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Summary

Current trends in analytical chemistry aim at developing simpler and more affordable
sensing devices. Electrochromic materials enable the fabrication of electrochemical sen-
sors that exploit colour changes as a means to reduce instrumentation requirements. Al-
though many chemical compounds used in electroanalysis exhibit electrochromic prop-
erties, the inclusion of these materials in the construction of electrochromic analytical
sensors has begun to emerge only recently.

This thesis focuses on the development of a new type of analytical devices relying on
the use of electrochromic materials, reducing to a minimum the required components,
and removing the need for silicon-based electronics.

First, the working principle of self-powered electrochromic sensors is presented, de-
monstrating how with the appropriate geometry it is possible to obtain a sensing platform
capable of providing a quantitative readout of the analyte concentration. The experimen-
tal data obtained are combined with the use of numerical simulations to develop a math-
ematical model that helps to have a further understanding of the behaviour of the device.
Moreover, these simulations were used as a design tool to improve the performance of
future electrochromic devices.

New materials in the form of screen-printing pastes have also been formulated to
substitute certain components of the device such as the electrochromic material or the
electrolyte. These materials were used in the last part of the thesis to manufacture a fully
printed electrochromic sensor able to provide quantitative results without the aid of an

external signaling device.

x1
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Motivation and objectives

The objective of this thesis is the design and fabrication of a self-powered electrochemical
biosensor relying on the use of an electrochromic material. The advantage of using self-
powered biosensors compared to other conventional electroanalytical devices is that the
energy to power the system is harvested directly from the sample, removing the need
for external power sources, which simplifies their miniaturization. This is achieved by
integrating the power source and the sensing function into one component, instead of
the traditional heterogeneous integration of most common analytical devices (Figure 1A).
However, self-powered sensors still require the use of an external signaling device powered
by the sensor itself. Because of this, current approaches aim at increasing the typically low
energy output generated by these cells to either power electronics that actuate on a display
(Figure 1B), or to directly actuate on the display (Figure 1C).

The approach demonstrated in this thesis relies on the integration of the three nec-
essary components/functions of any analytical device, namely sensing, power generation,
and information display under the same electrochemical cell (Figure 1D), so that power
is no longer a limiting factor. This is achieved by modifying one of the electrodes of the
cell with an electrochromic material that not only acts as a power source but it also serves
as a display. Although the use of electrochromic materials in the fabrication of sensing
devices has been previously reported, and particularly during the past few years, all of
the described systems rely on the use of external colour readers to quantify the colour
conversion of the electrochromic material to relate it with the amount of analyte present
in the sample. This thesis describes how, with the appropriate materials and configura-
tion, it is possible to turn the electric current generated by the biosensor into quantitative
information in the form of a progressive discolouration of the electrochromic display.

With this approach the need for any additional electronic equipment is completely
removed, which opens the door for mass production of analytical devices using printing

technologies, drastically reducing the manufacturing costs.
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Figure 1: Schematic representation of the different components in analytical devices. (A) Heterogeneous

integration of discrete components. (B)-(C) Power source and sensing functions integrated in the same
component. (D) All functions integrated in one single component.
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Introduction

This chapter presents the background behind the experimental work carried out in this
thesis. First, a brief introduction to the field of electrochemistry is given, including the
electrochemical techniques employed. A brief introduction to electrochemical biosensors
is provided which focuses on enzymatic biosensors and their application in the field of
self-powered devices. The chapter closes with an overview of electrochromic systems and

their emerging applications in electroanalysis.
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1.1 Electrochemistry fundamentals

Electrochemistry studies charge transfer processes at the interface between two phases.
The most common case is the solid-liquid interface, formed by a solid electronic con-
ductor (electrode) and an ionic conductor in solution (electrolyte). ! However, it is possi-
ble to find other interfaces such as liquid-liquid? or gas-solid® at which electrochemical
processes occur. The charge transfer process can be either spontaneous or deliberately
generated to bring about a chemical reaction in the interface. Redox processes occurring

at an electrode-solution interface® are generally expressed as:
Ox(aq) + e (m) == Red(aq) (1.1)

where the subscript m represents the metal electrode, and Ox and Red represent the two
oxidation states of an electroactive species. The concentrations of both species in equilib-

rium are related to the electrode potential, E, by the Nernst equation:

RT | [0x]
F "[Red]

where EY represents the formal potential of the redox couple, that includes the standard

E=EY + (1.2)

potential, EY, plus the effects of ionic strength and parallel reactions of the species involved
in the electrochemical process.® R is the gas ideal constant (8.314 J K~ mol™t), T is the
absolute temperature (K), and F is the Faraday constant (96485 C mol™!). The electrode
potential can be externally controlled by a power supply, which modifies the equilibrium
in equation 1.1 and creates a flow of electrons between the electrode and the electroac-
tive species in the solution. As described below, if the electrode potential is lower than
the formal potential of the redox couple, then electrons flow from the electrode towards
the solution, causing the reduction of the electroactive species. This electrode is termed
“cathode”. On the other hand, an oxidation would take place if the applied potential is
higher than the formal potential, and the electrode is then termed “anode”.

The overall process of electron transfer between the solution and the electrode is rather
complex, and may be controlled by the rate of one of the following four different pro-
cesses: | mass transport from the solution to the surface of the electrode and vice versa,
electron transfer at the surface of the electrode, surface reactions at the electrode, and
coupled chemical reactions of the electroactive species (Figure 1.1).

Because of their relevance to this thesis, electron transfer and mass transport phenom-

ena will be further described in the following sections.

1.1.1 Electrode kinetics

Electrode potential determines whether a particular electrode reaction takes place or not.

Moreover, the rate of that reaction depends on the magnitude of that potential. For this, it
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Figure 1.1: Schematic of the processes that may take place at the electrode-solution interface.

is necessary to develop a mathematical model that accounts for that potential-dependence

of the reaction rate. Consider the usual redox system:

kred
Ox + e = Red (1.3)

o0x

where k,.q and k. are the rate constants for the reduction and the oxidation process,

respectively. The rate of both forward and backward reactions can be written as follows:

Vred = kreaCox (1.4)
Vox = koxCRed (15)

so the net reaction rate is:
V = kredCox — KoxCRed (1.6)

In combination with Faraday’s laws,! the general expression for the reaction rate is then
obtained:
I = lred = lox = nFA(kred[Ox]O - kox[Red]O) (17)

where A represents the area of the electrode, n the number of electrons involved in the
redox process, and the subscripts 0 next to the concentration terms refer to the concen-
tration of Red and Ox at the electrode surface.

It has been experimentally observed that the electric potential of the electrode affects

considerably the rate of the chemical reactions taking place on its surface. Figure 1.2
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Figure 1.2: Diagrams showing the free energy evolution in an electrochemical process at three different
applied potentials. (A) Electrode potential at equilibrium. (B) Electrode potential more negative than equi-
librium value. (C) Electrode potential more positive than equilibrium value.

shows three free energy diagrams for an electrochemical process, which have a certain
potential-dependent energy barrier. Taking into account the Arrhenius equation for rate

constants: 6

RT

where R is the universal gas constant, T the absolute temperature, and A the frequency

k=Aexp (ﬂ) (1.8)

factor of collisions of the reacting species in solution with the electrode surface, it is shown
that the electron transfer rate constant depends on the electric potential. When the electric

potential is changed, the free energy in the curves in Figure 1.2 also changes, as follows:

AGL, = AGY,,+aF(E—-E") (1.9)
AGL = AGE - (1-a)F(E-E") (1.10)

where 0 < a < 1. a represents the charge transfer coeflicient for the electrochemical
process, and it is usually assumed to be 0.5, which means that the transition state is placed
exactly mid-way between reactants and products. '%7 Substituting these expressions in the
Arrhenius equation leads to a relation between the applied potential E and the electron

transfer rate constant k for each species:

_AGzted,O F 0’
krea = Area exp T exp [_aﬁ(E -E )]
_AGth,O F 0’
kox = Aoxexp =T | &P [(1- a)R_T(E - EV)] (1.11)

where A represents probabilistic factors describing the frequency of the collisions of the
reacting species in solution with the electrode.®

A valid kinetic model must also apply at any given experimental conditions, that also
includes the equilibrium situation where the concentration of both electroactive species
Oz and Red is equal, and thus E = EY". In this situation, both anodic and cathodic currents

are compensated, given a net current flux of zero, and from equation 1.7 it is obtained
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that k,eq = kox. This value of the rate constant, which is independent from the potential, is

called the standard rate constant, k°, and allows the simplification of rate constant equations:

krea = Kk exp[-af(E—E")]
ke = Kklexp[(1-a)f(E—-E")] (1.12)

where f = F/RT. Combining these expressions with equation 1.7, leads to the Butler-

Volmer equation:

i = FAkO([Ox]O exp[ —af (E-E")| - [Red]y exp[(l —a)f(E - EO’)]) (1.13)

which relates the electrochemical potential with the electric current flowing through the
system.

This kinetic model tells us that the electron transfer rate constant not only depends
on the applied electrode potential but that this dependence is exponential, which implies
that the electric current should always increase exponentially with the applied potential.
This is not the case in actual electrochemical experiments as mass transport effects limit
the kinetic predictions of the Butler-Volmer model, as shown in following sections.

The Butler-Volmer model applies only at a macroscopic scale. Marcus’ model, %10
later extended by Hush, !>12 supersedes this with a microscopic model that separates the

total Gibbs energy of activation into two terms:”

1
AG* = AGT + AG], = (i + &) (1.14)

where AG? represents the activation energy related to the bond length and angle changes
in the electroactive molecule in the transition state during the electron transfer, and AGSE
the activation energy related to the rearrangement of the solvent molecules around the
transition state.

For the work carried out in this thesis, the microscopic model was not used, and elec-
tron transfer in the electrochemical reactions considered has been treated according to
the Butler-Volmer model only.

1.1.2 Mass transport

When electron transfer is sufficiently fast, mass transport usually becomes rate limiting.
There are three main modes of mass transport, '3 namely diffusion, migration, and
convection; so the net current density of a mass transport controlled process can be des-

cribed by:
Jmass transport = jdiffusion + jmigration + Jjeonvection (1 15)
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Diffusion

Diffusion involves the microscopic random movement of species due to concentration
gradients. The flux of substance is mathematically described by Fick’s laws. 1 The first of

Fick’s laws relates the concentration gradient with the position as:
j=-DVC (1.16)

where D is the diffusion coeflicient of the substance in solution, and C its concentration.
The negative sign implies that the flux of material takes places from high to low concen-
trations.

Fick’s second law describes the flux at a given position as a function of time:

aC )
Z = pvic 1.17
Fy (1.17)

Fick’s equations are of extreme importance to electrochemists as generally the final

approach electroactive species to the electrode surface is by diffusion.”

Migration

Migration is the microscopic movement of charged chemical species inside an electric
field. Migrational flux is described by:

zF
i = ——DCV 1.18
J=—%7 ¢ (1.18)

where z is the charge of the species, C its concentration, D the diffusion coefficient, and ¢
the electric potential. It is common practice in electroanalysis to use solutions with an ex-
cess of an inert salt, also known as supporting electrolyte, that minimizes the contribution

of the electroactive analytes to the migration component in equation 1.15.

Convection

The convective mode of mass transport implies the macroscopic movement of “packets”
of solution either by natural or forced means. There are two forms of convection: natural
and forced convection. Examples of natural convection would be the movements aris-

ing from large gradients in density, pressure or temperature. Forced convection, on the

other hand, is induced by external forces such as stirring, pumping or capillary forces. 1°
Convective mass transfer is mathematically described by:
j=Cv (1.19)

where v represents the velocity of the liquid, and C the concentration of the species.
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The combination of the three different contributions to the global mass transport in

an electrochemical system is then defined as:
. zF
j=-DVC - ﬁDCWﬁ + Cv (1.20)

Equation 1.20 is known as the Nernst-Planck equation, and will be of special interest
in the discussion of the mathematical model presented in Chapter 4.
In the absence of migration and convection, diffusion becomes the only mass transport

process, which facilitates considerably the interpretation of the experimental data. !

1.1.3 Potential-controlled electrochemical techniques

An important set of electrochemical techniques relies on the measurement of the current
response of a system following a controlled change in electrode potential. As explained
above, the application of an electric potential to an electrochemical system may bring
about a change in the oxidation state of the electroactive species, generating a flux of
electric current. By analyzing this current response, electrochemists can extract valuable
information of their system, both qualitative and quantitative. !” This section summarizes
the two main electroanalytical techniques used in this thesis: chronoamperometry and

cyclic voltammetry.

Chronoamperometry

Chronoamperometry is one of the simplest electroanalytical techniques, yet it can pro-
vide very valuable information about the studied electrochemical system. It consists of
the application of a potential step from a value where no reaction occurs, and hence no
current is observed, to another at which the reduction or the oxidation of the species un-
der study takes place, and thus an electric current is generated (Figure 1.3A). Within the
first milliseconds after the potential jump, the concentration of the electroactive species
at the surface of the electrode drops to zero, producing a concentration gradient in the
surroundings of the electrode, and resulting in a transient current as seen in Figure 1.3B.
In a system where the other mass transport phenomena —migration and convection—

can be neglected, the current transient response is described by the Cottrell equation: !

I(t) = nFAC\/E (1.21)
Tt

where n represents the number of electrons exchanged, A the area of the electrode, C the
concentration of the electroactive species, and D its diffusion coeflicient. The usefulness
of this equation in electroanalysis is clear, as it allows to relate the registered current of

an experiment with the concentration of the electroactive substance and with its diffusion
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Figure 1.3: (A) Plot of the potential step function applied on the electrode. (B) Transient current registered

for an amperometric experiments.

coefficient. This equation also shows the inverse relation of the electric current with ¢1/2,
representing the behaviour of a purely diffusion-controlled regime. As the electrolysis
progresses, the electrode converts the analyte in the surroundings creating a depletion

zone known as the diffusion layer (8)7 that increases according to:

5 ~ VDt (1.22)

Cyclic voltammetry

Another important and well-known technique is cyclic voltammetry. %20 In this case, a
triangular potential wave is applied to the electrode, as depicted in Figure 1.4A. Cyclic
voltammograms result from plotting the current response against the applied potential
(Figure 1.4B). The potential sweep is usually started at a potential where no electric cur-
rent is observed. As the applied potential approaches the formal potential of the elec-
troactive species present, the electric current increases exponentially, as predicted by the
Butler-Volmer model (eq. 1.13). Because the slope of this increase will depend on the
rate of the electron transfer, steeper slopes are indicative of faster electron transfer. The
rate of the electron transfer defines the electrochemical reversibility of a redox system,
observing three situations: reversible, irreversible, and quasi-reversible systems.

