™ in acetonitrile by CV
between 1.2 V and —0.9 V, at 100 mV s~! for three cycles to keep electrode trans-
parency. The potential response behavior of this novel transparent, conductive and
nanostructured film was investigated in aqueous pH buffers prepared from HCl and
NaOH solutions. A self-developed low-cost and miniaturized potentiostatic device was
used for two-electrode potentiometry measurements, with the modified ITO film as ion-
sensitive working electrode with respect to a Ag/AgCl (KCl sat.) reference electrode.
A preliminary calibration is shown in Figure 5.5a, where a Nernstian behavior (around
50 mV change per pH unit) is observed in the whole pH range, confirming the quality
of the developed electrode.
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In summary, the preliminary results presented in this work point towards a new
promising transparent ion-sensitive film coupled to a low-cost and miniaturized elec-
tronic system to achieve a fully autonomous measurement kit for precise potentiometric
measurements in point-of-care medical environments.






Chapter 6

Conclusions

The main conclusions of this doctoral thesis are gathered in the present chapter. First,
some general conclusions are drawn concerning an overall vision of the whole project;

then,

6.1
(i)

(iii)

6.2

specific conclusions for each specific topic studied in this dissertation are provided.

General conclusions

Transparent nanostructured indium tin oxide (ITO) electrodes were employed for
electrochemical biosensing for the first time to the best of our knowledge. Several
derivatization and functionalization methods were explored, and the results showed
that nanostructured ITO is still a material with unexplored possibilities in terms
of sensing.

New approaches on the miniaturization of potentiostats with the capability of
conducting several electrochemical techniques were provided, resulting in novel,
simplified devices at a low cost and very versatile in terms of integration into
point of care (POC) systems.

Still the issue of simultaneous optical and electrochemical detection needs to be
addressed in the future, for example by designing innovative electrode holders
integrated into transparent electrochemical cells and modifying the electronic de-
vices in order to accomodate adequate optical systems into the already working
circuitry.

Specific conclusions

6.2.1 On the preparation of the functional material

(i)

(iii)

The fabrication process of transparent thin film and nanostructured ITO electrodes
can be optimized to obtain a high electrochemical performance. Since these were
prepared by electron beam evaporation, substrate temperature during deposition
resulted to be a critical parameter, and a value of 300 °C delivered electrodes with
optimized surface nanostructuration and optical transparency.

The electrochemically active surface area of the electrodes was estimated by suc-
cessive voltammetry cycles at several scan rates and subsequent data analysis.
The nanostructured electrodes showed a 40 % increase in electroactive surface
area compared to thin ITO films for a projected area lower than 1 cm?.

Both thin and nanostructured ITO films were shown suitable for surface chemical
modification with several crosslinkers (organosilanes and aryl diazonium salts),
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being the latter process a first step towards derivatization and functionalization
of electrodes for biosensing.

6.2.2 On the usage of the funcional material as biosensor

(i)

(i)

(iii)

The nanostructured ITO surfaces show higher sensitivity for the electrochemical
detection of species rather than thin films due to their increased electroactive
surface area. This was tested by means of a model molecule labelled with ferrocene,
which presents redox activity.

Nanostructured ITO electrodes were successfully employed as working electrodes
for the detection of tumour necrosis factor o (TNF-«) by electrochemical impedance
spectroscopy. An adequate surface functionalization was demonstrated by spec-
troscopic techniques (mainly FTIR) and also by fluorescence microscopy.

Other relevant immunoassays were performed using both thin and nanostructured
ITO films as working electrodes: bovine serum albumin analysis confirmed the in-
creased performance of nanostructured ITO as amperometric sensor due to its in-
creased electroactive surface area, and the biotin-streptavidin assay demonstrated
the feasability of creating repeatible and highly specific biosensors using nanos-
tructured ITO as working electrode.

6.2.3 On the integration of biosensor and portable readout electronics

(i)

(iii)

A miniaturized and low-cost potentiostat was developed and successfully employed
for the detection of TNF—« by electrochemical impedance spectroscopy analysis on
a gold-based micropatterned electrode array. A good repeatability was obtained
for concentrations ranging from below 250 pg mL~! up to around 700 ng mL~".

