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Abstract

Nowadays, medical devices face several limitations concerning rapid, reliable and simultane-
ous quantification of a set of ions and metabolites from a micro-nanoliter volume of undiluted
samples. The development of minimally-sized devices is, therefore, of key importance. In
such a context, electrochemical sensors are particularly advantageous because of the simple,
low cost and reproducible fabrication procedures and the rapid analytical measurements.
Moreover, they provide easy possibilities for continuous monitoring. However, sensitive and
selective detection of molecules in the physio-pathological concentration range is very chal-
lenging when conventional electrochemical devices are employed, especially for long-term
use.

Nanostructured electrodes are considered as one of the most promising strategies to overcome
issues of sensitivity because of their large surface area and their excellent electrocatalytic prop-
erties. They could also address in part the problem of selectivity due to shifts in potential of the
measured Faradic currents. In addition, nanomaterials could provide stable and reproducible
potential responses when used as solid-contact materials of ion-selective electrodes.
Inappropriate nanointegration methods could decrease the sensor performance so that the
development of tailored nanostructuration protocols is extremely important to boost the
sensor sensitivity, selectivity and stability over time.

Objective of this thesis was to design and electrochemical characterise novel carbon and metal
nanostructures for medical sensors.

First of all, the integration of carbon nanomaterials on specific sensing sites of a microfabri-
cated sensor was considered. Time-consuming, expensive and hardly-reproducible nanos-
trucuturation approaches contemplate the co-immobilization of carbon nanomaterials and
additives whose presence inevitably masks the nanomaterial promising properties and com-
promises the time-stability in aqueous environments. The selective CVD growth of carbon
nanomaterials was considered as a promising method to enable the coupling nanomaterial-
electrode. Deposition parameters were optimised to make the process compatible with CMOS
temperatures.

Then, new protocols based on rapid electrodeposition methods were developed to inte-
grate differently shaped and sized Pt and Pt-Au nanostructures on electrochemical plat-
forms. Template-free electrodeposition was selected because of the durably-anchored and the
contaminant-free coatings resulting after the process.

Both nanostructuration approaches generated highly-sensitive electrodes to detect human
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metabolites as compared with the bare counterparts. Unprecedented sensing performance
were obtained by both direct and enzyme-mediated detection mechanisms. Selective sensing
was achieved thanks to the capability of the proposed nanostructured electrodes to discrimi-
nate the detection potentials of biomarkers from those of interfering species. The developed
nanostructures were also excellent solid contacts between an electrode and an ion-selective
membrane resulting in stable and reliable solid-contact ion-selective electrodes. To prove
their stability and reproducibility for long operating lifetimes, these ion-selective electrodes
have been successfully used as standard for continuous acute cell death monitoring.

Key words: C and Pt and Au-Pt nanostructured electrodes; CVD growth; electrodeposition;

voltammetry; potentiometry; direct metabolite detection; enzyme-mediated metabolite de-
tection; solid-contact ion-selective electrodes; continuous monitoring; diagnostic devices
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Résumé

Aujourd’hui, les dispositifs médicaux font face a d'importantes limitations concernant la me-
sure quantitative rapide, fiable et simultanée d'un ensemble de métabolites a partir d’échan-
tillons non dilués de I'ordre du micro ou nanolitre. La minimisation de la taille des dispositifs
acquiert par conséquent une importance grandissante. Dans un tel contexte, le développe-
ment de capteurs électrochimiques est particulierement avantageux, grace a des procédés de
fabrication simples, a bas cott et reproductibles, ainsi qu'a des mesures analytiques rapides.
Ces dispositifs permettent la mise en place rapide d'un contréle continu. Cependant, la dé-
tection sensible et sélective de molecules ayant de grandes durées de vie dans la gamme de
concentration physio-pathologique est extrémement difficile lors que des dispositifs électro-
chimiques conventionnels sont utilisés.

Les électrodes nanostructurées sont considérées comme une des stratégies les plus promet-
teuses pour s’affranchir des problémes de sensitivité, du fait de leurs grandes surfaces et
leurs excellentes propriétés électrochimiques. En effet, elles pourraient résoudre en partie les
problémes de sélectivité liés aux décalages de potentiel des courants de Faraday mesurés. En
outre, les nanomatériaux pourraient permettre des réponses en potentiel stables et reproduc-
tibles lorsqu’ils sont utilisés en tant que matériaux de contact sur des électrodes sensibles aux
ions. Cependant, des méthodes de nanointégration inappropriées pourraient conduire a une
réduction des performances de ces capteurs. Le développement de protocoles d’intégration
adéquats est ainsi d'importance pour augmenter la sensitivité et la stabilité des capteurs dans
le temps.

L'objectif de cette thése est de concevoir et de caractériser électrochimiquement de nouveaux
matériaux a base de carbone et de métaux nanostructurés pour application dans les capteurs
médicaux.

Premierement, I'intégration de nanomatériaux en carbone a été considérée. Les approches
classiques de nanostructuration telles que la co-immobilisation des nanomatériaux carbonés
avec des additifs sont longues, cotiteuses et difficilement reproductibles. De plus, la présence
d’additifs masque inévitablement les propriétés prometteuses des nanomatérieaux et com-
promet la stabilité en solution aqueuse. Ainsi, une croissance sélective par dépot chimique
en phase vapeur (CVD, de I'anglais chemical vapour deposition) a été considérée pour per-
mettre le couplage nanomatériaux-électrode. Les paramétres de dépot ont été optimisés pour
rendre ce procédé compatible avec les températures de fabrication CMOS. Par la suite, de
nouveaux protocoles basés sur des méthodes d’électrodeposition rapide ont été développés
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pour intégrer des nanostructures de formes et tailles variées en Pt et Pt-Au sur des plateformes
électrochimiques. L'électrodeposition sans modéle a été choisie pour permettre des desdépots
de couches avec une bonne qualité d’accroche aux substrats et I’absence de contaminations.
Les deux approches de nanostructuration ont permis d’obtenir des électrodes fortement
sensibles aux métabolites, en comparaison de celles non nanostructurées. Des performances
de détection sans précédents ont été atteintes a la fois par détection directe et par détection
médiée par les enzymes. Une détection sélective a été obtenue grace a la capacité des élec-
trodes proposées de distinguer les potentiels de détection des biomarqueurs de ceux des
espéces interférentes. Les nanostructures développées ont également constituées d’excellents
contacts a |’état solide entre une électrode et une membrane sélective aux ions, ce qui a donné
des électrodes sélectives aux ions a I’état solide stable et fiable. Afin de prouver leur stabilité
et reproductibilité pour de longs temps d’opération, ces électrodes ont été employées avec
succés en tant que standard pour le controle continu de mort cellulaire aigué.

Mots-clé : électrodes nanostructurés en C et Pt et Pt-Au; électrodeposition ; voltammaétrie ;
potentiométrie ; détection de métabolites directe ; détection de métabolites par les enzymes;
électrodes a contact solide et sélectives aux ions ; monitorage continu ; dispositifs de diagnos-
tic.
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A simultaneous and reliable quantification of ions and metabolites is important in medicine.
Nowadays, laboratory tests are mainly performed by big and expensive instrumentation only

used by trained staff remote from the patient. Test results are always expected after hours or
days.

More often, different diseases and heath conditions require continuous biomonitoring for rapid
clinical interventions. Therefore, fast laboratory results are highly desirable by employing user-
friendly, miniaturised and cheap tools. For instance, reading continuously the concentration
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Chapter 1. Introduction

level of different drugs in patients under chemotherapy, would lead to a rational dosage individ-
ualisation and fast intervention. Smart portable diagnostic tools are also of crucial importance
for early cancer detection and consequent immediate therapy. Patients in intensive care units
are typically at high risk of death. Typically the death of these patients is preceded by a Systemic
Inflammatory Response Syndrome that can be early diagnosed only by a constant monitoring
of some metabolic imbalances. Also premature babies run easily the risk of death if their vital
parameters are not regularly checked. Therefore, the development of inline diagnostic tools
for accurate and continuous control of some metabolites and electrolytes might significantly
reduce mortality of critical patients and newborns. Diabetes is another disease associated with
multiple health problems and even death if the level of glucose is not constantly controlled.
Detection systems to be partially implanted or partially embedded in external surgical tools
would help doctors during a surgery. Sport is another field in which a strategy of multimolecular
detection could efficiently reduce risks of injury and/or overtraining while maximising athletic
performance.

Among different detection systems, electrochemical sensors are the most powerful because of the
high sensitivity and selectivity of the analysis, the opportunities for miniaturisation to afford
portable/implantable/wearable devices and the possibility to perform an automated non-stop
single- or multi-analyte monitoring. Their combination with nanostructures gives further
advantages in terms of sensitivity, specificity and measurement reproducibility.

In this chapter, a first part will be focused on chemical sensors for biosample analysis and on
the strengths of using electrochemical sensors for monitoring biomarkers (Section 1.1). Then, an
overview of the basic principles of potentiometric and voltammetric devices is given in Section
1.2. Section 1.3 presents the main approaches to fabricate electrochemical sensing platforms for
medical use. Finally, a list of advantages concerning the integration of "nano" components onto
electrochemical electrodes is provided in Section 1.4. The chapter concludes with an explanation
of the thesis objectives and the outline (Section 1.5).

1.1 Current/future trends in chemical sensors for biomonitoring

Nowadays, there is a wide interest in continuous monitoring and controlling the health status
of human beings to improve diagnosis and therapy. Most of the clinical analyses are carried
out in chemistry laboratories remote from the patient, with expensive instrumentation and
time-consuming processes. The analysed human fluids are blood and urine, and common
tecniques are

* Chromatography is a physical method of separation in which the components to be
separated are distributed between two phases called stationary and mobile phase (one
is static and the other moves in a certain direction). A chromatographic separation
requires a sample to be introduced into a flowing stream (mobile phase) that passes
through a bed, layer, or column that contains the stationary phase. If the mobile phase
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is a gas, the technique is known as gas chromatography and if it is a liquid, it is called
liquid chromatography. Solid/gel or liquid particles compose the secondary phase and
the mobile phase carries the sample through the stationary phase. The solutes with
less affinity for the stationary phase remain in the mobile phase and travel faster and
separate from those that have a high affinity for it. Adsorption, affinity, ion exchange,
solubility, and steric exclusion are the main chemical or physical mechanisms for the
solute separation. This technique is a valuable clinical laboratory tool to detect and
identify certain sugars, amino acids and drugs in body fluids [1].

* Spectrophotometry determines mainly the concentration in blood and urine of calcium,
magnesium, iron, phosphate, enzymes, albumin, urea, uric acid, glucose, creatinine,
cholesterol and bilirubin by the ability of atoms to absorb radiant energy of specific
wavelengths [1]. It is based on the adsorption of an opportunely selected electromag-
netic radiation in the visible, ultraviolet or infrared range. An opaque block that does not
let passing the light is tested and the meter is adjusted to read 0% transmittance. Then, a
cuvette containing the blank is inserted and the meter is adjusted to read 100% transmit-
tance. After the calibration, the solution with unknown concentration of the substance
is measured and its concentration is determined on the basis of the calibration curve.

* Immunological methods are based on a highly specific affinity of an antibody for its
antigen'. The antibodies used for these methods can be (a) monoclonal when produced
from a single cell lineage and mostly prepared in laboratory, and (b) polyclonal that are
secreted by different B cell lineages and produced by immunisation of animals with anti-
gen. The first ones have excellent specificity but poor ability to precipitate the antigen,
the latter possess specificity for complex antigens. Immunological techniques are called
particle-based when a real antigen-antibody interaction is sensed by agglutination, pre-
cipitation, electrophoresis, turbidimetry or nephlometry. In particular, nephelometry is
a test to measure the concentration of immunoglobulins that are blood proteins helping
against the body infections. The test is performed by measuring the scattered light com-
ing from a dilute suspension of reactants. The antibody concentration in solution is kept
constant and that of the antigen is variable and proportional to the scatter determined
by collecting the light at an angle (usually 30 or 90 degrees) [2]. Turbidimetry differs from
the previous method only because the adsorbance of the reactants in solution is the
measured parameter [3]. Immunological methods are label-based when either antigen
or antibody is labeled. The antigen-antibody reaction is observed through the label that
can be (a) aradio isotope, (b) an enzyme (e.g. ELISA, Enzyme Linked Immuno Sorbent
Assay), (c) a fluorescent compound or (d) a chemilumniscent substance. These methods
are used for detecting small amounts of biochemical substances (often proteins) [4].

* In reflectometry a photodiode senses the intensity of the reflected light from a test strip,
which is dependent on the amount of a target (metabolites, ions, proteins) [5].

1 Antibodies are immunoglobins (Y-shaped glycoproteins) containing 4 polypeptides (2 called heavy chains and
2 called light chains). The region of an antigen binding to an antibody is called an epitope. The antigen can be any
substance from the environment (e.g., chemicals, bacteria, viruses)
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* Potentiometric ion measurements. In indirect potentiometry the ion is diluted to an
activity near to unity and the relative concentration is sensed. Direct potentiometry
provides the real activity of an ion. The reference methods for measuring some ions as
K* and Na* measure the total concentration of the ions and the indirect potentiometry
is used to have a valuable comparative method avoiding confusion.

The previously-described methods possess turn-around-times in clinical laboratories of
one/two hours for most common analytes, even when processes are highly automated. More
often, the instrumentation is expensive, can analyse only one sample per time and are hardly
suitable for miniaturisation. Today, minimally-invasive devices have become extremely in-
teresting to further improve clinical diagnosis. Standard laboratory tests will be replaced by
chemical sensors conceived to be worn by or implanted in patients or integrated with tubes/-
catheters directly connected with human bodies (e.g., surgery, intensive care medicine). The
main objective is to enable the doctor to read continuously patient’s vital parameters at any
site for fast therapeutic interventions. Beside blood and urine, that are the most well-known
human fluids for diagnostic tests, other biosamples (sweat, saliva, interstitial fluids, tears) are
starting to be considered as attractive targets for miniaturised medical devices. Detection
systems, appropriate for a specific health condition and easy-to-use in different locations (hos-
pital point-of-care settings, by caregivers and/or by patients at home), are becoming an urgent
need. However, there is still a lack of technology devoted to a fast and "portable" medical
analysis. Such medical sensors should provide highly sensitive and accurate measurements
and should sense various molecules in a continuous mode from small volume of undiluted
biological fluids.

Sensors are small analytical detectors that record changes of analyte concentration in a sample.
Such tools must respond continuously and reversibly without modifying the sample under
analysis. Chemical sensors are characterised by a transduction element including or not a
biological probe (biosensor). In the presence of the analyte of interest, the traducer produces a
signal that is then collected, amplified and displayed by a signal processor (Fig. 1.1). Different
types of transducers are available [6].

In optical transducers, the measured signal is the light. Many efforts have been done to
build wearable optical sensors for continuous healthcare monitoring. For instance, Surface
Enhanced Raman Spectroscopy (SERS) and Spatially Off-set Raman Spectroscopy (SORS) were
used to monitor in real-time glucose from interstitial fluids. Raman spectroscopy can detect
the vibrational mode of glucose molecules whose signal can be enhanced by using an optical
fibre covered with a film of silver nanospheres functionalized with a self-assembled mono-
layer of decanethiol/6-mercapto-1-hexanol. The sensor, implanted in the abdomen of mice,
detected glucose levels between 31 and 79 mg/dl for 17 days [7]. Other authors were able
to sense glucose from sweat by employing Resonance-Enhanced Pulsed Photoacoustic Spec-
troscopy with a resonator cell positioned on the skin and characterised by two absorption and
resonance cylindrical cavities. The laser beam, irradiating the sample on the far side, induced
the photoacoustic effect in the absorption cavity. The acoustic wave was then recorded by an
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Figure 1.1 — Component of a generic medical sensor.

ultrasound detector positioned at the end of the resonance cavity. Analysis of the principal
components of IR spectra showed that glucose was the first principal component [8]. A minia-
turisation of the whole system was still necessary. An electrogenerated chemiluminescence
(ECL) biosensor was realised using a luminol hydrogen peroxide sensitive compound, lactate
dehydrogenase and pyruvate oxidase adsorbed onto a carbon nanotube layer to detect lactate
from sweat of volunteers. However, in this work, the fabricated device was too big to be worn
and the off-line analyses increased the risk of contamination [9]. A system characterised by
a light detector, which responded to colorimetric changes of the pH indicator (bromocresol
purple, pH sensitive dye), was used to analyse samples directly collected from athletes during
training [10]. To make the system really wearable, a further reduction of the dimensions was
definitively required. A continuous detection of glucose in tears could revolutionise the life
of diabetic people because the constant feedback permits rapid therapeutic interventions
and immediate variations of the food intake. Few research groups are investigating systems
optically responsive to glucose and sufficiently small to be incorporated on contact lenses
[11, 12]. Considering the list of systems before-described, it is clear that the main challenge of
optical devices is the possibility to realise compact and versatile instrumentation.

Micro-Electromechanical Systems (MEMSs) are potential technologies to realise implantable
devices for metabolic monitoring because of their minimally-invasive sizes leading also to
rapid time responses. Xie et al. [13] have recently discussed recent developments on mini/mi-
cro devices based on calorimetric transducers for biochemical/clinical analysis and monitor-
ing. The main drawback of thermal MEMSs include non-specificity and low sensitivity.

A glucose MEMS sensor based on viscometric detection was recently developed. Briefly,
glucose reversibly forms strong bonds with some moieties of polymer backbones resulting
in an increase of the solution viscosity [14]. Huang and co-workers [15] fabricated a MEMS
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sensor based on a differential capacitive transduction mechanism. The device consisted of
two connected microchambers, one containing a glucose-sensitive and the other a glucose-
insensitive polymer. A differential measurement of permittivity induced by the glucose binding
on the sensing site with respect to a reference (glucose-unresponsive) was correlated to the
glucose concentration. In vivo tests of the MEMS sensors were performed by controlling blood
glucose concentrations of mice following glucose and insulin administration. Drawbacks of
viscometric and capacitive MEMS is the complicated instrumentation.

Among different transduction mechanisms, those based on electrochemical events are the
most preferred by the industry to build minimally-sized medical sensors. The main reason
lies in their unique advantages: miniaturisation with complete system integration retaining
excellent detection limits and sensitivities, rapid signal response, low cost, possibility of
microfabrication, low power consumption, simple instrumentation and high selectivity [16].
Many medical instruments (laboratory, transportable and portable) based on electrochemical
techniques are present in the market for electrolyte and molecular sensing. A list of portable
electrochemical analysers is in Table 1.1.

Table 1.1 - Portable electrochemical analysers.

Instrument Manufacturer Analyte
GlucoMen Day Menarini Diagnostics, Florence glucose
Glucometer Elite Bayer Corporation, Leverkusen glucose
Advantage Meter Roche Diagnostics, Basel glucose
LifeScan OneTouch Johnson&Johnson, Brunswick, NJ glucose
Prestige IQ Home Diagnostics Inc., Fort Lauderdal FL glucose
Medisensor 2001 MedTest Systems, College Park, MD glucose, UA
Excel G Inverness Medical Technology Inc., Inverness glucose
i-STAT Abbott, lllinois, IL Nat, K, CI”
Ca*, glucose
lactate

On the other hand, few examples of electrochemical sensors for constant health monitoring
are commercially available. Among them, the best-known device is the implantable sensor for
glucose monitoring (85% of the entire biosensor market in the world) mainly due to the high
biomedical significance of the real-time measurement of blood glucose for patients affected
by diabetes [17]. Moreover, several small and large companies are currently exploring low-cost
technologies to realise non-invasive tools for continuos biochemical sensing with electrochem-
ical transducers. For instance, Google recently announced a novel project to develop a glucose
sensor fully integrated into contact lenses (http://www.gmanetwork.com/news/story/360331/
scitech/technology/google-s-smart-contact-lenses-may-arrive-sooner-than-you-think) that
will be inductively powered from the Google Glass platform thanks to the short distance in-
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volved. Similarly, Apple will soon announce iWatch (http://www.idownloadblog.com/2014/06/
21/iwatch-blood-glucose-sensors/), a device designed to be worn on the wrist for electro-
chemical sensing of glucose.

Medical devices for "non-stop" health monitoring have drew a great interest also in the aca-
demic field in recent years. Among a variety of glucose sensors proposed in the last ten years
by researchers, one of the most innovative is that proposed by Piechotta [18]. It is based on
a polymeric housing, a microperfusion channel and a Pt working electrode (WE) modified
with glucose oxidase (GOx)/agarose/glutaraldehyde covered by silicon pore membrane for
antifouling and diffusion control of glucose. The sensor, tested in interstitial fluid, was linear
in the range of clinical interest (0.05-20 mM) and stable for one week. In addition to glucose,
electrolytes are other important biomarkers to sense. A recent work reports the use of poten-
tiometric fibres modified with carbon nanotubes and partially coated with an ion-selective
membrane for pH, K" and NH; detection from sweat in the required physio-pathological
range. The sensing elements were embedded in cotton yarns making them insensitive to
bending or stretching while tested with simulated sweat solutions [19]. Saliva may be another
valid source of diagnostic information. To improve wearability of devices, a sensor could be
inserted directly in the mouth of a patient. For instance, Wang et al. [20] proposed a sensor
based on Prussian-Blue and on a polymer layer to entrap an enzyme for sensing lactate over
the physiological range (0.1-0.5 mM). However, the system was never tested for in-mouth
measurements. As mentioned very briefly before, sensors integrated within a contact lenses
may lead to a new real-time monitoring of glucose and of other important biomarkers. The
first attempts of electrochemical glucose sensors in tears were too much invasive (thick-film,
miniaturised electrodes [21] or needle type [22]). Among different studies, the most recent
and promising solution has been proposed by H. Yao ef al. [23]. Their device was based
on three electrodes (reference electrode, activated GOx on WE and de-activated GOx on a
control electrode) integrated with an Au antenna and readout/telecommunication circuitry.
The differential mode measurement enabled the elimination of interfering species (ascorbic
acid, lactate and urea). The signal halved after 4 days from the sensor preparation and a daily
replacement was proposed. Similarly, the same mechanism of detection was then proposed
for monitoring lactate [24].

1.2 Electrochemical sensors

The present thesis will focus on sensing devices based on two analytical techniques. Poten-
tiometry will be employed for sensing electrolytes (e.g., K*) and voltammetric methods for
direct (e.g., bilirubin and uric acid) or enzyme-mediated (e.g., glucose and lactate) detection
of metabolites (see Fig. 1.2).
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Figure 1.2 — Types of electrochemical sensors for clinical use considered in this research work.

1.2.1 Potentiometric sensors

Ion-selective electrodes (ISEs), that are important sensors for clinical use, are based on poten-
tiometric measurements. K™, Na*, Ca?* and Mg?" are the most important electrolytes sensed
by these classes of electrodes. In many cases, ISEs include a membrane (e.g., glass, inorganic
crystal or plasticised polymer).

ISE composition imparts a potential that is associated with the ion of interest via a selec-
tive binding mechanism. Fig. 1.3 shows an example of potentiometric electrochemical cell
including an ISE.

The cell consist of two electrodes: a working electrode (WE) that realises the ISE and a reference
electrode (RE) that must provide a stable potential so that any potential changes in the cell are
attributable to the analyte effects on the potential of the WE when zero or negligible current
flows between them. Therefore, the cell potential is

Ecell = Eref — Eind + Emem + Ej (1.1)

Since junction potential (E;) and the potentials at RE (Eer) and WE (Ej,q) are constant, any
potential variations are due to chemical interactions ion-active sites of the membrane (Epem)-
Therefore, the potential change is related to the ion activity in a logarithmic manner according
to the Nernst equation (25 °C)

Ecenl =k +(0.05916/2)loga (1.2)
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Figure 1.3 — Electrochemical cell for potentiometric measurements with an ISE (indicator elec-
trode). Reprinted from http : //www.asdlib.org/onlineArticles/ecourseware/Welcome.html.

where k includes all the constant terms in Equation 1.1, z is the charge of the ion of interest
and a its activity. The activity (a) of the ion is related to the ion concentration (c) by the
following formula a = cw where w is the activity coefficient that can be calculated by the
extended Debye-Hiickel equation

logw = (—=0.51z*vV'D) /(1 +3.3dV1) (1.3)

where d is the effective diameter of the hydrated ion in nanometers (e.g., 0.3 for K*), I is the
ionic strength of the solution (/=0.5 Zﬁ\i 1 Ci zl? where c; is the concentration of the i ion and
z;i is the charge of the i ion) and 0.51 and 3.3 are constants adequate for a water solution at
25°C. Unfortunately, membranes are not selective towards a single ion and Eper, varies as
soon an ion interacts with the active sites of the membrane. Equation (1.1) can be rewritten
taking into account the interfering ion (int)

Ecen =k +(0.05916/ zion) log(aion + Kion, int) Zion/ Zint) (1.4)

where zjon, and zjy; are the charges of the ion of interest and the interfering ion and Kjon, int) is
a selectivity coefficient that considers the contribution of the interfering ion to the potential
change. More often, microfabricated ISEs use a poly(vinyl chloride) (PVC) membrane. The
selectivity is given by organic neutral or charged complexing agents (ionophores) that are

11
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included into the PVC membrane.

1.2.2 Voltammetric sensors

Voltammetric techniques have been widely used for quantitative analysis of drugs in biological
fluids at concentration below the micromolar range and of metabolites based on enzymatic
catalysts (e.g., glucose sensor). The most used configuration for voltammetric measurements
is based on three electrodes: a WE, where the electron transfer reaction takes place, a counter
electrode (CE) that supports the current flow in the cell and a RE, which provides a stable
potential with respect to the WE. In response to the potential applied between WE and RE, the
current passing the electrolyte from the CE to the WE is measured. It is due to the transfer of
electrons during the redox reaction of an electroactive compound at the WE (Fig. 1.4)

Ox+ ne” < Red (1.5)

where Ox and Red are the oxidised and reduced form of the electroactive compound.

Reactant (O) Product (R)

Transport of products
and reactants —

0+ B electrode
i
| e | e e |
Figure 1.4 - Simple redox reaction at the electrode surface. Reprinted from

http : //web.iitd.ac.in/ sbasu/ElectrochemistryLectures.pdf.

The current resulting from the electroreduction or electrooxidation process is called Faradaic
current and it is a measure of the rate of the reaction. The rate of the reaction is influenced
by two factors: the rate at which electrons pass between the electrode and the reactants and
products and the rate at which the reactants and products are transported to and from the
electrode (mass transport). There are three modes of mass transport: convection, that relates
to the mechanical stirring/flow of the solution, migration, that occurs when charged particles
in solution are attracted to or repelled from a charged surface of the electrode, and diffusion
when the concentration of the electroactive compound at the electrode surface differs from
that in the bulk solution (Cyy). If diffusion is the only significant mode of mass transport, the
Faradic current (i) in voltammetric measurements is inversely proportional to the diffusion
layer 6 (see Fig. 1.5 (a)) that increases with time according to the following equation

i = k(Coun)/6 (1.6)
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Figure 1.5 — Concentration gradient for a molecule under unstirred (a) and stirred (b) solution
and respective voltammogram shapes.

Supporting electrolytes are added to eliminate the migration. If the solution is continuously
stirred at the same velocity, § is constant and a limiting current proportional to the concentra-
tion of the compound of interest (see Eq. (1.6)) occurs and the resulting voltammogram shows
a limiting current instead of a peak (Fig. 1.5 (b)).

Several potential excitations can be used: cyclic voltammetry (CV) (Fig. 1.6), square wave
voltammetry (SWV) (Fig. 1.7), differential pulsed voltammetry (DPV) (Fig. 1.8).

Voltammetry is also particularly attractive to discriminate two or more analytes in the sample
(multicomponent analysis - Fig. 1.9).

Chronoamperometry (CA) (Fig. 1.10), is a particular case of voltammetry in which a fixed
potential is applied to the WE. Since the potential does not vary, the current-time plot shows a
series of steps (steady-state currents) under stirring/flow conditions. The steady-state currents
are proportional to the electroactive analyte concentration in the bulk.
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Figure 1.6 — Triangular potential-excitation signal (a) and the resulting cyclic voltammogram
showing oxidation and reduction peak currents (b).
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Figure 1.7 — Square wave voltammetry.
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Figure 1.8 — Differential pulsed voltammetry.
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Figure 1.9 - Voltammograms showing two-metabolite detection with limiting currents (a) and
peak currents (b).
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Figure 1.10 — Typical chronoamperometric response of our GOx-carbon nanostructured mi-
crofabricated Pt to several injections of glucose.

1.3 Sensor fabrication techniques

An electrochemical medical sensor should be a self-contained integrated system including
all the electrodes (one or more than one WE, a RE and a CE) and a potentiostat. In a three-
electrode configuration system, the potentiostat is typically an electrical circuit that keeps
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constant the voltage between RE and WE while measuring the current passing through the CE
and WE. Industrial production of electrochemical platforms can be obtained by both thick-
and thin-film technology [25].

Thick-film technology, also called screen printing (Fig. 1.11 (a)), is based on the application of a
paste (microparticles of carbon or metal precursors) on a flat surface. The adhesion is assured
by a thermal treatment [25]. For instance screen-printed technology has been used to build
enzymatic devices for in-mouth analysis [20] as well as "tattoo-electrodes" for monitoring
ions and pH [26] and they are commonly used in almost all the glucometers present in the
market.

On the other hand, thin-film electrodes (thinkness lower than 1 um) can be obtained by sput-
tering or evaporation of metals (e.g., Au, Pt) through a mask on a dielectric material such as
glass (Fig. 1.11 (b)) and silicon oxide (Fig. 1.11 (c)). By photolithographic and etching processes,
integrated electrochemical platforms are structured according to the sensor layout require-
ments. Minimum structure resolution ranges between 5 and 20 um [25]. For instance, Liao et
al. microfabricated a biosensor for glucose detection in tears by a thin-film CMOS (Comple-
mentary Metal-Oxide Semiconductor) technology which can be easily and conveniently used
for large-scale applications.

In this thesis, electrodes prepared by screen printing and by thin-film technologies are em-
ployed.

(a) (b) (0

Figure 1.11 — Electrochemical devices prepared by screen printing (a) or by a thin-film technol-
ogy on glass (b) or on silicon (c).

1.4 Nanostructured electrodes for enhanced detection performance

Section 1.1 explains why electrochemical methods are the most promising technologies for
clinical use. However, a continuing challenge in the fabrication of electrochemical devices is
still the improvement of the detection performance.

Today, the development of "long-lasting", reliable, ultrahigh-sensitive and selective small
medical devices for uninterrupted tracking of vital parameters is helped by the use of nanos-
tructured electrodes. Nanomaterials and nanoporous films have been employed for electro-
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chemical sensing and biosensing due to their unique properties such as electrical conductivity,
surface-to-volume ratio, structural robustness, catalytic properties, high loading of enzyme if
present, excellent stability [27]. A scheme of a variety of nanomaterials employed to improve
the electrochemical detection of biomarkers is illustrated in Fig. 1.12.

neurotrasmitters
electrolytes

glucose,
insulin

NANOMATERIALS
FOR ELCTROCHEMICAL SENSORS

Figure 1.12 — Nanomaterials for voltammetric and potentiometric detection of biomarkers of
medical interest.