During the voltammetric experiment of Figure 1.4, the potential is swept starting at
a potential lower than EY, so no faradaic current is observed. As the electrode potential
approaches EV', the oxidation of the species begins, and an anodic current is generated. As
the electrolysis progresses, the concentration of the reduced species decays, and diffusion
sets in, carrying the species from the bulk to the electrode surface. When the rate of
mass transport is not enough to replace the depleted material at the electrode surface,
the system switches from a kinetic to a diffusion control regime, observing a peak in the

voltammogram (I, 4). Another peak (I, ) appears when the potential is swept back to the
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Figure 1.4: (A) Representation of the triangular potential function applied in cyclic voltammetric experi-

ments. (B) Typical cyclic voltammogram obtained upon application of a triangular potential sweep.

initial value. The subscripts ‘a’ and ‘¢’ refer to the anodic and cathodic currents, following
IUPAC’s (International Union for Pure and Applied Chemistry) recommendations for
sign convention. Each of the observed peaks appears at a certain voltage, E, ; and E, . for
the anodic and cathodic process, respectively, and allow the determination of the formal

potential of an electroactive species:

o _ Epa+Epe

5 (1.23)

The position of the current peaks also allows to have an estimation of the electro-
chemical reversibility of the redox system as fast electron transfers reach a lower limit of
59mV.! As the electron transfer becomes more sluggish, this separation increases, ob-
serving, in certain cases, the vanishing of one of the two peaks. 2122

The true potential of voltammetric techniques lies in the amount of information that
they can provide of the electrochemical system by analyzing the magnitudes of the peak
currents, their position, and their time dependence. For instance, different methods have
been proposed to determine the electron transfer rate constant by plotting the peak-to-

peak separation against the scan rate, 212324

making it possible to classify electrochemical
processes as reversible, irreversible or quasi-reversible.”

In a similar way, peak currents can also be used to provide information about the
nature of the electrochemical system. The magnitude of the peak current is characteristic
of each electrochemical system, and depends on different variables as illustrated by the
Randles-Sevcik equation:
nFDv

RT

where v represents the scan rate of the electric potential, ¢ is the dimensionless current

I, = ynFAC (1.24)

that is function of the electron transfer rate,2* and takes values between 0.3507 to 0.4463
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for irreversible to fully reversible systems, respectively.® Two important details can be
read from equation 1.24: (i) that a linear dependence is predicted between the peak cur-
rent of a voltammogram and the concentration of the electroactive species in solution,
which allows the use of cyclic voltammetry as a quantitative technique for analysis, and
(ii) that a linear relation between the peak current and the square root of the scan rate can
be expected. This last point is particularly interesting since it makes it possible to know if
an electrochemical process is diffusion-controlled or if, on the other hand, the analyte ex-
periences surface-controlled phenomena, in which case the relation between peak current

and scan rate should be linear. %

1.1.4 UV-Vis Spectroelectrochemistry

Electrochemical techniques such as voltammetry or chronoamperometry provide valu-
able information regarding the concentration of electroactive species, energy data and
kinetic parameters of electrochemical reactions. However, they are not able to provide
structural information about the species formed as intermediates or products in a redox

26 or in mixtures of reactants. 527

reaction

Spectroelectrochemical methods couple electrochemical and spectroscopic techniques,
which allows to obtain information regarding the electronic or vibrational transitions of a
particular molecule undergoing an electrochemical process.?® In this sense, typical spec-
troscopic methods used in spectroelectrochemistry include absorption spectroscopy in the
visible/ultraviolet region (UV-vis)?” or in the infrarred region (NIR/IR).3? Other spec-

31

troscopic methods involve Raman scattering spectroscopy,®" nuclear magnetic resonance

(NMR)?2 or X-ray absorption spectroscopy. 3

As explained below, the work carried out in this thesis relies on the used of electroactive
species which display colour changes as a function of their redox state upon application of
an electric potential. This colour change is associated with a modification in the electronic
configuration of the molecule, which was studied by visible absorption spectroscopy. The
coupling of an absorption spectroscopic method can be done in two modes: transmission
or reflection. Transmission mode is preferred when the electroactive species is in solution,
and requires the use of optically transparent electrodes. On the other hand, when the
analyte is present in the form of a solid layer on the electrode surface, the reflection mode
is more convenient.® In this thesis, reflectance spectroelectrochemical methods were used
to characterize the solid and coloured electroactive materials developed.

An example of the potential of combining electrochemical and spectroscopic tech-
niques is depicted in Figure 1.5. A cyclic voltammogram of an electroactive species can
be registered, and, simultaneously, changes produced in its absorbance intensity at a fixed
wavelength can be recorded to obtain its voltabsortogram (Figure 1.5A). The power of

combining both analytical techniques is in how the two techniques complement each
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other. A clear example of this is observed when the derivative of the voltabsortogram
is obtained (Figure 1.5B). The spectroscopic detection is only sensitive to changes in the
colour of the electroactive species generated by the faradaic current flowing through the
electrodes, and, in contrast to cyclic voltammetry, is not affected by capacitive currents,
which results in a much lower background signal. The application of these UV-Vis spec-

troelectrochemical techniques will be described in Chapter 5.

A B

Current
aJueqIosqy
dAbs / dt

Voltage Voltage

Figure 1.5: (A) Typical cyclic voltammogram of a reversible electroactive species (black line) and the cor-
responding voltabsortogram for a fixed wavelength (red line). (B) Derivative of the corresponding voltab-

sortogram.

1.2 Electrochemical biosensors

Electrochemistry is not only a powerful tool to study electroactive species, but it can also
be used for the study of coupled chemical phenomena.?* As seen in section 1.1, different
physical and chemical phenomena may affect the electrode process and, consequently,
the potential or the current registered during the electrochemical measurement. Cou-
pling chemical reactions to electroactive species is a very common way to detect/quantify
substances that would otherwise be electrochemically invisible.3® Such reactions can take
place either in the solution bulk or they can be confined to a very small region in the
vicinity of the electrode, e.g. a reaction of the analyte with a product of an electrochemi-

cal reaction at the surface of the electrode. 3%

A very common approach to the latter is the
chemical modification of the electrode surface so that not only does the reaction occur
close to it, but it also does so selectively to a certain analyte. This is the working principle
of most electrochemical (bio)sensors.

Biosensors are analytical devices that generate a measurable signal upon reaction with
a specific analyte.?” They rely on the use of biorecognition elements such as enzymes,
nucleic acids, antibodies or cells for the modification of the transducer, thus leading to
enzymatic biosensors, genosensors, immunosensors or cytosensors, respectively. 38 These

biomolecules, immobilized on a transducer surface, selectively recognize the analyte, and
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Figure 1.6: Diagram of the different components integrating an electrochemical biosensor.

bring about the chemical reaction that generates a quantitative signal. In the case of am-
perometric biosensors, where the transducer is the surface of an electrode, an electric
current flows upon the recognition reaction (Figure 1.6). The biosensors presented in this
thesis rely on an amperometric transduction system.

Electrochemical glucose biosensors were selected to carry out the experimental work.
Diabetes mellitus is a metabolic disorder which results in high blood glucose levels, and
that has become a major public health problem. It is estimated that this disease affects
approximately 150 million people around the world, and the tendency is that this number
may be double by 2025.3° To prevent the possible complications of the disease, such as
kidney failure, foot ulcers or strokes, it is important to have a rigorous control of blood
glucose levels during the day. For this, a lot of research has been carried out to develop
more stable and reliable glucose biosensors. These biosensors are, by far, the best-known
and characterized in the bibliography, accounting for about 85% of the entire biosensor
market. *%*! Because of their importance and maturity, glucose biosensors have been used
throughout this work, which has allowed to have a reliable system to demonstrate the proof
of concept presented in this thesis.

1.2.1 Enzymatic biosensors

Enzymatic biosensors rely on the catalytic activity of enzymes towards their natural sub-
strates. The reaction between the enzyme and the substrate brings about an electrochem-

ical response that can be registered with different electrochemical techniques, leading to
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H,0, GOx,.., Glucose
A
0, GOx,, Gluc. Ac.
Med, ., GOx,., Glucose
B
Med,,,, GOx,,, Gluc. Ac.
GOx,., Glucose
C
GOx,,,, Gluc. Ac.

Figure 1.7: Schematic representation of the different generations of amperometric glucose biosensors. (A)
First, (B) second, and (C) third generation.

amperometric, potentiometric or impedimetric biosensors.***? The glucose biosensor
selected in this thesis relies on the use of the oxidoreductase enzyme glucose oxidase
(GOx) to catalyze the oxidation of glucose to gluconic acid.**

The catalytic activity of the enzyme can be measured by controlling the evolution of
the different chemical species present in the biosensor. Enzymatic biosensors have evolved
through three “generations” (Figure 1.7):

45 measure the variation in the amount of oxygen or hy-

First generation biosensors
drogen peroxide during the enzymatic reaction. As seen in Figure 1.7A, the glucose ox-
idase accepts electrons from glucose, converting it into gluconic acid, and changing its
own redox state in the process. These electrons are then transferred to dissolved oxygen
present in solution, generating hydrogen peroxide, and returning glucose oxidase to its
oxidized state so that the enzymatic reaction can continue. By applying a sufficiently high
potential, -0.6 V (vs Ag/AgC1)*% for the reduction of oxygen or +0.6 V (vs Ag/AgCl)*!
for the oxidation of hydrogen peroxide, the concentration of glucose can be related to
the magnitude of the recorded amperometric signal. The biggest drawback of these type
of biosensors is the need to apply relatively high potentials to register an amperometric
response to oxygen or hydrogen peroxide, which often leads to interference from other

substances present in real samples, such as ascorbic or uric acid.*!
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Second-generation biosensors eliminate these drawbacks by using low-potential re-
dox mediators.*” These compounds interact directly with the active sites of the enzymes,
accepting electrons after the enzymatic reaction, and shuttling them to/from the electrode
surface in a process known as mediated electron transfer (MET).*8 After electrons are trans-
ferred to the electrode, the mediator turns back to its original redox state and continues
the shuttling of electrons (Figure 1.7B). These redox mediators must fulfill certain impor-
tant requirements in order to be considered for the fabrication of enzymatic biosensors
such as fast electrode kinetics, reversibility in the reaction with the enzyme, high stability
or low toxicity among others. 4"

Last, third-generation biosensors are based on the direct electron transfer between
the active site of the enzyme and the electrode, in a mechanism known as direct electron
transfer (DET).*® Most enzymes, and particularly glucose oxidase, present a deeply buried
active site, so the electron transfer is highly hindered and a modification of the electrode,
usually with nanomaterials,®? is necessary to enable DET.?!

For these reasons, the most common approach in the bibliography, and also the one
chosen in this thesis, is the use of second-generation biosensors.

When building second-generation biosensors, it is preferred to have immobilized on
the surface of the electrode all the necessary components to carry out the electrochemical
measurement without the addition of extra substances to the sample.*%2 Some critical
aspects to bear in mind during the fabrication of the biosensor are: (i) to keep an inti-
mate contact between the active site of the enzyme and the redox mediator, (ii) to have a
high stability of the enzymes present in the biosensor, preventing their denaturation, (iii)
to obtain an adequate immobilization of the redox mediator, avoiding its leakage to the
sample, and (iv) to block the access of possible interfering compounds. %3

A number of different strategies exist in the bibliography to immobilize the com-
ponents of a biosensor, distinguishing the following five:®* (i) entrapment in a three-
dimensional matrix, (ii) physical adsorption on the electrode surface, (iii) cross-linking
between the components to form a matrix adhered to the electrode, (iv) covalent-binding
upon chemical components and the (un)modified surface, and (v) affinity of an activated
electrode surface to a specific group present in a protein or DNA molecule. Each im-
mobilization method offers certain advantages and disadvantages that one must consider
when designing an electrochemical biosensor. The two glucose biosensors described in
this thesis make use of a combination of the first three methods, since they allow for a fast

modification of the electrode surface while showing good stability and robustness.

1.2.2 Enzyme kinetics

Enzymatic biosensors monitor the activity of the immobilized enzymes through mea-

surements of concentration changes of either a substrate or a product of the reaction. The
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first studies on enzymatic activity date from the latter half of the nineteenth century, > but
it wasn’t until the work of Michaelis and Menten a few decades later that a fully described
mechanism for enzymatic reactions was presented.56 The enzymatic reactions proposed

are as follows: )
kcat
E+S——ES—“SE+P (1.25)

-1

where E represents the enzyme, S is the enzyme substrate, ES an enzyme-substrate com-

plex, and P the product resulting from the reaction. By using the steady-state approxi-

mation on the enzyme-substrate complex,®’ that is its concentration can be considered

constant with time, the general Michaelis-Menten expression can be extracted:
d[P] [S]

= = kewt|Elg—————
ar  Feal ]OKM+[S]

(1.26)

where [E]y represents the initial concentration of enzyme ([E]p = [E] + [ES]), and Kj; =
(k_1 + kcat)/ k1 is the Michaelis-Menten rate constant. As seen in Figure 1.8A, the velocity
of the enzymatic reaction increases linearly with the concentration of substrate, until it
reaches a plateau where an increment of substrate concentration does not turn into higher
reaction rates, observing then the situation where [S] >> K, and thus v = Ve = kear[Eo-
As seen also in Figure 1.8A, the value of the Michaelis-Menten constant can be obtained

from the plot, at the point where v = vy, /2

Figure 1.8: (A) Plot of the velocity of the enzymatic reaction against the substrate concentration. (B) Plot
of the electric current response against the concentration of analyte.

These concepts are of great importance as the kinetic parameters of an enzymatic
system can be experimentally extracted.
When and oxidase such as the glucose oxidase employed in this thesis reacts with

glucose present in the sample, the following electrochemical reactions take place:

k kcat
Ey + G = EG —5 E,,q + GAc (1.27)

-1

where G and GAc represent glucose and gluconic acid respectively. The oxidation of glu-

cose also brings about the change in the redox state of the enzyme, and it is the electrode
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that, upon application of an electric potential, accepts the electrons gained by the enzyme
so it can be reoxidized and its enzymatic activity reinstated.

Considering that the velocity of the enzymatic reaction can also be expressed as v =
d[E]/dt, and bearing in mind equations 1.6 and 1.7, the velocity of an enzymatic reaction
can be related to a measurable parameter: current intensity (Figure 1.8B). The region
where a linear behaviour is observed is usually chosen to perform the calibration plots in
any electroanalytical experiment, as it presents the highest sensitivity.

The described situation represents a general case where the enzyme is capable of in-
teracting with the electrode (direct electron transfer). However, as mentioned above, this
is rather uncommon, and the inclusion of a redox-mediator is often necessary. A slight
variation in the mathematical treatment of the enzymatic reaction must be made to take
into account the effect of the redox mediator in the overall reaction rate. The interaction

between the enzyme and the mediator is described by:

20 + Eyoy —— 2R + E,, (1.28)

Electrons are removed from the enzyme, regenerating its active state, and the mediator
diffuses to the electrode where is reoxidized by action of the applied electric potential, so

the catalytic cycle is established as in Figure 1.7B. The rate of the enzymatic reactions
1.27 and 1.28 is then given by:®8

o = —earlPlo_ (1.29)
1+ @l + o]

where Ky = keat/k and E;o; = Eox + Eyeq + EG.

1.3 Enzymatic fuel cells

The electroanalytical devices presented in this thesis rely on the use of enzymatic fuel
cells as a means to power the sensing reaction of glucose.

A fuel cell is an electrochemical system capable of generating electric energy from
a chemical reaction occurring between its anode and its cathode.®*%" The cell voltage,
the amount of electric current, and the power output generated depend on a number of
factors such as electron transfer and reaction rates, internal resistance inside the cell, or
cell geometric design. %1763

The same principles of electrode modification used in the fabrication of electrochem-
ical biosensors can be applied to fuel cells, so electrode reactions take place when a specific
substance or “fuel” is present.