A second miniaturized potentiostatic instrument was developed complementary
to the first one in order to perform other electrochemical measurements such as
potentiometry and amperometry. Besides, some of the electronic designs in the
instrument were optimized and the consumption was lowered; a Wi-Fi module for
data transmission was used to make the device portable and the graphical user
interface was codified in free software to make it available to anybody without the
need for expensive licenses.

The viability of integrating the nanostructured ITO biosensors and the developed
potentiostat was also demonstrated, showing a case study in which the I'TO work-
ing electrode surface was chemically modified with a doped polymer for the detec-
tion of pH variations in aqueous media. This sensor showed Nernstian behaviour
(50 mV variation per pH unit).



Appendix A

Some notes on semiconductor
electronic bands

Band theory

Materials can be classified as metals, semimetals, semiconductors and insulators regard-
ing their conductivity properties. The conductivity of materials can be predicted by
studying the distribution of electron orbitals in a set of molecules or atoms forming a
crystal structure. As a brief reminder: according to quantum mechanics, atomic orbitals
are discrete energetic regions available for electrons in atoms. In other words, electrons
inside an atom are organized regarding the energy they possess, and the most external
electrons (away from the nucleus) are the most energetic, and have the final say in the
properties of the atom. Such atomic orbitals split into a set of sublevels each when atoms
are grouped to form molecules. In turn, in a semi-infinite group of atoms or molecules
forming a crystal lattice, these molecular sublevels tend to overlap, eventually forming
molecular bands. Since all physical systems “try” to minimize the total energy related
to that system (in the present case, the total energy in the material), the electrons start
“filling up” the band structure from the bottom, and the energy of the last theoretically
placed electron is called the “Fermi level”. The latter is a thermodynamic concept that
is defined as a hypothetical energy state with 50 % chances of being occupied, and its
position within the band structure determines the electrical properties of the material,
as can be observed in Figure A.la. In semiconductor theory, the set of filled bands below
the Fermi level are called “valence bands”, and the set of unfilled bands above the Fermi
level are called the “conduction bands”. Both sets of bands are separated by the band
gap, a forbidden energy region of magnitude E; depending on the material. In metals
and semimetals, the valence and conduction bands are overlapped to some extent, this
is the reason why they are electrically conducting at thermodynamic equilibrium.

On the other hand, in the case of an insulator the valence and conduction bands
are so much far away that no electron will ever find the chance to promote himself to
the conduction band. The case of semiconductors is the most interesting of them all.
Intrinsic semiconductors, as explained before, have the valence and conduction bands
separated by a bandgap energy more or less small. The Fermi level lies right at the
middle of the bandgap. A small external perturbation, such as a temperature increase,
light, polarization, etc. can excite valence electrons over the bandgap to the conduction
band and trigger electrical conductivity. However, another mechanism to trigger elec-
trical conductivity in semiconductors is doping. Materials can be doped in two ways:

Tnspired by Kittel’s Introduction to Solid State Physics 7th Edition, chapter 7 [53]. Author:
Nanite (own work). Creative Commons CC0 1.0 Universal License. https://en.wikipedia.org/wiki/
Electronic_band_structure$#$/media/File:Band_filling_diagram.svg.
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(1) adding atoms that accept electrons, leaving holes in the valence band that have
some degree of freedom and thus allow conductivity; (2) adding atoms that donate free
electrons to the conduction band, allowing thus for electrical conductivity. The second
case is what happens when doping indium oxide with tin, as can be observed in the
band diagram shown in Figure A.1b.