Carbon nanomaterials moved into the focus of research as interesting materials for the fab-
rication of electrochemical devices with enhanced sensing parameters. There are different
types of carbon nanomaterials (Fig. 1.13 (a) and (b)). Graphene [28] is a sheet of sp? planar
atoms. Multilayer (2-10) graphene sheets [29] form the so called graphene platelets. Thicker
multi-layer graphene sheets form nanographite. Single-walled carbon nanotubes (SWNTs)
[30] consist of single graphene sheets that are wrapped into cylindrical tubes with diameters
between 0.4 and 2.5 nm. Their high electrical conductivity and small size makes them suitable
as individual nanoelectrodes leading to ultrasensitive electrochemical sensors for the detec-
tion of biological analytes. Multi-walled carbon nanotubes (MWNTSs) [31] are rolled cylindrical
graphene sheets, having diameters up to 100 nm and lengths ranging from few nanometers to
several micrometers. Carbon-nanomaterial modified electrodes have been extensively used
as transducers for ion selective sensors based on a PVC-selective membrane, which showed
superior performance with respect to sensors having other materials as intermediate layers
(e.g., conductive polymers [32]). This class of nanomaterials have also shown the capability to
reduce the fouling of enzymes after the protein immobilisation [33] and an improved electron
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transfer in electrochemical reactions [34]. Carbon nanomaterials have also exhibited a high
response current and a reduced overpotential towards the detection of highly electroactive
metabolites as well as a voltammetric discrimination of different electroactive analytes [35].

Figure 1.13 - SEM images of MWCNTs (a), graphitic nanopetals (b) and nanoporous Pt (c).

Noble metal nanoparticles (NPs) and nanoporous films (Fig. 1.13 (c)) have elicited much in-
terest for important biomedical applications due to their easier production, characterisation
and functionalization than carbon nanomaterials. Pt and Au [36] nanostructured electrodes
exhibited high catalytic activity especially towards the detection of small molecules (e.g.,
H,0,), a decrease of overvoltage that could be advantageous to solve in such an extent issues
related to interferences [37]. The direct electrochemical oxidation of glucose on Pt and Au
nanostructured surfaces in a neutral phosphate buffer solution makes these electrodic materi-
als promising substitutes of enzyme-based sensing sites. Nanoporous Pt [38] and Au NPs [39]
have been also used to build highly stable potentiometric sensors for detecting pH [38] and
ions [39].

Titanium dioxide nanotubes (TiO, NTs) have obtained significant research interest due to
their ease of preparation by electrochemical anodization of Ti in fluoride-based solutions,
high orientation and uniformity, large surface area and good biocompatibility. Therefore, TiO,
NTs are very promising for the immobilisation of enzyme [40] as well as for other biosensing
applications.
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Conducting polymer (CP) nanostructures [41] have received an increasing attention as sensing
material for ultrasensitive detection because of their chemically tuneable conductivity, high
flexibility and easy manipulation. The high surface area favours high enzyme loading so
a high sensitive detection. In particular, nanomaterials of polyaniline have a large surface
area allowing fast diffusion of gas molecules into the structure. The preparation methods
of CP nanofibres follow a chemical route (chemical polymerisation of aniline or polypyrrole
nanofibers synthesised in presence of p-hydroxy-azobenzene sulphonic acid). Nanostruc-
tured CPs can be prepared by template or non-template methods and seeding approaches.
Aluminium oxide or zeolite with channels and polymer porous membranes are used as tem-
plates. Electrochemical polymerisation, electrospinning and mechanical stretching are the
most commonly used template-free approaches. In recent years, CP nanomaterials-metal NPs
hybrids have attracted considerable interest for their high catalytic properties.

It is worth mentioning that the type of nanomaterials or their combination [41] should be
selected by looking at the final application from the beginning. Interestingly, nanomaterials
confer specificity for sensing a metabolite. Carbon [35, 42] and CP [43] nanomaterials permit to
discriminate the voltammetric peak of a molecule of interest from those related to interfering
species. Metal NPs or nanoporous films [44] are typically silent towards the detection of highly
electroactive interfering species.

Last but notleast, the development of tailored integration methods to nanostructure electrodes
is quite challenging. Many times nanointegration methods are scarcely reproducible, require
long preparation and expensive instrumentation and include the use of binders that can
hinder the unique advantages of having "nanocomponents" onto the electrode surfaces. The
stability of the nanostructures onto the electrode is another important issue to be considered.

1.5 Research contributions and outline of the thesis

A rapid monitoring of a set of biomarkers in human fluids is of significant importance in
medicine. In principle, systems designed for a timely multisensing should be able to do several
measurements from a small volume and undiluted sample without loosing their performance.
To this end, electrochemical devices are particularly advantageous because of the inexpensive
and reproducible fabrication procedures, the ease of miniaturisation and the simplicity of the
measurements. A continuing challenge in the field of electrochemical medical sensors is the
reproducible detection of organic molecules and ions in the physio-pathological concentration
range, avoiding problems of interferences. Nanostructured electrodes could be useful tools to
solve the mentioned issues.

By keeping this in mind, this research work aims to design novel nanostructured electrodes
and to validate their electrochemical performance by sensing electrolytes and metabolites of
medical interest. In particular, the main contributions are the following.
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¢ Demonstration of the improved detection of screen-printed sensors based on nanomate-
rials. MWCNT-screen printed electrodes were employed to detect low concentrations of
electroactive compounds with sensing performance enhanced of orders of magnitudes
with respect to the bare electrodes. MWCNT-screen printed electrodes were also proved
to be a robust platform for the immobilisation of enzymes resulting in catalytic-based
biosensors with excellent time-stability, sensitivities and limit of detection.

* Development of a new protocol to integrate a wide range of carbon nanomaterials
exclusively onto the WEs of a multisensing device by a direct growth. A Si-based device
was microfabricated by employing ordinary thin-film CMOS processes. Selective high
yield growths were obtained down to 450 °C, the upper limit temperature for most of
the CMOS processes. Thanks to the particular affinity between enzymes and carbon
nanomaterials, the nanostructured electrodes were used to build highly sensitive glu-
cose sensors. The capability to detect low concentration of electroactive biomarkers
and to discriminate them from interfering biocompounds was also proven by using
voltammetric techniques.

¢ Development of simple and fast template-free electrodeposition methods to produce
differently-shaped Pt and Au-Pt nanostructures on electrochemical devices. Devices
fabricated by both screen printing and CMOS technology were employed. The nanos-
tructured films were tested for enzymatic detection of glucose at potentials considerable
lower than those present in the literature as well as for non-enzymatic glucose sensing.

¢ While carbon nanomaterials have been extensively used to build highly stable potentio-
metric ion sensors, in this work, Pt nanostructured films have been successfully applied
for the first time as intermediate layers of solid-contact ion-selective electrodes. The
sensors were also validated for continuous monitoring of acute cell death by tracking K*
levels.

Taking into account this preamble, the thesis is organised in the following way.

Chapter 2 reviews the strategies for nanostructuring electrodes with carbon nanomaterials
and nanoporous Pt (nanoPt). The respective catalytic properties towards the detection of ions
and metabolites (electroactive and not) are listed.

Chapter 3 describes a new protocol to directly and selectively grow a wide range of carbon
nanomaterials (MWCNTs, flower-shaped nanographene, nanographite) onto Pt WEs of a
device microfabricated on silicon. Electrodeposition is selected as a very versatile method to
efficiently deposit the catalyst onto Pt electrodes in the form of nanoparticles as well as layers
with controlled thickness. Then, the integration of carbon nanomaterials onto the electrodes
is achieved via a chemical vapour deposition (CVD) process. The growth method is optimised
to obtain carbon nanomaterials down to 450 °C, the upper limit temperature compatible with
the most common CMOS processes, opening the possibility of a direct integration carbon
nanostructures/front-end CMOS data acquisition circuit.
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Chapter 4 demonstrates the enhanced sensing and biosensing performance of carbon nanos-
tructures used to modify electrodes. Then, this chapter reports the electrochemical measure-
ments of metabolites by using CVD grown carbon nanostructured electrodes. First of all, their
excellent sensing performance is proven by detecting low concentration levels of a highly elec-
troactive metabolite independently from interferences. Finally, CVD carbon nanostructured
electrodes are proven to be an excellent platform of enzyme immobilisation with excellent
biosensing capabilities.

Chapter 5 introduces a novel template-free electrochemical method to produce Pt nanos-
tructured films. By changing the electrodeposition parameters and the type of Pt precursor,
differently shaped and sized Pt nanostructures are obtained. Considering the promising
catalytic properties of Pt coupled with Au, procedures to obtain bimetallic- and alloy-based
nanostructured electrodes are also explained.

In Chapter 6, the electrochemical properties of differently shaped and sized Pt nanostructured
films are shown towards the detection of glucose with and without an incorporated enzyme.
Then, the catalytic properties of Au-Pt nanostructures are also tested for glucose sensing and
biosensing.

In Chapter 7, Pt nanostructured electrodes are used as solid contacts of K* selective electrodes.
The electrodes are characterised in a buffer solution within the physiological concentration
range of K* first. Then, the platform containing the ion selective electrode is coupled with
a fluidic system and the possibility to use the modified electrode for continuous acute cell
death monitoring in incubator is demonstrated. To this aim, the measured K* cell efflux is
correlated with the cell viability. An efficient procedure to miniaturise the RE is also explored
with a view to a fully integrated system for potentiometric measurements.

Finally, Chapter 8 concludes the thesis. A summary of the achievements obtained by exploring
the electrochemical properties of the CVD grown carbon nanomaterials and template-free
electrodeposited Pt and Au-Pt nanostructures is presented. Considering the accomplished
objectives, some perspectives on what should be done in the future are provided.
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Y4 Nanostructured electrodes for electrochemi-
cal medical sensors

< Nanostructures >

The unique potentialities of electrochemical nanostructured sensors and biosensors to advantage
diagnosis, continuos monitoring of health conditions and treatment of diseases have been listed
in Chapter 1.

The aim of the present chapter is to provide an overview of two ways to nanostructure electro-

chemical sensors.

Section 2.1 is dedicated to carbon nanomaterials. In Subsection 2.1.1 the electrochemical
properties of carbon materials and nanomaterials are reviewed. Subsection 2.1.2 describes the
principal methods to confine carbon nanostructures onto electrode surfaces. A list of advantages
for sensing highly electroactive metabolites is provided in Subsection 2.1.3 and then Subsection
2.1.4 highlights the impact of using carbon nanomaterials for biodetection.
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The focus of Section 2.2 is on Pt nanoporous. Subsection 2.2.1 explains the catalytic properties of
this class of nanostructured electrodes. The state-of-the-art of the Pt nanostructuration protocols
is presented in Subsection 2.2.2. Section 2.2 provides some examples of electrochemical sensing
and biosensing using Pt nanoporous-coated electrodes (Subsections 2.2.3 and 2.2.4).

Section 2.3 explains the advantages to combine Pt nanostructures with those made of other
materials (carbon or other metals).

Finally, the benefits of using either carbon and Pt nanostructures as solid contacts of ion selective
electrodes conclude the chapter (Section 2.4).

2.1 Carbon nanostructured electrodes

2.1.1 Electrochemical properties

Carbon-based electrodes exhibit unique electrochemical advantages as the wide potential
window, the resistance to surface fouling and the considerable enhancement of the sensing
response towards the detection of many analytes (especially highly electroactive biological
molecules) with respect to noble metals. It has been established that the origin of the elec-
tron transfer for highly ordered pyrolytic graphite HOPG) comes from edge-plane-like sites
and defects. Indeed, the basal planes are electrochemically inert. Similar considerations
have been extended to carbon nanomaterials (CNTs, graphene nanosheets, nanographite;
Fig 2.1). All these materials show an anisotropic electron transfer. Their peripheral ends
exhibit an electrochemical behaviour similar to the edge-plane-like sites/defects of HOPG. On
the other hand, a slow electron transfer characterises CNT sidewalls, graphene sides, graphite
basal planes electrochemically resembling the HOPG basal planes. In our previous work, the
sensitivity towards the detection of [Fe(CN)6]3+/ 2+ at vertically-aligned MWCNTs, exposing
edge-plane-like sites of their tips to the solution, was more than four-fold higher than that at
randomly-oriented MWCNTSs with exposed sidewalls to the solution [45].

HOPG

CNT Graphene sheets
Basal plane
. Edge-like
Edge plane Ianes\

L &

planes

Figure 2.1 - Structure of HOPG, CNT and graphene sheets. The edge-plane-like sites determine
the fast electron transfer rate at carbon materials and nanomaterials.

Carbon is prone to react with oxygen and water resulting in a negatively-charged surface
that can have possible effects on adsorption of analytes and consequently on their electron
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2.1. Carbon nanostructured electrodes

transfer kinetics and electrocatalysis. Therefore, pretreatments of carbon influence the final
electrochemical properties towards the detection of a certain analyte. Reactivity differences of
carbon surfaces strongly depend on the amount of edge plane-like sites and functional groups
and on the redox system involved. Fig. 2.2 shows a classification of redox systems in categories
according to their kinetic sensitivity to a particular surface modification of carbon materials
and nanomaterials [46].
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ascorbic acid NADH

Figure 2.2 — Scheme for determining how carbon surface characteristics influence the electron
transfer kinetics of redox systems [46].

2.1.2 Integration approaches

The electrochemical response of electrodes based on carbon nanomaterials strongly depends
on the type of material incorporated (pristine or treated, oriented or not, SWCNTs or MWCNTs,
multi- or single-layer graphene) and on their incorporation methods.

Carbon nanomaterials are commonly integrated onto electrodes by three methods (Fig. 2.3):

* adsorption onto electrodes with or without a polymer (casting)

* electrochemical methods (electropolymerization of a polymer incorporating CNTs,
electrodeposition of graphene, anodic oxidation or cathodic reduction of graphite to
obtain graphene flakes)

e direct growth (with or without a transfer) onto the desired electrode surface

The following paragraphs provide an explanation and the state-of-the-art of each electrode
nanostructuration approach with carbon nanomaterials.
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Figure 2.3 — Electrode modification methods with carbon nanomaterials.

Casting One of the major obstacles to apply carbon nanomaterials for electrochemical
sensors is the difficulty to handle them. Their characteristic insolubility in almost all the
solvents reduces the possibility to form stable and homogeneous films. To overcome this
problem, carbon nanomaterials are functionalized with hydrophilic groups first and then
dispersed in a solvent with the help of along-lasting sonication step. Then, a certain amount of
the resulted dispersion is cast onto electrodes and is allowed to dry. To this end, many solvents
can be used: ethylene glycol [47], ethanol [48], water [49] and N,N-dimethylformamide [30].
Additive-assisted dispersions are also employed to further improve solubility and stability of
the nanostructures. For example, Nafion has been extensively used because of its ion exchange,
amphiphile structure and biocompatibility properties [50]. The biopolymer Chitosan is also
employed because of its excellent film-forming, water permeability, good adhesion and facile
surface modification [51]. The employment of surfactants [52], ion liquids [53], and other
polymers [43] has been widely reported. The predominance of this nanostructuration method
is due to the simplicity despite reproducibly and film stability are very poor.
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2.1. Carbon nanostructured electrodes

Electrochemical methods Considering the high demand of miniaturised medical devices,
the confining of carbon nanomaterials onto micro-sized electrodes is of urgent importance.
Casting approaches are not suitable for a selective nanostructuration because they often result
in short-circuits of several electrodes present in the platform. Some authors have already
reported the use of the casting technique to nanostructure microelectrodes with a microspotter
[54]. However, a precise and automatic positioning of the micro-syringe is challenging and
time consuming. A good alternative strategy to prepare nanostructured microelectrodes is
the use of electrochemical methods. For CNTs-based sensors, the electrode modification
can be easily conducted by an electrochemical polymerisation. Monomers and CNTs are
placed in dispersion. By applying a fixed potential, the hydrogen ions located at the electrode
interface are reduced to hydrogen and the pH near the electrode surface increases. At high pH
monomers (usually Chitosan) become insoluble and polymerise at the electrode entrapping
CNTs as dopants [55]. Chen deposited graphene nanosheets through cyclic voltammetric
reduction of a graphene oxide colloidal solution and without the use of any binder [56]. Other
electrochemical methods used to prepare only nanographene flakes involve the application of
cathodic or anodic potentials or currents in aqueous or non-aqueous solutions [57]. However,
electroformation is exclusively limited to graphite electrodes.

Direct growth Carbon nanomaterials can be closely coupled with the substrate by directly
growing them by chemical vapour deposition (CVD) processes. The sensing properties of the
as-produced carbon nanomaterials can be tested either directly or after a transfer onto another
substrate. Gao [58] prepared aligned MWCNTs on quartz by CVD. Then, a thin gold layer was
sputtered onto the tubes followed by a separation of the gold-nanotube electrode from the
quartz substrate with an aqueous solution of hydrogen fluoride. The constructed electrode was
employed for the indirect detection of glucose. Similarly, Wang and co-workers [59] transferred
carbon nanosheets grown on Si to a glassy carbon electrode for sensing nicotinamide adenine
dinucleotide (NADH). Unfortunately, the transfer of CVD carbon nanomaterials is affected by a
loss of nanostructures that reduces the reproducibility of this modification protocol. Moreover,
nanomaterials can easily collapse, losing their original orientation.

Avoiding the transfer of CVD grown carbon nanomaterials entails an easy, fast and reproducible
integration method. Detection and biodetection properties of CNTs grown onto insulating
materials have been extensively studied [60, 61, 62]. Fig. 2.4 shows an example of voltammetric
detection of an eletroactive drug at MWCNTs grown of Si wafer [61].

More challenging is the CNT synthesis onto metal electrodes. The growth of CNTs on metals
requires a pre-deposition of catalyst. The elevated temperatures may activate the diffusion
of the catalyst into the substrate inhibiting its activity. To overcome this problem, authors
generally utilise thin buffer layers to stop the alloying between the catalyst and the underlayer
conductive substrate (e.g., Al [63], silicon oxide [64]). Furthermore, for a selective CNT syn-
thesis onto WEs, also the problem of the spontaneous CNT growth onto insulating materials
should be solved. Some authors have reported CNT selective growths onto metal plates with-

27



Chapter 2. Nanostructured electrodes for electrochemical medical sensors

Current (MA/mm?)
w

13

08 06 04 0.2 0
Potential (V) vs AglAgCI (3 M)

Figure 2.4 — Cyclic voltammograms in solutions containing 0 (yellow), 100 (black) and 200 uM
(green) etoposside, an anti-cancer drug, at MWCNTs directly grown on Si wafer.

out the use of buffer layers. Zheng [35] used MWCNTs grown on Ta from a thin Co catalyst
film to detect electroactive metabolites. Tominaga [34] successfully synthetised CNTs onto Pt
plates by CVD using Fe nanoparticles derived from ferritin molecules. They tested CNTs for
an enzymatic determination of D-fructose. Lin [65] firstly reported a growth of aligned CNTs
onto chromium-coated silicon substrate. Then, an oxidase was immobilised onto the broken
CNT tips to detect glucose.

On the other hand, CVD synthesis of graphene is commonly realised on metals as Ni and Cu.
For instance, Brownson [28] studied the electrochemical properties of commercial graphene
grown by CVD on Ni towards the detection of various biological analytes.

Commonly used nanostructuration techniques, namely casting and electrochemical methods,
suffer from disadvantages as low reproducibility and uncontrollability of the nanomaterial
orientation. The preparation of a dispersion, that is very often a mandatory step, makes
the before-mentioned approaches time-costly and poorly reproducible. Moreover, these
integration methods often employ some binders that inevitably compromise the sensing
performance and the stability of the nanostructuration over time. In particular, drop casting
approaches are hardly-scalable. A very promising method to nanostructure electrodes is the
direct growth. It allows us to obtain uniform film as well as a selective nanostructuration. A
CVD synthesis reduces the fabrication steps and benefits from a high reproducibility making
it ideal for industrialisation and large-scale production.

Table 2.1 illustrates advantages and disadvantages for each method to integrate carbon nano-
materials on electrodes. Note that transfer-free CVD is highlighted as the most promising,
although challenging, method to nanostructure electrodes of miniaturised devices.
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Table 2.1 — Advantages and disadvantages of different integration methods of carbon nanomaterials onto electrochemical electrodes. Very

good choice: (++); Good choice: (+); Not good choice: ().

CHARACTERISTICS\METHOD Casting Electropolymerisation Electrodeposition Electroformation CVD Transfer-free
with transfer CVD
Reproducibility ) =) =) (++) =) (++)
Large-scale application ) ) ) ) ) (++)
Applicability to (++) (++) (+4) =) (++) challenging
electrode materials
Binder =) ) (++) (++) (++) (++)
Technical effort/costs (++) (++) (++) (++) ) )
Time-consumption =) =) =) (++) (+) (++)
Integration on CMOS devices (++) (++) (++) =) (++) challenging
Micro-scale applications =) (++) (+4) (++) ()] challenging
Control of orientation -) -) ) =) (+) (++)
Applicability to all (++) (++) =) =) (++) (++)

carbon nanomaterials
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Chapter 2. Nanostructured electrodes for electrochemical medical sensors

2.1.3 Direct detection

Carbon nanomaterials provide a very high ratio edge sites/carboxylic groups to basal sites
resulting in amplified electrochemical responses towards the oxidation of many electroactive
metabolites. Physiological concentrations of biocompounds are often very low (nanomo-
lar range) so the use of carbon nanomaterials favours their direct electrochemical sensing
within suitable concentration ranges. Catecholamines, such as dopamine, epinephrine, nore-
pinephrine and serotonin, require an accurate quantitative detection since some mental
disorders are due to the change of their concentrations. High electrocatalytic activity of car-
bon nanomaterials towards catecholamines [43], favoured by adsorption mechanisms [35]
(Fig. 2.5), has been widely reported. MWCNTs permit the direct oxidation of insulin, another
electroactive metabolite of clinical interest because of its central role in diabetes [66]. Many
drugs [67] are also easily electrochemically detectable at carbon nanomaterials. MWCNTs and
graphene exhibit good electrocatalytic properties for the oxidation of uric acid (UA) and ascor-
bic acid (AA), two electroactive metabolites normally present in biological fluids [53, 35, 28].
The intermolecular CH-O interactions decrease of the overvoltages of certain metabolites
rather than of others contributing to the discrimination of different voltammetric peaks [42].

DA DoQ

soln soln

DAads —» DOQ,,

PP P P P g

Figure 2.5 — Scheme for the dopamine (DA) adsorption-dependent electron transfer at carbon
nanostructured electrodes. The mechanism requires an adsorption of DA/electron transfer-
/desorption of dopamine-o-quinone (DOQ).

CNT- [31] and graphene-based [29] sensors are also used for the direct detection of glucose
which reaction is very sluggish. However, by using such a kind of nanomaterials, the detection
has been performed in alkaline [31] or acid [31] solutions that is not directly applicable for
blood and any other human fluids.

2.1.4 Enzyme-mediated detection

In Subsection 2.1.3, the determination of molecules amenable to a direct electrochemical
detection is discussed. Unfortunately, many metabolites are not electroactive at suitable redox
voltages. To sense them, specific enzymes are often incorporated into the electrode, thus
realising enzymatic biosensors.
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Enzymatic biosensors are divided into three categories:

1. the first generation that is based on the indirect detection of H,O, or O, both molecules
involved in the enzymatic reactions

2. the second generation that is based on the use of an electron transfer mediator

3. and the third generation that is grounded on the direct electron transfer proteins-
electrode substrate.

This thesis will focus only on first generation biosensors via HyO, electrooxidation since it
occurs at positive potentials and is not subjected to the interference of O, reduction. This
thesis will study how the presence of nanostructures influences the performance of such
biosensors. In the presence of O, and of a molecule (e.g., glucose) to detect, the reaction
mechanisms of an oxidase (e.g., glucose oxidase - GOx) follow the pathways below

GOx(FAD) + glucose — GOx(FADH,) + glucolactone
GOx(FADH,) + 0, — GOx(FAD) + H, 0,

Then, H»0, is sensed by applying a suitable potential that oxidises H,O; according to the
following reaction

H,0, —2H"+0,+2e"

Unfortunately, the electrochemical oxidation of H,O, at carbon electrodes is kinetically slow
and the measurements tend to be irreproducible. Moreover, a high overpotential is required
to detect H, O, resulting in problems of interferences. Strategies to decrease the overpotential
of H,0, oxidation and reduce the irreproducibility include pretreatment protocols [68] or
modification of electrode surfaces with redox mediators [69].

Carbon nanomaterials have been largely employed to build more stable and more reproducible
first generation biosensors based on oxidases than using other carbon materials. This is
due to the fact that they represent a good platform for the immobilisation of proteins and
preserve the protein structure and bioactivity. The amount of enzyme that can be effectively
immobilised on an electrode strongly depends on the capability of the electrode to "entrap”
the protein. All the nanomaterials have the property to stabilise the enzyme better than flat
electrodes [70]. In particular, the non-covalent attachment represents the most promising
immobilisation technique since it preserves the conformational structure of the enzyme
and ensures a high enzymatic loading. This type of immobilisation technique is applicable
particularly on carbon nanomaterials thanks to hydrophobic, electrostatic and hydrogen
bonding interactions between enzymes and carbon nanostructures [33].
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Chapter 2. Nanostructured electrodes for electrochemical medical sensors

Many research works ascribe the improved electrocatalysis of H,O, at carbon nanostructures
also to their intrinsic electrocatalytic activity [71]. In a recent publication, Compton et al.
demonstrated that the improved oxidation of H,O, reported at MWCNT-based electrodes is
manly due to the iron oxide nanoparticles arising from the CVD synthesis. This phenomenon
is not well-understood yet since other studies have shown that the oxidation of H»0O; is
favoured at carbon nanomaterials showing a large amount of edge-plane-like sites with oxygen
functional groups [72]. Fig. 2.6 shows the decrease of the current response when the applied
potential diminishes in sensing H,O, at our CVD carbon nanostructured electrodes. This
result shows that no decrease of the optimal detection potential arises by the use of carbon
nanomaterials for the oxidation of H,0,.
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Figure 2.6 — Decrease of the current response in chonoamperometry when the applied poten-
tial diminishes from +0.9 V down to +0.5 V in sensing 50 uM H, O, (10 mM phosphate-buffered
saline-PBS, pH 7.4).

Without doubts, there are nanomaterials that are more suitable for H,O, electrooxidation
than carbon nanomaterials. Indeed, it is not by chance that decorating carbon nanostructures
with metal nanoparticles (e.g., Au [73], Pt [74, 75, 76]) has been a common practice to increase
the performance of first generation biosensors.

2.2 Nanoporous Pt electrodes

2.2.1 Catalysis

The development of electrodes based on Pt nanoporous (nanoPt) has raised large attention
due to their high surface area and excellent electrocatalytic activity towards molecules that
are generally not sensitive to carbon nanomaterials. The principal reactions promoted at Pt
nanopores are the oxidation of hydrogen and small organic compounds (methanol [77, 78],
ethanol [79, 80, 81], formic acid [79]) and the reduction of oxygen [82]. The signal amplification
at Pt nanoporous films depends on the types of reactions.
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2.2. Nanoporous Pt electrodes

Electrooxidations of several interfering electroactive species (AA, UA, drugs) are diffusion-
controlled reactions and are particularly enhanced at carbon nanostructured electrodes.
In diffusion-controlled reactions and by using metal nanoporous electrodes, the electron
transfer is so fast that the reactions occur at the mouths of the pores (red Fig. 2.7 (a) on the
right). Therefore, Faradic currents of fast redox reactions are proportional to the electrode
area corresponding to the mouths of the pores that is smaller than the geometric area of the
electrode (red Fig. 2.7 (a) on the left). On the other hand, highly porous electrodes favours
kinetically-controlled sluggish reactions that take place on the entire nanopores (red Fig. 2.7
(b) on the right). In this case, the electrochemical signal is also influenced by the longer
residence time of the analytes in the pores that increases the possibilities of collision with the
electrode than using flat metal surfaces (red Fig. 2.7 (a) on the left) [83].

(a) DIFFUSION-CONTROLLED REACTIONS
(e.g., AA, UA)

(b) KINETICALLY-CONTROLLED REACTIONS
(e.g., glucose)

- Electroactive area - ELECTRODE

Figure 2.7 — Representation of the effect of Pt nanoporous on electrochemical diffusion-
controlled (a) and kinetically-controlled (b) reactions.

It is worth mentioning that if the pore diameter is comparable to or bigger than the thickness
of the electric double layer, which increases when the ionic strength in solution decreases [78],
the electrochemically active area of the nanoporous electrode may be smaller than the real
surface area. Considering the most common electrolyte concentrations, the critical pores are
of few nm in diameter.
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2.2.2 Fabrication methods

In this subsection, the principal techniques to fabricate nanoPt electrodes are described.
These fabrication methods are summarised in Fig. 2.8.

Substrate-based .

Figure 2.8 — Summary of the principal fabrication approaches of nanoPt electrodes.

Nanoparticle-based Nanoporous electrode from nanoparticles is usually obtained by de-
position via electrospraying, screen printing, inkjet printing and drop casting usually on a
carbon-based electrode. First of all, Pt nanoparticles need to be synthesised from solutions
containing a solvent, a platinum salt, a capping agent to avoid particle aggregation and a
reducing agent. Then, a dispersion of Pt nanoparticles should be prepared before the de-
position onto electrode surfaces. Binders are often used to help the nanointegration step.
The presence/absence of a binder [84, 85] as well as a homogeneous nanoparticle dispersion
is critical for the final electrocatalytic activity of the electrode. The long preparation and
the nanoparticle instability on electrodes have limited the applicability of such methods to
fabricate nanoPt electrodes.
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Substrate-based The main advantage of substrate-based approaches is the possibility to
synthesise nanoPt films directly on electrodes. Commonly-used approaches are: electrodepo-
sition (with or without a template), galvanic replacement and CVD.

Electrodeposition is the most practical and versatile approach to selectively nanostructure
conductive substrates. The electrochemical reduction of ligand coordinated Pt complexes is
shown in Fig. 2.9. Under an applied voltage the ligand coordinated metal ions move towards
the cathode (1). When the ligand coordinated metal ions enter in the diffusion layer, the
ligands are aligned to the electric field but the metal ions is still anchored to the ligands (2).
Then, the ligand-metal systems move to the double layer where the electric field is so strong to
determine the separation of the ligands from the metal ions (3). Finally, the metal is reduced
and deposited to the cathode (4). The main advantages of Pt electrodeposition methods
for nanostructuring electrodes are the low cost, the high deposition rates, the absence of
a post-deposition treatment, the nanofabrication directly on electrodes, the possibility to
produce features with different size and shape and to easily form multilayer metal systems and
alloys (e.g., Au-Pt) with controlled metal ratio. Moreover, nanostructured films well-anchored
on electrodes result from this process with consequent low electrical resistivity. Depositions
could be performed by applying voltages or currents using a configuration with two or three

electrodes.
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Figure 2.9 — Schematic of electrochemical reduction of a four ligand coordinated Pt complex.