Understanding the catalytic behaviour of enzymes led to their inclusion in the design

of fuel cells. Enzymatic fuel cells rely of the modification of both anode and cathode, or
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just one of the couple, with enzymes so an electric current is generated the substrate is
present (Figure 1.9).64
The energy generated by enzymatic fuel cells has been exploited over the last two

decades, and remarkable advances have been made in fields like implantable power sources

5

to develop devices such as battery-less pacemakers, % energy sources to replace conven-

66 or self-powered sensors that permit to de-

tional batteries in small electronic devices,
tect/quantify an analyte without the use of conventional electronic equipment.®” All of

these advances have had an extraordinary impact on the development of point-of-care

personalized healthcare instrumentation®® and particularly for the development of wear-
69

able and implantable sensing devices.

Ox,

Red,

Figure 1.9: Schematic representation of a common enymatic fuel cell where the anode has been modified

with an oxidase enzyme.

1.38.1 Electrochemical characterization of fuel cells

A first approach in the characterization of any fuel cell is to evaluate the behavior of the
redox mediator(s) used. Cyclic voltammetry is the most common technique employed
for this characterization since valuable information can be extracted regarding its electro-
chemical performance such as the formal potential (E?'), kinetic parameters or its stability
under a continuous oxidation-reduction cycling regime.”® Cyclic voltammetry can also
be used to evaluate the catalytic activity of the enzyme(s) used.

As Figure 1.10A shows, for the case where the electrode acts as anode, when no en-
zymatic substrate is present in the solution the voltammogram presents its classical shape
where both cathodic and anodic peaks are observed (Curve 1). As the amount of substrate
is increased in the solution, the amount of redox mediator in its reduced state also in-

creases, observing higher anodic currents (Curve 2). If the voltammograms of both anode
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and cathode are superposed as in Figure 1.10B, a global overview of the performance
of the fuel cell can be extracted. First, the open circuit voltage (OCV) is defined as the
potential difference between both electrode processes when no electric current is flowing
through the system. It represents the maximum voltage output that a cell can deliver, and
it provides a first estimation of the amount of energy that can be extracted from it. As
explained in following chapters, it is useful to know the cell voltage not only when no
electric current is flowing but also when the system is working and an electric current is

being generated between anode a cathode. This cell voltage is defined as:
AEce = Ecat — Egn — IR (130)

where E . and E,, represent the potential of the redox species at the cathode and the an-
ode, respectively, and iR represents the ohmic drop between the two poles. This equation
is of great interest as it allows to evaluate if an electrochemical process is thermodynami-
cally favorable (AE..;; > 0) or not (AE..;; < 0), or whether the system lies in an equilibrium
state (AE..;; = 0).

The overall electrochemical cell performance is limited by one of its two electrodes.
In a sensing device, it is important to ensure that the sensor is always limiting.”!

It is also important to note the effect that the ionic conductivity of the supporting
electrolyte and the geometric design of the cell may have on its electrochemical behavior.
As described in Chapter 4, both parameters markedly affect the internal resistance of
the enzymatic cell, which diminishes the cell voltage (equation 1.30) and thus the overall
electrochemical performance of the system.

A complete evaluation of the fuel cell performance is achieved by extracting its po-
larization curves and the corresponding power curves.’2 Polarization curves are obtained
by applying a variable potential ranging from the OCV to the short circuit potential (0 V)
and recording the current generated by the system. The potential is swept at very low
scan rates (<1 mVs™1) so the system always lies close to its equilibrium-state, thus min-
imizing possible alterations arising from the potential sweep. As seen in Figure 1.10C,
the amount of electric current progressively increases as the applied potential goes from
OCYV, where no redox reaction takes places, to the short circuit, where the enzymatic re-
action at the anode reaches its maximum rate. Deviations in the polarization curves from
its ideal behaviour may arise as a consequence of different phenomena such as slow elec-
trode kinetics, ohmic losses due to electrolyte resistance or concentration effects due to
mass-transfer limitations. 72
Power curves, such as those in Figure 1.10D, can be obtained from the polarization

plots, by multiplying the cell voltage by the current density:
Peet = Veerr - J (1.81)

Power curves offer a direct measure of the optimal operational conditions of a fuel cell,
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Figure 1.10: Examples of the plots obtained in a voltammetric characterization of the enzymatic fuel cell.
(A) Cyclic voltammograms obtained for a biosensor under substrate saturation and non-saturation condi-
tions. (B) Linear voltammograms of an operating anode and cathode. (C) Polarization curves of a fuel cell
starting at OCV and ending at short circuit. (D) Power curve derived from the polarization sweep.

defined by the voltage and current extracted at maximum power. However, enzymatic
fuel cells rarely operate at these optimal conditions. 72

1.3.2 Self-powered biosensors

Enzymatic fuel cells are not only capable of generating a power output upon reaction
with the analyte or fuel, but they also do so proportionally to the amount of fuel present
in the solution.”® On the one hand, an increase in the OCV is observed for higher ana-
lyte concentrations as the rate of the enzymatic reaction at the anode increases and with
that the amount of reduced redox mediator —in the case of a second-generation glucose
biosensor— which shifts the redox potential of the half cell toward lower values. And, on
the other hand, larger currents are generated, also as a consequence of the higher enzy-
matic reaction. This is the working principle of self-powered biosensors, which no longer

require the use of external power sources to trigger the enzymatic reactions that quantify
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the concentration of an analyte.”*

Self-powered sensors may no longer need a potentiostat, but some form of instrumen-
tation must be implemented for signal processing in order to have a quantitative result
of the analyte concentration. Current electronic devices require voltages at least around
0.4-0.5V to operate, a requirement that the first self-powered devices were not able to
achieve. Most efforts done in the field of self-powered electrochemical biosensors have
focused on achieving larger OCVs and electric currents that are also sustainable in time
by optimizing the design of the electrochemical cells, biosensors, and materials. 7

In this thesis, the required signal processing instrumentation is substituted by an elec-
trochromic material that has a double role. On the one hand, it acts as power source
or cathode, enabling the enzymatic reaction at the anode. On the other hand, thanks to
the geometry of both electrodes, it can also act as a visual readout, giving quantitative
information about the concentration of the analyte/fuel present in the system. This ap-
proach represents a breakthrough for self-powered sensors, extending the application of
electrochromic materials beyond smart windows 7% and displays,”” into sensing and quan-
tification.

1.4 Electrochromic sensors

When an electroactive species undergoes electrochemical reaction, the ensuing electron
exchange is necessarily accompanied by a change in spectral properties, due to the electron
promotion between different energetic states in the molecule or atom. If these spectro-
scopic changes occur in the region of wavelengths that falls in the visible range, a colour
change is observed in a phenomenon known as electrochromism.”8

Electrochromic materials have the ability to present different optical properties as a

function of the electrochemical potential (Figure 1.11).79

The majority of their appli-
cations are in the construction of smart glasses, anti-glare mirrors, and low-power dis-
plays. 8 However, their impact in electroanalysis has been limited despite the fact that
electrochromic materials are already at the heart of many electroanalytical works. This
can be explained on the grounds that developing electrochromic sensors requires the use
of spectroelectrochemical equipment which, compared to the potentiostats used in most
electroanalytical methods, are relatively more costly and complex. Nevertheless, current
mobile phones have made spectrophotometric instrumentation much more accessible,
transforming the landscape of point-of-care devices.3! As discussed below, one key ad-
vantage of electrochromic sensors is the possibility to have an optical readout directly out
of the sensor, without physical interfaces between the sensing unit and the data process-
ing unit, which leads to a considerable simplification in the construction of the analytical

device.
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Figure 1.11: Spectroelectrochemical behavior of an electrochromic film in the visible range for different

applied electric potentials. The oxidized state is coloured while the reduced state is bleached.

1.4.1 Electrochromic materials

As explained above, many electroactive species exhibit a change in the absorption band
as a consequence of a redox reaction where they undergo oxidation or reduction.®? This
includes, among others, redox mediators typically used in biosensing applications (ferro-
cyanide, TMPD, PMS...),* conducting polymers such as PEDOT, PANI and PPy which

83

are often used as entrapment matrices for various bioreceptors,°® or metal oxides as WO3

and NiO, widely used in the construction of gas sensors.3*
Electrochromic materials can be classified according to their chemical nature, 3> how-
ever, from a device fabrication point of view, it is preferred to classify them based on the

solubility of their redox states: 3080

Type I materials. Include those that are soluble in both the reduced and the oxidized
state, e.g. methyl viologen (MV), ferro/ferricyanide...

Type II materials. Include those that are soluble only in one redox state, but form a solid
film on the surface of an electrode following electron transfer, e.g. heptyl viologen
(HV).

Type III materials. Include those that are solid in all redox states, e.g. Prussian Blue,

WO3, conjugated conducting polymers...

Depending on the application of the electrochrome, some particular performance
characteristics will be required. However, in most situations it is required that the materi-
als display a high colour intensity (contrast ratio), a fast change between the bleached and
colour states (response time), a high amount of colour formed with the consumed charge
(colouration efficiency), or a high stability under a switching regime (cycle life).3? This pa-
rameters will be further discussed in Chapter 5.
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Current electroanalytical devices aim at being low-cost and portable devices which
should also be built with a reagent-less design. Therefore, type III electrochromic ma-
terials seem most suitable for the development of these devices, something reflected in
most of the works described in the literature (see Table 1.1).
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1.4.2 Power sources in electrochromic sensors

Because electrochromism is a potential dependent phenomenon, electrochromic sensors
can be driven by a simple power source, which considerably simplifies its construction.
Two main categories of electrochromic sensors can be distinguished depending on the

power source used: sensors powered externally, and self-powered sensors.

Externally powered sensors

The obvious way to control an electrochromic sensor is by using a potentiostat, 12 but
examples can also be found where the sensor relies on the use of batteries’® and fuel
cells. 107

In this first group of sensors, the electrochrome acts as a reporter of the sensing re-
action taking place at the electrochemical cell, providing a "yes/no" type of answer if the

98,97 or a quantitative response that can be read by either

analyte is present in the sample,
the naked eye %% or may require the use of an external detection system that can analyze
the change in the colour tone of the electrochromic material. 107-108

The use of an independent power source as a potentiostat makes the sensor more
robust, and allows to have a better control on the performance of the electrochrome,
e.g. electrochromic species with more than one coloured state in a short potential win-
dow may require an accurate control of the applied potential. However, as seen in Table
1.1, this is not the case for most electrochromes used in analytical devices, which rely on
electrochromic materials as metal oxides”% or Prussian Blue,'%? which exhibit only two
coloured states in a wide potential window. For this, most recent works simplify the con-
struction of the devices by using integrated batteries or fuel cells as power sources along
the sensor.

A particular case of externally powered sensors are those based on the use of bipo-
lar electrodes (BPE). 10 BPEs are able to maintain a potential difference over their sur-
face, enabling the coexistence of different reactions at its ends. The more traditional set
up requires the use of three electrodes,”? in which two electrodes generate the potential
difference required by the BPE, which is placed in the electric field between them and
in contact with the electrolyte. However, this construction can be further simplified to a
single-electrode cell where the potential difference is applied directly at the ends of the

bipolar electrode. 111

Self-powered sensors

A higher degree of integration is obtained when the functions of power-source, sensing
unit, and display are integrated in a single electrochemical cell.

Self-powered electrochromic sensors rely on the use of electrochromic materials not
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only as a reporting agent, but also a power source of the sensing reaction. % The difference
in potential between the electrochromic material and a chemical species in the sensing
electrode, e.g. redox mediator or the active site of an enzyme, leads to a positive cell
voltage, thus triggering the sensing reaction.

BPEs can also lead to self-powered systems. !%% This can be achieved by chemically
modifying each end of the bipolar electrode so no external driving potential is needed to
trigger the reactions, showing how simple the construction of an electrochromic sensor
can be.

One last type of self-powered electrochromic sensors are those based on photoelec-
trochemical systems (PEC) that rely on the photoreaction of the analyte at one electrode
that is powered by an electrochromic material placed at the other electrode. 97100
An interesting feature of these self-powered electrochromic sensors is that, even though

2 compared to current electro-

the power generated is quite low, in the range of uW cm™
chemical self-powered devices,”’ the system can still work and provide a result as long
as the electric potential of the electrochrome is adequate, as will be discussed in the fol-
lowing chapters. The benefits of having a system able to deliver higher power levels come
in the form of faster response times, and the ability, perhaps, to power additional electric

components

1.4.3 Device construction

The construction of electrochromic sensors is similar to that of common electrochromic
devices. Two main setups can be used to construct these electrochromic devices. The
first one, and also most common, known as “sandwich” or “parallel-plate” configuration,
consists of two electrodes facing each other, with at least one of them being a transparent
electrode fabricated with materials such as PEDOT:PSS, 12 tin-oxide derivatives as ITO
or FTO,!13 or thin layers of carbon or metallic nanostructures''* (Figure 1.12A). In
addition to the electrochromic material, the device should also incorporate an electrolyte
that acts as an ionic conductor transporting the electric charge between the two electrodes,

115

and a charge storage layer, that can also be a second electrochrome, ' '* used to compensate

the unbalanced charges when an electric potential is being applied. The second possible

116

arrangement, known as “coplanar” or “interdigitated” configuration,”° consists also of

two electrodes, but in this case they are placed in the same horizontal plane, as depicted
in Figure 1.12B.

The transition from electrochromic devices to electrochromic sensors is quite simple
as the same components must be used, with the exception of the charge storage layer, that
is substituted by the (bio)sensing layer which, not only helps balance the charge distribu-
tion inside the cell, but also reacts selectively with the analyte.

Conventional electrochromic devices seem to prefer the sandwich configuration since,



26  Design and development of a self-powered electrochromic biosensor

A

Figure 1.12: Schematic representation of the two main architectures used in the construction of elec-
trochromic devices. (A) Sandwich or parallel-plate. (B) Coplanar or interdigitated.

due to the small gap of roughly a few microns between electrodes, ohmic losses are min-
imized, and fast and homogeneous colour switches are observed. Nevertheless, reported
electrochromic sensors tend to present an equal distribution between sandwich and copla-

nar arrangements (Table 1.1).

Information display

The main difference between sandwich and coplanar configurations refers to how the
colour change takes place. As explained above, the sandwich configuration minimizes the
internal resistance between the two electrodes, so a homogeneous and fast switch of the
electrochromic display is observed. When a sensing reaction is coupled, a uniform dis-
colouration is observed in the electrochromic display. This variation in the colour tone
can be analyzed with the aid of an external reader, and related to the amount of analyte
present in the sample. However, in coplanar geometries the internal resistance is not min-
imized and, depending on the design of the cell and the selected supporting electrolyte,
can lead to gradients in the colour switch of the display instead of presenting a homoge-
neous discolouration as in the case of sandwich electrodes. This colour gradient can be
used as a metering bar to quantify the charge that is flowing through the electrochromic
material, 1°%and can also be related to the analyte concentration in a sample when coupled
to an enzymatic biosensor.