In the case of indium oxide, it is worth observing the effect of doping tin doping in
theoretical band structures, which show the distribution of electronic bands along high
symmetry lines in the Brillouin zone. In this context, Figure A.2 shows the band dia-
grams of bare (Figure A.2a) and tin-doped (Figure A.2b) indium oxide as theorized by
Mryasov and Freeman [51]. They performed an ab initio calculation of the band struc-
ture using the full potential linear muffin-tin orbital (FLMTO) method, the description
of which is out of the scope of this thesis and can be found elsewhere [207, 208]. Their
results showed that the conditions for transparent conducting behaviour with electron
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FIGURE A.1: (A) Several material types electronic states and how they
fill at equilibrium. Black means all states filled, whereas white means
no state filled, and all intermediate states follow a Fermi-Dirac distribu-
tion; y-axis represents density of states available for a certain energy.!(B)
For the particular case of ITO, comparison of conduction properties for
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FIGURE A.2: Electronic band structures of bare (A) and tin-doped (B)
indium oxide (the latter at a doping level of 6.5 %), InpO3. Extracted
from [51].
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doping were provided by the position and high dispersion at the bottom of the con-
duction band, as can be observed in the figures. Anyhow, it must be noted that these
calculations predict the existence of a direct band gap of about 1 eV, which indicates
an underestimation commited by the local density approxmiation (LDA) model, since
the experimentally measured optical band gap is around 3.6 eV [209].

The semiconductor—electrolyte interface

Along the previous section, some concepts on semiconductor band theory were provided,
since the main material employed along this thesis is indium tin oxide, a n-type trans-
parent semiconductor. However, the material is not used isolated and on its own, but
immersed in an aqueous solution containing a redox couple. For this reason, we will now
focus on the behaviour of the electronic bands of the semiconductor-redox couple system.

A

Ef (redox) —A

Energy
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FIGURE A.3: (A) Schematic of the redox states (Red and Ox) in solution,

the corresponding Fermi level (Ep(redox) and the solvent reorganization

energy, A\. Adapted from [145]. (B) Complementary representation of the
band energy organization for the redox solution.

The energy levels for the redox-active species contained in the aqueous solution are
shown in Figure A.3, and these levels depend on the probabilities of the Red (donors)
and Ox (acceptors) being occupied and vacant, respectively. A measure of such probabil-
ities (best described in terms of gaussian distributions) is provided by the solvent-sheath
energies (\) around the redox species: the continuous distributions shown in Figure A.3a
arise from the dynamics of the exchange of solvent molecules between the coordination
sphere of the redox species and the bulk electrolyte. By all means, the Fermi level is
the energy state which has 0.5 probability of being occupied by an electron.

Let us now consider the case of immersing an n-type semiconductor electrode in a
redox solution, graphically schematized in Figure A.4. In this case, when considered
separately, the Fermi level of the material is higher than the Fermi level of the redox
couple in solution; as usual, these levels have to equalize when the phases are brought into
physical contact to reach thermodynamical equilibrium. This occurs as a consequence of
the transference of electrons from the material to the Ox (acceptors) species. Since the
semiconductor carrier densities are usually much lower than the densities of the redox
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species in solution, a sheet of negative charge acts as a counterbalance in the electrolyte
and the semiconductor energy bands are bent in the depletion zone. Any voltage applied
to the semiconductor (through a potentiostat) will cause the Fermi levels to separate,
thus changing the band bending [145]. In a complementary way, p-type semiconductors
(Figure A.5) present a Fermi level lower than that of the redox couple, and thus the
equilibrium is achieved through the transfer of electrons from the Red (donor) species
to the semiconductor. This charges the semiconductor negatively, resulting in a sheet
of positive charge counterbalancing the electrolyte and producing an upwards bending
of the semiconductor bands.
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FIGURE A.4: Band diagram of n-type semiconductor and redox solution
(A) separately and (B) brought to contact. Adapted from [145].
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FIGURE A.5: Band diagram of p-type semiconductor and redox solution
(A) separately and (B) brought to contact.
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How does the immune system
produce monoclonal antibodies?