Template electrodeposition requires three steps:

* fabrication of a template (hard, soft or colloidal) with the desired nanoporous structure
on the conductive electrode;

¢ electrochemical filling the pores with a Pt precursor;

e template removal.
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The most used hard template is the porous anodic aluminium oxide membrane. The ver-
tical structures of these membranes are used to form 1D nanomaterials. If the vertically
aligned channels are empty, nanotubes form. When the channels are filled, nanowires re-
sult after template removal in acid or basic solutions. Yuan et al. [86] fabricated Pt nan-
otubes through an anodised alumina membrane for glucose sensing. A pretreatment with
3-aminopropyltrimethoxy-silane, that acts as a molecular anchor for the electrodeposited
metal nuclei, makes possible the growth along the pore walls. The resulting nanotubules had
an outer and inner diameter of (150 + 10) nm and (70 + 10) nm, respectively, and thickness of
~40 nm.

Mono- and multilayers (3D and 2D) efficient templates are closely-packed colloidal crystals
pre-located on electrode surfaces by immersion or evaporation methods. Typically, silica [87]
and polymers as polystyrene [88] from nanometer to micrometer sizes are used as template.
Also with this approach, the surface modification is extremely important to fill all the voids of
the template. Silica spheres are generally removed by etching with hydrofluoric acid [87] and
polymeric spheres by using solvents [88]. High temperature processes used for the template
removal (calcination, pyrolysis) result in a shrinkage of the pores.

Another method to synthesise nanoPt electrodes is the soft templating. A variety of both
biological and artificial structures (micelles, reverse micelles in organic solvents, liposomes,
vesicles, microemulsions, biomacromolecules and viruses) could be self-assembled onto the
electrode surface. After the electrodeposition of Pt, the template removal is obtained by rinsing
with water. Examples of soft templates are the lyotropic liquid crystals (LLC) formed by C,EO, -
type surfactant molecules (EO = ethylene oxide) solved in water solutions [38]. The main
advantages of the soft templating synthesis is the possibility to change sizes of the pores as
well as the coating thickness. The nanopores can have sizes smaller than using hard templates
and range from few nanometers to tens of nanometers. However, the application of an electric
field during the electrodeposition can cause morphological changes of the surfactants close to
the electrode surface making difficult the control of both size and shape. Other disadvantages
are the long-lasting procedure and the possibility of an incomplete template removal that
causes detachment of the film during an electrochemical measurement. Fig. 2.10 (a) shows the
nanoPt synthesised by a soft template electrodeposition on our microfabricated Pt electrodes.
The deposition was performed by applying -0.1 V vs Ag quasi-reference electrode for hours till
a charge of 7 C (electrode diameter of 0.5 mm) was reached. More often, the nanoPt detaches
from the electrode surface during Pt activation (Fig. 2.10 (b)) due to the incomplete removal
of the template (various immersions of some hours in DI water). The detachment is clearly
evident in Fig. 2.10 (c).
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Figure 2.10 - SEM and optical microscope images of nanoPt electrodeposited according to the
procedure in [89] on electrodes of our microfabricated platform (see Fig. 1.11 (c)) (a). Material
detachment during activation in sulphuric acid (b). SEM and optical microscope images of
nanoPt after the detachment (c).

Template-free electrodeposition is the most efficient way to produce nanoPt for the possibility
to selectively anchor the coating on electrodes by a one-step room-temperature process in
some minutes. As compared with template electrodeposition, it is more challenging to control
size and shape of nanostructures. Pulsed electrodeposition is the most used strategy to obtain
a narrow distribution of the structure size [77, 90]. High overpotential is applied for a short
period of time to create many nucleation sites followed by a low potential to minimise the
growth rate and to have a higher control of the growth of Pt nanostructures. Some additives
such as ethylen glycol [91] and polyvinylpyrrolidone [92] are commonly used to reduce the
size of the surface features of one and three orders of magnitude, respectively.

Only few works concern the control of the shape of electrodeposited nanoPt without template.
In general, the addition of additives causes a change of nanoPt shapes. For instance, Pt
nanospheres change in clump-like when polyethylene glycol is introduced in solution [90]. Pt
nanospheres change in Pt nanoflowers when a lead acetate-containing solution is used [90].
More elaborated post-growth electrochemical treatments could also be adopted to change the
shape of Pt from spherical to tetrahexahedral [79, 80]. The application of square wave potential
in the presence of sulphuric and ascorbic acid changes Pt spheres in Pt cubes, tetrahedra, and
octahedra that have shown a better catalytic activity for equivalent Pt surface areas towards
the detection of small organic molecules [79, 80, 81]. During the treatment, the oxygen atoms
adsorb preferentially on the high-index facets and shift the Pt atoms on these facets that

37



Chapter 2. Nanostructured electrodes for electrochemical medical sensors

become more pronounced and so highly electroactive.

Template-free electrodepositions in low concentrated sulphuric acid solutions show that the
presence of the acid influences the nanoPt shape. During the electrodeposition, the acid
anions HS0, and SO?I_ adsorb on specific Pt planes promoting their growth. The growth of the
other facets are indeed inhibited. Spherical-like structures result by applying a low voltage for
a short period of time. Pt petals are produced by increasing the intensity of the applied voltage
or/and by prolonging the growth time [93]. A comparative investigation of the electrocatalytic
properties of these as-produced and differently-shaped Pt structures is absent in the literature.
No research group has ever studied the influence of sulphuric acid concentration and the type
of Pt salt precursor on the resulting nanoPt morphological characteristics.

In galvanic replacement reaction, less noble metals or metal oxides, pre-deposited with a
particular geometry on electrodes, dissolve in solution and are replaced by a more noble
metal that is present in solution. The difference of redox potentials between the two metals is
the driving force of this phenomenon. The advantage of this method is that the removal of
the template simultaneously occurs with the deposition of the other metal [94]. A variety of
nanocrystals could be used as sacrificial templates, resulting in a variety of nanoPt shapes
[94, 44].

A CVD approach could also be considered for syntheses of nanoPt also on conductive sub-
strates. Lo Nigro fabricated Pt nanocolumns (40-80 nm of diameter and 2 pum of length)
on a variety of substrates (conductive and not). Bis-acetylacetonate platinum(II) was used
as precursor and the depositions were performed between 220 and 550 °C for 15-360 min
[95]. Besides a high control of both dimensions and shapes of nanoPt produced by CVD, the
weak point of this technique compared with substrate-based electrodeposition and galvanic
replacement is the required high technical effort.

Alloying-dealloying Other efficient approaches to generate nanoPt-based electrodes are
dealloying processes from binary or ternary alloys. An annealing step is required for homogeni-
sation or formation of the alloy. Finally, dealloying is carried out to selectively dissolve the
unwanted metal either chemically [96] or electrochemically [97]. After the dealloying, the more
noble metal component is left behind with a porous structure. During the electrochemical
dealloying two important factors should be considered: concentration limit of the more noble
component and critical potential threshold enabling the dissolution of the less noble metal
from the alloy. Even though chemical dealloying is much easier to carry out (immersion in an
appropriate acid or basic solution), it has many drawbacks because the etching could affect
random sites and the process is sometimes too strong to control.

Table 2.2 lists advantages and drawbacks for the described nanoPt incorporation techniques.
Template-free electrodeposition (highlighted in the table) emerges as the most favourable
nanostructuration approach to implement in terms of time and technical efficiency, repro-
ducibility and film robustness.
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Table 2.2 — Advantages and disadvantages of different strategies of nanoPt integration on electrochemical electrodes. Very good choice: (++);
Good choice: (+); Not good choice: (-).

CHARACTERISTICS\METHOD Casting Template Template-free Galvanostatic CVD  Alloying-
electrodeposition electrodeposition replacement dealloying
Reproducibility =) (+) (++) (++) (++) (+)
Large-scale application =) ) (++) (++) (++) (++)
Binder =) (+) (++) (++) (++) (++)
Technical effort/costs (+4) (++) (++) (++) =) (+)
Time-consuming =) =) (++) (+) (+) =)
Direct integration on CMOS devices (++) (++) (++) (++) (++) (++)
Micro-scale applications =) (+) (++) (+) (++) (++)
Shape/size control (++) (+) challenging =) (++) (+)
Film stability =) ) (++) (+) (+) (++)
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2.2.3 Direct detection

As declared in Subsection 2.2.1, Faradic currents regarding rapid reactions are proportional
to the apparent geometric area of the electrode, regardless of its roughness. On the other
hand, slow kinetically-controlled electrochemical reactions are sensitive to the real area of
the electrode (Fig. 2.7). As a consequence, electrode surfaces enlarged thanks to the use of
nanopores boost the electrochemical response of sluggish reactions exclusively. The elec-
trooxidation of the major electroactive interfering species (AA and UA) and of some drugs is
diffusion-controlled so their detection at nanoPt-based electrodes is reduced with respect to
flat electrodes [98]. A metabolite of extreme importance in medical field and characterised by
a sluggish (kinetically-controlled) electrooxidation is the glucose. Pt is the most promising
material for the electrochemical oxidation of glucose because the glucose oxidation similarly
occurs in solutions with different pH. Cyclic voltammogram of glucose at Pt electrode presents
three portions corresponding to three oxidation peaks (Fig. 2.11).
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Figure 2.11 - Cyclic voltammogram of glucose oxidation (100 mM) at pH 7, 200 mM phosphate
buffer. Reprinted from Fig. 7 in reference [99].

1. The "hydrogen region" between +0.15 and +0.3 V vs RHE (reversible hydrogen electrode)
corresponds to the dehydrogenation of glucose at the hemiacetalic carbon (C;; see
Fig. 2.12 (a)) and the adsorption of the glucose on the Pt surface. This electrochemical
oxidation is absent when materials different than Pt are used

2. The "double-layer region" between +0.3 and +0.6 V vs RHE. By increasing the potential,
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2.2. Nanoporous Pt electrodes

the amount of OH,q4s increases because of the water dissociation reaction (Fig. 2.12
(b-i)). Then, the OH,4s catalyses the oxidation of adsorbed glucose (Fig. 2.12 (b-ii)) in
glucono lactone

3. The "oxygen region" at a voltage higher than +0.7 V vs RHE. By further increasing the
potential, the OH,qs desorbs and is replaced by Ogqs that is initially less catalytically
active. However, when the Pt surface is completely covered with a monolayer of oxygen
species (PtO), the direct oxidation of the bulk glucose occurs (Fig. 2.12 (c))
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Figure 2.12 — Mechanism of glucose oxidation at Pt electrode.

Note that for all the reactions glucono lactone is an intermediate product and gluconic acid is
always the final stable product of reaction (Fig. 2.12 (b-ii) and (c)). Skou et al. found that Peak
2 does not alter with the scan rate while Peak 3 was scan rate dependent [100].
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Concentrations of interfering species such as AA and UA in biosamples are of some hundreds
pUM. On the other hand, physiological levels of glucose range from 3 to 8 mM. Nevertheless,
the Faradic current, originated by interfering species, is much more higher than that related to
glucose at bare Pt electrodes. The use of nanoPt with high roughness factor (ratio electroactive-
geometric electrode areas; Ry) increases the electrode sensitivity towards the direct glucose
sensing [86, 96, 101, 102, 103] and makes the electrode insensitive to interfering species. Park
et al. [104] demonstrated that the Faradic current for the glucose electrooxidation increases till
Rt is equal to 300. This finding implies that, for each sluggish reaction, it is possible to find an
optimal thickness of the nanoPt electrode at which the Faradic response is maximum. It has
been previously reported that the electrocatalysis of methanol at Pt electrodes depends on the
particle size of Pt [105]. This phenomenon could also be valid for the glucose electrooxidation.

Table 2.3 shows all the sensing performance of the most recent non-enzymatic glucose sensors
tested at different nanoPt electrodes. Up to now, a full investigation of nanoPt prepared with a
template-free electrodeposition towards the direct glucose oxidation is absent in the literature
as well as the investigation of different nanoPt shapes towards the direct glucose oxidation.

In addition to the improved sensitivity and selectivity, another advantage linked to the use
of nanoPt towards the electrooxidation of glucose is its intrinsic resistance to poisoning by
adsorbed intermediates. Even though nanoPt clearly represents a strong alternative to enzyme-
based glucose sensors (long stability over time, no oxygen limitation), only one research group
used a nanoPt-based sensor to measure glucose in human sample [106].
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Table 2.3 — Non-enzymatic glucose sensors based on nanoPt for electrochemical detection. NanoPt type, preparation technique, pH, sensitivity,
detection limit (LOD), linear range, test with interfering species, R¢, applied voltage and publication year are shown.

Material Technique pH Sensitivity LOD Linear Range Interf. R Applied Ref. Year
(MA/ (mM cm?)) (M) (mM) tested Potential

porous Pt filled micropore  neutral 64.1 1-16 yes - +0.35VwsSCE  [101] 2011

nanoPt LCTE neutral 1.65 97 1-10 - 200.6 +0.4 vsAglAgCl [107] 2007

mesoPt LCTE neutral 9.6 - 0-10 yes 72 +0.42 vs Ag|Cl [103] 2003

3D nanoPt galvanic displ. neutral 642 - 0.1-1.5 yes 2600  +0.4 vsAglAgCl [44] 2008

3D nanoPt sonoelectrochem. neutral 12.1 1.2 up to 20 yes - +0.5 vs SCE [108] 2008

nanoPt dealloying neutral 291 - up to 10 yes 151  +0.4VusAg|AgCl [96] 2008

nanoPt LCTE neutral 375 50 - yes 375  +0.4VuwsAglAgCl [102] 2008

Pt nanotubules PAATE neutral 0.1 1 2-14 yes 286 +0.4 vs SCE [86] 2005

3D macroPt silicon spheres TE  basic 31.3 100 0.001-10 yes 32.5, + 0.5 vsSCE [87] 2005

Pt nanoflowers sonoelectrochem. neutral 1.87 48 1-16 yes 1.31 DPV [109] 2012
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Chapter 2. Nanostructured electrodes for electrochemical medical sensors

2.2.4 Enzyme-mediated detection

As declared in Subsection 2.1.4, hybrid carbon nanomaterials-Pt nanoparticles have shown
the highest sensing performance for the indirect quantification of metabolites towards the
detection of H,O,, product of oxidase reactions. Indeed, Pt is the most suitable electrocat-
alytic material for detecting H»O,. However, unlike carbon materials, Pt does not show a
stable electrochemical background when used in vivo, due to the fast adsorption of biomacro-
molecules onto its surface and to the easy oxidation (biofouling and fouling). Moreover, to
reduce interferences, a permselective membrane (e.g. Nafion) is always required.

In a set of papers, Hall et al. [110] have proven that the electrooxidation of H,O; only occurs if
a layer of Pt(Il) oxide forms on the electrode. This finding explains why the H»O, response is
very poor at carbon electrodes. Based on these observations, the H,O, electrooxidation at Pt
electrode follows the scheme below.

Firstly, H,O, adsorbs on the oxidised sites of Pt electrodes:
Pt(OH), + H,0, — Pt(H,0), + O,

then, since Pt is not stable, the reduced Pt sites are reoxidised and become available to oxidise
H»0, again

Pt(H,0), — Pt(OH), + 2H" + +2¢"

The lack of available Pt surface sites limits the H,O, electrooxidation resulting in a signal
reduction for high concentrations of H>O, so that the oxidation of H,O, at Pt electrodes
resembles to a Michaelis-Menten kinetics (Fig. 2.13).

(a) (b)

- Imax [HZOZ]
= 2.0 Z 2.0 K_+ [H202]
3 1.5 3 1.5
g 1.0 § 1.0
8 0.5- 3 0.5-
0.0 . . . 0.0 . . . .
0 400 800 1200 0 1 2 3 4

time (s) [H20,] (mM)

Figure 2.13 — Chonoamperometry at our microfabricated Pt electrode by sensing H»O, (steps:
0.76 mM) (a). The detection mechanism resembles to a typical Michaelis-Menten kinetics (b).

The H,0; electrooxidation at Pt electrodes is under a mixed kinetic and diffusion control.
Therefore, for the reasons explained in Subsection 2.2.1, the Faradic currents associated with
the slower electrochemical events (kinetically-controlled events of H,O») are sensitive to
nanoPt. Up to now, little work has been done on first generation electrochemical biosensors
based on H,0, detection using nanoPt. Park [104] investigated the relation between the signal
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2.3. Hybrid Pt-based nanostructured electrodes

amplification for an indirect glucose sensing via H,O, electrooxidation and the thickness
of the nanoporous film. For a R¢ lower that 50, the electrochemical response towards the
H,0; oxidation increased proportionally to R;. The oxidative current reached a plateau for
Rf higher than 50. By using mesoporous Pt microelectrodes, Evans [37] found not only an
enhancement of the catalytic activity but also an excellent reproducibility, precision, and
accuracy of measurements over a wider linear range than using flat Pt microelectrodes. In
another work, Wang [111] demonstrated that three-dimensionally (3D) ordered freestanding
porous Pt nanowires with pores of several nanometers in size are an effective platform to
immobilise enzyme. The glucose biosensor performed in a very wide detection range up to
189.5 mM with high sensitivity.

2.3 Hybrid Pt-based nanostructured electrodes

As seen in Section 2.2 nanoPt is the electrode material that has shown superior sensing perfor-
mance towards the detection of two molecules of clinical interest. The first is the hydrogen
peroxide, product of oxidase-based reactions and analyte sensed in the most common first
generation biosensors to indirectly quantify an organic molecule (e.g., glucose, lactate) under
investigation. The second is the glucose that, with no doubts, is the most relevant metabolite
from the medical point of view. NanoPt electrodes electrochemically oxidise glucose without
enzyme avoiding problems of enzymatic instability over time.

Even though several fabrication strategies result in nanoPt with many morphologies, contin-
uous efforts are made to obtain nanostructured electrodes with further increased surface-
to-volume ratios and with geometries that are not achievable by employing the procedures
described in Section 2.2.2. A possible strategy is the combination of Pt nanomaterials with
other nanostructures. In particular, it was proven that combining nanostructures of Pt and
of other metals further reduces poisoning issues and further favours the detection of small
molecules at even lower potential than using monometallic Pt nanomaterials. To sum up,
combining nanoPt with other nanostructures provides the following advantages:

1. the possibility to use particular geometries that are impossible to obtain with the depo-
sition techniques previously discussed. Up to now, the most common support materials
for Pt nanostructures are CNTs and graphene [74, 75, 76] because of their large accessible
surface areas and high electron conductivity. However, the preparation procedures of
nanocarbon-based electrodes are either time-consuming (often require the preparation
of an homogeneous dispersion) or costly (CVD) and the poisoning of Pt on carbon
materials easily occurs.

2. high electrocatalytic performance shown by coupling Pt with other metals towards
the detection of some compounds. The improved electrocatalysis of a certain analyte
could be due to the higher/lower electronegativity of a second metal than Pt could
cause an increase/decrease of the amount of charge being transferred from Pt to the
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Chapter 2. Nanostructured electrodes for electrochemical medical sensors

second metal (electronic effect). Moreover, a larger/smaller lattice constant of the
second metal, leads to an increase/decrease of the separation among Pt atoms. The
ratio and the surface distribution of Pt and the second metal need to be also considered.
A particular arrangement of surface atoms of the two metals suppresses adsorbed
poisonous species on surface-active sites of Pt. The shift of the d-band electron density
of Pt in the presence of another metal reduces the strength of the molecular adsorption
on Pt and, therefore, lower the detection potential. Finally the two metals in the alloys
seem to act cooperatively in the electrocatalysis.

Metabolites of medical interest such as H»O; [112] and glucose [113] have been poorly
studied with such bimetallic systems. In particular, the improvement of the H,0O,
electrooxidation is not yet reported.

2.4 Potentiometric solid-contact ion-selective electrodes

Recently, ion selective electrodes have been raised great interest in clinical field to quantify ion
concentrations in human fluids. In particular, solid-contact ion-selective electrodes (SC-ISEs),
that are free from an internal solution, are an interesting option for further improvements due
to the possibility of an easy miniaturisation. These advantages are essential for a continuous
monitoring of ions from very small biosample volumes.

The initial form of SC-ISEs were the coated-wire electrodes (CWEs) in which an ion selective
polymeric membrane covered the metal electrode. However, the drift of the electrode potential,
due to the high charge-transfer resistance and to the low double-layer capacitance, has limited
the use of CWEs for certain medical applications [114].

The use of an intermediate layer that can act as ion-to-electron transducer between the
membrane and the electrode could solve the problems of CWEs. Initially, conductive polymers
have been used as solid contact. However, these materials suffer from limitations such as the
uptake by the membrane and the water uptake due to residues of polymerisation. Sensitivity
to light, to redox interfering species, to O, to CO, and to pH [114] were other additional
drawbacks.

Up to now, nanomaterials are the best candidates as solid contacts because they can satisfy

the following requirements

1. reversible transition from ionic to electronic conductivity
2. high electrode capacitance for a long-lasting potential stability
3. high hydrophobicity to eliminate the water layer formation between electrode and

membrane and to support the membrane adhesion

Carbon nanostructured electrodes are the most used electrodes to build SC-ISEs [114]. On the
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other hand, only one example was found in the literature proposing a SC-ISE fabricated by
using nanoPt as intermediate layer [89].

2.5 Summary and contributions

This chapter summarises the most common methods to prepare carbon nanomaterial-based
sensors via casting, electrochemical methods and direct synthesis and describes the principal
strategies to fabricate nanoPt electrodes by casting, electrodeposition with and without a tem-
plate, galvanostatic replacement, CVD and dealloying. Non-enzymatic fast electrochemical
reactions (diffusion-controlled) are particularly favoured by the edge-like planes and defect
sites of carbon nanomaterials (e.g., AA, UA and some drugs). For full- or semi-kinetically
controlled sluggish reactions nanoPt is preferable (e.g., H,0, and glucose).

The main contribution of the present chapter is the introduction to a critical review of both
integration approaches and electrochemistry of carbon nanomaterials and nanoporous Pt for
biomedical sensing. For a better understanding of the theoretical background of the present
work, some strategies of electrode nanointegration were reproduced on our sensors (screen-
printed and microfabricated electrodes) and their robustness was tested (see Fig. 2.10). Some
properties of electrodic materials (Fig. 2.13) and of nanomaterials (Fig. 2.4) were verified and
some issues clarified (Fig. 2.6). Finally, pro, cons and challenges of different nanostructuration
techniques were deduced and then summarised in Table 2.1 and Table 2.2. This study was
realised to focus on the development of the most promising and challenging techniques
(highlighted in the two tables). The selected nanostructuration methods will be realised on
electrodes of screen-printed and thin-film CMOS devices since minimally-sized and, there-
fore, suitable for continuous biomonitoring. The respective detection capabilities towards
biomarkers of clinical interest will be evaluated.
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Carbon nanomaterials have been largely employed to enable the detection of molecules relevant
for clinical studies. The development of tailored integration methods to nanostructure small
electrode surfaces is quite challenging. The most used techniques (casting and electrochemical
methods) suffer from scarce reproducibility, long preparation, expensive instrumentation and
limitation to some electrodic materials. More often, the presence of binders hinder the nano-
material properties and make the nanostructuration unstable in aqueous environment. The
direct growth of carbon nanomaterials (CNTS, graphene, nanographite) onto electrodes by CVD
process would ensure an excellent contact nanostructure-metal that is of crucial importance for
high performance characteristics.

Graphene is commonly produced on Ni or Cu. Conversely, growing CNTs on Au or Pt electrodes
is difficult because catalytic particles are more active when supported by oxides. When placed on
metal surfaces, catalytic particles are often poisoned because of the alloying. Therefore, growths
of carbon nanomaterials on only the selected Au or Pt working electrodes of a CMOS multipanel
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sensing platform is very challenging. A method to make possible the selective fabrication of
CNTs on Au and Pt electrodes is the use of a pre-deposited thin buffer dielectric layer that
inevitably reduces the sensor performance by creating a high contact resistance. Moreover,
carbon nanomaterials are typically grown at temperatures between 600 and 1200 ° C, which are
not compatible with direct CMOS integration. A method to obtain various carbon nanomaterials
down to 450° C could open the possibility to a direct integration nanostructures/front-end CMOS
data acquisition circuits. To sum up, the three major requirements for an efficient integration of
carbon nanomaterials in thin-film electrochemical systems are: (a) selectivity with respect to
one working electrode made of Au or Pt of a multisensing platform, (b) contact nanomaterials-
electrodes and (c) CMOS compatible synthesis temperatures.

In this chapter, a new protocol to selectively grow carbon nanomaterials by CVD on Pt electrodes
of a multipanel Si-based electrochemical platform, microfabricated with thin-film processes,
is presented. Section 3.1 describes the process flow for the microfabrication of the device. The
procedures for the catalyst deposition, the CVD setup, and the techniques for the nanoma-
terial characterisation are illustrated in Section 3.2. Section 3.3 focuses on growths at high
temperatures (750-600 ° C) and on the study of how the deposition variables affect the final
characteristics of the nanostructures. Finally, the procedure to synthesise carbon nanomaterials
down to 450 ° C and, therefore, in a way compatible with CMOS technology, is described in
Section 3.4.

3.1 Device microfabrication

The integration of carbon nanomaterials by a direct CVD growth was carried out on the
multiple sensing sites (WEs) of a multipanel platform microfabricated on 10 cm Si wafers
according to the scheme depicted in Fig. 3.1. Briefly, Si wafers with 500 nm of native SiO,
were coated with a positive photoresist (PR) (Fig. 3.1 (a)). Platinum (200 nm) was deposited by
evaporation (Alcatel EVA 600). A buffer layer of Ti (20 nm) was added to improve the adhesion
between Pt and SiO, (Fig. 3.1 (b) and (c)). After the lift-off, 20 nm of HfO, were deposited
by atomic layer deposition (ALD) (BENEQ TFS200) (Fig. 3.1 (d)). Afterwards, electrodes and
contacts were introduced on the dielectric material. HfO, was selectively removed by Ion
beam etching (Veeco Nexus IBE350) (Fig. 3.1 (e)). Then, a wafer dicing step produced single
devices each one with five WEs (diameter of 564 pm). All the WEs share the same CE and RE
(Fig. 3.1 (f)). The reason why HfO, was selected as passivation layer is explained in detail in
Subsection 3.3.1.
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Figure 3.1 — Schematic of the device microfabrication.

3.2 Methods

3.2.1 Catalyst electrodeposition

Cobalt(II) (CoSO,H,0) and iron(Il) (FeSO,H,0) sulphate heptahydrate were purchased from
AppliChem. Depositions of Fe as catalyst were carried out from freshly prepared 0.2 M
FeSO,H, 0 solutions while Fe, Co was deposited on the WEs from mixtures of 0.2 M FeSO,H, O
and 0.1 or 0.2 M CoSO,H,0. A buffer solution composed of 0.5 M H3BOg3 (boric acid, Bio-
Chemica, AppliChem) and 0.5 M NaCl (sodium chloride, Sigma) was used. All the solutions
were prepared with Milli Q (Millipore) water. All the experiments were performed under
aerobic conditions. An Au or Pt circular electrode (diameter = 4 mm), placed in parallel and
approximately at 1 cm from the WE, was used as CE to obtain homogeneous depositions. Ag
was used as quasi reference electrode (QRE). All the experiments were carried out using an
Autolab potentiostat under a computerised control.

Fe nanoparticles (FeNPs) were obtained by linear sweep voltammetry (LSV) with a potential
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window of 0/-1.4 V and a scan rate of 5 mV/s, followed by solution stirring for approximately
three minutes (LSV+STIR). Fe non-compact layers (FeNC) resulted from CA at-1.4 Vfor 15s
followed by solution stirring for approximately three minutes (CA15+STIR). CAat-1.4Vor-1.3
V for 60 s (CA60) was used to produce compact layer of Fe (FeC).

Fe, Co nanoparticles (FeCoNPs) were deposited by LSV (0/-1.4 V) followed by 5 s of open circuit
from 0.2 M of both FeSO,H, O and CoSO,H,O. Compact Fe,Co layers (FeCoC) were obtained
from solutions containing 0.2 M FeSO,H,0 and 0.1 M CoSO,H,0. Catalyst coatings with
different thickness were electrodeposited onto the electrodes by varying the time of deposition
(from 2 s to 30 s). Thicknesses were measured with a Dektak XT Profilometer (Bruker). To
evaluate the rate of thickness increase with the electrodeposition time, three samples per each
deposition time (2, 8, 15 and 30 s) were prepared. For each sample, measurements were taken
in triplicate. The thickness showed a linear increase with the electrodeposition time.

3.2.2 Synthesis of carbon nanomaterials

Carbon nanomaterials were grown in a catalytic CVD quartz tube furnace at ambient pressure.
Prior to growth, the devices were introduced in the furnace (pre-heated at growth temperature)
and kept there for 10 minutes under a H, and Ar flow (60 1/h). This resulted in a change of
the catalyst morphology. Carbon materials were deposited by Oxidative Dehydrogenation
Chemistry [115, 116]; Ar was introduced in the CVD reactor at 45 1/h together with C,H,
and CO; (with a 1:1 ratio and a flow rate of 0.25 1/h) for 5 minutes. The growth temperature
varied between 750°C and 450°C. After the deposition, the chamber was cleaned under Ar
flow (60 1/h) for 10 minutes. To sum up, standard growths were obtained with the following
parameters (standard parameters): 10 minutes of annealing, 5 minutes of deposition, a CoHy
gas flow of 0.251/h, a CO, gas flow of 0.25 1/h and a growth temperature of 750°C. The system
setup is shown in Fig. 3.2.

3.2.3 Material characterisation

The surface morphology and the roughness of the Fe catalyst before and after segregation
were examined with a Bruker Atomic Force Microscope (AFM). The roughness parameters
of the surface were evaluated with a Gwyddion software [117] after plane subtraction and
horizontal scar removal. A Zeiss MERLIN Scanning Electron Microscope with Energy Dispersive
X-ray Spectroscopy (SEM/EDX) was used to investigate the morphology of both catalyst and
carbon materials and the composition of the catalyst. The covered area of the catalyst NPs
and the average CNT diameters were estimated by using the Image] software [118]. Raman
spectra were acquired using a homemade micro-Raman microscope [119]. The spectra were
analysed with a triple grating spectrometer (TriVista 555). The 488 nm laser was focused on a
diffraction-limited spot of around 0.65 um? to reach a power density of 2.2-2.3 mW/um?. The
acquisition time varied from 2 to 5 minutes. Particular care was taken to avoid heating of the
samples because of the well-known possibility of modifying/damaging the nanomaterials with
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temperature
control 750-450 °C

Figure 3.2 — Scheme of the CVD reactor for carbon nanomaterial synthesis.

the laser [120]. The Igor Pro (Wavemetrics, Lake Oswego, OR, USA) software was employed to
fit Raman peaks using Lorentzians [121].