Although detection can be made by the naked eye in both display arrangements, only
the use of coplanar electrodes allows to obtain a naked eye semi-quantitative measure-
ment of the analyte concentration. As shown in Table 1.1, the use of coplanar electrodes
to develop a colour gradient has been essentially neglected in all electrochromic sensing
devices reported in the literature. This principle has been exploited throughout this thesis

to develop the experimental work.
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Methods

This chapter presents the main approaches and experimental methods used in this thesis.
First, a brief introduction to rapid prototyping is given, focusing on the techniques ap-
plied to the fabrication of the electrochemical devices used. Next, an overview is given of
the finite element method and the software used to simulate the electrochromic devices

presented in this thesis.
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2.1 Rapid prototyping

Some of the recent advances in the development of electroanalytical devices, and partic-
ularly in the fields of enzymatic fuel cells and self-powered systems, have been enabled
by miniaturization techniques !~ Disposable and low-cost analytical devices contributing
to the decentralization of chemical analysis from traditional laboratories through Point-
of-care diagnosis (POC)? are a clear example.

The increasing interest in developing low-cost and miniaturized analytical systems
based on microfluidics and microelectromechanics (MEMS) has expanded the use of
polymeric materials, leaving behind classic materials such as glass or silicon due to the
high-costs and complexity of their processing.

The use of prototyping techniques allows to construct models of a device in an itera-

tive process (Figure 2.1), identifying design flaws, and thus reducing fabrication costs in

P~
>
\ @

Figure 2.1: Diagram of the iterative process followed in the design of a prototype.

production.

Rapid prototyping techniques include, among others, micromolding,” micromilling, 8

1112 and printing.'® The use of these tech-

stereolithography,” embossing, !0 cutting,
niques enables fast modifications in the design of miniaturized analytical devices in order
to optimize their performance. The selection of the most adequate prototyping tech-
nique is determined by the specific requirements of the device as well as by the materials
selected. The analytical devices used here were fabricated using cutting and printing tech-

niques.

2.1.1 Cautting techniques

To design and manufacture the elements of the electrochemical devices, two of the best-
known cutting techniques used in rapid prototyping were employed: xurography and laser
ablation.

Xurography, or blade cutting, ! has been widely used as a fabrication technique for
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(a) Plotter cutter. (b) CO9 Laser engraver.

Figure 2.2: Captures of the two different cutting equipment used in the fabrication of the electrochemical

devices.

microfluidic analytical devices for the last 10-20 years thanks to its low cost and high
operating speed (Figure 2.2A). It consist of a plotter fitted with a razor instead of a pen.
The movement of this razor following a certain patterned creates the desired cut on the
substrate. The regulation of the applied pressure and motion speed, as well as the selection
of the appropriate blade, allows the fabrication of microstructures that, in some cases, can
be of up to a few microns, !4 depending on the thickness and hardness of the materials
employed, and the blade angle.

Laser ablation 2 on the other hand, relies on the combustion or sublimation of mate-
rial by action of a COq laser beam in order to create the desired patterns (Figure 2.2B).
Similar to xurography, the power and speed of the laser pass can be controlled to produce
cuts in the material of different width and depth. However, the minimum line width that
can be achieved is limited in our case to around 150-200 pm, a size slightly larger than the
laser beam itself (Figure 2.8). Also, a worse definition of the cut line is obtained.!® The
ablation of the material generates an important amount of vapours that must be removed
by an extraction system which, added to the more expensive cost of the laser equipment,
increases the overall size. Nevertheless, much faster processing speeds are obtained with

laser cutting.

2.1.2 Printing techniques

The implementation of printing techniques in the field of electrochemistry back in the
1980519 has made screen-printed electrodes (SPEs) an essential tool in a wide variety of
electroanalytical laboratories.!” This is due to the broad availability of conducting and
dielectric pastes and inks, as well as the possibility of fabricating and printing virtually any

material, which results in very low manufacturing costs. The fabrication of electrodes by
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Figure 2.3: Schematic representation of the laser ablation process.

1819 611 the other hand, is something relatively newer in research environ-

ink-jet printing,
ments and it is still quite limited because of the high costs of the required equipment as
well as by the limitations in availability and processability of the inks.2? For these reasons,
the electrochemical devices presented in this thesis are fabricated using screen rather than
ink-jet printing.

Screen-printing techniques are based of forcing a paste through a physical screen.
Depending on the nature of that screen, we may distinguish between stencil-printing and

(mesh) screen-printing.

Stencil-printed electrodes

One approach to print electrodes is making use of stencils. The stencil, with a predefined
cut, is placed on top of the substrate in direct contact with it, allowing the pass of a paste
through it. A variety of materials such as paper, wood or metals are used to fabricate
stencils, however, the use of plastic materials is predominant above others, and particularly
adhesive plastic materials such as PSA or vinyl. In this thesis, PSA was selected to fabricate
the stencils, and was cut with a desired pattern using both cutting techniques described
above. Figure 2.4 shows a scheme of the fabrication process of the electrodes where a
precut in the liner above the adhesive of the PSA was done to define the printing area,
and thus transforming the liner of the PSA into a stencil. After applying the conducting
material with a squeegee, the rest of the liner is removed so other plastic layers can be
assembled.

Thick layers of material are deposited, roughly 50 to 100 pm, and lateral resolutions
also within that range can be achieved, as defined by the thickness of the stencil as well as
by the width of the cut done in the cutting step.

Stencil-printed electrodes in combination with cutting techniques offer the possibility
of manufacturing electrochemical devices in a very accessible manner, with a simple work-

flow and affordable equipment.
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Figure 2.4: Representation of the stencil-printing procedure used with PSA substrates. First, the precut
liner is removed, exposing the adhesive layer. Second, the conducting paste is applied with the use of a
squeegee. The protecting liner is then removed, revealing the printed surface which is then cured in an

oven.

Screen-printed electrodes

An alternative to stencils is the use of meshed screens. These screens consist of a mesh
of synthetic fibers that are coated with a negative photocurable emulsion which, after a

photolythographic step, reveals the pattern to be printed (Figure 2.5).

Figure 2.5: Figure of a typical screen with a printing pattern. In the enlarged figure it can be observed the
mesh of the screen that the paste goes through.

In contrast to the printing method using stencils, which need to contact the substrate,
the screen is not necessarily in contact with it. The distance between the screen and the
substrate is known as “snap-off” distance or, simply, “snap-off”. Only when a sufficiently
high pressure is applied on it with the squeegee, the mesh of the screen bends to touch the
substrate, and the printing material is then deposited, bending back to its original position
after the applied pressure is removed. Parameters such as the snap-off distance, applied
pressure, squeegee speed or the number of threads per inch in the mesh, may affect the
width and thickness of the printed layers, and must be adjusted depending on the nature
of the paste to achieve the desired results.?! Higher resolutions can be achieved with the
use of screens compared to stencil-printed electrodes, as the thickness of the printed layer

is roughly between 5 and 10 pm, and also thinner widths down to tens of microns are also
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possible changing the material of the threads to a more expensive metallic screen. 2223
In contrast to the stencil-printing where the whole process can be carried out in any

available laboratory, the screen-printing process often requires the outsourcing of the fab-

rication of the screens and the photolythographic step. However, a much higher perfor-

mance is usually accomplished in terms of manufacturing speed and reusability of the

materials.

Sa

Figure 2.6: Schematic representation of the steps in the printing process. The substrate is placed beneath

the screen, with a small snap-off distance. The paste is spread over the screen, filling the cavities of the
mesh. Upon application of pressure, the paste is printed on the surface of the substrate.

2.2 Numerical simulation

Numerical simulations are a powerful tool to understand, validate, and predict experimen-
tal results. Simulations can help to explore the limitations of an electroanalytical device
and also improve its design and performance. Simulations carried out in this thesis in-
volve the resolution of the mass transport equations of electroactive and non-electroactive
species in a geometric and time domain representing particular experiments. Mass trans-
port phenomena are described by partial differential equations (PDE) which, in most
cases, do not present an analytical solution, and require the use of computational meth-
ods. ?*

In this thesis, commercially available software COMSOL Multiphysics was used to
solve the mass transport equations. 2’ This interface uses the finite element method (FEM)

as a mathematical solver for the differential equations. 2%

2.2.1 Finite element method

In order to obtain an approximate solution to the PDE, discrete methods must be im-
plemented by using model equations, which can be solved using numerical methods.
COMSOL Multiphysics relies of the use of finite element method to solve these PDE.23
FEM consists in the subdivision of a system or domain inside a defined geometry into

small parts called finite elements. The numerical model equations of these elements are
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solved and then combined to obtain the approximate solution of the whole system. The
set of elements in which a domain is subdivided is defined as ‘mesh’. There are different
types of elements depending on the space dimensions of the system to be studied, with
the most fundamental elements being linear segments for 1D geometries, triangles for
2D geometries or tetrahedrons for 8D geometries.?® The mathematical simulations car-
ried out here were implemented in 2D geometries, which were subdivided into triangular
elements. Figure 2.7 shows a typical discretized domain of a solution in contact with an
electrode. As seen, the size of the triangular elements varies, becoming smaller in the re-
gions prone to present acute gradients in mass, current or potential, and particularly in
the boundary electrode-insulating material. 2°

The idea of using a discretization method is to approximate the solution of a certain
function, u, by another function, u;, which is composed by a combination of linear basis

functions:

Up = Zuﬂ//i (2.1)

i
where ¥; represent the basis functions and u; are the coeflicients or degrees of freedom of
those functions. The coeflicients u; are the solution values at each vertex of the triangular
elements, or ‘nodes’. Each linear basis function take a value of 1 at the nodes of the mesh
and 0 at the rest of the points. As the number of elements at the domain increases, also
does the number of basis functions, and a more accurate solution is obtained, however,
the number of calculations that must be done also increases, and with that the calculation
time. For this reason, a good distribution of the elements in the domain becomes essential

to optimized the calculation time but maintaining the accuracy of the solution.
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Figure 2.7: Representation of a typical mesh used for a 2D domain. The inset shows the electrode-
insulating material boundry where the triangular elements must be markedly smaller thant in other regions
of the simulated domain.
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2.2.2 COMSOL Multiphysics overview

COMSOL Multiphysics is a commercial available software based of finite element meth-
ods that is used as a simulation solver.

COMSOL is structured in different modules, depending on the specific application
of the simulation. Each module includes the particular ‘physics’, which is how the soft-
ware defines the partial differential equations required to describe physical phenomena.
The user-friendly interface of the software makes unnecessary to introduce manually the
mathematical equations, and also allows to solve more than one physics or PDE in the
same model.

The software also allows to easily create the mesh that will be used to implement the
FEM. For this, a predefined mesh can be automatically drawn by the software depending
on the size of the domains and the physics to be studied, or it can be manually defined
allowing to refine it into smaller elements in those regions prone to suffer from acute
gradients, as explained above.

Last, depending on the modules used in the simulation for the study to be solved, dif-
ferent types of analysis can be included such as “Time dependent’ or ‘Stationary’, which
evaluate the evolution of the desired variable under transient or stationary conditions
respectively. Also, among other interesting features, a ‘Parametric sweep’ of different in-
dependent variables is of great use since it allows to solve the simulation under different

conditions in the same calculation.
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A self-powered electrochromic biosensor

This chapter demonstrates proof-of-concept of the self-powered electrochromic devices
presented in this thesis. First, a lateral flow electroanalytical device was fabricated us-
ing rapid-prototyping techniques, and was tested using a low working potential glucose
biosensor.

The designed electroanalytical cell was then combined with an electrochromic Prus-
sian Blue electrode that serves as a power source for the glucose biosensor. The geometric
combination of the two electrodes comprising the device turns the Prussian Blue reaction
at the electrode into a display giving a direct readout of the glucose concentration. This
is due to the path that the electric current follows inside the cell, which brings about a
progressive colour switch that is proportional to the analyte concentration.

The content of this chapter has been previously published in the following articles:

 Pellitero, M.A., Kitsara, M., Eibensteiner, F., del Campo, F.J.; Rapid prototyping
of electrochemical lateral flow devices: stencilled electrodes, Analyst, 2016, 141, 2515—
2522.

e Pellitero, M.A., Guimera, A., Kitsara, M., Villa, R., Rubio, C., Lakard, B., Douche,
M-L., Hihn, J-Y., del Campo, F.J.; Quantitative self-powered electrochromic biosensors,
Chemical Science, 2017, 8, 1995-2002.
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3.1 Introduction

Self-powered biosensors, first introduced by Katz and Willner in 2001,! are analytical
tools in which energy output is proportional to the concentration of a target analyte. Some
advantages of this kind of systems are that they are highly specific, and that the sensor con-
sists only of two electrodes without external voltage being applied to them. Their main
drawback, though, is that due to their typically low energy production, these systems re-
quire some form of control instrumentation to quantify the sensor output. This increases
their cost and complexity, and explains why, after over a decade, their development level
remains so low.

The commonest approach to developing self-powered and self-contained analytical
devices consists in the miniaturization through integration of different components into
the same package,?? relying on the use of silicon-based electronics, which are seemingly
crucial to all known self-powered devices.*

Electrochromic materials>® can overcome this dependence on silicon-based electron-
ics and their inherent limitations in self-powered chemical sensors. The use of electro-
chromic materials in the construction of self-powered displays is hardly new,”® but their
application in stand-alone quantitative analytical devices is. Materials such as Prussian
Blue?!? have been recently introduced in the construction of self-powered devices with
minimal instrumentation needs, so that detection reactions can be monitored directly by
the naked eye.!!

Of all the existing electrochromic devices, none of them allow the direct quantifica-
tion of the analyte, as they rely on optical readers to translate the colour change into
analyte concentration values. 2715 This may be just a minor inconvenience, given the
widespread availability of smartphones with massive processing capabilities and increas-
ingly better cameras. !® However, in line with other recent studies using externally pow-
ered electrochromic readouts,!” the results presented here demonstrate that no reader
other than the user’s eye may be needed to obtain a quantitative result directly.

The approach presented in this chapter couples an electrochromic display to a biosen-
sor so that they form a galvanic system. The novelty of this system arises from the geomet-
ric combination of its components. Instead of the sandwich construction of conventional

18,19 ywhere anode and cathode face each other to minimize inter-

electrochromic displays
nal resistance, a coplanar configuration was used instead. The use of a coplanar display
allows to control the current path through the device, and use internal resistance to its
advantage, as the display first changes its colour in the region closer to the anode through
the path of least resistance (Figure 3.1).

The results presented here demonstrate that controlling the current path in elec-
trochromic devices enables the construction of simple and yet powerful electroanalytical

devices.
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Figure 3.1: Electrochromic biosensor and its operating principle. (A and B) Photographs of the actual
electrochromic device. (C) Schematic representation of the device side view, with the biosensor (anode)
placed to the left of the electrochromic display (cathode). As the analyte concentration or reaction time
increases, the charge consumed at the cathode also increases, resulting in a gradual colour change along the
electrode length, following the path of least resistance.

3.2 Experimental

3.2.1 Reagents and materials

The devices presented here were designed using Vectorworks 2015, Student Edition (Te-
chlimits, ES). A CAMMI1-GX24 Servo cutter plotter (Roland DG Ibérica, ES) and a
30 W Epilog Mini24 COg laser engraver (Laser Project, ES) were used to cut pieces of
ARcare® 8259 and 8939 (Adhesive Research Ltd, IE) pressure sensitive adhesive (PSA)
as well as Whatman Fusion 5 and Whatman 1 (GE Healthcare, FR) lateral flow mem-
branes. Ag/AgCl (C61003P7) and carbon (C2030519P4) screen printing pastes (Gwent
Electronic Materials Ltd, UK) were used to make the electrodes.