The immune system, which responds in a specific way and displays a long-term memory
of exposure to pathogens, is composed of (1) the innate or non-specific and (2) the
adaptive or specific systems. The innate immune system consists in a first line of defence
against infection, with components such as skin, body fluids, etc. When the latter fails
to defend the body against pathogens, the adaptive immune system (composed of several
cells and molecules such as lymphocytes and antibodies) is activated. Lymphocytes can
be classified as B cells, cytotoxic T (TC) cells and helper T (TH) cells. B cells act in
the humoral response, when a known pathogen is fought by releasing antibodies specific
to that agent. TC cells act in the cell-mediated response, binding to foreing or infected
cells and inducing their lysis. These B, TC and TH cells carry surface receptors that
bind specifically (one cell — one antigen) to antigens. But how are antibodies produced?
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C/;:’ e @ macrophage

" ﬁ &

B cell
\; helper T cell g::lrry
@
ctivated B cell - 4 £ ->
activa cel . i ‘2’
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FiGURE B.1: Schematic showing the reaction of the immune system
to the break in of foreign pathogens in order to deliver the appropriate
antibodies or to generate a stock of them.!

The pathogen that succeeds in breaking the primary barriers of the immune sys-
tem and gets inside the body, immediately faces the response of virgin B cells and
macrophages (see Figure B.1). On one hand, macrophages engulf the pathogens, and the

"http://www.old-ib.bioninja.com.au/higher-level/topic-11-human-\health-and/
111-defence-against-infecti.html
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major histocompatibility complex (MHC) markers of the macrophages become linked
to an antigen of the pathogen. The latter corresponds to the non-specific pathway.
These linked MHC — antigen complexes are presented to helper T cells (lymphocytes)
as non-self invaders. Each B cell has on its surface a specific antibody with affinity
for a specific antigen. Of all B cells, only those with the appropriate antigen become
activated and cloned at the presence of the MHC — antigen complex macrophage. These
B cells differentiate into antibody-producing plasma cells, and a few of them become
memory B cells. The latter remain in the bloodstream for years, and provide with a
faster immune reaction if a second infection with the same antigen occurred. Parallelly,
plasma cells produce high quantities of specific antibody to the infecting antigen.

Regarding the monoclonal antibodies used in diagnosis and treatment (and also in
the experiments performed during this thesis), their production is schematized in Figure
B.2. An animal, usually a mouse or a rabbit, is injected with an antigen and produces
plasma cells by the immune proceure explained before. The plasma cells are retrieved
and hybridized with tumour cells capable of keeping on reproducing ad infinitum. Large
quantities of specific antibody can be synthesized by the resulting hybridoma, which are
used in diagnosis and treatment of diseases.
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FIGURE B.2: Laboratory protocol for producing monoclonal antibodies
for a specific antigen.?

Zhttp://www.old-ib.bioninja.com.au/higher-level/topic-11-human-health-\and/
111-defence-against-infecti.html.
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Resumen en espanol

Hipdtesis y objetivos

La importancia de desarrollar sistemas de punto de cuidado (point-of-care, POC por sus
siglas en inglés) cualificados en entornos médicos y para la monitorizacién de pardmetros
ambientales (por ejemplo calidad del aire y del agua) es de suma importancia, y esté
llevando a los cientificos a investigar (1) la miniaturizacién y el desarrollo de circuiteria
electrénica integrada y sensores compactos y integracién en dispositivos portables; y
(2) nuevos materiales sensores capaces de facilitar la miniaturizacién e integracién de
electrénica y biosensores, garantizando niveles de sensibilidad razonables.

En este trabajo, se propone el éxido de indio dopado con estano (indium tin ozide,
ITO por sus siglas en inglés) en forma nanoestructurada como material adecuado para
el desarrollo de electrodos de trabajo para biosensores electroquimicos. En primer lu-
gar, la combinacién de interesantes propiedades como una alta conductividad eléctrica y
transmitancia 6ptica puede hacer del ITO un material adecuado no sélo para el sensado
electroquimico, también para biosensores Opticos o para desarrollar sensores basados
en la combinacién de ambos principios. Ademads, la nanoestructuracién del material
puede contribuir a incrementar la sensibilidad del sensor, especialmente cuando se in-
tenta miniaturizar el dispositivo final, puesto que esto comporta una reduccién del area
geométrica de sensado, y las nanoestructuras contribuirian a aumentar la superficie es-
pecifica.