3.3 Syntheses at high temperatures from Fe catalyst

The direct synthesis is the principal approach to place carbon nanostructures on an electrode
and producing a excellent contact between the nanomaterials and the underlying metal sub-
strate. Unfortunately, this method usually presents several limitations: the tendency of some
classes of carbon nanomaterials to grow on dielectric layers complicates their selective posi-
tioning on metal surfaces; their growth onto the passivation layer of the device creates short
circuits among electrodes of the platform making the detection impossible. The interdiffusion
and the alloying between the catalyst and the metal electrode surface prevent the nanocarbon
formation at the CVD temperatures [122].

In the following section, a procedure to grow carbon nanomaterials onto Pt electrodes is
explained. The influence of both deposition parameters and nature of the catalyst on the
characteristics of the obtained carbon nanomaterials is examined.

3.3.1 Selection of the dielectric material and of the deposition time

The adhesion of different passivation layers to the SiO, was studied when exposed to the high
growth temperature. All the materials deposited by sputtering (V,0, MgO, SiO,, TaO;, TiO,)
have shown poor adhesion to the bottom layer material. On the other hand, both HfO, and
Al, O, deposited by ALD have shown an excellent adhesion to SiO,. However, depositions
performed for 30 min of carbon flow resulted in spontaneous CNT growths onto these material
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substrates (see Fig. 3.3 (a-c)). To avoid not selective CNT growths, the HfO, was considered
because less CNTs grew on it than on Al, O, and the synthesis time was reduced till no CNTs
were seen onto the surface of HfO, (Fig. 3.3 (d)).

(a) - (b)

(© - @

Figure 3.3 — CNT catalyst-free synthesis on ALD Al, O, (a;b) and on HfO, (c) after 30 min of
carbon flow at 750°C. No CNTs grew on HfO, by decreasing the deposition time down to 5
min (d).

3.3.2 SEM and AFM study

Electrodeposition was employed as novel, low-cost, versatile and selective technique, even
compatible with the electrochemical platform, to easily obtain different catalyst coatings.
Fig. 3.4 (a) and (b) show SEM images of iron nanoparticles (FeNPs) obtained with the LSV+STIR
procedure. The covered area is (27.6 + 3.8)% and the perimeter of the particles is (245.7 +
29.3) nm. The minimum and the maximum near-neighbour distances between nanoparticles
were estimated to be (26.6 + 5.6) nm and (164.8 + 20.8) nm, respectively. Using the CA15+STIR
deposition, platinum electrodes were covered with a non-compact iron layer (FeNC). Arrows
in Fig. 3.4 (c) and (d) highlight the presence of cracks on the Fe coating. Conversely, compact
iron layers (FeC) do not show any crack and the coating is thicker than FeNC. This is due to
the four-fold increase of the electrodeposition time (Fig. 3.4 (e) and (f)).
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Figure 3.4 —- SEM images at high (a;c;e) and low (b;d;f) magnification of iron electrodeposited
onto Pt electrodes by using procedure (a-b) LSV+STIR (c-d) CA15+STIR and (e-f) CA60.
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Following the iron electrodeposition, coatings were annealed at the growth temperature under
an Ar and H; flow. Fig. 3.5 (a-c) show SEM images of the different iron layers after 10 minutes
of annealing at 750°C.

Figure 3.5 - SEM images of iron electrodeposited onto Pt electrodes and obtained with (a)
LSV+STIR (b) CA15+STIR and (c) CA60 after 10 minutes of annealing at 750°C.
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Roughness, evaluated by AFM (Fig. 3.6), does not differ significantly between FeNPs and FeNC
(Ryms Was 34.8 nm and 29.6 nm for FeNPs, and 22.7 nm and 25.0 nm for FeNC, before and
after annealing, respectively). This behaviour is different in the case of FeC for which Rymyg
decreases remarkably after the annealing (from 54.1 nm to 38.6 nm). Particles are still present
in FeNPs and FeNC. Undulated surfaces with clear stripes result from FeC.

Before annealing After annealing

0.2 ym/div

0.2 ym/div

Figure 3.6 — 3D AFM images (Nanoscope Analysis software) before (left) and after (right) 10
minutes of annealing at 750°C (images: 2 pm x 2 pm).
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Carbon nanomaterials were imaged by SEM. From FeNPs, sparse rolls of MWCNTs were
selectively grown onto the metal electrodes (Fig. 3.7 (a)). Randomly oriented nanotubes
resulted from FeNC (Fig. 3.7 (b)). Average diameters of the MWCNTs grown from FeNPs and
FeNC were (15.4 + 4.0) nm and (13.7 + 3.2) nm, respectively. Fig. 3.7 (c) shows nanographene-
shaped flakes resulting from FeC.

Figure 3.7 — SEM images of MWCNTs (a-b) and nanographene-shaped flakes (c) at low and
high magnification (insets) deposited on Pt and obtained from FeNPs (a), FeNC (b) and FeC (c),
respectively (annealing time: 10 minutes, carbon growth time: 5 minutes, growth temperature:
750°C).
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The selectivity of the present integration approach is clear from SEM image of nanographene-
shaped flakes shown in Fig. 3.8.

Figure 3.8 — Top view of a nanostructured Pt electrode with nanographene-shaped flakes.

3.3.3 Effect of the deposition parameters

The effect of different deposition variables on the resulting carbon materials was investigated.
The same kind of nanographene-shaped flakes was observed when the growth parameters
were changed (temperature, flow of the carbon gas, annealing time). An increase in yield
resulted from a prolonged carbon growth time and greater catalyst thickness.

Diameter of MWCNTs grown on FeNPs was of (16.9 + 3.2) nm after 3 minutes of annealing,
almost unvaried with respect to that obtained after an annealing of 10 minutes ((15.4 +
4.0) nm). From FeNC, MWCNT diameter after 3 minutes of annealing was slightly different
from that computed by using 10 minutes of annealing ((19.5 + 5.3) nm and (13.7 + 3.2) nm,
respectively - Fig. 3.9 (a-b)). A shorter annealing time limits the Fe film dewetting, resulting
in bigger Fe nanoparticles and, thus, in larger MWCNTs. Indeed, the average diameter of the
FeNPs was (14.5 £ 5.3) nm and (16.0 + 4.7) nm after 10 and 3 minutes of annealing, respectively,
while the change of the particle size was more evident from FeNC: (14.2 £ 3.9) nm after 10
minutes and (21.7 + 8.9) nm after 3 minutes of annealing.
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Under the standard growth conditions and by increasing only the carbon flow from 0.25 I/h to
0.5 1/h for both C,H, and CO», the diameter of CNTs unvaried ((11.5 + 2.1) nm) when grown
from FeNPs. Conversely, the doubling of the carbon flow promotes the formation of CNTs
with a broader range of diameters (10-70 nm) from FeNC. This is due to the catalytic activation
of larger Fe nanoparticles if the furnace is fed with a higher carbon flow, which in turn gives
rise to nanotubes with larger diameters (Fig. 3.9 (c)).

The effect of tripling the carbon growth time (from 5 to 15 minutes) was also considered. The
average diameter of the tubes grown from FeNPs ((15.8 + 4.2) nm) unvaried. On the contrary,
the diameter of the tubes doubled when obtained from FeNC ((34.9 + 6.4) nm - Fig. 3.9 (d)). It

is reasonable to assume that, in the presence of available catalyst, a prolonged carbon feed
results in MWCNTs with more graphitic layers.
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Figure 3.9 — Diameter distribution of MWCNTSs produced from FeNC under different growth
conditions (first deposition (a), reduced annealing time (b), doubled flow of the carbon
precursors (c), tripled carbon growth time (d)).
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Then, the influence of the growth temperature on the average MWCNT diameter was evalu-
ated. In general, the MWCNT diameter increased by reducing the growth temperature. The
formation of thick and short CNTs was observed at 600°C (Fig. 3.10). When FeNC was used as
catalyst, the CNT diameter increased more as the temperature decreased than using FeNPs.
Lowering the temperature means that less Fe is catalytically active for CNT nucleation and so
the growth kinetics is reduced. This phenomenon results in a decrease of the CNT yield.
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Figure 3.10 — Evolution of the MWCNT diameter with the temperature in case of growths from
FeNPs (green line) and from FeNC (red line). SEM images of MWCNTSs were selected for each
deposition condition (bars: 100 nm).

More in general, it is not possible to exclude the presence of carbon nanofibers together with
CNTs in some samples. This is especially true when the catalytically active particles have a big
size (e.g., lower synthesis temperature, shorter time interval of annealing).
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3.3.4 Micro-Raman spectroscopy

The Raman spectrum of carbon materials consists of three typical bands [123, 124]: D, is the
defect- and disorder-induced band (1350 cm™!), G that is a measure of the graphitic lattice
quality (=1580 cm™!) and the G’ band - overtone of the D peak, =2710 cm™! - is also sensitive
to the density of defects. The relative integrated peak ratios were considered for the structural
evaluation of the materials [123]. For comparison purposes, spectra of amorphous carbon and
of graphite were acquired by micro-Raman spectroscopy together with our carbon deposits
(Fig. 3.11). The smaller I4/Ig and full width at half maximum (FWHM) and the higher Iy /I and
Iy /14 are, the higher is the degree of crystallinity. Indeed, amorphous carbon (red spectrum
in Fig. 3.11) shows FWHM of D and G peaks larger than those of other carbon materials (see
green spectrum of graphite in Fig. 3.11 for comparison) and the G’ peak is completely absent,
sign of a disordered material. On the other hand, G’ is slightly evident in the spectrum of
graphite that shows also a G peak sharper than that of amorphous carbon. The G peak of
graphite presents a characteristic shoulder that is due to the structural disorder indicative of
sp? bonded carbon.
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Figure 3.11 — Raman spectra of amorphous carbon (red) and of graphite (green).

The ratio I4/Ig does not show substantial changes among MWCNTs with diameters in the
range 10-20 nm (Iq/Ig=1). Conversely, a strong increase of I4/Ig was observed for wider and
shorter tubes (=1.7) grown at 600°C, indicating a less perfect crystalline lattice [121] (see blue
and pink spectra in Fig. 3.12). The high defect density of these tubes was also confirmed by the
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simultaneous decrease of both Iy /Ig and Iy /14 ratios [124]. The values of the FWHM of all the
three peaks were found to be approximately 20-30 cm™! higher for CNTs grown at 600°C than
for MWCNTs fabricated at higher temperatures, indicating the presence of more disordered
and amorphous carbon in the samples prepared at 600°C [125].

Nanographene-shaped flakes showed the lowest value of I4/1g (=0.6) and the highest Iy /I
and Iy /14 ratios (approximately 3 and 5, respectively) (see violet spectrum in Fig. 3.12). The
ratio Iy /Ig resulted to be 9 times higher than that measured from graphite. Also I/ /14 showed
a very high value (13 times higher than graphite).
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Figure 3.12 — Raman spectra of MWCNTs grown at 600 °C (blue) and at 750 °C (pink) and of
nanographene flakes (violet).

Narrow peaks characterise these carbon nanostructures. FWHM values were about 45 cm ™,
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35 cm™! and 65 cm™! for G, D and G’ peaks, respectively. The G band does not present
the characteristic shoulder of graphite-based materials. In addition, the position of the G’
peak was about 20 cm™! lower than that related to graphite. This peak is also sharper and
almost 4 times more intense than the G’ peak of graphite. Considering these findings, it is
possible to assert that flakes of nanographene were grown from FeC electrodeposited on Pt
[126]. Generally Ni and Cu are used as catalysts to grow graphene [127]. Fe layer represents a
valuable possibility to produce graphene flakes. In this case, the use of acetylene as the carbon
source has been demonstrated to allow a drastic reduction of the growth temperature during
the process. This is extremely promising for the direct integration of graphene onto devices
with electronic circuits [128]. Up to now, only few studies focus on graphene deposited onto
Fe [129] due to the difficulty to control carbon diffusion and precipitation, with consequent
formation of mixed phases. Our experimental study reports for the first time the deposition of
graphene flakes onto electrodeposited Fe. It is reasonable to assume that a very thin layer of
iron remains between the graphene flakes and the Pt. The objective of the present work was
to avoid the use of a dielectric underlayer (placed between Pt and iron) for growing carbon
nanostructures that would have created a high contact resistance. Certainly, a coupling carbon
nanostructures-metal is still present even if a thin layer of iron is interposed between the two
materials.

3.4 Growths down to CMOS compatible temperatures

Many efforts have been made so far to integrate carbon nanomaterials onto CMOS-sensors
[130, 131, 132] since the compatibility of their fabrication with the low-cost CMOS technology
is extremely useful to implement a full parallel process. The most common techniques to
integrate carbon nanostructures onto small electrodes are not scalable to the CMOS wafers.
The CVD technology is well-known to be easily scalable to wafer size and well-established
in the semiconductor industry. However, common CVD systems, as that one described in
Section 3.3, usually work at high growth temperatures (>600 °C for CNTs and >1000 °C for
graphene) to grow carbon nanomaterials. These temperatures are not compatible with con-
ventional CMOS processes causing irreversible material stresses that inevitably compromise
the normal operation of the device with on-board electronic components. To make the whole
process compatible with the electronics, the upper limit growth temperature is 450 °C [133].
Recently, many efforts have been made to lower the synthesis temperatures for fabricating
graphitic nanomaterials. Nessim et. al. have already reported the CNT synthesis on metals at
CMOS compatible temperatures by thermal decomposition of the hydrocarbon/hydrogen gas
mixture. The nanofabrication consisted of only CNTs and was carried out on Pd and Tain a
non-selective way. Instead, for electrochemical sensing, the need is to grow on specific sites
made of Pt or Au of a platform [134]. The present section describes the integration of carbon
nanomaterials onto Pt WEs of a microfabricated device by a CVD process down to 450 °C.
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3.4.1 Catalyst electrodeposition

In Section 3.3 syntheses and characterisation of carbon nanomaterials from Fe catalyst at
temperatures ranging from 600 °C to 750 °C are presented. Below 600 °C, Fe on Pt was proven
to be catalytically inactive by using our CVD system. To decrease the synthesis temperature,
a previous study was considered in which the maximum yield of MWCNTs was obtained
by using Fe/Co alloy as catalyst in a molar ratio 2:1 [115]. The electrodeposition of Fe,Co
was optimised for both catalyst NPs and coatings. Fe,Co NPs resulted from solutions with
equimolar concentrations of the two metals (average molar ratio: 2.15 + 0.11). On the other
hand, Fe»Co coatings were obtained from sulphate solutions of Fe and Co in a molar ratio 2:1
(average molar ratio from coatings with different thicknesses: 2.12 + 0.05).

3.4.2 Growths on catalyst nanoparticles

Sparse rolls of MWCNTs with an average diameter of (34.4 + 19.4) nm were synthesised by
using FeCoNPs (Fig. 3.13 (a)). Longer, denser and larger MWCNTs (average diameter: (52.7 +
22.6) nm) with intercalated nanographite were observed by triplicating the deposition time
(from 5 to 15 minutes; Fig. 3.13 (b) and (c)).
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Figure 3.13 - SEM images of carbon nanomaterials fabricated on FeCoNPs at 600 °C under
5 (a) and 15 (b) minutes of carbon flow. Bars: 1 um. (¢) Diameter distribution of MWCNTs
produced under two different growth times: 5 (green bars) and 15 (red bars) minutes.
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Fig. 3.14 shows that a narrower diameter distribution results by lowering the synthesis temper-
ature. In addition, the average diameter decreases going down with the temperature (from
(34.4 + 19.4) nm at 600 °C to (26.5 + 6.5) nm at 450 °C). No nanomaterials were grown at
temperature lower than 450 °C.
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Figure 3.14 — Diameter distribution of MWCNTs grown from FeCoNPs at 600 °C (blue) and at
450 °C (yellow).

3.4.3 Growths on catalyst coatings

Fig. 3.15 (a-c) shows SEM images of carbon growths obtained at 600 °C on FeCoC electrode-
posited for different intervals of time. As the Fe,Co thickness increased, the amount of
MWCNTs decreased and nanographite simultaneously started to be produced. The highest
carbon yield was obtained from thicker catalyst layers.

Figure 3.15 — SEM images of MWCNTs (a), hybrid MWCNTs-nanographite (b) and
nanographite (c) (bars: 100 nm) obtained on FeCoC deposited at -1.4 V for 4, 15 and 30
s, respectively.
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As clearly observable from Fig. 3.16, the MWCNT diameter increased passing from 2 to 4 s
of deposited FeCoC. Nanofibers were grown from even thicker catalyst layers (8 s of FeCoC
deposition). From 15 s of electrodeposited FeCoC, hybrid nanographite/ MWCNTs were
produced and the amount of MWCNTs decreased by prolonging the FeCoC deposition time.
The MWCNTs diameters decreased once nanographite started to be synthesised.
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Figure 3.16 — Effect of the Fe,Co electrodeposition time on the nanotube/nanofiber diameter.

The synthesis of nanographite started from thinner catalyst layers at temperatures lower than
600 °C (Fig. 3.17 (a) and (b)). Also at temperatures lower than 600 °C, once graphite grew,
the MWCNT diameter drastically decreased (Fig. 3.18). Very thick catalyst layers were not
catalytically active at 450 °C.
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Figure 3.17 - SEM images of nanomaterials produced at 525 °C on 2 s (a) and 8 s (b) of deposited
catalyst layers. Bars: 100 nm.
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Figure 3.18 — Diameter distribution of MWCNTs grown on FeCoC layers deposited for 2 s (red),
4 s (cyan) and 8 s (green) at 450 °C. The more nanographite is present on the sample, the
smaller is the average CNT diameter.
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Raman spectra reveal much about the nature of the produced nanomaterials. As expected,
the presence of nanographite determined the shift of the G and D bands towards lower values
and of G’ peak towards higher values, the decrease of the I4/1g, I/ /1g, I /14 ratios and sharper
G’ peaks in accordance with the literature [121]. Peak ratios, peak positions and values of the
FWHM are reported in Table 3.1.

Table 3.1 - Values of 14/1g, Iy /1g, Ig /14, D, G and G’ positions and FWHM of MWCNTs and

MWCNTs/nanographite produced at 525 °C.

MWCNTs  hybrid MWCNTs+nanographite
Iq/lg 1.7+£0.2 1.5+£0.1
Ig/1g 6.8+ 1.5 1.3+£0.2
Iy /1g 4.0+£0.9 09+0.1
D(cm™!) 1352.0 + 1.3 1349.0+ 1.4
G(cm™) 1599.7 + 0.8 15859+ 1.9
G (cm™) 2678.1 £ 2.4 2698.3 £ 1.0
FWHM(®D) (cm™!)  109.1+9.7 99.0 + 3.6
FWHM(G) (cm™!) 63.8+4.4 76.2+0.2
FWHM(G') (cm™') 267.1+23.9 116.4 £9.3

3.4.4 Implementing two successive growths

In the previous subsections, it was proven the possibility to grow CNTs and nanographite down
to 450 °C, the upper limit temperature that makes possible to grow nanomaterials directly onto
the front-end of CMOS data acquisition circuits. Generally, only amorphous carbon grows
below 600 °C when a CVD system based on thermal decomposition of C,H> is used. Here, the
oxidative dehydrogenation reaction of CO, and CyH, [115] was proven to improve the activity
and the lifetime of the catalyst on metallic surfaces resulting in carbon nanomaterial growths
down to 450 °C.

An enhanced electrochemical response and an improved incorporation and stabilisation of
biomacromolecules is expected for high yield of nanomaterials due to the increase in the
surface area. However, a decrease of carbon yield was observed by lowering the synthesis
temperature. To increase the yield of the nanostructures, two successive depositions at 450 °C
were implemented.
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After the first synthesis, thin layers of Fe,Co were deposited on the top of nanomaterials grown
at the first stage (Fig. 3.19 (a)). Then, a second synthesis was carried out under identical
growth conditions. From 2 s of electrodeposited catalyst, more carbon nanomaterials, namely
graphitic nanopetals with intercalated MWCNTs (Fig. 3.19 (b)), were obtained. Electrodeposi-
tion of Fe,Co for 4 s results in an increase of only the CNT quantity.

(@)

Thin Fe,Co CVD synthesis
deposition at 450 °C

(b)

Figure 3.19 — Two-step CVD process (a); graphitic nanopetals and MWCNTs grown onto 2 s of
FeCoC electrodeposited onto the overgrown substrate (b).

A surface with CNTs not fully covered with FeCoC catalysed the formation of very thin graphitic
petals. Other authors have already synthesised graphitic nanopetals by plasma CVD whose
growth was catalysed by CNTs [135] and carbon nanofibers [136]. For synthesising MWCNTs,
carbon radicals dissolve and precipitate by the metal catalyst forming tubular nanostructures.
On the other hand, when MWCNTs remain exposed, carbon radicals insert in the sidewalls
and tips of the CNTs (not fully covered by the catalyst layer) forming graphite branches that
evolve in graphitic petals.
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3.5 Summary and contributions

Conventional methods present in the literature to integrate carbon nanomaterials on minia-
turised microfabricated metal electrodes are time-consuming, expensive, hardly-reproducible
and often require the incorporation of additives such as polymers that mask the "nano" effects
and compromise the lifetime of the device due to the polymer-matrix instability in water-
based solutions. This chapter presents a novel protocol to precisely integrate by CVD process
a wide variety of carbon nanomaterials on Pt electrode-array of a microfabricated device. An
accurate control of the type of material (nanographene flakes, nanographite, MWCNTs), of
the MWCNT diameter and of the yield was possible by changing nature and thickness of the
catalyst, deposition parameters and growth temperatures. For a successful implementation of
this nanostructuration approach the following challenges were overtaken:

* selectivity with respect to one working electrode of the platform (some carbon nanoma-
terials such as CNTs tend to spontaneously grow on dielectric layers)

¢ growths on catalyst directly deposited on Pt electrodes avoiding the commonly used
thin buffer dielectric layers that could create high contact resistance

¢ nanodeposits were obtained down to 450°C, the upper limit temperature compatible
with CMOS processes, opening the possibility to a direct integration nanostructures/front-
end of CMOS data acquisition circuits.
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Electrochemical characterisation of MWCNTs,
nanographite and their hybrids grown by
CVD on a Si-based device
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Carbon nanostructures have received particular attention in the field of electrochemical sensing
for: (a) the determination of electroactive biomarkers at their very low physio-pathological
concentration range (nanomolar range); (b) the discrimination of electroactive compounds from
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interfering species normally present in human fluids. By using common electrodes, all the highly
electroactive compounds oxidise at almost the same potential resulting in the overlapping of the
voltammetric response. (c) enhancing the biodetection performance since carbon nanomaterials
can mimic an "enzyme friendly" environment.

The present chapter studies the electrochemical properties of carbon nanostructured electrodes.
More in detail, Section 4.1 focuses on enhanced electrochemical behaviour of devices incorpo-
rating carbon nanomaterials for sensing electroactive biomarkers (bilirubin) and metabolites
thanks to an immobilised oxidase (lactate). Section 4.2 investigates the performance character-
istics of CVD carbon nanostructures grown on a microfabricated Si-based sensor. Their sensing
capabilities for a direct (uric acid, bilirubin) and enzyme-mediated detection (glucose) are ex-
amined. The biofouling resistance of CVD carbon nanomaterials is investigated. A comparative
study with the very well-known carbon nanomaterial integration approaches is in Section 4.3.
Lastly, the main topics and contributions of the chapter are summarised in Section 4.4.

4.1 Demonstration of the superior performance of MWCNT-based
electrodes

In this section, an electrochemical study of bare screen printed electrodes (SPEs) coated or
not with a film of MWCNTs for detecting bilirubin (BR) is presented first. MWCNTs were
considered as a type of carbon nanomaterials. The sensor response was investigated in the
physio-pathological concentrations of BR by CV also in the presence of albumin up to its
normal level. The concentrations of free BR (not complexed to albumin) were measured
in the range typical of newborn jaundice (Subsection 4.1.1). Then, the research objective
in Subsection 4.1.2 is to gain fundamental insight into the performance of lactate oxidase
(LOx)-MWCNT-based SPEs by evaluating sensing parameters and stability over time. The
kinetic behaviour of the enzyme either immobilised on MWCNTs and in solution was studied.

4.1.1 Direct detection of bilirubin

Bilirubin (BR) is a compound of bile produced when the liver breaks down old red blood
cells. Two main types of BR are present in human fluids: conjugated and unconjugated BR.
Conjugated BR forms a complex with gluconic acid, which renders it water soluble. Uncon-
jugated BR tends to bind to albumin [137]. Therefore, the amount of free unconjugated BR,
which is electrochemically detectable, depends on the concentration of albumin and on the
intrinsic ability of albumin to bind BR. This binding is very important for the neutralisation
of the neurotoxic effect of unconjugated BR. In particular, in neonates, high BR levels in the
blood (jaundice) easily occur leading to brain damage and cerebral palsy if untreated. Very
often, pathological levels of BR are associated with the accumulation of its oxidised form, a
pigment called biliverdin (BV) [138]. Therefore, considering the diagnostic significance of BR,
the development of an inexpensive device for BR detection is of enormous interest.
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At a first stage, the present subsection aims to proof the superior electrochemical performance
of graphite SPEs modified with a film of MWCNTSs than bare electrodes to detect physio-
pathological concentrations of BR in absence of albumin. The possibility of detecting this
molecule with albumin in solution is a problematic aspect that should be considered for
developing a BR sensor because of the considerable reduction of the free available electroactive
BR from micromolar to nanomolar range caused by the formation of complexes BR-albumin
in human blood. By using the modified SPEs, the signal decrease for albumin levels up
to its normal concentration is shown. The sensor response for normal albumin level and
concentrations of BR corresponding to severe jaundice is studied. It is worth mentioning that
the electrochemical detection of BR with MWCNTSs has been carried out in previous works but
using ferrocene as mediator and only without albumin in solution [139].

Methods MWCNTs with carboxyl-modification (-COOH groups) were purchased as powder
(90% purity) from DropSens. MWCNTs had an average diameter of 10 nm and the length
ranged between 1 and 2 um. A solution of MWCNTs in chloroform was prepared with a
concentration of 1 mg/ml. Sonication of the samples was carried out to obtain a homogeneous
solution. Stock solutions of BR (Sigma) were prepared in dimethyl sulfoxide (DMSO) solvent
(10 mM) and then diluted in phosphate-buffered saline (PBS; 10 mM pH 7.4) in the presence
or absence of fixed bovine albumin concentrations ranging from 0 to 30 mg/ml. PBS and
albumin were purchased from Sigma. Since BR is photosensitive, measurements were carried
out in a dark room. Electrodes were nanostructured with MWCNT films by casting 30 pl
of MWCNT-chloroform solution (six times 5 pl) onto the WE of carbon paste SPEs (model
DRP-110) purchased from DropSens. Chloroform was allowed to evaporate from the electrode
in between two subsequent deposition steps. The surface area of the WE was equal to 0.1256
cm?. The CE was also made of graphite, while the RE was made of Ag. The electrochemistry
of BR was investigated by cyclic voltammetry (CV) with a Versastat 3 potentiostat (Princeton
Applied Technologies). All the experiments were carried out under aerobic conditions at
room temperature. For the measurements, the three electrodes were covered with 100 pl of
BR-containing solutions. Multiple CVs were acquired using a potential window of -0.4/+0.8 V
at a scan rate of 20 mV/s. BR concentrations ranged from 50 to 150 uM (physiologic jaundice)
by 25 uM steps or from 200 to 400 uM (severe jaundice) by 50 uM steps. Electrodes with and
without a MWCNT layer were tested. Five multiple CVs were applied, alternating them until
two subsequent voltammograms overlapped. The adsorption of BR onto a large variety of
carbon nanomaterials has been reported [140]. In addition, the well-known adsorption of
albumin to the electrodes could also affect the electrochemical measurements [141]. For these
two reasons, in between two subsequent measurements a cleaning procedure was performed
by applying potential pulses as reported in [142]. Briefly, 3000 fast potential pulses between
-0.4 and +0.8 V were repeated 3 times followed by 10 multiple CVs (potential window -0.4/+0.8
V and scan rate 100 mV/s). An oxidation peak currents (Peak II) identified in the V cycle of
multiple CVs was used to calculate the sensing parameters. A cubic baseline was subtracted to
the voltammogram part (positive scan) between 0 and +0.7 V. The Igor Pro (Wavemetrics, Lake
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Oswego, OR, USA) software was employed to fit the peaks using Gaussians [143] that described
their shapes sufficiently well for our aims. The sensitivity and the LOD were calculated as
described in Appendix A.

Results Among several possible strategies, the preparation of the BR stock solution using
NaOH was deemed unsuitable because of the rapid precipitation [144] and oxidation of BR.
Solutions prepared with Tris Buffer (0.05 M, pH 8.0, albumin 30 mg/ml) were excluded since
no peak current could be measured with either bare or nanostructured electrodes. DMSO,
instead, was proved to be an efficient solvent for BR. Dilutions were prepared in PBS. Solutions
were stable for some hours with regard to both oxidation and precipitation of BR just under
dark conditions. All the solutions were prepared before the experiments because of the high
instability of BR in solutions.

CVs of BR revealed three oxidation processes. The first investigated concentration range (50-
150 uM) corresponded to the BR level in the case of physiologic jaundice [145]. The positions
of the first two peaks remain almost unvaried in the presence or absence of MWCNTs. The
third process occurs only with MWCNT film-based SPEs. All these oxidation processes were
found to be irreversible under our experimental conditions, as some authors have already
shown [139, 146]. Fig. 4.1 shows the increase of the first (Peak I) and of the second (Peak II)
oxidation peak for increasing BR concentration. The lowest electrochemical response was
found when bare SPEs (Fig. 4.1 (a)) rather than MWCNT film-cast electrodes were used (Fig. 4.1
(b)). Peak I and II are attributed to the oxidation of BR and of BV, respectively.