Indium tin oxide (ITO) on 1.1 mm float glass wafers (CEC020S, Priizisions Glas &
Optik, GmbH) was etched through a vinyl mask in a hydrochloric acid and nitric acid
bath (Sigma-Aldrich, 37 % and 69 % w/w respectively). Isopropanol (Honeywell, 99.5 %),
acetone (99.5 %) and ammonia (Panreac, 30 %) were used to clean the I'TO electrodes.

A 0.05M phosphate buffer (Fluka) and 0.1 M potassium chloride (Sigma-Aldrich)
solution at pH=7 were used as supporting electrolyte for all the measurements. Glu-
cose oxidase, GOx (Sekisui Diagnostics, EC 1.1.8.4, 236 Umg™!), glutaraldehyde solu-
tion, GA (Sigma-Aldrich, 50 % w/w), bovine serum albumin, BSA (Sigma-Aldrich), alco-
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holic Nafion® solution (Sigma-Aldrich, 20 % w/w), N,N,N’,N’-tetramethyl-p-phenylene-
diamine, TMPD (Sigma-Aldrich) and ethanol (Panreac, 96 %) were used to fabricate the
glucose biosensor.

Electrochemical measurements were carried out using a p-Autolab III potentiostat
(Metrohm) controlled by a PC running GPES 4.1 software.

Carbon electrodes were activated with potential steps from 0V to -1.5V in 0.5 M

KNOj to improve the electrode kinetics. 2921

3.2.2 Electrode fabrication

Two electroanalytical devices were fabricated. The first one consisted of a lateral flow elec-
trochemical cell that was used to carry out the amperometric experiments to characterize
the designed glucose biosensor. Figure 3.2 shows the approach followed to fabricate this
cell, which comprised the fabrication of stencils in situ on PSA films by a simple cutting
operation. The overall fabrication process can be divided into three steps: (i) cutting the
PSA sheets and lateral flow membranes, (ii) application and curing of conducting pastes,

and (iii) device assembly. PSA sheets and lateral flow membranes could both be cut using

1. Cut liner only 2. Remove liner to
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Figure 8.2: Schematic representation showing the fabrication of the electrochemical cells for detection in

lateral flow devices using rapid prototyping techniques. The liner of a pressure sensitive adhesive sheet
is pre-cut and selectively removed, which transforms it into a stencil. Laser or blade cutting can be used
interchangeably.
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Figure 3.3: Schematic representation of the self-powered device assembly.

the cutter plotter or the laser engraver. The technique is easier to implement with the
cutter plotter, however, laser cutting affords much faster processing speeds.

The stencils were made by cutting through the 50 pm-thick siliconized polyester liner
protecting the adhesive layer of the PSA. After the removal of the liner, each printing
material was applied as depicted in Figure 3.2. To improve electrode performance, and
also to prevent the appearance of cracks in the carbon electrodes, up to three paste layers
could be applied followed by the corresponding curing steps.

In order to define the active electrode areas and contacts, a second PSA layer was cut.
Once the electrodes are adequately sealed, a lateral flow membrane was fitted into the
socket left by the PSA cover.

The second electroanalytical cell, which had a similar fabrication process as seen in
Figure 8.3, was used to carry out the experiments with the self-powered biosensor. A two-
side PSA was used instead, in order to assemble the transparent I'TO electrode with the
electrodeposited Prussian Blue layer. Also, the electrodes were reconfigured to improve
the performance while using the device as a self-powered system.

For the fabrication of the electrochromic display ITO electrodes were first shaped us-
ing an etching protocol. For this, and adhesive vinyl cut to a desired shape was fixed on
the surface of the I'TO substrate, leaving exposed the surface of the conducting material
to be removed. The electrodes were immersed in a HC1 : HNOg : HyO solution (4:1:1)
for one hour. I'TO electrodes were cleaned after the etching using a 10 % ammonia solu-
tion, isopropanol and acetone, employing ultrasonication for 10 minutes in each clean-
ing step. The synthesis of the cathode/electrochromic display was done electrochemi-
cally.?2 For this, 10 mL of 0.02 M aqueous solutions of potassium hexacyanoferrate (I11)
and iron (IIT) nitrate nonahydrate were mixed with 4 mL of 1 M hydrochloric acid and
0.1 M potassium chloride to a final volume of 40 mL. A homogeneous Prussian Blue film
was achieved by applying a potential of 0.4V vs Ag/AgCl (KCl13M) for 20 seconds un-
der constant stirring. The I'TO electrode was then rinsed with deionized water and dried
in air. Electrochemical activation of the electrochromic coating was required so ions in
the supporting electrolyte could enter the crystal structure of the Prussian Blue and thus

obtaining electrochemically reversible films (Figure 3.4A). Highly reproducible and re-
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Figure 3.4: (A) Two consecutive voltammograms of an electrodeposited Prussian Blue film on a ITO elec-
trode. (B) Voltammograms of three different PB/ITO electrodes. Scan rates of 5mV s™!.

versible films were obtained using this method (Figure 3.4B).

3.2.3 Glucose biosensor construction

Glucose biosensors were constructed on 3x8 mm carbon electrodes as follows: 10 pL. of a
25 mM TMPD solution prepared in ethanol (96 %) were carefully spread on the surface
of the working electrode and allowed to dry at room temperature. Next, 50 pL. of a so-
lution containing 30 mgmL™" GOx, 0.8 % (w/w) glutaraldehyde, and 1.2 mgmL~! BSA
prepared in the supporting electrolyte were mixed with 50 pL. of an alcoholic 1% (w/w)
Nafion solution and vigorously stirred. 5 pL. of this solution were cast on the TMPD film
and dried overnight at 4°C in darkness. The electrode was thoroughly rinsed with deion-
ized water, and then polarized at 0.2V vs Ag/AgCl for 10 minutes in the supporting
electrolyte until a low, and stable background current was observed.

3.3 Results and discussion

This section demonstrates the feasibility of the designed self-powered electrochromic de-
vice. First, the stencil-printed electrochemical cell is characterized, and a glucose biosen-
sor with a low working potential is used to validate its performance. Then, an electrochro-
mic display is mounted on the electrochemical cell to study its behavior as a visual coulo-
meter in a coplanar electrode arrangement. Last, the glucose biosensor is combined with
the horizontal electrochromic display to obtain a self-powered system able to provide

quantitative glucose concentration information.



Chapter 8. A self-powered electrochromic biosensor 55

3.3.1 Electrochemical characterization

The performance of the stencil-printed electrodes was analyzed. For this, the dependence
of both peak current (I,) and peak-to-peak separation (AE,) with the scan rate (v) was
evaluated in the range from 5mV s~ to 2Vs~!. Figure 8.5 shows the voltammograms
and the representation of I,vs v1/2 for a typical stencil printed electrode with 8 layers of
deposited carbon material. The data present a linear region consistent with a planar dif-
fusion controlled system up to ca. 200mV s~1. The current deviates significantly at higher
scan rates, indicating sluggish electron transfer kinetics. The electron transfer rate con-
stant was calculated from the AE, —log(v) dependence using the methods of Matsuda-
Ayabe?3 and the more recent by Lavagnini et al.,%* leading both methods to comparable
results, 5.04-1072 em s™! and 5.2-1073 em s~ ! respectively. The results indicate that, despite
their quasi-reversible kinetics, the presented stencil-printed electrodes may be suitable for
electroanalytical work.

The effect that the amount of printed layers had on the physical and electrochemi-
cal properties of the electrodes was also evaluated. As shown in Table 3.1, the oxidation
and reduction peak-to-peak separation decreases, and the electron transfer rate constant
improves as the number of layers increases from one to three. From the peak-to-peak
separations observed, the electron transfer rate constant was estimated to be between
6-10"*ems ™t and 3 - 1073 cms™! for electrodes made of one or three carbon paste lay-
ers respectively. This improvement in the electrochemical response when more carbon
paste is applied is also likely related to a decrease in electrode resistance. As the data
show, resistance along a 5x3 mm track decreases with increasing thickness. Also, a de-

crease in the water contact angle measurements is observed for increasing amounts of
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Figure 3.5: (A) Voltammograms recorded in a 5 mM ferrocyanide solution prepared in supporting elec-
trolyte at different scan rates (10, 20, 50, 75, 100, 250 and 500 mV s~'). (B) Peak current as a function
of the square root of the scan rate for the cyclic voltammograms obtained in A, and the predicted be-
haviour using the Randles-Sev¢ik equation for a 3x3 mm working electrode. A diffusion coefficient value

of 6.5 - 1071 m? 57! was used to calculate the theoretical response of the electrodes.
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Thickness (um) Contact .Track AE, mV) kg (cm s71)24
angle (°) resistance (Q)
Carbon - 1 layer 55 + 2 126 + 2 83+ 10 172+ 9 5.6-1074
Carbon - 2 layers 68 + 3 129+ 3 60 + 8 120+ 6 1.4-107*
Carbon - 3 layers 85+ 5 113+7 49+ 6 96+ 9 2.7-1073
Ag/AgCl - 1 layer 55+ 2 109 + 2

Table 38.1: Comparison of physical and electrochemical properties of different working electrodes in a
typical batch (n=3).

deposited material. All of the phenomena mentioned above point at a possible variation
in the composition of the electrode material. This is likely due to the action of the solvent
of the printing paste which, in contact with the adhesive layer of the PSA, may dissolve
the adhesive material, altering the composition of the carbon layer after the curing step.
This hypothesis is in agreement with the observed data depicted in Table 3.1 which show
that a better performance is obtained at electrodes with a higher graphite content.

To rule out the posibility that the changes in electrode composition were due to the
curing conditions as reported in previous works,? electrodes with one carbon layer were
cured for the same amount of time as the electrodes with three layers (3 curing steps of 15
minutes each). As seen in Figure 8.6, cyclic voltammograms show that the electrochemical
performance is markedly worse in the case of electrodes with one layer, despite having
the same amount of curing time, which reinforces the idea of contamination caused by
the adhesive material. However, this contamination is minimized with increasing printed
layers and so electrodes were consequently made depositing a total amount of three carbon
layers.

Last, Fusion 5 lateral flow membranes were mounted on devices featuring glucose
biosensors as show in Figure 3.2. As expected, steady-state currents showing a linear de-
pendence on the concentration ferrocyanide were observed at a fixed potential of 0.4 V
(Figure 3.7A). The effect of the flow of electroactive material can be observed in Figure
3.7B, where the shape of the voltammograms is closer in shape to those obtained in a

stationary diffusion regime, where forward and backward sweep overlap. 2%

3.3.2 Amperometric detection of glucose

To demonstrate the suitability of the fabricated electrodes as electrochemical detectors in
paper-based electroanalytical applications, the chips presented above were used to study
the response of a glucose biosensors under flow conditions.

To calibrate the biosensors, glucose solutions were allowed to flow through the Fu-

sion 5 paper strip under fully wetted flow conditions. 2”28 This was achieved by placing a
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Figure 3.6: Comparison of one and three layers devices cured for the same amount of time (45 min).
Voltammograms were obtained for a 5 mM ferrocyanide solution prepared in supporting electrolyte. Scan
rate of 20mV s~
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Figure 3.7: (A) Amperometric calibration curve obtained for different ferrocyanide concentrations pre-
pared in supporting electrolyte under a flowing regime with a fixed potential of 0.4V vs Ag/AgCl. (B)
Comparison of voltammograms obtained for a 5 mM ferrocyanide solution prepared in supporting elec-

trolyte in a stagnant and flowing solution. Scan rate of 20 mV s™*.

large wicking pad on the wide end of the strip. The working electrode was kept at 0.2V vs.
the upstream Ag/AgCl pseudo-reference electrode, which ensured oxidation of TMPD as
depicted below in Figure 3.10A, and the current was recorded. Buffered glucose aliquots
of increasing concentration were added every 120 seconds. A stable response was ob-
tained 30 seconds after each addition, as seen in Figure 3.8A, and the Michaelis-Menten

plot for the biosensor can be obtained by representing the measured current against the
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concentration of glucose (Figure 3.8B).

Human capillary blood samples were collected from a healthy volunteer’s thumb us-
ing safety lancets. 50 pL of sample were spiked with 150 pL. of a 10 mM glucose standard
solution to make a final volume of 200 pL. in microeppendorf tubes. Samples were used
immediately after collection. After calibrating the biosensors using glucose standards of
concentrations ranging between 0.5 and 10 mM, the system was rinsed with buffer so-
lution before approximately 50 pL. of the test solution was run through the strip (Fig-
ure 8.8A). Another drop of blood was analyzed simultaneously using a commercial glu-
cose meter (CardioCheck, Novalab, ES). A blood glucose concentration of 3.0£0.3 mM
(564.7 mg dL.-1) was determined using the commercial biosensor. A direct interpolation of
the current measured by our biosensor using its calibration curve yielded a blood glucose
concentration of 2.7+1.2 mM (49 mg dL.=1). This lower value compared to the commer-
cial device is thought to be due to the effect of blood cells present in the sample that may

lower the flow in the membrane as well as passivate the electrode surface.
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Figure 3.8: (A) Amperometric response of the biosensor to glucose solutions. (B) Michaelis-Menten plot
for the biosensor. Measurements were performed at a 0.2V vs. Ag/AgCl. Error bars represent the standard
deviation of n=4 electrodes.

3.3.3 Horizontal electrochromic displays

The concept of visual coulometer was demonstrated by using a Prussian Blue horizontal
display. The display consists of a 3 x 15 mm transparent I'TO electrode coated by a thin
layer of electrodeposited Prussian Blue, 100+15 nm thick. The electrochromic display
was assembled on the electrochemical lateral flow device as shown in Figure 3.3. The
Prussian Blue electrode is separated by a lateral flow membrane used to contain the elec-
trolyte, which also facilitates the introduction of solutions of different composition. The
thickness of the membrane combined with the electrolyte concentration can be used to

adjust the electrical resistance between anode and cathode, and therefore, the device per-
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formance. For this reason, the membrane used in these experiments was changed from
Fusion 5 to a thinner one, Whatman 1, which increased the electrical resistance but al-
lowed to see a better defined colour switch.

A series of experiments were carried out in which a known charge was passed through
the system under different conditions. First, the charge contained in the Prussian Blue
cathode was determined by integration of the current peaks in a stable cyclic voltammo-
gram, obtaining a charge of 1.2+0.2 mC. This charge was forced through the system at a
constant current of 40 pA, in line with the maximum current output of the glucose biosen-
sor (Figure 3.8B), and the display behaviour was recorded. Figure 3.9A shows images of
the Prussian Blue electrode taken at different times. As charge is passed, the colour front
moves away from the anode. The figure shows a comparison in the position chosen at
the end of the colour bar subjectively by a person (circles), or by numerical analysis of the
colour profiles obtained using Image] ?” (triangles). Figure 8.9B shows the colour intensity
profiles determined by Image] at different times during the experiment. Clear colours are
represented by high % values on the y-axis, whilst darker colours (blue) take lower % val-
ues. The position of the colour front was determined using the profiles by extracting the
intersection of the two straight lines fitting the region where the discolouration begins and
the baseline region where no discolouration is observed (see Annex 1). As expected, the
length covered by the colour change is directly proportional to the charge drawn from the
electrochromic layer. Figure 8.9C, on the other hand, shows images taken after 30 sec-
onds passing different current levels through the system, which again represents different
total charges. This experiment aimed to study the behaviour of the horizontal display as
a visual coulometer in the form of a metering bar in the presence of different glucose
concentrations. As seen in Figure 3.9D, the system continues to respond well, and the
distance traveled by the colour front remains proportional to the total charge. This ex-
periment is only an approximation, because during the experiment with the biosensor
both cell potential and current change over time. Nevertheless, this experiment demon-
strates proof of principle, and strongly suggests that a clear visual readout is possible if a
biosensor with the right oxidation potential is combined with a suitable electrochromic

counter electrode.