Por otro lado, este trabajo incluye también contirbuciones a la electrénica de medida
de biosensores electroquimicos. En efecto, se desarrollaron algunos prototipos de po-
tenciostato y se testearon en colaboracién con otras instituciones europeas en el marco
del proyecto “Real time monitoring of SEA contaminants by an autonomous Lab-on-
a-CHIP biosensor” (“SEA-on-a-CHIP”, ayuda nimero 614168) del séptimo programa
marco de la Unién Europea. La descripcion de estos prototipos, asi como los resultados
obtenidos con ellos, se presentan en esta tesis. Con todo, los principales objetivos de
este proyecto consisten en:

e desarrollar electrodos de ITO nanoestructurado mediante evaporacion por haz de
electrones y examinar su ejecuciéon en un entorno electroquimico, comparando
estos resultados con los obtenidos mediante electrodos de ITO en capa fina;

e optimizar los pardmetros de fabricacién de los electrodos para obtener ITO na-
noestructurado de alta calidad y maxima sensibilidad electroquimica;

e probar que las superficies de los electrodos de ITO nanoestructurado pueden
ser adecuadamente modificados con moléculas como silanos o sales de diazonio,
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que hacen de puente para posteriormente poder enlazar otras biomoléculas (e.g.
proteinas), y caracterizar estos procesos por métodos espectroscépicos como XPS
o FTIR;

e desarrollar un immunoensayo completo sobre el ITO nanoestructurado usado como
electrodo de trabajo con el objetivo de detectar biomoléculas de interés mediante
técnicas electroquimicas con potenciostatos comerciales;

e desarrollar la circuiteria electronica adecuada para la miniaturizacién de poten-
ciostatos, centrandonos en la medida de espectroscopia de impedancia electroquimica,
potenciometria y amperometria;

e disenar y desarrollar una interfaz grafica de usuario flexible y en cédigo abierto
para facilitar la manipulacién de los potenciostatos portables desarrollados, y

e integrar la electronica, hardware y software en un dispositivo compacto con elec-
trodos comerciales o basados en ITO que pueda ser aplicado en entornos POC.

Resumen de la tesis

Existe una creciente necesidad de desarrollar sistemas de point-of-care (punto de cuidado,
POC por sus siglas en inglés) innovadores, versétiles y de bajo coste, que sean capaces
de buscar y detectar enfermedades antes de que los sintomas se manifiesten, esto es,
en estadios de desarrollo tempranos. Los sistemas POC consisten en un biosensor inte-
grado en un sistema electrénico y eventualmente un sistema microfluidico que gestione
las posibles muestras de fluidos biolégicos [21, 22]. El objetivo general de esta tesis
doctoral es investigar distintas posibilidades de mejorar la tecnologia POC.

Por un lado, los sistemas biosensores actualmente integrados en sistemas POC son
limitados. Pongamos por caso uno de los sistemas POC por excelencia: el detector de
glucosa en sangre. Este estd basado en el concepto de inmunoensayo de flujo lateral,
tecnologia consistente en un sistema de lechos capilares (e.g. papel poroso o polimero
microestructurado) capaces de transportar el fluido. Asi, éste se desplaza sobre distintos
lechos capilares con distintas moléculas destinadas a conjugarse con el analito supues-
tamente contenido en la muestra inicial. De este modo (la explicacién detallada del
funcionamiento del inmunoensayo de flujo lateral estd recogida en [23-25]), se obtienen
indicadores cualitativos muy precisos acerca de la presencia o no de un analito (como
la glucosa) en una muestra (de sangre, por ejemplo). De igual modo funcionan los test
de embarazo, si bien es cierto que en ambos casos los dispositivos comerciales actuales
proporcionan datos cuantitativos precisos [26, 27]. No obstante, existen otros muchos
analitos que no pueden ser correctamente detectados y cuantificados mediante un ensayo
de flujo lateral, y requieren de métodos basados en potentes sistemas electrénicos que
aporten la energia necesaria que desencadene una reaccién que pueda ser medida. Para
esto, se necesita por un lado de sustratos adecuados que permitan tanto el acoplo de
analitos y otras biomoléculas como la deteccién de reacciones quimicas ocurridas en su
superficie; por otro lado, es necesaria una potente circuiteria electrénica capaz de excitar
el sensor y a la vez medir su respuesta y que pueda ser miniaturizada para poder ser
integrada en sistemas POC.