+300mV
BR —— BV +2e” (Peak I)
+500mV
BV PURPURINE +2e (Peak II)

This assumption is supported by the disappearance of Peak I when exposing a BR solution
to light for a week (Fig. 4.1 (c)). Inset in Fig. 4.1 (c) shows the change in colour from orange
to green after this period of light exposure. On the other hand, Peak III is still present under
these working conditions and is related to the purpurine oxidation to choletelin

+700mV
PURPURINE —— CHOLETELIN +2e~ (Peak I111)

The detection was performed by considering Peak II since its increase exhibited a better
linearity. When bare electrodes were used, the sensitivity was one order of magnitude lower
than using the modified electrodes (Fig. 4.1 (d)). The intersample reproducibility was studied
at MWCNT-SPEs resulting in satisfactory results. Indeed, for 150 uM BR, the average peak
potential and the average peak current from four measurements are (471 + 3) mV and (1.8 +
0.1) pA, respectively (n=4). The average sensitivity and LOD were (87.6 + 11.3) uA/(mM cm?)
and (15.5 + 1.9) uM, respectively (n=4).
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Figure 4.1 — Peaks in CVs at 20 mV/s by changing the BR concentration. Bare (a) and modified
(b) SPEs. Disappearance of Peak I after a week of light exposure (BR concentration: 500 pM;
scan rate: 20 mV/s) at modified SPEs and change in colour from orange to green of the BR
solution due to the BR oxidation in BV (c). Calibration curves at bare and modified SPEs (d).

As mentioned before, unconjugated BR is transported in human plasma bound to a protein
carrier, albumin. The association mechanism of BR with albumin can be described by the
following equation

K
Afree + BRfree —— Al BRcomplex
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The relation between free albumin, free BR and their complex in terms of concentrations can
be expressed by the equilibrium constant [137]

_ [A/BRcomplex]

= (4.1)
[Afree] [BRfree]

Because free BR is present in a small amount relative to the albumin-BR complex, the concen-

tration of the latter is almost equal to that of the unconjugated BR. Therefore, Eq. 4.1 can be
written as

[BR jugated]
(BRiree] = unconjugate 4.2)
K([Afreel — [BRunconjugated])

The reduction of the peak current as a function of increasing albumin concentrations is shown
in Fig. 4.2 (a). The most evident drop in current occurs when passing from 0 mg/ml to 1 mg/ml
of albumin concentration. When passing from 1 to 30 mg/ml of albumin in solution, the
current decreased only slightly.
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Figure 4.2 — Peak response vs albumin concentration (albumin: 0, 1, 5, 10, 30 mg/ml; BR
concentration: 150 uM; albumin-BR molar ratios: 0.1, 0.5, 1, 3) (a). Calibration plots for the BR
detection in the presence of the following albumin concentrations: 0, 1, 10 mg/ml (b).

Fig. 4.2 (b) shows the decrease of the sensitivity for increased albumin concentrations in
solution. With a concentration of albumin equal to 1 mg/ml, the sensitivity decreases almost
three fold (26.6 A/ (mM cm?)) with respect to a detection performed in absence of albumin. By
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using 10 mg/ml albumin, the sensing performance further declines (sensitivity: 20.3 pA/(mM
cm?). The voltammetric response of the MWCNT film-sensor becomes negligible for normal
albumin concentration (30 mg/ml). However, the signal is still present even if the molar ratio
between BR and albumin is equal to 0.33. Other authors [147] were unable to measure BR for
BR/albumin molar ratios below 1.

In very severe jaundice, levels of BR for newborns are greater than 15 mg/dl (= 250 uM) up to
30 mg/dl (= 500 uM). The sensitivity was 26.5 pA/(mM cm?). The experiments performed in
the presence of a normal level of albumin and BR concentrations typical of a severe jaundice,
leaves open the possibility to use the proposed sensor to monitor the BR level in babies
affected by severe newborn jaundice.

4.1.2 Enzyme-mediated detection of lactate

An important biocompound that needs a reliable monitoring is lactate. The determination
of lactate is significant for different aspects of human health [148] (e.g., sepsis, sport). The
detection of lactate have been carried out using mainly lactate oxidases immobilised onto
the electrodes. In this subsection, the detection mechanism utilised for lactate detection is
the same of that described in Subsection 2.1.4 of Chapter 2 regarding the indirect glucose
sensing with GOx via H, O, electrooxidation. Here, a lactate oxidase (LOx) was immobilised
on electrode surfaces. To prove the capability of carbon nanomaterials to be an excellent
support system for the incorporation of enzymes, a LOx was immobilised on MWCNT-based
SPEs. Also in this case, MWCNTs were taken as example of carbon nanomaterials. The
protein immobilisation on MWCNTSs was accomplished by physical adsorption that is the most
promising incorporation strategy to preserve the catalytic activity of the enzyme over time. The
final aim of the subsection is to study the reproducibility and the sensing performance after
subsequent usages and over time of LOx-MWCNT-SPEs. The kinetic behaviour of the LOx was
studied in solutions with increased concentration of lactate while the enzyme was in solution
(spectroscopic measurements) or kept dried on MWCNTs (amperometric measurements).

Methods Total protein concentration was determined by UV-Vis absorbance measurements
with a Nanodrop ND-1000 spectrophotometer using an extinction coefficient of 51.340 1/ (M
cm). LOx activity was assayed by quantifying H,O, produced from the coupling reaction with
horseradish peroxidase (HRP) (0.05 mg/ml) and 0.5 mM 2,2’-azino-bis(3-ethylbenzothiazoline-
6-sulphonic acid) (ABTS). Spectrophotometric LOx activity assays were routinely carried out
in a 96-well plate at 35 °C with 40 mM lactate in 0.1 M PBS at pH 7 using a Bio Tek Synergy Mx
spectrophotometer and initiated by adding enzyme solution. The assay volume was 200 pl.
Oxidation of ABTS was monitored at 420 nm (€=36, 0001/(M cm)). The temperature optimum
was recorded between 20 °C and 50 °C by following ABTS oxidation in an assay volume of
3 ml using a magnetically stirred, temperature controlled cuvette device. Enzymatic assays
were performed in triplicate. One unit was defined as the amount of enzyme that oxidised 1
UM of substrate per minute. In summary, LOx activity was determined with purified enzyme
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by applying a peroxidase-coupled spectrophotometric method, using ABTS and H,0, as
substrates at 37 °Cin 0.1 M PBS pH 7, which was determined to be optimal.

MWCNT-SPEs were prepared as described in Subsection 4.1.1. The enzyme (26 pg; concentra-
tion: 0.4 mg/ml; activity: 9 U/ml) was additionally cast onto the nanostructured WE and kept
overnight at 4 °C before the experiments. Each biosensor was washed with distilled water (Eau
ultra pure, type Ultra ClearTM, BLANCLABO) before the experiments. Control experiments
(MWCNT-SPEs and H, O, [149], MWCNT-SPEs and lactate [150], enzyme adsorbed on SPEs
and lactate [150]) confirm that lactate electrochemical detection drastically improves by the
use of MWCNTs with adsorbed LOx. Lithium I-lactate in form of lyophilised powder (Sigma)
was dissolved in distilled water.

The electrochemical response was investigated by chronoamperometry (CA) at room tem-
perature under aerobic conditions by applying a fixed potential of +650 mV. A Versastat 3
potentiostat (Princeton Applied Technologies) was used to record the data. Routinely, the
electrodes were dipped into a stirred 0.01 M PBS at pH 7.4 with a volume equal to 25 ml. The
normal concentration of lactate was varied by steps of 0.2 mM successively adding 10 pl of
0.5 M lactate stock solution in the 25 ml of synthetic buffer. The error related to the final
concentration obtained with this type of dilution is negligible. The time-step depended on the
current stabilisation. The sensitivity and the LOD were computed according to the procedure
described in Appendix A.

Results The sensitivity and the LOD of the lactate sensor (n=4) were among the best re-
ported in the literature (sensitivity= (35.5 + 3.1) A/ (mM cm?) and LOD= (5.4 + 2.0) uM)[148].
Subsequent CAs (n=6) did not alter significantly the sensor performance (sensitivity= (31.0 +
2.5) pA/(mM cm?) and LOD= (18.6 + 6.9) uM).

The long-term stability of the biosensors is an important measure of its usefulness in a clinical
or commercial setting. LOx-MWCNT-SPEs (n=4) showed an unvaried sensitivity ((38.5 + 3.3)
MA/(mM cm?)) one week after the preparation of the modified electrodes. These findings
suggest that this biosensor can be applied as a reusable lactate detector within 7 days. Fig. 4.3
shows the sensitivity values computed for four modified electrodes (n=4) within 60 days after
their fabrication. It is worth mentioning that the enzyme remains active up to 50 days after
the LOx deposition.
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Figure 4.3 — Sensitivity of LOx-MWCNT-SPEs (n=4) computed after 1, 8, 18, 48 and 58 days
from the enzyme deposition.

The kinetic behaviour of LOx physically adsorbed onto the MWCNT-based surfaces was
evaluated by using electrochemical methods and compared with that of the enzyme in solution
(spectrophotometric measurements). Fig. 4.4 (a) shows the CA recorded with a LOx-MWCNT-
SPE for successive additions of lactate into a PBS solution. Enzymatic conversion rate of a
substrate to a product vs the substrate concentration is described by the Michaelis-Menten
equation that gives hyperbolic profiles [151]. The equivalent electrochemical equation for the
Michaelis-Menten kinetics is

I = Inax[S1/(1+ K) (4.3)

where Ky, indicates of the enzyme kinetics on the biosensor surface, I is the steady-state
current resulting from the addition of substrate, Iihax is the maximum current when the sensor
shows saturation by adding analyte to the solution and [S] is the concentration of the substrate.
Some enzymes exhibit completely different kinetics [151]. The “stepped” drop in current
shown in Fig. 4.4 (a) and starting from = 4 mM of lactate is due to an atypical enzyme kinetics
called substrate inhibition [151]. The equivalent electrochemical equation for the substrate
inhibition kinetics is

I = Iax/ (1 + K/ [S] + [S1/K}) (4.4)

where Kj is the inhibition constant [151]. Interestingly, spectrophotometric studies of the
enzyme in solution confirms the substrate inhibition kinetics obtained by electrochemical
investigations (Fig. 4.4 (b) and (c)).
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Figure 4.4 — CA acquired with LOx-MWCNT-SPE on successive additions of lactate to a 0.01
M PBS solution pH 7.4 (a). Plot of the observed steady-state current vslactate concentration.
The electrochemical equivalent equation of the substrate inhibition phenomenon (in green)
was used for data fitting (b). Kinetic plot obtained with LOx for the lactate oxidation by
spectrophotometric measurements (coupled enzymatic assay). The specific activity (U/mg)
was plotted vs the substrate concentration. The substrate inhibition equation was used for the
data fitting (in green). Error bars refer to triplicate determinations (c).

4.2 Detection of molecules by carbon nanomaterials CVD-grown
onto microfabricated sensors

In this section, the effectiveness of electrodes nanostructured by CVD-grown MWCNTS,

nanographite and their hybrids after a chemical activation is proven by both direct and

enzyme-mediated electrochemical detection of medical markers. The suitability of these
nanostructures for devices of clinical use is demonstrated. Electrodic materials to test hu-
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man samples should not have a certain tendency to biomolecule adsorption (biofouling). In
this section, biofouling of the modified electrodes is also characterised as a function of the
exposure time to a real biosample. Finally, two conventional integration methods of carbon
nanomaterials are used for a comparative study towards the direct detection of H,0, and the
indirect sensing of glucose via electrooxidation of H,O,, product of GOx reaction.

4.2.1 Methods

Before the measurements, the nanostructured electrodes were treated in H,SO,4 (Sigma)
solution (6 M) for 5-6 hours [60] to improve the electrochemical properties and to facilitate
the enzyme immobilisation by physical adsorption. All the measurements were conducted
with Autolab potentiostat controlled by Nova software. The IgorPro software was used for the
data analysis. CE an RE of the electrochemical platform, both made of Pt, were used if not
declared differently.

UA was purchased from Sigma. A H3BOj3 buffer solution (0.02 M; pH 9.0 at 25 °C) was employed
to prepare 3.57 mM UA stock solution. It was freshly prepared before each measurement. All
the dilutions were carried out in PBS (10 mM, pH 7.4) solution. AA (Sigma) was dissolved in
distilled water obtained with Eau ultra pure, type Ultra ClearTM (BLANCLABO). Measurements
of UA were carried out by differential pulse voltammetry (DPV) at 10 mV/s in 0.01 M PBS (pH
7.4) between -0.1 and +0.45 V at bare electrode and between -0.2 and +0.35 V at nanostructured
electrodes.

BR (Sigma) was dissolved in DMSO solvent (10 mM). Dilutions were prepared in PBS (0.01
M, pH 7.4, Sigma) containing bovine albumin (30 mg/ml, Sigma) or in human serum (VWR).
Measurements were carried out in a dark room. CVs and square wave voltammetries (SWVs)
were acquired at scan rates of 10 mV/s and 15 mV/s, respectively, for concentrations of BR
ranging from 100 to 500 uM by steps of 100 uM. The sensitivity and the LOD were calculated
as described in Appendix A. Peak positions and peak heights were computed by curve fitting
with Gaussians. A cubic baseline was subtracted before each fitting.

Electrodes were modified with GOx from Roche by physical adsorption (drop casting). A
solution of the enzyme was freshly prepared (concentration: 15 mg/ml) and 1 pl was cast
onto the electrodes and kept overnight at 4 °C in a dry condition. The concentration of D-
glucose (Sigma) was increased by steps of 100 uM up to 500 uM and of 250 uM up to 4.5 mM
(applied potential: +650 mV). Enzyme-electrodes were stored at 4 °C under dry conditions.
Electrodeposition of GOx-Chitosan on CVD carbon nanomaterials was carried out by apply-
ing a fixed potential of +1.5 V vs Ag QRE from a GOx-polymer dispersion (GOx: 55 mg/ml;
Chitosan 0.7%w/v in a water solution, pH 5) [55]. Cross-linking of GOx with glutaraldehyde
was achieved by casting 1 pl of GOx solution (25 mg/ml, Roche in 2.5% glutaraldehyde) onto
nanostructured electrodes. The solution of glucose was prepared at least the day before the
measurements to allow the glucose mutarotation [152] and stored in the fridge at 4 °C. To
study the electrode fouling in biosample, a Dulbecco’s Modified Eagle Medium (Gibco, Life

81



Chapter 4. Electrochemical characterisation of MWCNTs, nanographite and their
hybrids grown by CVD on a Si-based device

Technologies) containing phenol red was employed. CAs of glucose were performed in PBS
(10 mM, pH 7.4, Sigma) at +650 mV.

4.2.2 Nanomaterial activation

Before studying the electrochemistry of the nanostructured Pt electrodes, the CVD-grown
nanomaterials were activated. Treatments of pristine carbon nanostructures are necessary for
three main reasons.

¢ Elimination of amorphous carbon that may negatively affect the electrochemical re-
sponses [153]

¢ Improvement of the electrochemical properties by creating edge-like-plane sites [45, 61]

* Decrease of hydrophobicity of the as-grown carbon nanomaterials because of the
introduction of functional groups facilitating their functionalization with bioprobes
(60, 61, 62].

Chemical, electrochemical and thermal treatments or combination of them are mainly used.
Chemical modifications imply the use of strong acid or basic solutions more or less diluted,
alone or mixed, at different temperatures [60, 61, 62]. This treatment produces edge-like-plane
sites and functional groups, eliminating also impurities like amorphous carbon. Annealing
procedures at moderate temperatures (400-500 °C) remove functional groups and purify
graphitic nanomaterials from amorphous carbon [154]. Electrochemical treatment at a con-
stant or variable potential can be also applied at carbon nanostructured electrodes immersed
in an appropriate solution and resulting in the production of functional groups mainly on
CNTs caps and graphene edges. This method was proven to be useful for the immobilization of
enzymes in a covalent way [65]. Thermal annealing and electrochemical treatment of carbon
materials are both very used procedures. However, these methods compromise the mechani-
cal stability of the nanomaterials on the electrodes. In addition, electrochemical procedures
are not suitable for our carbon materials because they produce functional groups and defects
onto the graphene sheet edges and CNT caps [65]. Our carbon nanomaterials (nanoflakes,
MWCNTs) are randomly oriented with respect to the Pt surface and extensively expose their
walls. Therefore, a chemical activation was chosen. Carbon nanomaterials were pretreated in
a sulphuric acid solution [60, 61, 62] and the activation time was optimised to avoid material
detachment from the surface (6 hours). In our previous work, this treatment was proven to
improve the electrochemical performance of CVD grown MWCNTs randomly oriented with
respect to a Si substrate and to considerably decrease their hydrophobicity [45, 61, 62].

To prove the efficacy of this activation protocol, CVs in solution of ferricyanide, a very well-
know defect-sensitive electroactive compound, were carried out before and after the acid
activation. Since an increase in the number of defects is expected after the activation, treated
nanostructures should lead to better electron transfer in electrochemistry.
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Fig. 4.5 shows the faster heterogeneous electron transfer of carbon nanomaterials after the
activation, more pronounced when electrodes nanostructured with high yield nanomaterials
were used (Fig. 4.5 (b)). The peak-to-peak separation (AEp) was 122 mV before and 103 mV
after the acid treatment for low yield nanostructures (Fig. 4.5 (a)). It showed a more marked
reduction at high yield nanostructured electrodes (260 mV before and 88 mV after the acid
treatment; Fig. 4.5 (b)).
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Figure 4.5 — CVs (V cycle) of nanostructured electrodes with hybrid MWCNTs/nanographite
grown at 525 °C from 2 s of electrodeposited catalyst in 2.5 mM K;[Fe(CN),]/PBS (10 mM;
pH 7.4) solution (a) and with hybrid MWCNTs/nanographite grown at 525°C from 8 s of
electrodeposited catalyst in 2.5 mM K, [Fe(CN),]/PBS (10 mM; pH 7.4) solution (b). The green
and red lines refer to CVs before and after the chemical activation in 6 M sulphuric acid,
respectively. Potential window: -0.4/+0.8 V. Scan rate: 0.05 V/s. The effect of the treatment is
evident from the increase of the peak current and the decrease of the peak-to-peak separation,
both more pronounced for high yield nanostructured electrodes. Optical microscope images
on the right.
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Both peak currents increased especially when high yield treated carbon nanostructures were
employed (reduction peak current I, increased of ~10% and ~30% at low and high yield
nanostrcutured electrodes, respectively).

Also an increase of the capacitive current, more evident when the electrode is covered with
alargest amount of nanomaterials, demonstrates the efficiency of this treatment in forming
defects and functional groups. Values of total capacitance for low and high yield carbon
nanomaterials synthesised from Fe and Fe,Co catalyst are also shown in Fig. 4.6 and Fig. 4.7,
respectively. This activation step is very important also because it increases the number of
sites enabling an efficient immobilisation of proteins.
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Figure 4.6 — CVs (V cycle) of electrodes nanostructured with MWCNTs (a), and with hybrid
MWCNTs/nanographene (b) grown at 600 °C from Fe catalyst. Scan rate: 0.1 V/s. The green
and red lines refer to CVs before and after the chemical activation in 6 M sulphuric acid,
respectively. Solution: 10 mM PBS; pH 7.4. Potential window: -0.3/+0.6 V. The effect of the
treatment is evident from the increase of the background current, more pronounced for high
yield nanostructured electrodes. SEM images of the nanostructures are on the top of each
subfigure.
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Figure 4.7 — CVs (V cycle) of electrodes nanostructured with hybrid MWCNTs/nanographite
synthesised at 525 °C from 8 s of electrodeposited Fe,Co (a) and grown at 600 °C from 15 s of
electrodeposited Fe,Co (b). Scan rate: 0.1 V/s. The green and red lines refer to CVs before and
after the chemical activation in 6 M sulphuric acid, respectively. Solution: 10 mM PBS; pH 7.4.
Potential window: -0.3/+0.6 V. The effect of the treatment is evident from the increase of the
background current, more pronounced for high yield nanostructured electrodes. SEM images
of the nanostructures are on the top of each subfigure.

To further confirm the efficacy of the activation, Raman spectra were taken before and after
the treatment. The increase in the peak intensity in the frequency region beyond 2900 cm™!
is indicative of the O-H stretching of acid-produced carboxylic groups. Table 4.1 (a) shows
the increase of the ratios between the peaks related to the introduction of defects after the
activation (G + D peak at 3000 cm™~! and 2D2 peak at 3200 cm™!) and the G peak.

Table 4.1 - Increase of I (g, q)/Ig and 42 /1 ratios after the carbon activation.

Before activation After activation

Igiay/ly  0.4240.01 1.52 + 0.62

Loga/1g 0.213 + 0.003 1.23 + 0.54
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4.2.3 Direct detection of inteferents: the case of uric acid

To investigate the electrochemical behaviour of nanostructured electrodes for a direct detec-
tion of biomarkers, uric acid (UA) was considered as example of electroactive metabolite of
significant importance in medical sensing. Fig. 4.8 (a) shows the improvement of the sensing
parameters with the yield of the deposited carbon nanomaterials (sensitivity changes of two
orders of magnitude and LOD of one order of magnitude).
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Figure 4.8 — Sensitivities and LOD by detecting UA at bare electrode, at electrodes with MWC-
NTs and with MWCNTs-nanographite grown at 525 °C and at 600 °C. Error bars refer to
standard deviation of triplicate intrasample measurements (a). Difference of peak positions
and heights by DPV at bare and nanostructured electrode (b).
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Hybrid nanomaterials grown at 600 °C with the highest yield and consequently the largest sur-
face area have shown the best sensing properties. Electrodes based on carbon nanomaterials
attract UA thanks to weak interactions (e. g. hydrophobic, hydrogen bondings). The oxidative
peak shifts towards less positive values which entails less required energy for the oxidation to
occur at carbon nanostructured electrodes (from = +200 mV to = +100 mV; Fig. 4.8 (b)).

4.2.4 Direct detection of low metabolite concentrations: the case of bilirubin

Subsection 4.1.1 of the present chapter demonstrates the possibility to detect BR in the
presence of normal levels of albumin for BR concentrations typical of severe jaundice with
MWCNT-SPEs. The electrochemical determination of BR is challenging because the most
part of BR is attached to albumin so the free BR concentration is very low (some hundreds of
nanomolars). Moreover, other electroactive metabolites as UA and AA are normally present
in human serum. By using common electrodes, BR and interfering species oxidise at almost
the same potential resulting in overlapping of the voltammetric response. In this subsection,
a Pt electrode nanostructured with CVD grown nanographite and having a geometric area
50-fold lower than that one of the SPEs is used as WE. The sensor capability to discriminate the
oxidation peaks of BR, UA and AA is proven and studies regarding the BR peak identification
in human serum are shown.

Fig. 4.9 shows a CV of nanographite modified electrode in solution containing 600 uM BR and
anormal concentration of albumin (30 mg/ml). The three peaks fitted with Gaussian curves
and related to the oxidation of BR (I) and of the BR products (Il and III) are evident.
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Figure 4.9 — Background subtracted voltammogram portion comprising the three oxidation
peaks of BR at the nanostructured electrode (BR: 600 uM; albumin: 30 mg/ml). Peak I: BR
oxidation to BV. Peak II: BV oxidation to purpurine. Peak III: purpurine oxidation to choletelin.

SWV was then employed as a more sensitive analytical technique to detect concentrations of
free BR in the respective physio—pathological range than CV. Fig. 4.10 (a) depicts the current
peaks of the sensor measured for an increased BR concentration. The sensing parameters
were evaluated by looking at the increase of Peak II as in Subsection 4.1.1 and from a linear
regression of the plot peak currents vs concentrations of BR (Fig. 4.10 (b)). The sensitivity and
the LOD were 154 uA/(mM cm?) and 56 uM, respectively.
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Figure 4.10 — SWVs in PBS solutions containing 100, 200, 300, 400 and 500 uM BR and a normal
level of albumin (a). Calibration curve (b).

UA and AA are interfering species that oxidise at the same potential of BR by using common
electrodes. The use of carbon nanomaterials has been already proven to be a powerful tool
for the discrimination of the oxidation peaks of different metabolites in voltammetry [35, 42].
Therefore, the detection of BR in the presence of both AA and UA even in solutions with
physiological levels of albumin (30 mg/ml) was examined. Fig. 4.11 shows the discrimination
of the three metabolites by SWV.
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Figure 4.11 - Electrochemical oxidation of AA (200 uM), UA (100 uM) and BR (400 uM) by SWV
in PBS solution containing 30 mg/ml albumin.

Sensing parameters did not vary even in the presence of the two interfering species (sensitivity:
151 wA/(mM cm?); LOD: 56 uM). Experiments were also carried out in serum containing 500
UM BR. The height of Peak II decreased of five-fold with respect to that obtained by using a
synthetic buffer (Fig. 4.12 (a) and (b)).
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Figure 4.12 — Peak II in PBS solution containing albumin (red line) and in PBS solution con-
taining albumin and 500 uM BR (green line) (a). Peak II in serum (red line) and in serum
containing 500 uM BR (green line) (b).

4.2.5 Enzyme-mediated detection of glucose

As in the case of electroactive biocompounds, the enzyme-mediated detection of glucose was
proven to be dependent on the amount of material grown onto the electrode. Fig. 4.13 shows
an increased current response for high yield nanostructured electrodes. In particular, the
highest response resulted by using most packed nanographite produced at 600 °C. The value
of sensitivity was higher than those found with other nanostructuration approaches [155].
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Figure 4.13 — Calibration curves for glucose detection of GOx-based electrodes modified
with an increased amount of CVD grown carbon nanomaterials, respective SEM images and
sensitivities (S).
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The large surface area of the high yield carbon nanomaterial-based electrodes favours the
adsorption of a huge amount of GOx thus improving the sensitivity of the enzyme-based
sensors. Fig. 4.14 shows SEM images taken before (a) and after (b) the GOx adsorption
on carbon nanomaterials. In Fig. 4.14 (b) it is clearly evident that the enzyme glues the
nanomaterials. The diameter of MWCNTs increases from (22.6 + 2.7) nm to (34.3 £ 17.1) nm
(see red arrows in Fig. 4.13 (a) and (b)). This finding confirms previous computations [156]
proving that each MWCNT and nanographite fragment is surrounded by a single enzyme layer.

~(b)

Figure 4.14 — SEM images of hybrid MWCNT-nanographite before (a) and after (b) the GOx
immobilisation. Bars: 200 nm

The enzyme adsorbed on the as-grown carbon nanostructures had a life-time of one day. To
improve the enzyme stability over time two alternative immobilisation strategies were tested.

¢ GOx electrodeposition in a Chitosan matrix.

¢ Cross-linking with glutaraldehyde.

The morphological change of the nanostructures after the incorporation of the enzyme is clear
in Fig. 4.15. By keeping constant the yield of carbon nanostructures, the presence of Chitosan
and glutaraldehyde onto the electrode surface did not compromise the biosensor sensitivity.
However, the polymers decrease the linear range towards glucose detection (Fig. 4.16 (a)). The
more the yield is, the more the linear range is reduced (Fig. 4.16 (b)). The biosensors fabricated
by electrodeposition of the enzyme were excluded from the life-time investigation since
deposition was not selective enough to assure the reliability of the data (Fig. 4.15 (c) red arrows).
The sensor with cross-linked GOx and maximum yield was linear up to 1 mM (Fig. 4.16 (a)).
Glutaraldehyde prolonged the time-stability of the enzyme. The sensitivity decreased of about
35% three days after the enzyme incorporation. Five days after the biosensor preparation, the
enzyme lost its activity towards the glucose detection.
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Figure 4.15 — Optical microscope and SEM images of CVD carbon nanomaterials before
(a) and after the immobilisation of GOx by cross-linking with glutaraldehyde (b) and by

electrodeposition in Chitosan (c).
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Figure 4.16 — Decrease of the linear range when a polymer is utilised for incorporating GOx onto
the electrode (a). This reduction is more evident when high yield nanostructured electrodes
are used (b).

4.2.6 Biofouling evaluation

It is well-know that electrode fouling in real biosample is an issue for reproducible and accurate
measurements. Taken this into account, the biofouling of low (Fig. 4.17 (a)) and high (Fig. 4.17
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(b)) yield nanostructured electrodes was investigated according to the approach in [157].
Initially multiple CVs in solutions containing 2.5 mM K3 [Fe(CN)g]/PBS (10 mM, pH 7.4) were
acquired. The nanostructured Pt electrodes were then inserted for 10 minutes in a cell culture
medium containing a wide range of biocompounds. An attenuation of the electroanalytical
response was expected because of possible adsorption of biomolecules either on the polar
sp? carbon created after the treatment and by hydrophobic interactions. The electrodes were
then removed from the biosample, reinserted in the initial solution containing Ks[Fe(CN)g]
and multiple CVs were recorded again. The increase of the peak-to-peak separation ranged
between 29 mV and 164 mV (Fig. 4.17 (c)) and the reduction of the peak currents ranged
between 16% and 26% (Fig. 4.17 (d)). The highest fouling characterised the electrodes with low
yield of carbon nanomaterials exposing Pt (Fig. 4.17 (a)). Then, the procedure was repeated by
keeping the electrodes in the cell medium for extra 45 and 60 minutes and both peak heights
and potential positions unchanged for samples fully covered with nanomaterials (high yield).
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Figure 4.17 - SEM image of low yield (a) and high yield (b) nanostructured electrodes employed
for biofouling studies. Peak-to-peak separation AE,, (c) and anodic peak current I, reduction
(d) atlow yield and high yield nanostructured electrodes in 2.5 mM Kz [Fe(CN)g]/PBS (10 mM,
pH 7.4) before and after exposure to cell media (0, 10, 55 and 115 min). Error bars refer to
standard deviation of triplicate measurements.
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4.3 Comparative study with conventional carbon nanomaterial in-
tegration approaches: microspotting and electrodeposition

The final performance of the sensor is strongly affected by the kind of interaction nanostruc-
tures - electrode surfaces. Therefore, the nanostructuring procedure plays inevitably a crucial
role. The aim of this section is to gain a particular insight into the influence of the incorpora-
tion method of carbon nanomaterials on sensing parameters. Microfabricated Pt electrodes
of a sensor were modified with carbon nanomaterials by a direct CVD growth as described
in Chapter 3 (Fig. 4.18 (a)), with MWCNTs by an embedment into Chitosan via electrodepo-
sition (Fig. 4.18 (b)) and with MWCNTs by microspotting from a Nafion-based dispersion
(Fig. 4.18 (c)). MWCNTSs were taken as example of carbon nanomaterials to incorporate onto
Pt electrodes. First, carbon nanostructured electrodes were used for the direct sensing of
H,0-, a small molecule product of oxidase-based reactions. Then, GOx-based biosensors were
fabricated and sensing of glucose, indirectly sensed via H,O, electrooxidation, was evaluated.
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Figure 4.18 — Direct growth of carbon nanomaterials according to the procedure described in
Chapter 3 (a). Microspotting of MWCNTs from a Nafion-based dispersion.(b). Electrodeposi-
tion of MWCNTs-Chitosan composite (c).

The employed carbon nanostructuration methods are described below.

e Carbon nanomaterials were grown on Pt microelectrodes by using Fe or Fe,Co as cat-
alysts, pre-electrodeposited onto the electrodes (nanoparticles or layers of various
thicknesses) from sulphate-based solutions (see Chapter 3). Synthesis was carried out
in a catalytic CVD quartz tube furnace at ambient pressure by introducing C,H, and
CO, both with a flow ratio of 0.25 1/h for 5 minutes after 10 minutes of catalyst annealing
at 600 °C. The grown carbon nanomaterials were activated in 6 M H,SO, for 6 hours
(Fig. 4.18 (a)).