3.3.4 Self-powered electrochromic biosensor

Last, the Prussian Blue electrode was connected to a glucose biosensor using TMPD as
redox mediator. The electrode reactions taking place, which allow the system to work as

a galvanic cell, are:
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Figure 8.9: Behaviour of the horizontal electrochromic display. (A) Captures of the display at different
times under a constant applied current of 40 pA. The points signal the position of the colour front chosen
arbitrarily by a user (circles) and determined by analysis of the corresponding colour profiles (triangles). (B)
Colour profiles of the electrochromic display obtained with Image] software. (C) Captures of the display
recorded 30 s after application of different current levels. (D) Colour profiles obtained for the images in C.

At the biosensor:

TMPD* + ¢~ == TMPD (8.1)
EY = —50mV vs. Ag/AgCl

and at the electrochromic display:

KFeMFe(CN)g + e + Kt == KyFe'Fe!l(CN)g (3.2)
Prussian Blue Prussian W hite
EY, = +120mV vs. Ag/AgCl

For each electron taken from the TMPD at the anode (biosensor), an electron is trans-
ferred to the Fe(III) sites in the Prussian Blue cathode (display) while ions carry the charge
inside the cell. Amongst these ions, potassium facilitates a rapid cathode response and en-

sures the reversibility of the electrochromic process. 3" Figure 3.10A shows typical cyclic
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Figure 3.10: (A) Cyclic voltammograms showing the reduction and oxidation of Prussian Blue on an ITO
electrode (blue) and the response of a biosensor in contact with a saturating concentration of glucose (black).
(B) Polarization curves taken from the OCV to 0V at a scan rate of 1 mV s™!. (C) Power curves obtained

from the polarization curves.

voltammograms of both the glucose oxidase/TMPD anode and the Prussian Blue cath-
ode. The onset of the reduction of Prussian Blue is observed at 0.3 V while the oxidation
of TMPD by action of the enzymatic activity begins approximately at -0.15V, leading to
cell potentials around 0.45V, in line with the OCV observed in the polarization curves
recorded at various glucose concentrations (Figure 3.10B).

The behaviour of the self-powered device was studied connecting the electrochromic
cathode to the biosensing anode, thus initiating the enzymatic reaction. Figures 3.10B and
C show the corresponding polarization and power curves where the limited amount of
charge available at the Prussian Blue electrode is apparent at high glucose concentrations.
As the Prussian Blue is depleted, the current passing through the system drops. It can also
be observed a progressive increase in the maximum current and power density produced
by the cell as the fuel concentration is increased. As other self-powered devices, the system
power output is proportional to the analyte concentration. In this case a maximum power

2 was obtained.

density around 13 W cm™

To carry out the experiments using the Prussian Blue cathode as a visual readout,
anode and cathode were connected, and glucose solutions were allowed to flow through
the system as shown in Figure 3.11. The colour switch was recorded and captures were
taken 30 seconds after the connection of the electrodes (Figure 3.12A). The use of image
analysis software helps to have a more accurate readout of the display, observing a bigger
difference between the two measuring methods than in the case of controlled charge ex-
periments where a better defined colour switch was achieved. Another interesting feature
of these experiments is that the biosensor was only able to convert the colour of the dis-
play on roughly half of its area, even though the biosensor was able to draw currents of
similar magnitude as those in the controlled current experiments as seen in Figure 3.8B.
These two effects observed when operating the device from a biosensor are caused by
the device internal resistance, which changes during the experiment. Due to the chang-

ing internal resistance, the cathode is not able to power the reaction at the anode the
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Figure 3.11: Photograph of the self-powered device during a measurement of a glucose solution.

way a potentiostat at a fixed potential does, which causes a decrease in the current out-
put of the biosensor, going from a maximum current of 40 pA to roughly 10 pA. The
internal resistance progressively increases also as a result of the Prussian Blue depletion,
and the biosensing anode current output decreases. Both effects translate into a blurrier
colour switch as well as shorter conversion distances (6-7 mm) instead of consuming all
the Prussian Blue available at the cathode.

The variability shown by the self-powered biosensor (Figure 3.12A) is thought to be
due to differences in construction of the device. Since the display is pressure-mounted
on the lateral flow membrane holding the electrolyte, changes in geometry arising from

different assemblies affect sample flow conditions and especially the internal electrical re-

A . . B
15 100 ' 4
9 ®
c 80} 2
£ 102 a
= 3 60
g =
g . o 40 *
o % y & °
saf =
A
0 v = 0-’ '} 1 L L 1 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30
[Glucose] / mM [Glucose] / mM

Figure 3.12: (A) Captures of the display 30 seconds after the addition of different glucose solutions. The
points signal the position of the colour front determined subjectively (circles) and from the analysis of colour
profiles (triangles). Error bars correspond to the standard deviation of the measurements obtained from four
different devices. (B) Plots of the normalized to the maximum biosensor current (blue triangles) and colour
front position (black circles) as a function of glucose concentration.
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sistance. Figure 3.12B shows that the self-powered device follows the Michaelis-Menten
curve of the biosensor. The current data from Figure 3.8B and the distances measured
in Figure 3.12A have been normalized and plotted together. As the figure shows, the
two normalized datasets are in excellent agreement. Last, the device was tested with a
diluted sample of a commercial fruit juice. The amount of glucose present in the sam-
ple was previously determined with the commercial glucose meter, leading to a value of
7.6 £ 0.2 mM. The interpolation of the length of the colour change in the strip when the
sample was let to flow yielded a glucose concentration of 7.3 + 0.4 mM, demonstrating the
value of this instrumentation-less device to quantify the concentration of an analyte in a

sample.

3.4 Conclusions

The work presented in this chapter describes the prototyping of a lateral flow electroana-
lytical device using cutting techniques in combination with printing techniques. A glucose
biosensor with a low working potential was developed to demonstrate the feasibility of the
manufactured devices as analytical tools. The approach presented here can reduce con-
siderably the development time and cost of new electroanalytical devices. These devices
served as tools to show proof of concept of an unconventional use of electrochromic ma-
terials in the sensing field. The traditional parallel-plate configuration of electrochromic
displays was modified to a coplanar one, which allows to take advantage of the ohmic drop
inside the device and use the colour switch of the display as a visual coulometer. More-
over, the electrochromic display was coupled to the glucose biosensor so that a galvanic
cell is formed. This way, the electrochromic material not only acts as a visual readout
but it also acts as cathode, triggering the enzymatic reaction at the anode. The geometric
configuration of the system allows to have a self-powered device which provides quantita-
tive information about the concentration of the analyte. The principles described in this
chapter are not only applicable to glucose biosensors, but they can also be extended to

other sensors with the only pre-requisite for the system to present a positive cell voltage.
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iR Drop eftects in self-powered

electrochromic biosensors

The proof of concept device presented in the previous chapter exploited the ohmic drop
inside an enzymatic fuel cell. This enabled the development of a self-powered electro-
chromic device that displayed quantitative information about the analyte concentration
without the need for external equipment. In this chapter, numerical simulations are used
to better understand the different phenomena affecting the behavior of such electrochro-
mic devices, and which will then be used as a designing tool to improve its performance
and explore its limitations.

The contents of this chapter have been published in part in:

* Pellitero, M.A., Guimera, A., Villa, R., del Campo, F.]J.; iR Drop Effects in Self-
Powered and Electrochromic Biosensors, Journal of Physical Chemistry C, 2018, 122,
2596-2607.
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4.1 Introduction

Ohmic, or iR drop, is an undesirable effect in electrochemical experiments stemming
from a combination of electrolyte resistance and electrochemical cell geometry that re-
sults in uneven distribution of the electric current or potential.! The most common ap-
proaches to control ohmic drop involve increasing the conductivity of the solution that is

3 avoiding the passage of large currents through the cell,*?

in contact between electrodes, 2
or a combination of both. %7

In contrast, the self-powered device presented in Chapter 3 takes advantage of the
internal resistance. By controlling the iR drop inside the device, it was demonstrated
that it is possible to translate the length of the colour switch of an electrochromic dis-
play into a quantitative measurement of the analyte concentration. This is achieved by
the shifted electrode construction, ‘coplanar configuration’, which differs from the con-
ventional ‘sandwich configuration’ where anode and cathode face each other, separated
by a gap of a few microns that contains the electrolyte, and thus minimizing ohmic losses,
which ensures a rapid and homogeneous colour switch. %

In this chapter, numerical simulations are used to understand the factors controlling
the operation of this type of devices to explore their limitations and to use them as a design
tool to successfully predict the behavior of related systems prior to their fabrication. The
mathematical model and the results presented here may be of help to those working on
the development of electrochemical applications, particularly those including fuel cells,

(bio)sensors and electrochromic devices.

4.2 'Theory

Figure 4.1A presents a schematic representation of the electrochromic device used in
Chapter 3, which has a rectangular geometry resembling a channel cell with two coplanar
electrodes. 1V In line with other self-powered sensors, and electrochemical power sources
in general, only two electrodes were needed: anode and cathode.!! As explained before,
the use of coplanar electrodes in the design of the electrochemical cell provides the neces-
sary control over the current path along the device, which allows to take advantage of the
internal resistance to generate a colorimetric signal that can be easily read by the naked
eye without the aid of external equipment (Figure 4.1B).

The system presented is based on a second-generation glucose biosensor,? which
relies on the use of a redox mediator to shuttle electrons between the electrode and the
active site of the enzyme, as depicted in Figure 4.1C. The mediator diffuses inside the
biosensing layer in order to carry the charge to and fro. The electric current generated by
the biosensor is transported through the electrolyte to the electrochromic display which

is then reduced, switching from blue to colourless (Figure 4.1D).
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Figure 4.1: (A) Schematic representation of the self-powered electrochromic device. (B) Side view of the
device. The charge consumed at the cathode increases with time or with higher analyte concentrations,
creating a discolouration along the display that follows the path of least resistance. (C) Reaction sequences
taking place in a general second-generation glucose biosensor. (D) Reaction of the electrochromic display
at the transparent I'TO electrode.

The mathematical model presented here considers: (i) the chemical reaction of the
analyte and the redox mediator with the enzyme at the anode, (ii) diffusion of the redox
mediator to the electrode surface, (iii) electron transfer between the redox mediator and
the anode, and between the electrochromic species and the cathode, and (iv) ion conduc-
tivity through the electrolyte between electrodes.

4.2.1 Enzyme kinetics

The enzymatic reactions have been modelled as described in Section 1.2.2, according to

the Michaelis-Menten mechanism: '3

k kca
G+ E,y == EG — E, .y + GAc 4.1)

-1
This equation represents the homogeneous reaction taking place inside the domain corre-
sponding to the biosensing layer coating the anode. G represents the analyte, e.g., glucose,
Eox and E, .4 the oxidized and reduced forms, respectively, of the enzyme glucose oxidase,
EG the intermediate enzyme-substrate complex, and GAc the product of the enzymatic
reaction, e.g., gluconic acid.

When modelling the enzymatic reaction in equation 4.1, the regeneration of the oxi-
dized form of the enzyme must be taken into account, so the catalytic cycle can go on. In

the case of a second-generation biosensor, this regeneration takes place by the action of
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the redox mediator in a homogeneous process:

20x + Eyog —— 2Red + E,y (4.9)

where Ox represents the oxidized form of a reversible redox mediator and Red its reduced
form. Electrons are substracted from the enzyme, regenerating its active site, and the
mediator diffuses to the electrode where is reoxidized by action of the applied electric
potential. The overall rate of the enzymatic reaction considering processes 4.1 and 4.2 is

given by: 14
Keat[Eltot

= K K
L+ 161 * o9

where the Michaelis-Menten constant is defined as Ky; = (kear + k-1), Ko = kear/k and
Eiot = Eox + Ereq + EG. The value of the Michaelis-Menten constant was experimentally

4.3)

determined, and the values of k.,; and k were taken from de literature (Table 4.1).15-17

4.2.2 Mass transport

The presented model does not involve convection or migration of the electroactive species,
redox mediator and Prussian Blue, which are only subjective to diffusion according to

Fick’s laws. 18

% = D,V2G 4.4)

where i represents a generic species and C; and D; are its concentration and diffusion

coeflicient, respectively.

4.2.3 Electrode processes

At the anode, where the glucose biosensor is confined in a small domain, the mediator

species Red is oxidized back to Ox by the action of the electrode potential:
Red =— Ox + e~ (4.5)

This process may be controlled by either the enzymatic reaction or by the electrode ki-
netics, depending on the experimental conditions. The prevalence of one process over
the other is what determines the actual anode potential.

At the cathode, it is assumed that the electrochromic material is homogeneously dis-

tributed over the electrode surface, and it is modelled by a one-electron redox process:
P+e =0 (4.6)

where P and Q are surface-bound species.



Chapter 4. iR Drop effects in self-powered electrochromic biosensors

71

Parameters Value
Channel height, H.p, 127 pm
Biosensor thickness, Hy;, 5pm
Anode length, Lgy, 3pum
Cathode length, L.g; 15 um
Electrode width, W, e, 3 pum
Gap between electrodes, Lyq, 4 mm
Exchange current density in anode, jo_gno 1x102Am™2
Exchange current density in cathode, jo,car 2x10* Am™
PB/PW formal potential, E?,/B/PW 0.15V
Redox mediator formal potential, EY -0.05V

Med*/Med

Inital concentration of the oxidized form of the mediator,
[0x]o

Initial concentration of the reduced form of the mediator,

[Red]o

Diffusion coeflicient of glucose and redox mediator inside the

polymeric membrane, D = Dyj,c = Dpeq

PB superficial concentration, [PB]sy

Maximum rate of enzymatic reaction, Vy,;4x
Michaelis-Menten constant for the substrate, Ky
Michaelis-Menten constant for the mediator, Ky

Turnover number, k.4,

5x10"2mol L7}

1x107 % mol L!

1x10%cm?2m™!

2.3x10™* mol m~2
5x1072mol L7}
9x1073 mol L™
8x107° mol L}
80071

Table 4.1: Parameters used in the simulations and their values.

Both electrode reactions are assumed to follow a Nernstian behaviour (eq. 1.2). In the
case of the surface-bound species of the electrochromic material, the bulk concentration
in Nernst equation was substituted by the surface concentration of the species.

The electron transfer is modelled assuming Butler-Volmer kinetics (eq. 1.13), also at
both electrodes. In the cases where one of the electrodes remained unmodified, and thus
the details of the electrode process were unimportant, a linearized version of the Butler-

Volmer equation was used:
Y
1=1 AE(E - Eeq) (47)

The two cases where this version was used were when a fixed current/potential was applied
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from the unmodified anode to study the switching of the electrochromic cathode, or in
the chronoamperometric simulations of the glucose biosensor.
The overall passing current can be obtained by integrating the current density along

the electrode boundaries. In the case of the 2D domain this is done according to:

x=xf
Leec = elec/ ]dx (48)
x=0

where j is the current density vector normal to the electrode surface boundary. A 3 mm
electrode width, W,j,., akin to the experimental device, was defined to integrate the current

densities of the system.