Los biosensores electroquimicos y 6pticos han tomado mucha relevancia en cuanto
a lo que a sistemas POC se refiere. Esto es debido a la versatilidad de los sistemas



Appendix D. Resumen en espanol 185

de medida basados en transductores electroquimicos y 6pticos [28-30], dotando a es-
tos sensores de una alta sensibilidad y especificidad. Concretamente, la sensibilidad
puede verse gravemente afectada por la miniaturizacién de los dispositivos y por tanto
de la parte sensora de los mismos. En los tltimos afios, los materiales mas usados en
biosensores electroquimicos por ser capaces de proveer alta sensbilidad a los disposi-
tivos han sido el oro [31-33], algunos polimeros [34, 35] y algunos déxidos [36, 37]. No
obstante, la necesidad de obtener superficies extremadamente pequenas con alta sensi-
bilidad ha impulsado el estudio y desarrollo de nanoestructuras como las nanoparticulas
de oro y superficies nanoestructuradas de oro y algunos 6xidos [38-44]. La elevada
relacion superficie—volumen que presentan las nanoestructuras las hace especialmente
interesantes para la biodeteccién de moléculas, pues el aumento de superficie posibilita
la interaccién con una mayor cantidad de moléculas de menor tamano y esto supone un
aumento de sensibilidad y la posibilidad de reduccién del tamaino del sensor [45].

Sin embargo, la atencién prestada a materiales transparentes en el campo de la
biodeteccién es escasa y practicamente se reduce a biosensores 6pticos, con alguna ex-
cepcion [42, 46]. En esta tesis, se propone el 6xido de indio dopado con estano (indium
tin oxide, ITO por sus siglas en inglés) en forma nanoestructurada como material de
electrodo de trabajo (working electrode, WE por sus siglas en inglés) en biosensores elec-
troquimicos. Por un lado, la transparencia que presenta el material a longitudes de onda
en el rango éptico e infrarojo hacen de él un buen candidato para sensores épticos; por
otro lado, la conductividad que presenta hace que pueda ser considerado para sensores
electroquimicos, y la nanoestructuracion permitiria la reduccién del tamano total de los
dispositivos para poder asi ser integrados en sistemas POC.

Asi, en la primera parte de esta tesis se ha estudiado las propiedades del ITO, y se
ha caracterizado eléctrica, Optica, electroquimica y estructuralmente tanto en forma de
capa fina como nanoestructurado, a partir de muestras preparadas sobre silicio (R. Pruna
et al., 2016, Electrochemical characterization of organosilane-functionalized nanostruc-
tured ITO surfaces) y sobre vidrio (R. Pruna et al., 2019, Tuning the deposition pa-
rameters for optimizing the faradaic and non-faradaic electrochemical performance of
nanowire array-shaped ITO electrodes prepared by electron beam evaporation) medi-
ante evaporacién por haz de electrones. Asi mismo, se ha estudiado la interaccién de
moléculas conocidas como crosslinkers, que permiten la posterior funcionalizaciéon de
superficies con biomoléculas, con los sustratos de ITO nanoestructurado (R. Pruna et
al., 2016, Organosilane-functionalization of nanostructured indium tin oxide films). Fi-
nalmente, se han realizado varios inmunoensayos usando el I'TO nanoestructurado como
sustrato, desde los clasicos para el estudio de la adecuacién del material para este tipo
de aplicaciones (como los que involucran la albimina de suero bovino -bovine serum
albumin, BSA por sus siglas en inglés- o la interaccién entre biotina y estreptavidina)
hasta la deteccién de distintas concentraciones de un biomarcador de fallo cardiaco muy
estudiado en dmbitos POC: el factor alfa de necrosis tumoral (tumour necrosis factor
a, TNF—a, por sus siglas en inglés) (Pruna et al., 2018, Novel nanostructured indium
tin oxide electrode for electrochemical immunosensors: Suitability for the detection of
TNF-a).