* Electrodes with incorporated MWCNTs and Nafion were obtained by casting tens of
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nanoliters of MWCNTs-Nafion dispersion (distilled water 50 v/v% and ethanol 50 v/v%,
with 0.5 wt% of Nafion, MWCNTs: 1 mg/ml). A microspotting system was used to
assemble MWCNTs onto small Pt electrodes. A CNT-Nafion dispersion was transferred
to the probe tip by a micropump. After an accurate positioning of the probe by using
a computer-controllable micromanipulator, drops were deposited onto the desired
location. Nafion was preferred to chloroform since the latter is too volatile for the
manipulation of small volumes (400 pl). A commercially available non-contact spotter
was used to deposit multiple layers of MWCNT-Nafion. Solvents were allowed to dry in
between two subsequent deposition steps (Fig. 4.18 (b)).

Electrodeposition of Chitosan and MWCNTs on Pt WEs was carried out by applying a
fixed potential of +1.5 V vs Ag QRE from a MWCNTs-Chitosan dispersion (MWCNTs: 4-8
mg/ml, Chitosan: 0.7%w/v in a water solution, pH 5) [55]. In this case, when +1.5V vs Ag
QRE is applied, the hydrogen ions are reduced to hydrogen at the electrode interface and
the pH near the electrode surface increases. At higher pH, Chitosan becomes insoluble
and deposits onto Pt entrapping CNTs (Fig. 4.18 (c)).

Fig. 4.19 shows the optical microscope and SEM images at two different magnification of the
three modified Pt electrodes. It is evident the presence of the polymer that glues MWCNTs in
Fig. 4.19 (b) and (c).

Figure 4.19 — Optical microscope and SEM images at low and high magnification of hybrid
MWCNTs-nanographite synthesised by CVD (a), MWCNTs spotted from a Nafion-based dis-
persion (b), MWCNTs electrodeposited in a Chitosan matrix (c).

94



4.3. Comparative study with conventional carbon nanomaterial integration approaches:
microspotting and electrodeposition

To address the detection performance of the three types of nanostructuration approaches, the
electrocatalytic oxidation of the H,O, was studied in CA. Fig. 4.20 (a) shows the sensitivity
values towards H,O, at Pt modified with spotted Nafion-MWCNTs, with electrodeposited
Chitosan-MWCNTs at high (HY) and low (LY) density and with directly grown carbon nano-
materials at high (HY) and low (LY) density. Detection parameters at spotted CNTs in Nafion
worsened largely (about one order of magnitude). These results indicate the Nafion creates
an insulating layer on Pt. The presence of MWCNTs does not compensate the negative effect
of the cast polymer. To understand the influence of Nafion, CVs were acquired by using bare
and Nafion-CNTs based electrodes. Fig. 4.20 shows a typical CV obtained at bare (in green)
and at spotted Nafion-MWCNT-based (in red) electrodes. The reduction of the peak currents
at spotted Nafion-MWCNTs is due to the presence of the polymer that masks the catalytic
properties of the electrode.
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Figure 4.20 — Sensitivities of carbon nanomaterials differently integrated onto microfabricated
Pt electrodes towards H,O, detection (100-500 uM). Error bars refer to the standard error of
three intrasample measurements. Applied potential +0.5 V vs Ag|AgCl|Cl™ (a). CVs in 5 mM
H,0, (PBS 10 mM, pH 7.4) at Pt bare (green) and Pt nanostructured with Nafion-MWCNTs
(red) (b).
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Based on previous results, spotted Nafion-MWCNTSs were excluded from the following com-
parative study. To evaluate the performance of the modified electrodes for enzyme-mediated
biosensors, the electrodes were modified with the highest amount of nanomaterials by CVD
and electrodeposition in Chitosan. The yield of nanomaterials was optimised to prevent
the detachment from the electrode surface when in use. Then, a GOx was immobilised by
adsorbtion. The signal response obtained with the two types of nanostructuration was similar
meaning that both the modified electrodes offer a large available surface area for the incor-
poration of an enzyme. However, nanostructuring with CVD grown nanomaterials was more
controllable than using electrodeposition of Chitosan and MWCNTs. The preparation of a new
dispersion MWCNT-Chitosan required each time an optimisation of the electrodeposition
time to maximise the yield of MWCNTSs deposited on Pt electrodes.

4.4 Summary and contributions

A fast monitoring of a set of metabolites in human fluids is of significant importance in
medicine and their detection in the relative physio-pathological concentration range is ex-
tremely challenging. To solve this issue, two strategies are currently employed. The miniatur-
isation of electrodes increases the mass transport rates, reduces the ohmic drop and signif-
icantly enhances the S/N ratio. The use of carbon nanomaterials offers unique advantages
related to their excellent electrocatalytic activity and to the easy enzyme immobilisation by
physical adsorption as demonstrated in Section 4.1.

Binder-assisted nanostructurations are notoriously hardly reproducible, unstable in water
environments and not compatible with the low-cost CMOS technology. The selective CVD
growth of carbon nanomaterials is one of the most promising methods to modify electrodes
without employing other materials (e.g., polymers) enabling a close coupling nanomaterials-
electrode surfaces in a full parallel process. Novelties of this chapter are described below.

* Microfabricated and miniaturised Pt electrodes modified with CVD grown carbon nano-
materials enabled the detection of biomarkers within low concentration ranges corre-
sponding to the respective physio-pathological levels.

¢ Despite the voltammetric discrimination of the oxidation peaks related to different
electroactive molecules is a well-known property of carbon nanomaterials, CVD grown
carbon nanomaterials enabled the sensing of an electroactive biomarker (free bilirubin)
at very low concentrations regardless the presence of interfering species (uric and
ascorbic acid) showing unaffected sensing parameters.

¢ Both direct and enzyme-mediated sensing exhibited competitive sensitivities taking ad-
vantage by the use of a more robust, more reproducible and simpler nanostructuration
than conventional approaches.
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54 Direct and selective integration of differ-
ently shaped and sized Pt nanostructures by
template-free electrodeposition on screen-
printed electrodes

Pt precursors

nanospheres

One-step
electrodeposition

In the past decades, nanoporous metals have received particular attention because they offer
larger surface area and higher electrical conductivity than the equivalent bare electrodes. The
electrocatalytic properties depend on the pore structure (dimensions and shapes).

Pt-based nanostructured electrodes have shown unique electrochemical properties. Surface com-
position, morphology and contaminations of Pt nanostructures have an enormous influence on
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the final electrocatalytic performance. Therefore, an ideal fabrication method of nanostructured
Pt coatings should be not only fast and low cost but also controllable, reproducible and free of
surface impurities.

In the literature, different techniques have been reported so far to obtain nanoporous Pt. All
these methods either include the use of additional materials as templates or are time-costly
(e.g., dealloying) and technically difficult to implement (e.g., CVD). Therefore, a simple and
contaminant-free approach to synthesise Pt nanostructured layers is highly desirable. Free-
template electrodeposition is the simplest, the fastest and the cheapest method to confine
nanostructured films onto electrodes. However, it was argued that the resulting shape and size of
the nanostructures of the produced film are difficult to control with this approach. In addition,
a comparative study of nanostructures obtained from divalent and tetravalent Pt salt precursors
is absent. The influence on shape and size of sulphuric acid concentration, of applied potential
and of deposition time has never been studied.

In Section 5.2 of the present chapter, a new method to prepare differently-shaped Pt nanos-
tructured coatings on a platinum substrate by a one-step template-free electrodeposition is
reported. Four-and two-valent chloride-complexes hexachloroplatinate (Subsection 5.2.1) and
tetrachloroplatinate (Subsection 5.2.2) are used as Pt precursors. The change in size and shape of
the nanostructures is proven to be dependent on the deposition parameters. To further improve
the electrochemical properties of electrodes, depositions of Pt nanostructures on already Pt
nanostructured electrodes is performed (Subsection 5.2.3).

The integration of nanostructures of Pt with those of Au was proven to further improve the
catalytic activity and resistance to poisoning. In Section 5.3, two protocols to fabricate hybrid
Au-Pt nanostructured films are described: a two-step approach consisting in pores made of Au
nanocorals covered with Pt nanostructures and a one-step electrodeposition of Au-Pt nanos-
tructured alloys with three-dimensional pores. The fabrication of the pores is achieved by a
potentiostatic deposition using hydrogen bubbles as dynamic templates.

5.1 Methods

5.1.1 Electrodeposition procedures

Pt nanostructured electrodes were prepared using an Autolab potentiostat under a comput-
erised control (Metrohm, Switzerland) from solutions containing HySO4 (95-98%, Sigma)
and tetravalent and divalent Pt salts, H,PtClg (Aldrich) or K,PtCly (FisherSci), respectively.
Depositions were carried out by applying -0.2 V or -1 V at room temperature under stirring.
A carbon electrode was used as counter electrode and placed in parallel to the working elec-
trode (WE). Ag electrode was used as quasi reference electrode (QRE). Nanostructured films
have been deposited on Pt screen printed electrodes (SPEs) (Metrohm; 12.56 mm?). All the
bare electrodes were cleaned before the nanostructuration step by applying +2 V for 60-120
s. After the deposition process, a material activation was carried out consisting in acquiring
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multiple CVs between -0.2 V and +1.5 V at 100 mV/s in 0.1 M H,S0; till the overlapping of
two subsequent voltammograms [38]. Then, the cleaning procedure was repeated. Deposi-
tions of macroporous gold on the gold WE of SPEs (DropSens, 12.56 mm?) was carried out
according to a previously reported protocol [158]. Gold (III) chloride hydrate (10 mM HAuCly,
Sigma) and ammonium chloride (2.5 M NH,4Cl, BioChemica) were utilised to realise pores of
Au nanocorals by applying -3 V for 120 s. The codeposition of Au-Pt alloy was obtained by
applying -2 V from two solutions containing 4.4 mM HAuCly, 2.2 M NH4Cl, 5.5 mM HpSO4
and 2.8 mM K,PtCly or 4.3 mM HAuCly, 2.2 M NH4Cl, 6.8 mM H,SO,4 and 3.4 mM H,PtClg.

5.1.2 Morphological characterisation

The morphology of the obtained nanostructures were investigated with a Zeiss Merlin high
resolution Scanning Electron Microscope (SEM) and with a Bruker Atomic Force Microscope
(AFM). Nanopetal dimensions and nanosphere diameters were computed from SEM images
with the Image] software [118] and from AFM images with the Nanoscope Analysis software.

5.1.3 Evaluation of electroactive area and roughness factor

The integral of the Pt oxide reduction peak in CV (see Fig. 5.1), acquired in 0.1 M H,SO4
(Autolab, Metrohm, Switzerland), was computed using the IgorPro software (Wavemetrics,
Lake Oswego, OR, USA) after subtraction of the electrochemical double layer current [159].
The related charge value (Q) was evaluated by dividing the integral (A V) by the scan rate (V/s).
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Figure 5.1 — Zoom of the Pt oxide reduction peak in CV whose integral has been taken after
baseline subtraction.

The value of electroactive area was calculated as Q (UC)/420 uC/cm? where 420 pC/cm? is
related to the theoretical estimation for an atomically 1 cm? smooth Pt electrode [159]. The
roughness factor Ry was estimated by dividing the electroactive area by the geometric area of
the electrode (0.1256 cm?).
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5.2 Nanostructuring electrodes with nanoPt

5.2.1 Synthesis from tetravalent Pt-based solutions

Fig. 5.2 shows a SEM image of high density Pt nanopetals produced by applying -1 V for 90 s
from a solution containing 25 mM H,PtClg and 50 mM H,SO,4. The nanopetal average size
was (68 + 20) nm. Pt flower-like nanostructures were similar to those obtained by a chemical
reduction with NaBH, [160]. However, our nanostructures adhere strongly to the electrode
and were advantageously grown by a one-step deposition process directly and selectively onto
the electrode surfaces.

Figure 5.2 — SEM image of Pt nanopetals at low (left side) and high (right side) magnification
(-1V;90s; 25 mM H,PtClg and 50 mM H,S0y).

To study the influence of the deposition parameters on the formation of nanopetals, an experi-
mental design, namely the Taguchi method, was used (see Appendix B). Three experimental
parameters with two levels of variation each were considered leading to four experiments of a
L4 Taguchi matrix [161]. Taguchi technique allows us to design and perform only a limited
number of experiments and to identify the principal factors influencing the results of the
process [161]. More details on this experimental design approach are described in Appendix
B. The three deposition parameters were: applied potential (-1 V and -0.2 V), concentra-
tions of H,PtClg and H,SO, (respectively 3 mM and 500 mM and 25 mM and 50 mM) and
electrodeposition time (90 s and 200 s).

Table 5.1 shows the parameters per each experiment reporting also the respective Ry, density
and dimension of petals. SEM images in Fig. 5.3 show the morphology of the modified
electrodes.
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Table 5.1 — Taguchi experimental L4 array showing deposition conditions (applied potential,
composition of solution, electrodeposition time) and respective outputs (R¢, percentage
density and dimension of nanopetals).

Experiment 1 II 11 1\Y

Potential (V) -1 -1 -0.2 -0.2

Solution 3mM H,PtClg 25 mM H,PtClg 3 mM H,PtClg 25 mM H,PtClg

composition + 500 mM +50 mM + 500 mM +50 mM
H»SO4 H,S04 H,SO04 H,S04

Time (s) 90 200 200 90

R¢ 26.5+0.1 201.8 £0.7 239+0.1 62.7 £ 0.6

Coverage 1 100 0 50

area (%)

Petal 102 + 37 65+ 16 0 142 + 40

dimension

(nm)

Figure 5.3 — Morphology of electrodeposited nanoPt coatings after experiment I, II, III, IV.

From experiment I, Pt with a very low density of petals was obtained. On the other hand, an
electrode fully covered with Pt nanopetals with the smallest dimensions (65 + 16) nm was
observed after experiment II was carried out. Electrode modified according to parameters in
experiment III does not show any nanostructure. Electrodes half-covered with big nanopetals
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((142 + 37) nm) were obtained from experiment IV. Such electrodes showed a Ry one order of
magnitude lower than the electrode full of nanopetals with the smallest size (= 63 and = 202,
respectively). These findings confirm the fundamental role of both the petal density and size
for a significant increase of the electrode Ry.

To maximise density of nanostructures and R and to minimise petal dimension, the signal-to-
noise ratio (S/N) was computed. For minimising a deposit characteristic (in our case petal
dimension), the smaller-is-better S/N ratio is used and calculated according to the following
Equation 5.1

1 N,
S/N; = —1010gﬁ > va (5.1)

1 u=1

To maximise deposit characteristics (in our case coverage area of nanostructures and Ry),
larger-is-better S/N ratio is used and calculated according to the following Equation 5.2

S/N, 10log 1 % 1 (5.2)
;=—10log— ) — .
l Ni ;= y%

where:

¢ N; is the number of variations of each parameter (applied potential, solution composi-
tion and time) under investigation and

* . is the u™ value of the deposit characteristic (R, coverage area of nanostructures and
petal dimension) reported in Table 5.1

Fig. 5.4 shows the influence of all the synthesis parameters on the deposit characteristics.
The major factor influencing both density of petals and Ry is the concentration of sulphuric
acid and Pt salt in solution. Zhang et al. have already observed the importance of the H,SO4
to synthesise Pt nanopetals [93]. The acid anions selectively adsorb on specific Pt surface
planes favouring their growth and resulting in an anisotropic material. Interestingly, our study
demonstrates that the ratio H,PtClg/H,SO,4 plays a determinant role on the Pt nanopetal
growth. The higher the ratio is, the more likely the nanosynthesis occurs (Fig. 5.4 (a) and (b)).
Depositions from a solution with the highest ratio H,PtCls/H2SO4 produce a film covered
with Pt nanopetals having the highest R¢ (Fig. 5.4 (a) and (b) - Experiment Il and IV in Table
5.1 and Fig. 5.3). The applied potential seems to play the most important role in influencing
the petal size (Fig. 5.4 (c)). It is well-know that, depletion zones form around Pt particles at
high overvoltages, so the distance between secondary nuclei increases resulting in the growth
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of ramified structures [162]. The higher the absolute value of the potential is, the smaller is the
nanopetal dimension (Fig. 5.4 (c) - Experiment I and I in Table 5.1 and Fig. 5.3).
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Figure 5.4 — Response graphs of S/N ratio (see Appendix B) for larger-is-better analysis of Ry (a)
and of nanopetal coverage area (b). Response graph of S/N ratio for smaller-is-better analysis
of nanopetal dimension (c).

The effect of the electrodeposition time on the electroformation of Pt nanopetals was also
investigated. A set of syntheses was carried out at -1 V from a solution containing 25 mM
H,PtClg and 50 mM H»SO4 which resulted in the highest density of nanostructures with
the smallest size. It is clearly evident from Fig. 5.5 that spherical structures were obtained
after 30 s of electrodeposition. High density sharp-cornered nanostructures start to appear
after 60 s of applied voltage [93] corresponding to a Ry halfway between that one related to
electrodeposited Pt for 15 s and the R of an electrode fully-covered with Pt nanopetals. From
the graph R¢ vs deposition time (Fig. 5.5) a sigmoidal trend was obtained.
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Figure 5.5 — Evolution of the R¢ with the deposition time (potential: -1 V; solution: 25 mM
H,PtClg and 50 mM H»SO4). SEM images of Pt coatings obtained at different deposition times
(bars: 200 nm).

Interestingly, the Ry was 85 % of the maximum value by using the electrode almost totally
covered with nanopetals and obtained by applying -1 V for 90 s. The maximum value of
R¢ is obtained after (167.5 + 2.5) s of electrodeposition corresponding to the time at which
nanopetals covers all the electrode surface. This value has been extrapolated from a sigmoidal
fitting.
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5.2.2 Synthesis from divalent Pt-based solutions

The effect of applied potential and deposition time on the formation of nanostructured Pt
layers was investigated by using a solution containing 25 mM K, PtCly and 50 mM H,SO,. The
morphology of the obtained deposits are shown in Fig. 5.6 (a-d).

00 04 08 1.2
Potential (V) vs Ag-QRE

Figure 5.6 — SEM images of Pt electrodeposited by applying -0.2 V for 90 s (a) and 200 s (b)
and -1V for 90 s (c) and 200 s (d) from solutions containing 25 mM K, PtCly and 50 mM HSOy,.
AFM 3D image of Pt nanopheres deposited by applying -0.2 V for 200 s from divalent Pt-based
solutions (e). CVs acquired with the modified electrodes in 100 mM H,SO4 at 100 mV/s (f).

Regular nanospheres with the lowest diameter were obtained by applying the lowest voltage
(-0.2 V) for the maximum time (200 s). The average diameter of the structures evaluated from
SEM images was (52 + 18) nm. A similar value was obtained from AFM images ((51 + 16)
nm - Fig. 5.6 (e)). Interestingly, these structures (Fig. 5.6 (b)) have shown the highest Rf with
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respect to the other three fabrications (Fig. 5.6 (a; c; d)) obtained from K, PtCl,-based solutions.
This finding is evident from Fig. 5.6 (f) illustrating the CVs of the four differently modified
electrodes in which the largest Pt-oxide reduction peak (highlighted in red) characterises the
deposit with the smallest feature size (Fig. 5.6 (b)). The value of R¢ of Pt nanostructures in
Fig. 5.6 (b) (198.0 + 3.7) was similar to the best value obtained with petal-like nanostructures.
This result confirms the importance of both size and amount of nanostructures for a high
value of Rg.

It was observed that the increase of Ky PtCly concentration in solution led to bigger nanospheres
(Fig. 5.7) due to the availability of more Pt ions for reduction [163].
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Figure 5.7 — SEM images of Pt nanospheres deposited from solutions containing two different
concentrations of K, PtCly and respective histograms of the nanosphere diameters.

By increasing the deposition potential up to -2 V, nanopetals were grown even from Ky PtCly-
based solutions. The anions present in the electrodeposition solution inhibit the reduction
to Pt of divalent Pt more than tetravalent Pt. Indeed, divalent Pt requires the availability of
several adjacent sites because of the planar geometry, while tetravalent Pt is not inhibited to
the same extent because of its 3D geometry and the requirement of only one site available
[164]. Therefore, tetravalent Pt deposits easier than divalent Pt. This phenomenon explains
why, by using H,PtClg-based solutions, Pt nanopetals form at a potential lower than using
solutions containing K, PtCl, with equal concentrations.

5.2.3 Double depositions of Pt nanostructures

For an extra increase of R¢ of the electrodes, two successive depositions were carried out. After
the deposition of nanospheres (-0.2'V, 200 s, 25 mM K, PtCly + 50 mM H,SOy), Pt nanopetals
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were synthesised onto the overgrown electrode (-1V, 90 s, 25 mM H,PtClg + 50 mM H»SOy4). Pt
nanopetals grown on nanospheres are shown in Fig. 5.8. The presence of both the nanomateri-
als is clearly evident. The double-coated electrode has shown a R¢ higher (224.6 + 2.9) than the
highest value of R¢ obtained with one-step depositions of both nanospheres and nanopetals.

Figure 5.8 — SEM image of Pt nanopetals (on the right; -1 V for 90 s from tetravalent Pt-based
solution) electrodeposited on Pt nanospheres (on the left; -0.2 V for 200 s from divalent
Pt-based solution).

5.3 Coupling Pt and Au nanostructures

As discussed in Subsection 2.2.2 of Chapter 2 the main advantages related to the combination
of Pt nanostructures with those of another material are two: integration on electrodes of Pt
nanostructures with geometries that are impossible to obtain with the conventional nanoPt
fabrication strategies and improved electrocatalytic properties. In particular, when other
metal nanostructures are combined with those of Pt a further reduction of overpotential for
sensing molecules and a decrease of the Pt poisoning under highly oxidising conditions could
be achieved.

Cobalt, iron, nickel, chromium added to Pt are prone to dissolution so the combination
of a noble metal (Pd, Au) with Pt is more promising. In particular, Au seems to be very
attractive because it is inert and it shows high catalytic activity at nanoscale (nanoAu) [36].
The combination of nanoPt with nanoAu results in a material with different properties than
nanoPt. The presence of Au in Pt increases the lattice distance of Pt. Due to the higher
electronegativity of Au than Pt charges are transferred from Pt to Au resulting in an increase of
the d-orbital vacancy in Pt.
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Hydrogen bubble dynamic templates have been recently explored because of the fast for-
mation of 3D macroporous metal films and because the solid template to remove is absent
[158] (Fig. 5.9). Chen [158] developed a protocol to produce Au macropores characterised by
nanocoral-like structures by hydrogen bubble template electrodeposition. NH; was added in
solution as a source of hydrogen.

Electrodeposited Macroporous

Va

Hydrogen
Bubble

Figure 5.9 — Schematic of the hydrogen bubble dynamic template electrodeposition of Au.

Unfortunately such a protocol was not applicable for the synthesis of nanostructured 3D pores
made of only Pt because of the precipitation of both H,PtClg and K,PtCly in the presence of
2.5 MNHj . On the other hand, to obtain 3D Au-Pt macropores by employing this technique,
two procedures were devised.

Two-step procedure First of all, 3D macropores of Au nanocorals (Fig. 5.10 (a)) were deposited
onto a Au bare electrode according to the procedure (see Fig. 5.9) previously described by Chen
and coworkers [158]. This geometry was then exploited by decorating the borders of the pores
with both Pt nanopetals (Fig. 5.10 (b)) and Pt nanospheres (Fig. 5.10 (c)). Fig. 5.10 shows the
borders of Au macropores free from Pt nanostructures (a) and coated with Pt nanopetals (b)
and with Pt nanospheres (c). Pt nanostructures have been effectively loaded on macropores of
nanoAu. These findings demonstrate that our Pt nanointegration method is highly versatile
allowing us to nanostructure a wide range of electrodes with different geometries from flat
surfaces to macropores of nanostructured surfaces.
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Figure 5.10 - SEM images of nanocoral-like Au macropores (a), Au macropores decorated with
Pt nanopetals (-1 V for 90 s from tetravalent Pt-based solution) (b) and with Pt nanospheres
(-0.2 V for 200 s from divalent Pt-based solution) (c).

One-step procedure Among various methods, the one-step template-free electrodeposition
is the most powerful and simplest approach. For this reason, a one-step simultaneous elec-
trodeposition of Au-Pt nanostructures was carried out via hydrogen bubble dynamic template
working with very low concentration of Pt (see Section 5.1) to avoid precipitation phenomena.
Fig. 5.11 depicts the 3D structures of Au-Pt. Both H,PtClg and K, PtCly were used. Well-defined
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pores composed of nanoferns were obtained from K, PtCly-based solutions. Bigger nanoferns
were deposited from H,PtClg than using K,PtCly (Fig. 5.11).

H,PtCl,

Figure 5.11 — SEM images of Au-Pt nanostructured alloys produced form divalent and tetrava-
lent Pt-based solutions at different deposition times (bars: 200 nm).
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From solutions based on H,PtClg, the prolongation of the deposition time increased the
nanofern size and the pores became more evident (Fig. 5.12). From EDX analysis the average Pt
content was about 35% and 25% of the total alloy when K, PtCly- and H,PtClg-based solutions
were used, respectively. It does not correspond to the ratio Au-Pt in solution because the
electrodeposition of Au occurs at a potential lower than Pt [112].

Figure 5.12 - SEM images of Au-Pt pores synthesised from H,PtClg-based solutions by applying
-2Vfor90s (a) and 300 s (b)

5.4 Summary and contributions

This chapter focused on the following topics and contributions

* For the first time the role of type of Pt salt precursor (four-and two-valent chloride-
complexes) and of Pt salt/sulphuric acid ratio was investigated in nanostructuring
electrodes by fast one-step template-free electrodeposition. By optimising deposition
conditions, nanostructures with two defined shapes (spheres and petals) were obtained
although a control of the shape is notoriously difficult by template-free electrodeposi-
tion methods. Interestingly, some parameters affecting the nanostructure size were also
identified. Another definitely novel electrode modification was also invented, charac-
terised by a monometallic nanocomposite Pt-Pt including nanopetals and nanospheres.

* Considering the convenient and very recently discovered catalytic potentialities of Au-Pt
systems, two novel types of nanostructurations were invented: the first consists of Au
macropores made of nanocoral-like structures decorated with Pt nanospheres or Pt
nanopetals, the second includes nanoferns of Au-Pt with different sizes obtained by
one-step process. Hydrogen bubbles were used as dynamic templates.
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Recently, Pt nanostructured electrodes have been utilised to build electrochemical sensors be-
cause of the high surface area and the high electrocatalytic efficiency. Their nanoscale size has
been largely proved to enhance the electrochemical sensing of kinetically-controlled electro-
chemical events that characterise: (a) some metabolites of medical interest such as glucose and
(b) important molecules as hydrogen peroxide. Oxidases produce hydrogen peroxide as side
reaction product that is sensed for indirectly measuring biocompounds metabolised by oxidases.

In the present chapter, measurements with Pt nanostructures, electrochemically synthesised
on Pt bare electrodes according to the procedures described in Chapter 5, are shown for both
enzymatic and non-enzymatic sensing of glucose. The latter detection is of increasing industrial
interest considering the absence of an enzyme that limits the device costs and time stability.
Section 6.2 describes the performance of the modified electrodes towards the enzymatic detec-
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tion of glucose with respect to bare Pt electrodes. The potential corresponding to the highest
electrochemical response is identified at the modified electrode. Then, the influence of elec-
troactive interferents is shown at the optimum detection potential. Similarly, in Section 6.3, the
capability of these electrodes to voltammetrically detect glucose without enzyme is investigated.
The evaluation of the resistance to the biofouling of the nanoPt electrodes is shown by using
both the mechanisms for detecting glucose. Finally, Section 6.4 focuses on studies concerning
both enzyme-mediated and direct detection of glucose at Au-Pt nanostructured electrodes.

6.1 Methods

An Autolab potentiostat (NOVA software) with a three-electrode configuration was utilised to
perform electrochemical measurements. Chronoamperometries (CAs) of glucose were carried
out at a fixed potential vs Ag|AgCl|Cl™ in phosphate buffered saline (PBS) solution (Sigma, 10
mM, pH 7.4) or cell media (Dulbecco’s Modified Eagle’s Medium - DMEM, D5030, Sigma) under
stirring and aerobic condition by consecutively adding H,O, (Reactolab SA, Switzerland) or
glucose (Sigma). Glucose oxidase (GOx), purchased from Roche, was immobilised by cross-
linking with glutaraldehyde (glutaraldehyde solution, Grade II, 25 % from Sigma). A drop
of 10 pl of solution containing GOx (15 mg/ml in PBS; glutaraldehyde 2.5 %) was cast onto
the electrodes and kept dried at 4 °C before the use. Calibrations were carried out with the
IgorPro software (Wavemetrics, Lake Oswego, OR, USA). To study the direct glucose oxidation
voltammetries were acquired in a 10 mM PBS solution (Sigma, pH 7.4) or cell media (DMEM,
D5030, Sigma). Cyclic Voltammetries (CVs) were acquired at 20 mV/s while Square Wave
Voltammetries (SWVs) at 15 mV/s (potential window: -0.6 V/+0.8 V). The sensitivity and the
LOD were calculated as described in Appendix A.

6.2 Oxidase-mediated detection of glucose

CA was employed to determine the electrochemical response of electrodes towards the indirect
detection of glucose via H,0, electrooxidation (applied potential +700 mV). GOx was immo-
bilised by cross-linking onto the electrodes and the current arising from the electrooxidation
of a product of enzymatic reaction (H»0,) was then monitored as an indirect measurement
of glucose. It was found that all the nanostructured electrodes exhibited a higher electro-
chemical response towards the indirect glucose detection than bare electrodes. The sensitivity
of Pt nanopetals and Pt nanospheres was three-fold higher than that related to bare elec-
trodes (Fig. 6.1). A further improvement of 25% was recorded by using the hybrid electrode
Pt nanopetals on Pt nanospheres (Fig. 6.1). These findings indicate that the nanoporosity
of the modified electrodes offer a larger area for the enzyme incorporation and favours the
H,0, electrooxidation, in part kinetically-controlled, resulting in an electrochemical signal
for sensing glucose higher than that of unmodified electrodes [104].
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Figure 6.1 — Sensitivities towards glucose at bare Pt electrodes, Pt nanospheres (-0.2 V; 200 s,
divalent Pt-based solution), Pt nanopetals (-1 V; 200 s, tetravalent Pt-based solution) and Pt
nanopetals (-1 V; 90 s, tetravalent Pt-based solution) grown on Pt nanospheres (-0.2 V; 200 s,
divalent Pt-based solution) with an immobilised GOx. Error bars refer to the standard error of
three intersample measurements. Glucose concentration: from 100 to 500 uM, 100 uM each
step. Bars: 100 nm.