4.2.4 Electrolyte conductivity and ionic current

Current is carried by ions in the electrolyte, and is described by the sum of fluxes of all
charged species present:
j= ) aFi 4.9)
i
where z; and j; refer to the charge and the flux of the species i. Substituting this expression

into the Nernst-Planck equation (eq. 1.20) its is found that:

j= —F(V Z z,-Dici) - % Z Z?Dic,- —uF Z ZiC; (4.10)

1

The last term in equation 4.10 can be neglected upon application of the electroneutrality

condition:

Z:zici:O (4.11)

which states that there is no charge separation within the solution, and which only breaks
down in the very close vicinity of the electrodes, where the electric field gradient is great-
est. 19 However, this was neglected as this occurs at the nanoscale or on a time scale of
nanoseconds, and none of these cases apply here.

The composition of the electrolyte was assumed to be homogeneous in all of the do-
main, with no composition gradients, which also cancels the first term in equation 4.10,

thus obtaining Ohm’s law for electrolytes:
j=—0V (4.12)

where the conductivity of the electrolyte is defined by:2°

F2
o= 7T Z z?Dici (4.13)
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Solving these equations enables the determination of the electric field in the solution
and, consequently, the value of the electrochemical potential at any point of the simu-
lated domains, which can be related with the change in the concentrations of the present

chemical species.

4.3 Computational procedure and model geometry

The approach followed in this chapter consists in first separately validating the models for
the anode and the cathode, which in the actual device correspond to a glucose biosensor
and a Prussian Blue display, respectively, as seen in Chapter 8. Once these models are
validated using experimental data, they are combined to facilitate the study of the com-
plete device. The model geometry presents the anode and cathode shifted on opposite
sides of a channel, in line with the working prototype, but the results are equally valid for
the case of perfectly coplanar electrodes as in the final prototype presented in this thesis.

Simulations were run using the commercial simulation software COMSOL Multi-
physics 5.3 (COMSOL, SE) on a PC (Intel Core i7-4790, 16 Gb RAM) running Win-
dows 7.

The mathematical model presents a dimensionality that has been simplified from
three to two dimensions, considering the symmetry along the device midsection. Figure
4.2 shows a schematic representation of the 2D model, including the various subdomains
and boundaries involved.

The channel height, H.,, was set at 127 pm to match the dimensions of the actual
device, and different heights were also simulated ranging from 50 to 300 pm. The glucose
biosensor was modelled by a 5 pm domain resting on top of the anode domain. This 5 pm
represents the polymeric membrane layer containing the enzyme and the mediator, and

its thickness is in line with those of similar reported polymeric membranes. 2!

Electrochrome/Cathode

.
Electrolyte
Biosensor | _ T I

Anode

Figure 4.2: Two-dimensional representation of the domains implemented in the model (not to scale). The

anode and cathode boundaries are highlighted in green and blue, respectively.
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4.4 Results and discussion

4.4.1 Glucose biosensor / Anode

The anode studied in the simulation is a glucose biosensor that relies on glucose oxidase
to catalyze the oxidation of glucose to gluconic acid, and on a low potential redox medi-
ator to shuttle electrons between the enzyme and the electrode (see Section 3.2.3). The
initial concentrations of the redox mediator and enzyme used in the model were extracted
from the experiments. The steady supply of glucose to the biosensor by means of a lateral
flow membrane was simulated by setting a constant concentration boundary condition at
the interface between the biosensing layer and the electrolyte. Regarding mass transport
properties, it was found that the values of the diffusion coeflicients of glucose and the
redox mediator inside the biosensing layer did not have a significant effect on the biosen-

2.1

sor response, so an arbitrary value of 1070 cm?s™! was assigned to the species inside the

membrane. 2223 Last, fast electrode kinetics were assumed by assigning an arbitrarily high
exchange current density value, jo = 103 A m~2, both at the anode and at the cathode.
The biosensor response was simulated using a fixed polarization potential of 0.4 V.
Figure 4.3 shows a comparison of the experimental and simulated current results taken
at t=30s. The excellent agreement between both sets of data supports the validity of the

model.
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Figure 4.3: Comparison of the experimental amperometric calibration curve (blue triangles) and the sim-
ulated curve (black circles).
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4.4.2 Electrochromic display / Cathode

The cathode consists of a modified electrode featuring a reversible electrochromic coating.
Experimentally, this was a thin, homogeneous Prussian Blue layer electrodeposited on the
surface of a transparent I'TO electrode (see Section 3.2.2). Prussian Blue is a well-known
inorganic electrochromic material displaying several electrochemical equilibria and their
corresponding colour changes.?* The present work focuses on the changes occurring at a
potential around 0.2V vs Ag/AgCl and which corresponds to the beginning of the reduc-
tion from the characteristic blue form to its colourless state. This process involves not only
electron transfer at the electrode but also cation exchange with the solution, as represented

in the following equilibrium:

KFeMFell(CN)g + & + K+ == K,Fe e (CN)g (4.14)

Prussian Blue Prussian White

A surface-bound reversible redox system was implemented in the model to repre-
sent the PB coating. The diffusion coeflicient of the electrochromic species was fixed at
10710 e¢m? 571, according to previous works. 23

Experimental voltammetric data were used to determine the surface concentration of
electroactive material on the electrode. The charge under oxidation and reduction peaks
was recorded at a scan rate of 5mV s™!. Divided by the electrode area, the charge under
the peaks yielded the surface concentration that was subsequently used in the simulations.
The exchange current density, jy, was adjusted by fitting the experimental data of the
cyclic voltammograms of Prussian Blue and the experiments under constant current to
the simulations. A value of 2 x 10* Am~2 was implemented, reflecting the particular high

electron transfer rate of the adsorbed system.

Data interpretation: relating simulation and experiment

To study the iR drop effects on colour switch position and definition in the electrochromic
system, it is important to clarify first the link between the simulation results, which consist
of concentration profiles, and those from experiments carried out in Chapter 3, which in-
volved the use of images of the colour front evolution of the actual display. Electrochromic
materials change colour as a function of electrochemical potential, which relates to the
concentration of different oxidation states through the corresponding Nernst equation.
This means that knowledge of the concentration profiles for the surface oxidized or re-
duced species suffices to establish a relation with the colours observed experimentally.
Figure 4.4 shows the effects of electrolyte conductivity, iR drop, and current distri-
bution on the way in which the electrochromic material undergoes reduction. Panels a-c

in Figure 4.4 shows concentration profiles of surface-bound electroactive species at three
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Figure 4.4: Concentration profiles of PB for (A) low, (B) moderate, and (C) high iR drop. (D) Plot of the
derivative of the superficial concentration of PB corresponding to the displays with low ‘A, moderate ‘B’,
and high ‘C’ internal resistance. (E) Schematic representation of the electrochromic display at t = 0 (deep

blue) and after operation under the cases of different internal resistance in (D).

different times during the simulation of a constant applied current experiment under three
different iR drop conditions. For this experiments, iR drop was controlled through the
electrolyte volume extending over two coplanar electrodes.

The resistance inside the channel can be defined as:
R= 1z 4.15)

oA
where o is the conductivity of the electrolyte, [ is the length of the conductor, and A is
the cross-sectional area of the channel. Increasing the volume of the solution over the
electrodes increases the sectional area, A, and the resistance is lowered.

Figure 4.4 shows the concentration profiles obtained for an electrode immersed in a
solution with ‘infinite’ volume; that is, the current lines are unrestricted and distributed
homogeneously over the entire electrochromic electrode. Under these circumstances, the
bound electroactive species is consumed at nearly the same rate across the entire electrode
surface, and the concentration profiles are almost flat as seen in Figure 4.4 A. If the solution
volume over the electrodes decreases, solution resistance increases, and the concentration
profiles show the progressive consumption of material along the path of least internal
resistance as seen in Figure 4.4B for a case of moderate internal resistance, and Figure
4.4C for a case of high internal resistance.

These concentration profiles were used to determine the position of the colour front

and its width, which was used to represent the colour smearness. The position of the
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front can be determined by means of the first derivative of the concentration profile curve

(Figure 4.4D), which is related to the current density by the expression: !

aCc i
dx nFDA

(4.16)

where C is the concentration of the electrochromic species, and x represents the direction
normal to the electrode. Thus, the peak appearing in this representation shows the point
where the current density is maximum at the electrode, which can be a way to define
the colour front position more accurately. The peak shape, on the other hand, provides a
qualitative image of the iR drop distribution at the colour front. Thus, sharp peaks with a
short tail are a sign of ‘significant’ iR drop, while cases of ‘moderate’ iR drop are related to
broad peaks with long tail (Figure 4.4D-E).

Figure 4.4E shows the way in which colour may be perceived by an observer in each of
the three cases depicted in Figure 4.4D. Accuracy in the determination of the maximum
current density area or colour edge is thus affected by the magnitude of the iR drop present
in the system but also, and equally important, by the user’s perception. While the latter
can be easily overcome by means of image analysis software, controlling the iR drop of
the system can be a much harder challenge. Out of the many design possibilities available,
one might think about narrowing the working range of the device or introducing more
advanced geometries.

The above mentioned seems to imply that the higher the iR drop the better, because
sharper colour fronts are favored. It is important to bear in mind that a too high iR drop is
likely to render the self-powered device inoperative, as the magnitude of the drop exceeds

the potential difference between anode and cathode, as will be discussed below.

Modelling a galvanostatic experiment

This section aims (i) to show that concentration profiles are a straightforward way to inter-
pret electrochromic phenomena and (ii) to study the effect of iR drop on applied potential
under constant current conditions.

A constant current experiment was simulated in which current was injected through
the anode and the depletion of the electrochromic material at the cathode was studied.
Simulations considered the case of an electrolyte conductivity of 1 Sm™!, similar to that
of a supporting electrolyte solution commonly used in bioanalytical experiments. To va-
lidate the numerical model for the electrochromic display, different current levels were
simulated, corresponding to the currents registered in the amperometric experiment dis-
played in Figure 4.3. As the electric current flows through the system, the Prussian Blue
on the cathode is progressively bleached to Prussian White. The full conversion under a
maximum applied current of 40 pA took place after 30s, and the colour front position

was determined at this time on passage of lower current levels. Figure 4.5 shows the plot
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of distance converted of the display against applied current. Barring some minor differ-
ences arising from experimental error, theory and experiment seem to be in excellent

agreement.
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Figure 4.5: Plot of the distance converted of the display for different levels of current. Experimental data

(blue triangles) and simulated data (black circles).

During these constant current experiments, the cathode potential is free to take what-
ever value is required in order to overcome the iR drop at each point on the electrode
surface to sustain the current. This results in the observation of large potential differences
between electrodes and even from one position to another within a given electrode. While
this is not a problem in the simulations, which are only concerned with the redox reac-
tion of Prussian Blue, care must be taken when dealing with real experimental conditions
where other processes may be involved, resulting in unwanted reactions that may damage
the device, as the overoxidation of Prussian Blue into Prussian Yellow. 20

Figure 4.6A shows the distance converted of the display with time and the respective
cell voltage change under a constant applied current of 40 pA. As expected from Ohm’s
law, the transient evolution of length converted and the cell voltage follow a linear relation.
Moreover, since the electrolyte conductivity is assumed to be constant, the potential drop
in the zone where the colour switch happens is constant throughout the experiment, and
a homogeneous colour front is always observed as shown by the peaks of the derivative
curves in Figure 4.6B, which are essentially identical. In summary, the colour front under
constant current conditions advances at a constant rate, and its width depends on the
magnitude of the applied current. However, the current in the final device does not remain

constant throughout the experiment, but it will be affected by the analyte concentration
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Figure 4.6: Galvanostatic (A—B) and potentiostatic (C—D) experiments. (A) Plots of the distance consumed
of the display (black triangles) and the potential at the boundary electrolyte-electrode (red squares) with
time. (B) Evolution of the superficial concentration of PB with time and the corresponding derivatives. (C)
Plots of the distance consumed of the display (black triangles) and the current intensity (red squares) with

time. (D) Evolution of the superficial concentration of PB with time and the corresponding derivatives.

as well as by variations in the iR drop.

Modelling a potentiostatic experiment

The case of a potentiostatic experiment, where a constant electric potential is applied be-
tween the two electrodes, represents a closer approximation to what happens in an actual
self-powered device. This is because it considers the effect of an increasing internal resis-
tance on the electrochemical process taking place at the cathode.

A constant voltage of 1V was arbitrarily applied from the unmodified anode to induce
the conversion of Prussian Blue into Prussian White at the cathode. The resulting be-
haviour is markedly different from the case of a constant current. In the galvanostatic ex-
periment the potential at the cathode was free to adjust until all the electroactive material
was consumed. In the potentiostatic experiment, on the other hand, the electrochromic
material at the cathode is consumed until the internal resistance offsets the electrochemi-
cal potential at the cathode, and the electrode process slowly stops. The colour front does
not progress following a linear relationship anymore, as shown in Figure 4.6C. This is be-
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cause, as the internal resistance progressively increases, the potential observed by the cath-
ode changes, affecting the conversion rate of the electrochromic material. A situation is
eventually reached in which the increasing internal resistance is dominated by electrolyte
resistance across a long interelectrode distance, causing the current to drop as a result of
an insufficient electrochemical potential, thus widening the colour front as shown by the
peaks represented in Figure 4.6D. A similar behaviour is observed at the self-powered
device, where the colour front slows its advance at different positions as a consequence of

the progressive increase in the internal resistance.

4.4.3 Self-powered electrochromic biosensor

After studying the two components of the device independently, the behaviour of the self-
powered device was also simulated, evaluating the colour switch of the display after 30 s, as
done with the actual device. The simulation was done by poising both electrodes at a con-
stant potential of 0 V. This means that the system is shorted and it delivers its maximum
current. The experiment was simulated under conditions of a constant medium conduc-
tivity of 1 Sm™!, using different glucose concentrations to match the actual experimental
conditions.

Figure 4.7 shows that, despite slight discrepancies likely due to error in the visual
determination of the colour front position, the agreement between both curves is still
remarkable. It is worth noting that the colour front advances a maximum distance of
6 mm after 30 seconds. This is because the potential difference between the cathode and
the anode reactions is around 0.5V, and is rapidly affected by the increasing internal
resistance. The resistance growing inside the cell affects the actual potential observed at
both electrodes, as presented in the previous section, diminishing the cell potential (see
equation 4.17 below) as the experiment progresses. This also affects the maximum current
the system can deliver, which decreases with increasing internal resistance.

The effect that the iR drop has on the system was studied. For this, simulations were
carried out with different electrolyte conductivities ranging from 100 Sm™!, a high value
that results in virtually no iR drop, to 0.01Sm™!, a low value under which iR drop is
very significant. Figure 4.8 shows a number of linear sweep voltammograms for the same
anode and cathode simulated under different electrolyte conductivities.