Por otro lado, en esta tesis se ha prestado también atencién a la parte electrénica
que integra los sistemas POC y que complementa la parte biosensora. Se ha estudiado
distintos mecanismos de medida de sensores electroquimicos basados en distintas for-
mas de atacar eléctricamente el sensor y de procesar la respuesta del mismo, a saber,
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potenciometria, amperometria y espectroscopia de impedancia electroquimica. En la
primera, se mide la tensién abierta entre dos electrodos sumergidos en un medio acu-
0s0, cosa que dard cuenta de la cantidad de iones libres en el medio, o lo que es lo
mismo, su pH. La amperometria consiste en aplicar un nivel de tensién constante al
sensor con respecto a un electrodo de referencia, y monitorizar el comportamiento de la
corriente. De este modo, si la especie a detectar presenta por ejemplo actividad redox
a ese nivel de tension, observaremos sus efectos en el comportamiento de la corriente.
Segun la aplicacion, esta medida puede realizarse con dos o tres electrodos, igual que
la espectroscopia de impedancia electroquimica, aunque suele recomendarse el uso de
tres terminales. En este ultimo caso, se aplica entre el sensor y el electrodo de refer-
encia una tension alterna de pequenia amplitud cuya frecuencia se varia con el tiempo,
y se monitoriza el nivel y desfase de la corriente resultante medida entre el sensor y el
electrodo auxiliar, obteniendo un valor numérico para la impedancia del mismo en cada
frecuencia, y pudiendo asi ajustar su comportamiento a un modelo electrénico segun las
especies bioquimicas que interaccionan en su superficie.

En cuanto a lo que a espectroscopia de impedancia electroquimica se refiere, se
ha disenado y desarrollado un dispositivo de bajo coste y miniaturizado para la de-
teccién de distintas concentraciones del biomarcador TNF—a mediante un conjunto de
ocho microsensores de oro en paralelo (R. Pruna et al., 2018, A low-cost and miniatur-
ized potentiostat for sensing of biomolecular species such as TNF—« by electrochemical
impedance spectroscopy). También se ha disenado la electrénica necesaria para realizar
medidas de amperometria con dos electrodos, asi como de potenciometria. Este dltimo
sistema se ha ensayado con I'TO nanoestructurado recubierto con un polimero conductor
dopado sensible a cambios de pH en medio acuoso.

En sintesis, esta tesis recoge algunas propuestas para la mejora de los sistemas POC
actuales, tanto en la cuestién biosensora como en la parte electrénica, usando para las
medidas y pruebas de concepto un biomarcador importante en el &mbito biomédico, y
siendo estas medidas extensibles al ambito medioambiental.

Contribuciones especificas

En primer lugar, se ha determinado la contribucién de las nanoestructuras de ITO a la
superficie electroquimicamente activa mediante voltametria ciclica, y se ha comparado
con el drea activa del ITO en capa fina. Esto se ha hecho tanto para las muestras recién
preparadas como para electrodos sometidos a un posterior recocido. Se ha detectado un
incremento en el area activa gracias a la nanoestructuracion de las superficies de ITO
independientemente de la cristalinidad del sustrato.

En segundo lugar, la fabricacion de electrodos de ITO nanoestructurado por evap-
oracién por haz de electrones se ha optimizado para maximizar el area superficial elec-
troactiva y mejorar asi la sensibilidad a reacciones electroquimicas que ocurran en las
superficies. Esto se ha logrado mediante el estudio de la influencia de los parametros
de configuracién, y concretamente la temperatura del sustrato, durante el proceso de
evaporacion.

En tercer lugar, se ha propuesto por primera vez un modelo de la formacién de
nanohilos de ITO sobre silicio cristalino por evaporacion por haz de electrones basado
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en el crecimiento epitaxial descrito por Stranski-Krastanov. Se ha propuesto este mod-
elo como complemento al mecanismo dmpliamente reportado y conocido como self-
catalyzed vapour-liquid-solid (VLS). Creemos que esto ayuda a entender la geometria de
los nanohilos, asi como la apariencia de la visién transversal de los electrodos resultantes.