The nanostructured electrode based on Pt nanopetals and Pt nanospheres is the first example
reported so far presenting hybrid monometallic nanostructured electrode having also the
advantage of being fabricated by two simple electrodeposition steps. As shown in Fig. 6.1, this
electrode exhibited the highest sensitivity at an applied potential of +700 mV. In general metal
nanomaterials have exhibited an efficient catalytic activity towards the electrooxidation of
H,0, at low potentials [165]. The investigation of the electrode response at different applied
potentials towards the detection of a fixed concentration of H»O, (20 uM) was performed at
bare and monometallic hybrid electrodes.

115



Chapter 6. Electrochemical characterisation of Pt nanopetals and Pt nanospheres
prepared by electrodeposition on screen printed electrodes

As shown in Fig. 6.2 the amperometric response of both bare and nanoPt hybrid electrodes
increased by reducing the potential below +700 mV. The maximum value of current signal was
obtained at +450 mV for bare electrodes and at +300 mV for the hybrid electrodes. The signal
reduces by a further lowering of the applied potential. It is worth to note that the maximum
signal at bare electrodes was more that two-fold lower than that found at the hybrid nanoPt
electrode at their optimal applied voltage. Therefore, the hybrid nanostructuration increases
the current response lowering, at the same time, the optimal detection potential.
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Figure 6.2 — Current response vs applied potential at bare (green) and at hybrid nanoPt (red)
electrodes towards the detection of 20 uM H, O, (PBS 0.01 M, pH 7.4). Error bars refer to the
standard error of three intersample measurements.

Then, GOx was cross-linked onto the hybrid nanoPt electrode and glucose was chronoamero-
metrically sensed at +300 mV. The linear response was up to 4 mM (1 mM at bare Pt) with a
sensitivity of (28.8 + 2.1) pA/ (mM cm?) and a LOD of (6.6 + 1.5) UM (n=3). Our biosensor has
shown good to excellent sensing parameters with respect to those based on nanoPt and on Pt
nanoparticles present in the literature (Table 6.1), paving the way for its use at a considerable
low potential with advantages in circuit design.

The decrease of the detection potential is particularly useful due to the reduction of interfer-
ences from electroactive biomolecules such as AA. Glucose concentrations relevant for many
clinical applications range between 0 and 20 mM. Therefore, our sensor, showing a linearity up
to 4 mM, can be used for analysis of five-fold diluted human samples. Consequently, also the
concentration of the interfering species are proportionally diluted (e.g., AA = 20 uM). Fig. 6.3
shows the amperometric response of the hybrid nanoPt electrode by adding 20 uM AA in a
stirred buffer solution at the applied potential of +300 mV. The introduction of AA in solution
shows a very slight increase of the current signal demonstrating a good reliability of the sensor
in rejecting interfering species as AA.
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Table 6.1 — Sensing performance of different glucose biosensors characterised by GOx immo-

bilised on Pt nanoparticles (NPs) or Pt nanostructured layers (nanoPt).

Biosensor Applied Linear Sensitivity LOD  Ref
potential range (MA/(mM cm?)  (UM)
(V) (mM)
GC/ +0.55 vs SCE 0.01-5.5 19.02 0.18 [166]
BNNTs/
PANI/PtNPs
PtNPs/ +0.60 vs Ag|AgCl 0.001-23 58.9 1 [75]
MWCNTs
GOx/GC
PMPD-GOx/ +0.60 vs SCE 0.002-12 - - (84]
PtuPs/
nanoPANI/
GOx/nanoAu/ +0.60 vs SCE 0.5-16.5 - - [167]
nanoPt/
CNT/gold
Nafion/Chit/ +0.60 vs Ag|AgCl 0.001-8 35.92 0.5 [85]
GOxPtNCs/Pt
PtNanowires/ +0.55 vs Ag|AgCl 0.0045-89.5 8.74 4.5 [111]
GOx
PtNanopetals/ +0.30 vs Ag|AgCl|CI” 0.02-4 28.8 6.6  This
PtNanospheres/ + 2.1 +1.5 work
GOx
-3.090 20puMm
Ascorbic
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Figure 6.3 — Effect of the addition of 20 uM AA in solution on the current response of hybrid
nanoPt electrode (+300 mVwvs Ag|AgCI|Cl~; PBS 0.01 M, pH 7.4).

117



Chapter 6. Electrochemical characterisation of Pt nanopetals and Pt nanospheres
prepared by electrodeposition on screen printed electrodes

Poisoning is a phenomenon of physical and chemical change of the electrode surface due to
the presence of certain substances in solution which reduce the electrocatalytic properties of
the electrode. The poisoning of Pt electrodes when used in a direct contact with real sample
has limited their use for continuous metabolite monitoring [168]. The electrooxidation of
H,0, (used here to indirectly measure any metabolite by a proper oxidase) resulted in a two-
fold sensitivity decrease of the hybrid nanoPt electrode when cell media was used rather than
a synthetic buffer solution (Fig. 6.4 (a)). The presence of big biomacromolecules mask the
catalytic activity of the Pt nanostructures. These findings were also confirmed by measuring
glucose with the GOx-hybrid nanoPt sensor. The sensitivity was almost two-fold lower and
the LOD two-fold higher than that obtained by using synthetic buffer solutions (Fig. 6.4 (b)).
The current response of the biosensor was linear up to 1 mM in the media (Fig. 6.4 (b)).
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Figure 6.4 — CAs and calibration curves at hybrid nanoPt electrode and at GOx-hybrid nanoPt
electrode towards H»O» (a) and glucose (b) detection, respectively. Measurements in PBS (10
mM; pH 7.4; red) and in cell media (green).

118



6.3. Direct oxidation of glucose

6.3 Direct oxidation of glucose

Lots of studies on glucose detection are based on GOx immobilised on electrode surfaces, in
which H»0; is produced from the catalytic oxidation of glucose in the presence of oxygen, and
then electrochemically oxidised (or reduced). The principal problem of enzymatic sensors
is the lack of enzymatic stability over time. Moreover, the enzyme is easily affected by pH,
temperature, other chemicals and humidity [169] and its incorporation increases the cost of
the final device. To overcome these issues, researchers have focused their attention on a direct
bioprobe-free detection of glucose.

Therefore, the capability of our Pt nanostructured electrodes to detect glucose without an
immobilised enzyme was also investigated. Pt usually suffers from problems of poisoning
by adsorbed species that reduce the Pt catalytically active sites for detecting glucose. Fig. 6.5
shows CVs acquired in the presence of physiological concentration of chloride ions and
phosphate anions both well-know inhibitors of the glucose adsorption onto the Pt surface
and therefore of its oxidation [169]. The glucose oxidation peaks, clearly evident in Fig. 6.5 for
the two nanostructured electrodes, demonstrate the capability of the modified electrodes to
retain a high sensitivity towards the direct detection of glucose. Three oxidation peaks for the
direct glucose electrooxidation were found at Pt nanopetals and Pt nanospheres similarly to
those reported in the literature [169].
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Figure 6.5 — CVs in PBS (dotted line) and in 20 mM glucose/PBS at electrodes nanostructured
with Pt nanopetals (left side in blue; -1 V; 200 s, tetravalent Pt-based solution) and with Pt
nanospheres (right side in red; -0.2 V; 200 s, divalent Pt-based solution). Scan rate: 20 mV/s.
PBS solution: 10 mM, pH 7.4.

Pt nanospheres were used to verify the enzymeless detection of glucose directly in cell media.
Peak current II, commonly used to detect glucose at Pt electrodes (Table 2.3 in Chapter 2),
showed a three-fold reduction by measuring glucose in the media due to poisoning effects.
However, in spite of the strong oxidising conditions, an increase of the peak current has been
acquired for increasing glucose concentration within the physio-pathological range (Fig. 6.6).
The sensitivity value was (2.9 + 0.1) pgA/(mM cm?), even higher than those obtained by other
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authors in synthetic buffer solutions (see Table 2.3 in Chapter 2). So far there are no other
examples of direct glucose detection in undiluted cell media in the literature.
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Figure 6.6 — SWVs at 15 mV/s in cell media containing glucose concentrations equal to 4, 8, 12,
16, 20 mM and respective calibration curve (estimation of standard deviation from duplicate
measurements).

6.4 Measurements with alloy Au-Pt

As seen in previous sections, the principal drawback associated with the use of nanoPt, even in
a smaller extent with respect to bare Pt, is the poisoning when used in a direct contact with real
samples due to the adsorption of molecules onto its surface. In Section 5.3 of Chapter 5 new
protocols to build bimetallic nanostructures Au-Pt by a one- and a two-step electrodeposition
processes are described. The combination of Pt with another metal potentially reduces
the oxidation potential to detect hydrogen peroxide, enhancing at the same time the signal
stability and intensity of the glucose oxidation. The reduction of the detection voltage and
of the poisoning at bimetallic systems has been previously reported by detecting a variety of
compounds [112, 113, 170].

Studies were carried out with Au-Pt nanoferns produced by a one-step electrodeposition at -2 V
for 300 s from solutions containing H, PtClg or K, PtCly (description of the one-step deposition
procedure in Section 5.3 of Chapter 5). These nanostructured electrodes were selected because
they showed the highest peak related to an electrochemically deposited oxygen monolayer
(= 0.4 VFig. 6.7 in violet) and the highest peaks of the hydrogen monolayer adsorption and
desorption (below 0 V Fig. 6.7 in yellow). The integration of the before-mentioned peaks is
used to compute the electroactive area of Au and Pt [36].
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Figure 6.7 — CVs at 100 mV/s in 0.1 M H»SO4 at Au-Pt nanostructured alloys produced from
tetravalent (a) and divalent (b) Pt-based solutions at different deposition times (applied
potential: -2V).

Interestingly, the electrooxidation of hydrogen peroxide was experimentally observed at an
optimal potential lower then +300 mV (value found with the hybrid monometallic Pt-Pt
nanostructures). As shown in Fig. 6.8, the current response at the Au-Pt electrodes prepared
with the two Pt salts increased passing from +700 mV to +200 mV as applied potential then
a drop of the current was observed. It is interesting that the absolute value of the current is
higher when electrodes modified with Au-Pt nanoferns are smaller in size and that the optimal
potential acquired with Au-Pt nanomodified electrodes was lower than that acquired with
Pt-Pt hybrid nanostructures. The increase of electrochemical signal passing from higher to
lower potentials characterised Au-Pt and hybrid Pt-Pt nanostructures only. On the other hand,
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nanocoral-like structures of Au showed a similar response passing from +700 mV to +450 mV
of applied potential and then a signal drop was recorded (Fig. 6.8). Au bare showed the lowest
signal response and a signal drop by decreasing the applied potential from +700 mV.
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Figure 6.8 - Effect of the applied potential on the response of Au-Pt nanostructures (deposition
time: 300 s; applied voltage: -2 V) grown from solutions containing H, PtCly (red) and K, PtCl,
(green). Effect of the applied potential on the response of Au nanocoral-like (cyan) and
of Au bare electrodes (yellow). Error bars refer to the standard error of three intersample
measurements.

Fig. 6.9 shows CVs acquired with Au-Pt nanosctructures deposited for 300 s at -2 V in PBS
without and in the presence of glucose (10 and 20 mM) . Au-Pt nanostructures produced from
H,PtClg-based solutions (Fig. 6.9 (a)) show a peak related to the oxidation of glucose at =
+215 mV while those obtained from K, PtCly solutions (Fig. 6.9 (b)) show a peak at = +550 mV.
Similar potentials for glucose detection are present in the literature [171, 172]. The difference
in shape and size of the Au-Pt nanoferns explains the change of potential for detecting glucose.
Both the alloyed nanostructured electrodes show the appearance of only one peak in the
presence of glucose in solution. CVs have a shape closer to those obtained at nanoAu electrode
than to those obtained at nanoPt that are characterised by three peaks. This is probably due
to the Au concentration higher than Pt in the alloy. Note the decrease of the reduction peaks
caused by the adsorption and electrooxidation of glucose on the electrode surface, which
reduce the formation of the oxides during the forward scan [173].
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Figure 6.9 — CVs at 20 mV/s without and in the presence of glucose (10 and 20 mM) at Au-Pt
nanostructured electrodes (deposition time: 300 s; applied voltage: -2 V) from solutions
containing tetravalent (a) and divalent (b) Pt salts.

6.5 Summary and contributions

Without doubt, glucose is one of the most relevant molecule in medicine [106]. In this chap-
ter, the superior properties of template-free electrodeposited Pt nanosctructures in sensing
glucose is proven as compared with bare Pt electrodes. Two ways to detect glucose with Pt
nanostructured electrodes have been explored: (a) by using GOx immobilised on nanostruc-
tures thanks to the quantification of H,O,, generated by the enzymatic reaction and (b) by
direct enzymeless electrochemical oxidation [106].
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Chapter 6. Electrochemical characterisation of Pt nanopetals and Pt nanospheres
prepared by electrodeposition on screen printed electrodes

Achievements and contributions presented in this chapter are listed below.
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* The principal novelty is the reduction of the H,O, electrooxidation potential (= 150

mV) and the simultaneous increase of signal current at hybrid monometallic Pt-Pt
nanostructured electrodes as compared with bare Pt electrodes. Sensing parameters
related to glucose detection with an immobilised oxidase were among the best ones
found in the literature having as additional advantage a considerably low working
potential.

Both potential reduction and signal increase are more pronounced when Au-Pt bimetal-
lic nanostructured films are used rather than Pt-Pt hybrid nanostructures. The obtained
findings demonstrate for the first time that the combination Au-Pt plays an important
role for further enhancing the H, O, electrooxidation.

Another strength of the chapter is the demonstration of enzymeless glucose detection
at Pt nanostructures in a real biosample. Sensing glucose in real samples is notoriously
challenging because the adsorption on Pt of species from such a complex environment
reduces the Pt catalytically active sites. Interestingly, the evaluated sensing parameters
were similar to those found in the literature when synthetic buffers were employed.
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Potassium is the predominant intracellular ion [174]. In homeostasis cells keep a high internal
K* concentration of 150 mM while in extracellular medium K* level remains at 4 mM. The ionic
balance is controlled by Na*/K* ATPase that introduces K" into cells while removing Na* [175].
The disruption of the pump Na*/K* and consequently of the membrane generates K* effluxes
that can be used to diagnose cellular dysfunctions and eventually to predict cell death [176].

A number of sensing approaches for detecting K* have been already published including radiom-
etry [177], flame photometry, specific electrode photometry and atomic absorption photometry
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[178], optical fluorescence (OPTI CA, Roche Diagnostics) and patch clamp [179]. However, all
of these techniques suffer from some limitations such as the off-line detection with repetitive
sampling and problems of selectivity. Potentiometric devices are the most promising tools for
continuos sensing of ions in concentration ranges of interest. They could also selectively detect
an ion with respect to interfering ions always present in biosamples. Potentiometry is based on
acquisition of a potential difference between a reference (RE) and a working electrode (WE),
the latter covered with a membrane selective to the ion of interest. The main challenges of this
method is to provide a stable potential over time and to miniaturise the sensing site. Solid-
contact ion-selective electrodes (SC ISEs) are recently employed to obtain small sensing sites with
satisfactory potential stability and measurement reproducibility. Self-assembled monolayer
of a lipophilic redox-active molecule on gold electrode was proven to enable excellent ion-to-
electron exchange properties [180]. However, the redox capacitance of the monolayer is very low.
To overcome this problem, conducting polymers were initially utilised as intermediate layers
because of their high redox capacitance [181]. Their high sensitivity to light and the high proba-
bility of water-layer formation have oriented researchers to use nanostructured materials as
solid-contact ion-to-electron transducers. Nanostructures provide both high redox capacitance,
essential requirement to obtain the potential stability, and high hydrophobicity to eliminate the
unwanted water layer between metal electrode and selective membrane [39, 182]. The use of
carbon [182] and gold nanomaterials [39] has been widely explored. However, the employed
nanofabrication procedures were time consuming [39] or limited to a specific electrode material
[182]. Few recent studies suggest that nanoPt could be successfully used in potentiometry and
not only in voltammetry. Chung et al. [89] demonstrated the possibility to build miniaturised
pH and REs combining nanoPt with polyelectrolyte junction. NanoPt has been not used yet as
solid contact of potentiometric sensors for electrolytes of clinical interest (e.g., K*, Na*, Ca®*).
Furthermore, the use of a one-step template-free electrodeposited nanoPt as solid-contact of ISE
and fabricated on a multisensing microfabricated platform has never been explored till now.

In the present chapter, a K* selective electrode based on nanoPt is proposed for the first time. Pt
nanostructured layers are produced by a simple and fast one-step template-free electrodeposition
on a microfabricated Pt electrode of a multipanel Si-based sensor. The potential stability over
time is examined (Section 7.2). The main performance characteristics (sensitivity, LOD and
selectivity) are studied in HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer
solutions (Section 7.3). Then, the sensor is inserted in a polydimethylsiloxane (PDMS) fluidic
system and used to monitor K* released by cells if exposed to DI water. The effect of a drug
treatment on cells is studied by measuring K* effluxes produced by necro-apoptotic mechanisms
(Section 7.4). Furthermore, the developed nanoPt-K* selective electrode (K* SE) is employed to
continuously monitor in incubator K* released by cells in a bioreactor. The bioreactor consists
of a chamber distinct from the main chamber of the sensor enabling the sensor to read K*
effluxes at a distance (Section 7.5). Considering the demand of sensors with a stable on-board
RE, the chapter concludes with the description of a protocol to build a miniaturised reliable RE
integrated into the platform (Section 7.6).
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7.1 Methods

Nanostructured Pt electrodes were synthesised using an Autolab potentiostat under a com-
puterised control (Metrohm, Switzerland) from solutions containing 25 mM H,S0O4 (95-98 %,
Sigma) and 50 mM Pt salts. HoPtClg (Aldrich; applied potential: -1 V) or K, PtCly (FisherSci;
applied potential: -0.2 V) were employed to synthesise Pt nanopetals and Pt nanospheres,
respectively, as described in Chapter 5. Depositions were carried out for 200 s at room tem-
perature under stirring. NanoPt was deposited on the Pt electrode (geometric area = 7.14
mm?) highlighted in Fig. 7.1 where the main dimensions of the microfabricated platform
are reported. After the deposition, a cleaning was carried out as described in Section 5.1 of
Chapter 5. Scanning electron microscope (SEM) images of the nanostructures were acquired
with a Zeiss Merlin high resolution SEM (5 kV).
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Figure 7.1 — Top view of the microfabricated electrochemical multisensing platform. The size
of device and electrodes and respective distances (in mm) are reported. Highlighted with a
green box, the electrode used for potentiometric K* detection.

K* ion-selective membrane (ISM) was obtained by dissolving 33.5% poly(vinyl chloride) high
molecular weight (PVC, Fluka), 65% bis(2-ethylhexyl)sebacate (DOS, Fluka), 0.5% potassium
tetrakis(4-chlorophenyl)borate (KTCIB, Fluka) and 2% potassium ionophore I (Fluka) in 1 ml
tethrahydrofuran (THE Fluka) per each 100 mg of mixture. Bare and nanostructured electrodes
were coated with 8 ul of K* ISM and used as working electrodes. The membrane was kept
dried for 24 h and then conditioned in 10 mM KClI (Sigma) for at least 12 h before starting the
experiments. An appropriate conditioning of the membrane is important because, after the
membrane preparation, K* ions are not present inside the membrane. In the conditioning
solution, the membrane gets slowly filled with K*. This step is very important because big
K* concentration differences across membranes cause movement of K* in or out from the
membrane, which leads to potential instability. A conditioning solution of 10 mM KCI was
chosen since this concentration was close to the physio-pathological concentration level of
K* in human fluids. SEM images of the membrane were acquired with a Zeiss Ultra55 high
resolution SEM (15 kV). The Image]J software [118] was used to evaluate the thickness of the
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membrane.

Fig. 7.2 shows a picture of the Si-based device (a) and the lateral view of the membrane (b).
The average thickness of the membrane was of (11.7 + 2.3) um.

(a)
(b)

Figure 7.2 — Picture of the microfabricated device (highlighted the electrode used for building
a nanostructured K* selective electrode) (a). SEM image of the K* ISM (lateral view). The
double arrow covers the whole thickness of the membrane (b).

The potentiometric measurements were carried out in a beaker under stirred solution by using
a double-junction RE (Metrohm, Switzerland, Ag|AgCl, 3 M KCI). The sensitivity was computed
from the slope of the linear curve as shown in Fig. 7.3. The detection limit (LOD) was evaluated
as the K* activity corresponding to the intersection (see Fig. 7.3) of the curve fitting the data
points in the linear range and the average potential corresponding to K* activities at which the
electrode is insensitive [183]. Further details on sensitivity and LOD evaluation procedures
are in Appendix A.
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Figure 7.3 — Calibration plot of the solid-contact K*-selective electrode based on Pt nanopetals
(stirring: 110 rpm).
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The analytical performance of K* selective electrodes were studied within a concentration
range between 10~’ M and 1072 M KCl. The activity coefficients were computed using the
Debye-Hiickel equation [184]. The inter- and intra-sample reproducibility was evaluated by
using a solution stirred at 80 rpm. Then, the solution was stirred from 80 rpm to 170 rpm
and the effect of the stirring on sensitivity and LOD was evaluated. The separate solution
method (SSM) was used to calculate the selectivity coefficients [183]. Briefly, the zero-current
potential of the cell was measured in three separate solutions, the first containing K* (0.1 M)
and the second containing Na* (0.1 M) and the third containing Ca** (0.1 M). The selectivity
coefficient (K(on, iny) Was calculated from the equation below [183]

log Kion, int) = ((Eint — Eion) Zion/ (0.059 V)) + (1 — Zijon/ Zint) log aion (7.1)

where zjon and zjy are the charges of K* and of the interfering ion (Na* or Ca?*) and ajon
and ajy; are the activities of K* and of the interfering ion (Na* or Ca?), respectively. Ejop
and Ej, were the measured potentials in solutions containing only K* and only Na* or Ca?*,
respectively. The selectivity coefficient is a number that provides a measure of how well
the membrane can discriminate the ion of interest against interfering ions. If an electrode
has equivalent responses to K* and Na*, K+ na+) is 1. The smaller Kijon, iny) is, the less the
interfering ion is affecting our measurements. For instance, a K+ na+) 0f 0.1 means that the
electrode is 10 times more responsive to K* over Na*.

Measurements in a fluidic system and with cell media were performed using a 600E Poten-
tiostat (CH instrument, Inc.) and Ag|AgCl RE with porous Teflon Tip (1 M, CH instrument,
Inc.). Cell media was prepared with DMEM 1X medium (Gibco, Life Technologies), 10% fetal
bovine serum (Gibco, Life Technologies) and 1% penicillin-streptomycin (Life Technologies).
Calibrations in DI water were carried out by using concentrations of K* equal to 0.05, 0.1,
0.5, 1, 5, 10 mM. Calibrations in cell media were carried out for concentrations of K* ranging
between 6 and 16 mM by steps of 2 mM.

HepG2/C3A cell line (ATCC) was cultured at 37 °C with 5% CO, in T-175 cell culture flasks.
Cell media was used in culture and replaced every 48 hours. Inocula begun at 2x10° single
cells. Cells were harvested at an 80% confluency. Cells were counted with a hemocytometer
before static and dynamic experiments.

Viability images were obtained using a Zeiss Axio Observer D1 Fluorescence Microscope
(Carl Zeiss, Germany). LIVE/DEAD® Viability/Cytotoxicity Kit (Life Technologies) was used
to assess cell viability under DI water exposure and acetaminophen treatment. The Image]
software [118] was used for cell quantification and analysis.

Single cells were seeded at 1x10° and cells in spheroids at 10-20x10°® (1-2x1000 cells/spheroid)
in 96 well plates and kept at 37 °C with 5% CO,. After 24 hours, two plates, one containing
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single cells and the other spheroids, were exposed to DI water for 1, 5, 15 and 30 minutes. The
third plat containing single cells underwent a treatment with 5, 25 and 50 mM acetaminophen
for 36 hours. Then, DI water and media were collected and K* was measured for each condition
with our K* selective electrode. Live and dead assays were immediately carried out after each
of the before-described experimental condition.

7.2 Performance evaluation of Pt nanostructures

Potentiometric water-layer test is a common procedure to detect the formation of an aqueous
layer between the selective membrane and the electrode surface after ISE exposure to the
solution. Such water layer causes disadvantages as: (a) high sensitivity to osmolality changes
inside the sample, (b) slow stabilisation time following ionic changes in solution, (3) drifts
when interfering ions are introduced in (positive drift) or removed from (negative drift) the
sample. Briefly, water layer tests were carried out by recording changes of the zero-current po-
tential vs time when K* was substituted by Na* and vice versa. When a K* selective membrane
is exposed to a solution of Na*, ion-exchange processes at the interface membrane-solution
cause changes in ion composition of the membrane and of the aqueous layer when present
(top part of Fig. 7.4). Considering the small volume of the aqueous layer, even little ionic fluxes
determine big concentration variations. These variation are the source of a signal drift that is
positive passing from K*- to Na*-containing solutions and negative when the change is in the
opposite direction (bottom part of Fig. 7.4). A schematic illustration of the fluxes and of the
potential drifts in the presence of a water layer is in Fig. 7.4.

0.1 KCI 0.1 NaCl 0.1 KCI

Electrode
Solid Contact &

Water layer

K* selective
membrane

Sample

Figure 7.4 — K* and Na* fluxes and potential transients (solid line) after the formation of a
water layer between solid contact and K* membrane. Dotted line: absence of a water layer.
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A PVC K* ISM was cast on bare electrodes and on electrodes modified with Pt nanopetals
and Pt nanospheres. Measurements were carried out in sequence by using the following
solutions: 0.1 M KCI, 0.1 M NaCl and 0.01 M KCl. Inset in Fig. 7.5 shows the potentiometric
response of bare and of the two nanostructured electrodes in 0.1 M KCl, in 0.1 M NaCl and
again in 0.1 M KCl. Only by employing ISEs without nanostructures, a positive and a negative
drift was found passing from KCl- to NaCl-containing solutions and then from NaCl- to KCl-
containing solutions. The directions of the two drifts indicate the formation of a water layer
when the membrane is cast on bare electrodes. On the other hand, no drift characterised our
nanostructured electrodes meaning the absence of a water layer between membrane and our
solid contacts.

Besides evaluating the potential drift during the equilibration processes, the mid-term poten-
tial stability of three sensors in a constant environment (0.1 M KCI) was also evaluated. As
clearly evident in Fig. 7.5, electrodes based on nanostructures exhibited a better stability over
time (Pt nanopetals: (32 + 2) uV/h; Pt nanospheres: (98.8 + 3) uV/h than Pt bare ((7.698 +
0.005) mV/h) and similar to the better results reported in the literature [32, 185, 186, 187]. The
lack of adhesion between the two sides of the membrane in absence on nanostructures is the
cause of such high drifts.

— Pt bare/ISM
— Pt nanopetals/ISM
—— Pt nanospheres/ISM

Potential (mV) vs AglAgCI (3 M)

2 3
time (h)

Potential (mV) vs AglAgCl (3 M)

8 12 16
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o
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Figure 7.5 — Water-layer test for Pt-K* SE (green line), Pt nanospheres-K* SE (red line; -0.2
V for 200 s from divalent Pt-based solution) and Pt nanopetals-K* SE (blue line; -1 V; 200 s,
tetravalent Pt-based solution). Inset highlights positive and negative drifts upon changing the
solution from 0.1 M KCl to 0.1 M NaCl and vice versa indicating a water layer formation only
between bare Pt and K* ISM.
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The potential stability of a SC ISE can be also determined in chronopotentiometry avoiding
long-term stability experiments as suggested by Bobacka [188]. Polarisation of ISEs with cur-
rent of some nA causes a potential jump (E) followed by a slow drift (AE/Af). The chronoam-
perometric technique proposed by Bobacka [188] and called reversed chronopotentiometry
(RCP) was employed to evaluate potential stability and electric capacitance of our electrodes.
Currents of + 1 nA and + 5 nA were applied for 60 s at each working electrode (Fig. 7.6 to see).
From the potential jump (E), the total resistance of the electrode (R) was estimated according
to the Ohm’ s law (R=E/I). The total resistance of the electrodes decreased of one order of
magnitude in the presence of nanostructures as solid contacts passing from = 3 MQ to =
0.3 MQ. The potential drift was computed from the slope of the plot E vs ¢ (AE/At) and the
capacitance (C) of the solid contacts was computed according to the equation AE/At=1/C
where I is the applied current. Table 7.1 shows potential drifts and capacitances related to
bare electrode and to electrodes where Pt nanopetals and Pt nanospheres were used as solid
contacts. All the measurements reported in the next sections refer to Pt nanopetals-K* SEs.

— Pt bare/ISM
— Pt nanopetals/ISM
— Pt nanospheres/ISM

50

0 20 40 60 80 100
time (s)

Potential (mV) vs AglAgCI (3 M)

Figure 7.6 — RCP for Pt-K* SE (green line), Pt nanospheres-K* SE (red line) and Pt nanopetals-K*
SE (blue line). The applied current was +5 nA for 60 s and -5 nA for 60 s in 0.1 mM KCI.

Table 7.1 — Potential drifts (AE/At) and capacitances (C) of bare electrode and of electrodes
nanostructured with Pt nanopetals and Pt nanospheres.

Applied Current (nA) AE/At (uV/s) C (up)

Ptbare +1 297.2+11.2 34+0.1

+5 1441.3 + 106.6 35103
Pt nanopetals +1 6.7+ 1.8 155.1 +42.5
+5 33.0+1.9 151.6 £ 8.9
Pt nanospheres +1 7.9+0.9 127.8 + 14.8
+5 42.2+ 6.8 120.2 £19.3
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7.3 Characterisation of Pt nanopetal K*-selective electrodes

The sensitivity and the LOD values were estimated by measuring the open circuit potential
and varying K* concentration from 107 to 1072 M in a stirred solution. The average sensitivity
of four sensors tested under the same condition (stirring: 80 rpm) was (31 + 6) mV/dec and
the average LOD was (-3.21 + 0.07). The same sensor three-fold tested showed an average
sensitivity of (30 + 5) mV/dec and the average LOD was (-3.18 + 0.03), values similar to those
obtained from inter-sample measurements.

The selectivity coefficient, also called selectivity ratio, indicates the preference of an electrode
for the ion of interest (our case K*) over the interfering ions. The selectivity coefficients
calculated by SSM (stirring: 100 rpm) were: log Kx+ Na+) = (-2.9 £ 0.3) and log K+ ¢,2+) = (-4.4
+ 0.5) (n=3).

The sensing performance improved by increasing the stirring rate. The Nernstian slope was
obtained by stirring the solution at 100 rpm. Above 140 rpm of stirred solution, the linear
range increased from 1-10 mM to 0.1-10 mM and the average LOD decreased down to -
4.6. By increasing the stirring velocity from 80 to 170 rpm, the response time reduces from
some minutes to seconds. The concentration of K* at the interface between membrane and
solution must be kept as constant as possible to minimise the concentration gradients across
the membrane during sample changes. Indeed, K* concentration gradients at the interface
membrane-sample cause a worsening of the sensing performance. Therefore, any measure to
make ion fluxes more efficient (e.g., stirring, rotating electrode potentiometry) is helpful [189].

7.4 Measurements with a fluidic system

Monitoring in a continuous manner the status of cultured cells was conceived as the step
preceding in vivo tests of sensors designed for healthcare analysis. In the past decade, the
combination of sensing technology and cell-based microfluidic systems has increased the
capabilities of in vitro studies [190], especially for non-stop monitoring of cellular events [191].
Small novel sensors coupled with a fluidic system could evaluate cellular functions and moni-
tor cell behaviour by detecting a wide set of targets, ranging from ions to macromolecules. In
this section, solid contact K* selective electrodes (SC K* SEs) based on nanopetal-like structures
were coupled with a PDMS fluidic system and used to detect K* released by cells. The effect
of DI water on HepG2/C3A cells was evaluated by measuring the K* effluxes due to osmotic
shock in real time. The cells were also exposed to an acetaminophen treatment and the K*
effluxes produced by necro-apoptotic mechanisms were measured with the electrode. The
novel electrode worked at 37 °C in a sterile environment (incubator) with an externally-located
bioreactor enabling for the first time measurements of K* effluxes from cells at a distance.
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7.4.1 Fabrication of fluidic system and bioreactor

Fig. 7.7 shows top (a) and lateral view (b) of the fluidic system hosting the sensor and the
external RE and a picture of the bioreactor (c).

(c)

Figure 7.7 — Top (a) and lateral view (b) of the device assembled with the RE and the fluidic
system. Picture of the bioreactor (c).

The fluidic chamber of the microfabricated sensor containing the SC K* SE was cut by using
PDMS casting methods. Briefly, two poly(methyl methacrylate) (PMMA) molds of appropriate
size and geometry designed by using the Core] DRAW®X5 Software (Corel Corporation) were
prepared with a laser cutter first (Fig. 7.8 (a-1)) and sticked to Petri dishes (Fig. 7.8 (a-2)). A
mixture of PDMS and curing agent (Sylgard 184, Dow Corning) was prepared in a ratio 10:1
and degassed under vacuum for 30 minutes. Then, 4 mg and 18 mg of the mixture were cast
onto the Petri dishes containing the molds to build the bottom and the top layer of the fluidic
system, respectively (Fig. 7.8 (a-3)). After a curing at 80 °C for 60 min, the PDMS layers were
peeled off their molds (Fig. 7.8 (a-4)) and cut with a rectangular shape (Fig. 7.8 (a-5)). The
chamber included one inlet, three outlets and a hole to host an external RE (Fig. 7.8 (a-6)).
The bottom part of the fluidic chamber of the device was aligned with the sensor before
being bonded with the upper part (Fig. 7.8 (b)). The bonding was realised by oxygen plasma
treatment.

The bioreactor consisted of a glass layer permanently plasma bonded to a PDMS chamber
(Sylgard 184, Dow Corning). The PDMS chamber and channels were cast around laser cut
PMMA molds designed as previously described. After the integration of inlet and outlet 30AWG
tubing (Cole Palmer) the bioreactor was perfused with a 50 ug/ml Type I Collagen Solution
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Figure 7.8 — Process flow of the fluidic system hosting the microfabricated sensor (a). Bottom
and upper part of the fluidic system and their dimensions in mm (b).

from Rat Tail (Gibco, Life Technologies) and incubated for 2 hours at 37 °C. HepG2/C3A cells
were then seeded in the bioreactor at 20x10% and left to attach for 24 hours.

7.4.2 Characterisation in HEPES buffer, DI water and cell media

The nanopetal-based K* SE showed a sensitivity near to Nernstian with a flow rate of 16.7
pl/min as seen in Fig. 7.9 (a) where the potential change is shown by increasing first and then
decreasing the ion concentration. The respective calibration curves are illustrated in Fig. 7.9
(b).
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Figure 7.9 — Potentiometric measurement in a fluidic system (flow rate: 16.7 pl/min, K*
concentrations: 0.1, 1, 2, 3, 4,10 mM in HEPES, pH 5) (a) and calibration curves by increasing
(red solid line) and by decreasing (green broken line) the ion concentration (b).

The nanopetal-based K* SE behaviour was still near to Nernstian when DI water and cell
media were used as calibration solutions. Fig. 7.10 (a) shows the calibration curve for increased
concentrations of K* from 0.05 mM to 10 mM in DI water and Fig. 7.10 (b) shows the calibration
curve for increased concentrations of K* in cell media. The biosample had a starting K*
concentration already in the millimolar range (6 mM) and, to calibrate the electrodes, K* level
was increased up to 16 mM covering most of the pathological conditions of hyperkalemia. For
this reason, K* concentrations investigated in cell media do not cover decades of variation
as in DI water (see x axes of Fig. 7.10 (a) and (b)). Considering the presence of multiple and
high concentrated ions in cell media, that makes difficult the computation of K* activities,
the logarithm of K* concentrations (instead of K* activities) was taken for calibrating the
nanopetal-based K* SE from the present section. Despite the electrochemical cell responds to
changes of ion activities, the cell can be calibrated in terms of concentration since the activity
is equal to the concentration multiplied by the activity coefficient. To do this, calibration
solutions and test solutions were chosen so that the activity coefficient of K* was identical
(cells were cultured in the same media used for calibrating the nanopetal-based K* SEs).
Calibrations in DI water were carried out with respect to K* concentrations to extract easily
the concentration of the ion from real samples.

The sensitivity decreased of about 20% by reducing the flow rate down to 9.3 pl/min because
of the detrimental effect of a decreased ion flux, as explained in Section 7.3. The ageing of the
membrane on the Pt nanopetals was also evaluated. The nanopetal-based K* SE was kept for
one week in the conditioning solution (0.01 M KCl) and a sensitivity drop of 30% was observed
with respect to a Nernstian slope. The ageing is absent when the membrane is stored in a dry
condition.
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Figure 7.10 — Calibration curves in DI water (flow rate: 16.7 pl/min, K* concentrations: 0.05,
0.1, 0.5, 1, 5, 10 mM) (a) and in cell media (flow rate: 16.7 ul/min, K* concentrations: 6, 8, 10,
12, 14, 16 mM) (b). Error bars refer to intrasample triplicate measurements [183].

7.5 Acute cell death monitoring

Cell death by osmotic shock Shock by DI water produces cell expansion till the membrane
is disrupted and the intracellular content, including K*, is emptied into the water. HepG2/C3A
cells were exposed to DI water in a 96 well plate for several time points. Cell viability was
evaluated and the K* released was measured after each interval time of exposure to DI water
that caused cell death. With the electrodes previously calibrated, K* concentrations were
evaluated after 1, 5, 15 and 30 minutes of cell exposure to DI water. A significant decrease
of viability, corresponding to the highest increase of K*, started at minute 1. Fig. 7.11 shows
the concentration of K* released by the cells and fluorescence images after 1, 5, 15 and 30
minutes of DI water exposure in the case of single cells (a) and spheroids (b). The percentage
of live and dead cells (single cells only - Fig. 7.11 (a)) correlates well with the measured ion
concentration demonstrating the reliability of our electrodes as a standard for cell death.
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Figure 7.11 - Plot of the K* concentration by exposing single cells to DI water for 1, 5, 15 and 30
min and live/dead cells in percentage. Microscope images of live (green) and dead (red) cells
after 1, 5, 15 and 30 min of exposure to DI water. Bars: 100 um (a). Plot of the K* concentration
by exposing spheroids to DI water for 1, 5, 15 and 30 min. Microscope images of live (green)
and dead (red) cells after 1, 5, 15 and 30 min of exposure to DI water (b). Error bars refer to
measurements done with three samples per each exposure time to DI water.

Cell death by drug treatment Acetaminophen is one of the most popular drugs [192] and
extensively used for in vitro testing [193]. Doses over the limits reported in the literature [194]
were selected to evaluate the drug cytotoxic effect. By inducing acute necro-apoptosis in
HepG2/C3A cells, the resulting K* efflux can be also measured and then compared with live
and dead results. The concentrations of acetaminophen used were 5, 25 and 50mM in media

138



7.5. Acute cell death monitoring

over a period of 36 hours in a 96 well plate. After calibrating the sensor in cell media, samples
from the wells showed an elevation in the potentiometric signal in accordance to the live and
dead assays (Fig. 7.12). While treatment in 5 mM acetaminophen does not show a significant
decrease in viability or ion increase, treatment in media containing 25 and 50 mM of drug
caused cell damage even after only 36 hours and an increase of K* concentration was detected
with the nanopetal-based K* SE. The novel electrode was able to detect K* in undiluted media
that already contained homeostatic amounts of K* and under pharmacological treatment
both conditions first attempted with a K* selective electrode for cell culture monitoring. This
finding demonstrates the definitely good performance of the realised electrode in monitoring
cells apoptosis/necrosis. K* potentiometric measurements have been reported in previous
works [176] but they required K* free sample (DI water). To the best of our knowledge, this is
the first experimental proof in which potentiometric quantification of K* effluxes from cells is
achieved in undiluted cell media.
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Figure 7.12 — Plot of the K* concentration by exposing single cells to media containing 5, 25
and 50 mM acetaminophen for 36 hours and live/dead cells in percentage. Microscope images
of live (green) and dead (red) cells after culturing them in media containing 0, 5, 25 and 50
mM acetaminophen for 36 hours. Bars: 100 pm. Error bars refer to measurements done with
three samples per each drug concentration.

Continuous cell death monitoring The cell death was monitored continuously in incubator.
The sensing parameters were not compromised by working at a temperature of 37 °C. Fig. 7.13
shows a picture (a) and a schematic (b) of the experimental setup used for continuous K*
monitoring. A peristaltic pump is connected to a reservoir that perfuses the bioreactor, the
sensor chamber and the rest of the system. Media or DI water flow into a waste container from
the three outlets of the sensor chamber.
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(b)

Potentiostat . Reservoir
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Figure 7.13 — Picture (a) an schematic (b) of the experimental setup used to monitor K* efflux
after cell exposure to DI water.

Before each experiment, the fluidic chamber hosting the sensor was filled with DI water and
the stabilisation of the signal was achieved (Fig. 7.14 (a) in green). Then, the bioreactor was
filled with DI water and immediately connected with the inlet of the fluid system hosting
the microfabricated sensor including the nanopetal-based K* SE. DI water in the bioreactor
causes cell swelling and K* leaking to be monitored by the nanopetal-based K* SE (Fig. 7.14

140



7.5. Acute cell death monitoring

(a)). The maximum K* release was acquired after =~ 30 min corresponding to = 90% of dead
cells (Fig. 7.14 (b)). The entire system was then rinsed with DI water and calibration was
carried out. Successful non-stop readings at 37 °C carried out by keeping cells in a separate
chamber from that of the sensor makes our nanopetal-based K* SE suitable and reliable for K*
measurements in biomimetic platforms to monitor cells death. The decrease of the potential
during the washing step showed a trend similar to that reported in [176]. Continuous cell death
monitoring via potentiometric quantification of K* has been previously realised by Generelli
and coworkers [176]. Nevertheless, their experiments were not performed in incubator and,
more importantly, the cells were floating around the sensing site so that K* dilution issues
were limited with respect to our setup.
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Figure 7.14 — Signal stabilisation (green), monitoring in incubator of K* efflux from cells in
a bioreactor after exposure to DI water (red). Rinsing with DI water (red) (a). Cell death
percentage after exposure to DI water (n=4) for 30 minutes (b).
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7.6 Building an integrated all-solid-state RE

RE plays a crucial role in potentiometric devices and more generally in all electrochemical
measurements. Basic requirements for a RE are the high exchange current densities, the non
polarisability and a minimum drift over time [195]. A stable RE is important especially for
potentiometric measurements in which the RE is responsible of half of the signal. Its stability
ensures the sensor to work effectively.

Commonly used REs contain an inner-filling solution that causes numerous disadvantages
such as the need of good maintenance, the high cost of manufacture, the contamination of
the sample due to problems of leakage, their use only in a vertical position to keep the contact
sample/liquid junction and the difficulty of miniaturisation.

Potentiometric sensors for point of care and/or continuous health monitoring need a durable
miniature RE fully integrated with the platform. The most promising approach reported up to
now has been the microfabricaton of a solid-state (SS) Ag|AgCl RE covered with a membrane
to ensure a constant and high chloride concentration (Polyuretane, Nafion, silicon rubber)
as well as to minimise AgCl dissolution (PVC, epoxy) [195]. Silver is deposited by a thin film
deposition technique (metal evaporation, sputtering or CVD), electrodeposition or screen
printing and then oxidised either electrochemically or chemically [195].

7.6.1 Preparation procedures

Ag was deposited on Pt electrodes (area = 12.56 cm?) by electrodeposition from a solution
containing 10 mM Ag»SO, (extra pure, SLR, FisherSci), 1.5 M KSCN (Fluka), 2.5 M NH,Cl
(BioChemica, Applichem) at -1 V for 10 s. Glassy carbon and silver electrodes were used
as CE and RE, respectively. Electrodeposition allows us to obtain a thicker and rougher
layer of Ag (Fig. 7.15 (a) on the left) compared to other deposition techniques providing a
much larger active surface area that is important for improving the stability of the RE. Both
an electrochemical anodisation (-0.5 V for 20 s and +20 pA for 1800 s in 0.1 M KCl buffer -
pH adjusted to 2.2 with HCI) and chemical anodisation (1 min in 50 mM FeCl; [196]) were
investigated. Chemical treatment was selected because faster than the electrochemical one
and equally well-performing. Fig. 7.15 (a) on the right shows the AgCl particles formed after the
chemical treatment. The increase of Cl on the Ag surface is clear from the EDX spectra before
and after the chemical anodisation and shown in Fig. 7.15 (b). A solution of polyvinylbutyral
(79.1 mg) and NaCl (50 mg) was prepared in 1 ml methanol. Finally, a drop of 10 pul of the
solution was cast on the Ag|AgCl electrode and let dry for 24 h.
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Figure 7.15 — High magnification SEM images (a) and EDX spectra (b) of electrodeposited Ag
before (left) and after (right) the chemical oxidation.

7.6.2 Results

Fig. 7.16 (a) shows the CVs of a glassy carbon WE vs two SS REs and vs double junction RE
Ag|AgCl (3M) in 0.5 M potassium hexacyanoferrate (III) (reagentplus, TM, 99%) solution. The
potential shift towards more negative potentials by using the microfabricated RE of about 110
mV. The voltammograms were coincident when the two SS REs were used. Values of peak
currents and of peak-to-peak separations were equal by using SS REs and the commercial RE.

As shown in Fig. 7.16 (b), the sensitivities in cell media towards the K* detection were similar
when a SS RE and a commercial Ag|AgCI RE (3 M) were used.

The SS RE was proven to be insensitive to the addition of the most common ions of biological
significance (K*, Na*, Ca?*) and a slight sensitivity to the pH change as shown in the Fig. 7.16

().

143



Chapter 7. A biological application of solid-contact potassium-selective electrode based
on Pt nanopetals

(a) (b)

— Double-junction RE

6]—SSREI 70
—SSREIl

4- AGO' _|_
— ) A
< 2- S %0 I ]
= £ 40- .
§ 0- z
5 = 30+
O -2+ z,

" 520

104
-6-
L] L] L] L] L] 0 T L]
04 -02 00 02 04 06 comm AglAgCI RE SS AglAgCl RE

Potential (V)

()

s 154

P 3 mM 3 mM

= KCl CaCl,

(8]

g’ 101 [3mMm|1mm

&» NaCl | NaOH 1 mm

© 5- HCI

S

E

5 °'A\/\’N_J

8

c

2

g -5 T T T

0 1000 2000 3000

Time (s)

Figure 7.16 — CVs of glassy carbon WE vs two SS REs (in red and in blue) and glassy carbon WE
vs double junction RE Ag|AgCl (3M) (in green) (a). Sensitivities of K* sensors by using SS REs
(n=4) and a commercial RE Ag|AgCl (3M) (n=3) (b). Responses of a SS RE vs commercial RE
Ag|AgCl (3M) by adding 3 mM KCl, 3 mM NacCl, 3 mM CaCl,, 1 mM NaOH, 1 mM HCl in cell
media (c).

7.7 Summary and contributions

The most commonly used techniques for sensing ions in biosamples have numerous selectivity
problems and limited off-line detection with repetitive sampling. Potentiometric devices
enable continuous and highly selective detection of an ion even in complex samples as
human fluids. Solid-contact ion-selective electrodes (SC-ISEs) based on nanomaterials have
been recently employed to obtain small sensing sites with exceptional potential stability and
reproducible measurements.
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7.7. Summary and contributions

The main achievements and contributions of the present chapter are described below.

e Pt nanostructured electrodes, produced by template electrodeposition, have been previ-
ously employed as solid contacts to build pH [197] and reference [38] electrodes. Our
nanostructured coatings were obtained by a simpler and faster one-step procedure
than the method employed by Park [197] and Han [38] and are the first examples of Pt
nanostructured films used as solid contacts of electrodes selective to ions (here K*).

¢ In this chapter, a solid-contact K*-selective electrode is used for the first time for a
real biological application. Unlike previous works [176], this chapter shows the first
experimental proof of acute cell death monitoring as effect of a drug treatment by
potentiometric measurements. Therefore, our electrodes are suitable for K* detection
in biosamples that already contains K*.

* Cell lysis was continuously monitored for the first time at 37 °C in a sterile environment
enabling the nanopetal-based K*-selective electrode to run long-term monitoring of
biological samples.

* In previous works, potentiometric measurements of K* for cell culture were realised with
cells in the sensor chamber. This chapter describes cell death in a separate chamber
from that containing the sensor. The proposed nanopetal-based K*-selective electrode
can sense K* despite the high dilution that our setup entails.

* Considering the high demand of miniaturised sensing sites in medicine, a stable solid-
state Ag|AgCl reference electrode has been fabricated to substitute the big external
reference electrode with another fully integrated on the platform for potentiometric ion
readings.
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Conclusions and Future Research Directions

Nanomaterial- and nanoporous-based electrodes are novel emerging electrodes that can be
used to increase the performance of electrochemical sensors. In particular, easy and rapid
nanostructuration steps at low cost and without using any binders as additional materials
are highly desirable. In diagnosis, nanostructuration protocols should be compatible with
micro-sized electrodes of invasive, wearable or portable devices that are going to substitute
conventional laboratory tests. It is worth to mention that nanostructured materials, if ap-
propriately integrated, may confer higher sensitivity, better measurement stability, excellent
selectivity towards a biomolecule than flat electrodes.

My research focused on the development of novel electrodic nanostructurations and on their
optimisation by looking at the ease and the reproducibility of the procedure, at the film
stability and at the final electrochemical performance. Two classes of nanostructures were
considered: carbon nanomaterials and nanostructured films of noble metals (monometallic
Pt and bimetallic Au-Pt systems).

Achievements are summarised below.

¢ Integration of carbon nanomaterials and electrochemical measurements. A new pro-
tocol to directly grow a wide range of carbon nanomaterials by chemical vapour de-
position (CVD) onto specific micro-sized sites of an implantable CMOS device was
proposed in this thesis. This method ensured a close nanostructure-metal electric con-
tact avoiding the use of additional binders, ever-present by using other nanointegration
techniques. Binders hinder the nanomaterial properties and make the nanostructura-
tion unstable in water-based environment. By a fine tuning of the deposition parameters,
growths were obtained down to CMOS compatible temperatures opening the possi-
bility to a direct integration nanostructures/front-end CMOS data acquisition circuits.
Such nanostrutured devices were proven to be powerful for sensing biomarkers within
physio-pathological ranges independently from interfering species. In addition, CVD
grown nanomaterials exhibited competitive biosensing performance and an excellent
resistance to biofouling.
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Chapter 8. Conclusions and Future Research Directions

¢ Integration of noble metal nanostructured films and electrochemical measurements.

This work also presents an innovative and optimised integration of different Pt and Pt-
Au nanostructured films (nanospheres, nanopetals and nanoferns) onto electrodes
by rapid electrodeposition processes. Novel template-free methods were described
for the first time. Template-free electrodeposition was selected to reduce the effect of
other material residues which may unfavourably change the electrocatalytic features of
metal nanostructures. Two major advantages were achieved by employing our metal
nanostructures: unprecedented reduction of the oxidation potential towards hydrogen
peroxide (reaction product of oxydase-based sensors) with simultaneous increase of
the signal response (a) and highly-sensitive non-enzymatic glucose detection even in
undiluted biosample (b). Note that this last finding makes considerable promise for
using the present technology as better alternative to commercially established devices
for diabetes monitoring (85% of the whole biosensor market) which lifetime is limited
by the stability of the enzyme.

Nanotechnology to boost continuous metabolic assessment of Cell-On-Chip. A novel
solid-contact potassium selective electrode based on Pt nanopetals was successfully
designed, fabricated and tested as standard for acute cell death evaluation and continu-
ous monitoring. Such finding opens the possibility to use the proposed nanostructured
electrodes fabricated on miniaturised electrochemical sensing platforms to monitor
organ and tissue necrosis.

Possible future works of this PhD thesis are described below.
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* Integration of nanostructured sensors with miniaturised custom-made potentiostat

for multisensing. Miniaturised medical devices require the combination of microfabri-
cated electrochemical platforms with ad hoclow-noise electronics on a printed circuit
board (PBC). A PBC-based chip was recently realised in our lab to carry out continuous
electrochemical measurements and signal readings of different metabolites and ions.
Simultaneous measurements of more than one analyte (glucose and lactate) were also
carried out by using our multipanel electrochemical sensor in a fluidic system and
an integrated electronics. Specific nanostructures were integrated onto the working
electrodes of the platform to improve sensing performance and time stability. Electrode
nanostructurations helped to reproducibly immobilise enzymes on different micro-
sized electrodes while preventing protein leakage and denaturation.

Considering our recent accomplishments, a possible direction of the present work
could be the simultaneous sensing of metabolites and ions directly from human fluids
with an on-board electronics. By carefully selecting the type of nanostructuration,
multiple detection can be achieved within adequate concentration ranges. The chemical
crosstalk, resulting from multiple measurements with one platform, and the influence of
interfering species improve by selecting appropriate nanostructures for each electrode.



* Nanoporous electrodes. Further optimisation of template-free electrodeposition pro-
cesses to obtain other differently sized and shaped (dendrites, spheres, cubes, spikes,
petals) nanostructured metals, binary-metals or alloys for enhanced electrochemical
properties could be of enormous scientific interest. Voltammetry and potentiometry
but also other electranalytical techniques and other biomarkers could be considered.
Post-treatments should be taken into account to further boost the sensing capabilities
and to minimise fouling and biofouling.

* Exploiting advanced micro-nanofabrication technologies for continuous health mon-
itoring. The investigation of nanostructured miniaturised electrochemical devices for
continuous monitoring of Organ-on-Chips or animals could be an interesting point to
develop. In both cases, low-volume microdevices are required for fast and non-stop
metabolic analysis. In the field of Organ-On-Chip systems, an appropriate design and
long-term testing of single or multipanel nanostructured devices fully-integrated with
microfluidic components is expected. The main challenges in the case of in vivo experi-
ments are the efficient integration of nanostructures on devices that are always more
frequently fabricated on flexible or stretchable materials.
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.\ Electrochemical sensing parameters

A.1 Performance evaluation from voltammetric measurements

Calibration curve In CA, the average currents corresponding to a certain analyte concen-
tration were computed by averaging points related to an interval time (20 s or 60 s) per each
steady-state signal. From voltammetric measurements, the heights of the peak currents were
evaluated by fitting peaks with Gaussian (principally peaks in DPV and SWV) or Exponentially
Modified Gaussian (peaks in CV) models [198]. Before starting each fitting, a linear or cubic
baseline (Fig. A.1; case of BR) was subtracted. The Igor Pro (Wavemetrics,Lake Oswego, OR,
USA) software was employed for data analysis. Calibration curves were obtained by plot-
ting the steady-state currents (CA) or the peak heigh currents (CV, DPV, SWV) vs the analyte

concentration.
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Figure A.1 - Fitting (red) of the two voltammetric peaks related to the oxidation of BR (Peak I;

blue) and BV (Peak II; blue) by using Gaussian curves. Cubic baseline in green. BR concentra-
tion: 150 uM in PBS 10 mM, pH 7.4.
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Appendix A. Electrochemical sensing parameters

Linear range An ordinary least squares model has been used to fit the data. The linear range
has been identified on the basis on the determination coefficient (R? > 0.99) and by verifying
the residual values were randomly distributed about the regression line [199].

Sensitivity Slope of the calibration curve in the linear range.

LOD Defined as the concentration of an analyte which gives a signal significantly different
from the blank response. Many approaches have been used so far taking into account: the
signal-to-noise ratio [200], statistical parameters resulting from the linear fitting [199], the
standard deviation of the measurements in blank [199, 201]. In this work, the IUPAC definition
of LOD was considered that is defined as [199, 201]

LOD = 30pjank/S (A.1)

where 6pjank is the standard deviation referred to the blank signal and S is the sensor sensitivity.
In CA, three steady-state currents of the blank were acquired (intervals of 20 s) and the standard
deviation of the average per each stream was computed. In CVs, SWVs and DPVs three
voltammograms of the blank were acquired and then the standard deviation of voltammogram
portions corresponding to the position of the peak potentials of interest was computed.

A.2 Performance evaluation from potentiometric measurements

Calibration curve Plot of the emf (electromotive force -E) measured between a K*SE and a
reference electrode vs the logarithm of K* activities (DI water or HEPES buffer) or K* concen-
trations (cell media) (red dots in Fig. A.2) [183].
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Figure A.2 — Typical K* calibration graph.
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A.2. Performance evaluation from potentiometric measurements

Sensitivity Slope of the linear curve (95% confidence interval according to the IUPAC def-
inition [183]) fitting the data points in the linear range. The linear range was taken for K*
concentrations higher than 1 mM for measurements in beaker at stirring < 140 rpm or higher
than 0.05 mM for measurements in beaker at stirring > 140 rpm and measurements under
flow conditions (green line in Fig. A.2). A minimum of five data points was taken to evaluate
the sensor sensitivity and measurements were taken minimum three times (inter- or intra-
sample). The measurements in the fluidic system were taken by increasing, decreasing and
then increasing again the level of K*.

LOD K activity at the point of intersection of the curve fitting the data points in the linear
range and the average E corresponding to low concentrations of K* at which the electrode is
insensitive to the K* increase (blue line Fig. A.2) [183].

Drift Slope E vstime in a certain interval time [183].

Selectivity coefficient It was evaluated according to the separate solution method (SSM) in
which the E of the cell is measured in two separate solutions, one containing the ion of interest
(K*) and the other containing the interfering ion (Na* or Ca®*) both at a concentration of 0.1
M. Then the selectivity coefficient K(jon, int) can be calculated form the equation below [183]

log Kiion, inty = ((Eion — Eint) ZionF)/ (2.303 R T) + (1 + Zion/ Zint) 10g Gion (A.2)

R, T and F have the usual significance, zion, and zjy¢ are the charges of the ion of interest (K*)
and of the interfering ion (Na* or Ca?*) and ajo, and ajp; are the activities of the ion of interest
(K*) and of the interfering ion (Na* or Ca?).
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Taguchi method

Genichi Taguchi developed a method to design experiments in order to investigate how
different parameters (control factors) affect mean and variance of a particular process outcome
(objective function) [202]. This experimental design involves the use of orthogonal arrays' to
organise the parameters affecting the process and the levels at which they should be varied.
These methods utilise two-, three-, and mixed-level fractional factorial designsz. Instead of
testing all possible combinations, the Taguchi method tests subsets of possible combinations.
This allows us to determine which factors mainly affect a certain output with a minimum
amount of experimentation, saving time and resources.

The most innovative part of Taguchi method is the parameter design that can be summarised
by the following steps.

* Identification of the control factors and the levels.

* Construction of the Orthogonal Array.

* Realisation of experiments.

» Evaluation of the Signal-to-Noise Ratio (S/N), called performance statistic. It depends
on the experimental situation analysed.

* Use of S/N values to determine the optimal combination of levels for each factor.

* Control the effective improvement obtained by the result of the previous phase.

lrepresent a versatile class of combinational arrangements useful for conducting experiments. They determine
the levels of each factor for an optimal process output

2A full factorial experiment is an experiment whose design consists of two or more factors, each with discrete
levels, and whose experiments test all possible combinations of these levels across all such factors. Such an
experiment allows studying the effect of each factor on the response variable, as well as the effects of interactions
between factors on the response variable. If the number of combinations in a full factorial design is too high to be
logistically feasible, a fractional factorial design may be done, in which some of the possible combinations (usually
at least half) are omitted.
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Appendix B. Taguchi method

The choice of the S/N type can vary. To minimise a process feature (smaller-is-better analysis),
the S/N ratio is calculated according to the following Equation B.1

1 N
SIN;=-10— Yy (B.1)
Ni =

To maximise a process feature (larger-is-better analysis), the S/N ratio should be calculated
according to the following Equation B.2

S/ N, 101 L % L (B.2)
L= Og_ — .
l N; u=1 y%t

where:

¢ N; is the number of levels in which each parameter is investigated and
* y, is the u™ value of the objective functions.

To study the effect of the electrodeposition parameters on some characteristics of the resulting
Pt nanostructured films the following procedure was used.

1. Identification of parameters affecting the process (control factors) and their levels (pos-
sible values for each parameter);

2. Selection of the orthogonal array matrix of experiments (number of experiments and
the level of the parameters for each experiments);

3. Identification of the objective function to be optimised;
4. Realisation of the experiments;

5. Application of Equations B.1 and B.2 for minimising or maximising the objective func-
tions;

6. Plot the results;

7. ldentification of the level for each parameter that optimised the selected objective
function.
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The optimisation of the electrodeposition from tetravalent Pt-based solutions required to
examine the following three parameters with two levels of variation each.

* Applied voltage (-1 or -0.2 V)

* Solution composition (3 mM H, PtCl; and 500 mM H,SO, or 25 mM H, PtCl; and 50mM
H,SO,).

¢ Time (90 or 200 s)

Four experiments organised in a L4 Taguchi’s Orthogonal Array were carried out. The parame-
ter design is shown in Table 5.1. The objective functions of the growth process selected were:
R;, nanostructure coverage area in percentage, petal dimensions in nm. Graphs showing the
S/N ratio for the smaller-is-better analysis of petal dimensions and for the larger-is-better
analysis of R; and of nanostructure coverage area are in Fig 5.4. Considerations about the
obtained results are in the Section 5.4.
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