En cuarto lugar, los electrodos transparentes de I'TO nanoestructurado se emplearon
por primera vez como electrodos de trabajo para la deteccién electroquimica de un im-
portante biomarcador cardiaco conocido como factor alfa de necrosis tumoral (TNF-
a). El proceso de derivatizacién y funcionalizacién del ITO nanoestructurado mediante
reduccién de sales de diazonio y anti-TNF—q, respectivamente, se han verificado medi-
ante técnicas espectroscépicas (FTIR) y también por microscopia de fluorescencia. La
detecciéon de varias concentraciones de TNF—« se ha realizado por espectroscopia de
impedancia electroquimica con un potenciostato comercial.

En quinto lugar, se ha disenado y desarrollado un potenciostato miniaturizado y de
bajo consumo para el andlisis de espectroscopia de impedancia electroquimica, y se ha
contactado con un array de electrodos de trabajo de oro con terminales integrados de
referencia y auxiliar. Se han detectado concentraciones crecientes de TNF—« y los resul-
tados se han comparado con los obtenidos con un potenciostato comercial, observando
una fuerte correlacién entre los niveles de senial, asi como una buena relacion senal-ruido.

Por dltimo, se ha propuesto una arquitectura alternativa de potenciostato para la
monitorizaciéon de amperometria y potenciometria. Se ha desarrollado una interfaz de
usuario grafica basada en software libre, capaz de interaccionar con el potenciostato
miniaturizado. El funcionamiento de este dispositivo se ha verificado con electrodos de
trabajo basados en ITO nanoestructurado empleados como sensores potenciométricos.

Organizacion de la tesis

El capitulo 1 incluye la motivacién de esta tesis, con una visién histérica del origen y
evolucién del diagnéstico médico. El capitulo incluye también un breve apartado sobre
el empleo de biosensores a analisis de alimentos y a cuidado medioambiental. También
se incluye un resumen de la presente disertacion, asi como un esquema de las contribu-
ciones especificas de esta tesis.

El capitulo 2 consiste en una revisiéon exhaustiva de principios tedricos a tener en
cuenta al leer esta tesis. Los temas principales que se discuten son tres: (1) descripcién
del material ITO desde un punto de vista de la fisica del estado sélido; (2) revisién
de principios basicos de electroquimica y conceptos de electrénica aplicada a medidas
potenciostaticas, y (3) introduccién de generalidades acerca de sistemas biosensores e in-
munoquimica, asi como descripcién de los inmunoensayos estudiados durante esta tesis.

En el capitulo 3 se incluye una descripciéon minuciosa de la fabricacién de electrodos
de ITO, asi como una caracterizacién fisico-quimica. Se presenta una comparacion en-
tre capas finas y superficies nanoestructuradas en cuanto a area superficial disponible
para la biodeteccion, asi como un estudio de la influencia de la temperatura de sustrato
durante el depdsito del material en las caracteristicas morfologicas de los electrodos re-
sultantes.
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El capitulo 4 incluye los resultados de los experimentos realizados empleando el
ITO nanoestructurado como sensor electroquimico. Concretamente, se ha descrito con
detalle el proceso de preparacién del inmunosensor, y se ha caracterizado cada paso
mediante distintas técnicas microscépicas y electroquimicas. Finalmente, se presentan
los resultados de la inmunodeteccion como prueba de concepto.

En el capitulo 5 se presentan dos dispositivos electrénicos miniaturizados y de bajo
coste para la medida de biosensores electroquimicos. Se incluye la descripcién de la
circuiteria electronica y el software, asi como un analisis de pros y contras de ambos sis-
temas. Ademds, se presentan y analizan los resultados de la inmunodeteccion realizada
con los dispositivos, usando tanto electrodos de oro como electrodos basados en ITO
nanoestructurado.

El capitulo 6 concluye esta disertacion subrayando los aspectos més relevantes pre-
sentados en la tesis.

Lista de publicaciones

Las publicaciones especificadas a continuacion estan recogidas como el cuerpo principal
de esta tesis doctoral. Cada publicacién estd reproducida en las paginas indicadas con
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