These voltammograms show that, as expected,?” the electrochemical response at both
electrodes is heavily influenced by the magnitude of the iR drop present. On one hand,
the current peak potentials shift toward each other. On the other hand, the peak currents
decrease with increasing internal resistance. Figure 4.9 shows a graph of the maximum
current of the anode as a function of the electrolyte conductivity for the galvanic system
it Figure 4.8. These voltammograms and maximum current plots were obtained for a

system modelled with a homogeneous current distribution, that is with a geometry where
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Figure 4.7: Calibration curves for the self-powered device. Experimental (blue triangles) and simulated

(black squares).
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Figure 4.8: Simulated linear sweep voltammograms of the anode (black lines) and cathode (blue lines)

under different electrolyte conductivities.

anode and cathode face each other, and the conductivity of the electrode was used as
the main parameter affecting internal resistance. However, the results can be extrapolated
to the model system in which conductivity is constant but internal resistance changes
as a function of distance. The effective potential observed by both electrodes shifts as
the experiment progresses, causing the cell voltage, AE.q, to decrease and dragging the

current down. This current decrease slows the conversion and results in a widening of the
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colour front as a result of the low iR value.
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Figure 4.9: Limiting current density plot as a function of supporting electrolyte conductivity.

4.4.4 Design aspects in self-powered devices

The previous section described the impact of iR drop effects on the behaviour of the
electrochromic displays as well as on the self-powered device. Simulations have enabled
to understand the system behaviour, and will be used in the future for design purposes.

When the device is configured as a self-powered biosensor, its behaviour is controlled
by the internal resistance inside the cell, which affects the conversion rate and colour front
width. The device cell voltage is defined as:

AEcell =Ecat — Egno — iR (417)

where E.;; and Eg,, are the potentials of the cathode (display) and the anode (biosen-
sor), respectively. An electric current flows at positive cell voltages, turning Prussian Blue
into Prussian White, while the mediator at the biosensing anode is oxidized. As the elec-
trochromic material on the display is consumed, the internal resistance between the un-
converted Prussian Blue and the redox mediator increases, reaching a point where the cell
potential approaches zero. At this point, the current drops and the colour front becomes
blurrier until the system appears to have come to a halt. Although the electrode processes
continue, their rate is markedly diminished due to the small overpotential, causing the

current to drop to almost zero.
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Equations 4.15 and 4.17 point at three ways to control the performance of the de-
vice: (i) by choosing adequate electrode processes, (ii) by selecting the right electrolyte
conductivity, and (iii) by designing a suitable cell geometry.

The following results were obtained from simulations using a fixed glucose concen-
tration of 5mol m~3, which falls in the lower range of concentrations where the current
output is low and a sluggish and less clear colorimetric response is obtained. The response

time is fixed as in the previous experiments at 30 seconds.

Effect of formal cell potential

Figure 4.10 shows the effect that increasing the formal potential of the electrochromic
species, E.q, has on the colorimetric response. As expected, with higher formal poten-
tials, and thus higher cell voltages, the cathode region undergoing colour change becomes
larger as the cell is able to sustain higher internal resistance levels. Once this internal re-
sistance becomes equal to or higher than the potential difference between the cathode and
anode reaction 4.17, the regeneration of the redox mediator is stopped and the enzymatic
reaction ceases, in line with the potentiostatic experiment. The maximum current, which
is controlled by the biosensing anode, will decrease, as described, earlier unless the for-
mal potential remains sufficiently high throughout the experiment. As seen with the error
bars in Figure 4.10A representing the size of the colour gradient of the switch, the colour
front remains essentially unaltered, regardless of the overall cell potential, as the iR drop
at the colour front is almost constant. However, a clear improvement can be observed in
the distance converted as it increases with the cell voltage, reaching a maximum at around
600 mV, a value that current biofuel cells can achieve. 2829

The onset of the oxygen reduction process sets a natural limit at the anode, so using
redox mediators with formal potentials below -0.2 to -0.8 V vs SCE does not make much
sense in oxidase-based systems (the formal potential of the FAD group in glucose oxi-
dase is around -0.5V vs SCE?3?). In the case of the cathode, it may be possible to find
electrochromic materials with formal potentials higher than that of the couple Prussian

Blue/Prussian White, although they may not be as friendly to work with.3!

Effect of electrolyte conductivity

Figure 4.10B shows the effect of electrolyte conductivity on a system with a cell voltage of
200 mV, according to the experiment. The conductivities covered in the study range be-
tween 0.1 Sm™!, characteristic of solid-gel polymeric electrolytes,?? and 1.25 Sm™!, which
is more typical of conventional liquid electrolytes. Conductivity variations translate into
changes in the internal resistance, as seen in equation 4.15, which ultimately affect the
behaviour of the display. Higher electrolyte conductivities result in lower internal resis-

tance, which facilitates higher degrees of colour conversion in the cell; however, the lower
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Figure 4.10: Plots of the length converted (black dots), the corresponding internal resistance (green dots),
and the colour front definition (error bars) against the parameter evaluated: (A) Formal potential of the
electrochromic species, (B) electrolyte conductivity, (C) paper thickness, and (D) anode—cathode separation

distance.

internal resistance generates a wider and blurrier colour front. In other words, in the case
of a sensing device, conductivity provides a trade off between sensitivity and accuracy.
Low conductivity media, which leads to narrower colour fronts at high current levels,
may be a feasible choice in cases where power availability is not an issue, but may be
a poor choice in self-powered devices (and power sources in general). Although lower
conductivities result in higher resistances that keep the current more focused, they will also
require larger potential differences between electrodes to overcome the corresponding iR

drop levels as seen in Figure 4.10B.

Effect of cell geometry

Cell geometry covers several design parameters such as electrode size and shape, inter-
electrode separation, and channel aspect ratio. The last two parameters were evaluated
because they play a key role in the behaviour of the electrochromic display.

The height of the channel containing both electrodes was studied using values up to
several hundreds of micrometers, which are typical magnitudes in displays and in minia-

turized devices in general. The modification of the channel height containing the elec-



Chapter 4. iR Drop effects in self-powered electrochromic biosensors 85

trodes affects the current distribution inside the device and, therefore, the current path
inside the channel. The results in this case are similar to those obtained when electrolyte
resistance was changed. As the cross-sectional area of the device is increased, internal
resistance decreases, facilitating the flow of electric current and thus achieving larger ex-
tensions of colour conversion, as seen in Figure 4.10C. However, the current is more
homogeneously distributed across the surface of the electrochromic display, so the colour
front becomes more diffuse.

Last, the effect the anode—cathode separation distance has on the device performance
was also studied. Different distances were tested, ranging from a few hundred micrometers
to a few millimeters. As the separation distance increases, the iR drop inside the channel
increases too, leading to a more sluggish conversion of the PB display (Figure 4.10D).
As in the first case, where the formal potentials were tested, the internal resistance at the
switching zone remains almost constant due to the small contribution of the increasing
length between the PB and the anode in equation 4.15, which leads to an unaltered colour
front.

The importance of cell geometry is that it can help the designer overcome certain
limitations imposed by the materials, the sensing anode, the device work environment, or

the fabrication processes.

4.5 Conclusions

This work has shown how iR drop can be used as a design factor in electrochromic devices,
as a means to control the degree of colour conversion. The present work has presented a
numerical tool intended for the exploration of the effects of internal resistance on the per-
formance of self-powered devices based on the combination of electrochromic materials
and biosensors. However, the scope of this work goes much further as it can serve as a de-
sign tool of interest not only for these type of devices but also for other devices involving
electrochromic materials such as displays and smart glasses, and in miniaturized power-
generation devices in general where internal resistance losses are clearly detrimental to
their performance.

Some fundamental insights can be gained already from equation 4.15 and particularly
from equation 4.17, which provide the first approach for understanding the behaviour of
these systems and their design. However, these simplified approaches fall short in complex
systems like the one described here, where the net observed behaviour results from the
combination of different phenomena occurring in each component of the system. This is
when finite element tools have a significant advantage by providing solutions that better
reflect these interactions. The model presented here accounts for three key design param-

eters, namely, electrode processes, electrolyte resistance, and cell geometry. The model
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enables the exploration of different conditions so that specific applications can be better
designed, considering the limitations imposed by materials and fabrication processes. In
the case of the self-powered electrochromic biosensors studied in this chapter, this tool
can serve to design devices that can operate within a desired concentration range, ensur-
ing that the resulting colour changes can be observed easily and unambiguously by the
naked eye. The limitations facing these self-powered devices may be solved mainly with
suitable formal potentials. On the other hand, conventional electrochromic devices such
as displays and smart windows, which account for most of the applications involving elec-
trochromic materials, can also benefit from the inclusion of iR drop as a design parameter
for the fabrication of multicolour devices or for the modulation of the radiation filtering

abilities in smart glasses.
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Screen-printed Prussian Blue electrodes

The electrochromic sensor presented in Chapter 3 relied on a thin layer of Prussian Blue
electrodeposited on a transparent I'TO-glass electrode. However, electrodeposition can be
amajor drawback in terms of cost and manufacturing scalability. This chapter presents the
development of an electrochromic paste based on Prussian Blue and suitable for screen-
printing. This paste aims at eliminating the need for a transparent electrode as well as an
electrodeposited display, beginning the transition toward simpler electrochromic sensing
devices.

The content of this chapter has been previously published in the following article:

o Pellitero, M.A., Colina, A., Villa, R., del Campo, F.J.; Antimony tin oxide (ATO)
screen-printed electrodes and their application to spectroelectrochemistry, Electrochem-

istry Communications, 2018, 93, 123-127.

and in the following manuscript:

o Pellitero, M.A., Fremeau, J., Villa, R., Lakard, B., Hihn, J-Y., del Campo, F.J.; Elec-
trochromic biosensors based on screen-printed Prussian Blue electrodes, Sensors and Ac-

tuators B: Chemical, 2019, submitted (under revision).

91



92 Design and development of a self-powered electrochromic biosensor

5.1 Introduction

Since its discovery in 1704 by Diesbach,! Prussian Blue has gained much attention, not

only by its chemical properties but also by its use in the formulation of paints and inks
(Figure 5.1A).

Prussian Blue consists of iron (II) and (III) atoms bridged by cyanide groups in a cu-

bic crystal structure of formula F ele [Fe' (CN)g]3 (Figure 5.1B).2 This composition and

structure bestow Prussian Blue its characteristic optical and electrochemical properties.?

A

Figure 5.1: (A) The Sturry Night by Vincent van Gogh, 1889. (B) Crystal structure of Prussian Blue. Figure

adapted with permission from*

In addition to its electrochromic behaviour, Prussian Blue also displays catalytic prop-
erties towards the reduction of oxygen and hydrogen peroxide, something that has been
exploited in the development of first-generation oxidase-based electrochemical® and op-
tical biosensors.% The use of Prussian Blue as sensing material has led to a boost in the
design and fabrication of electrodes modified with this material.

Regarding the preparation of PB-modified electrodes, there are three main ways:

 Electrodeposition.
e Chemical growth.

» Deposition of PB-modified graphite pastes.

Electrodeposition. Since it was first reported by Neff,? electrodeposition has been the
preferred method when it comes to developing electrochromic devices and electrochemi-
cal sensors based on PB. The main advantages of electrodeposition methods are not only
the selective growth on electrode surfaces alone, but also the control of growth condi-
tions. This ultimately means controlling device-critical features such as film thickness,
roughness, porosity, and stability.” Deposition methods based on potentiostatic,® gal-
vanostatic,? cyclic,” and pulse voltammetry !© control have been reported. Most of them
consist in the application of a reducing potential at the working electrode immersed in a

solution of Fe(III) and ferricyanide in dilute HCI. Ferrocyanide produced at the electrode
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readily reacts with the free Fe(IIl) ions in solution, leading to the formation of Prussian
Blue.
Chemical growth. Another way used to produce Prussian Blue films, both on elec-

1112 and on inert surfaces, is by chemical growth. ¥ However, this is not an ideal

trodes
approach either. Although chemical deposition greatly simplifies material synthesis by
avoiding electrochemical instrumentation, it lacks the surface selectivity and much of the
control that electrochemical methods provide. However, chemical synthesis of PB is used
in the formulation of screen-printing materials, which is the third relevant approach for
the production of PB-modified electrodes.

Deposition of PB-modified graphite pastes. Up until the mid 1990s, most electro-
chemical studies on Prussian Blue used electrodeposited films. =16 However, the use
of chemically synthesized Prussian Blue has been made popular through the introduc-
tion of carbon paste!” and screen-printed electrodes (SPEs). ! PB-modified pastes rep-
resent a straightforward way to overcome critical production issues affecting electrode-
position, such as the batch nature of the electrodeposition process and its relatively high
cost. Screen-printing turns a batch into a continuous, large area process, and extends the

nature of possible substrates beyond conducting electrode materials to include paper, '3

19 ceramics, 20 polymers,2! and nearly any material imaginable.

textiles,

PB-modified pastes have typically three key components: a conducting material, the
PB itself, and a suitable binder. In this work, PB was chemically grown over the surface
of conducting particles, and then mixed with a Viton® binder system to produce an elec-
trochromic paste. The main difference between this paste and others previously reported
is that, instead of graphite, either SiO9 microparticles coated with an antimony-doped tin
oxide (ATO) layer, or indium-doped tin oxide (ITO) nanoparticles were used as conduct-
ing material. Because these particles are clear in colour — SiO2-ATO is a grey powder,
and ITO is pale-yellow (Figure 5.2) — it is possible to observe the electrochromism of

PB at the resulting electrodes.

A

Figure 5.2: Image with the powders of the two tin oxide-based particles used for the modification with
Prussian Blue. (A) SiO5-ATO, (B) ITO.
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Although this material had been previously described for the fabrication of displays, 22
it has never hitherto been used to build electrochromic sensors. This chapter evaluates
the use of these pastes for the fabrication of electrochromic devices and looks at their

spectroelectrochemical performance.

5.2 Experimental

5.2.1 Reagents and materials

The electroanalytical devices presented here were designed using VectorWorks 2018,
Student Edition (Techlimits, ES). Potassium ferrocyanide, ferrous sulfate, potassium chlo-
ride, hydrochloric acid and 2-butoxyethyl acetate were purchased from Sigma-Aldrich.
SiO2-ATO conducting particles (nominal size of 8 pm) Zelec 1610-S were kindly pro-
vided by Milliken Chemical (BE). ITO conducting particles (nominal size of 50 nm)
NanoTek® were purchased from Alfa Aesar (USA). Viton® fluoroelastomer (GBL-600S,
DuPont) was acquired from Eagle Elastomer (USA). 500 pm-thick polyethylene terephtha-
late (PET) sheets (Autostat WP20) from Mac Dermid (UK) were used as substrate for the
printing of the electrochemical devices. PB-modified carbon conducting paste (C2070-
424P2) was purchased from Gwent Electronic Materials LTD. (UK). Electrodag silver
(725A) and photocurable dielectric (PF-455B) pastes were obtained from Henkel (ES).
PB-modified screen-printed carbon electrodes (PB-SPCEs) ref. 710 were purchased from
Metrohm DropSens (ES).

5.2.2 Instrumentation

A 30 W Epilog Mini 20 COs9 Laser engraver from Laser Project (ES) was used to cut the
PET substrates. Electrochemical and spectroelectrochemical measurements were done
using a SPELEC instrument (Mterohm DropSens) controlled by DropView SPELEC
software (version 3.0). Scanning electron microscopy images were obtained at an Auriga
microscope (Carl Zeiss). A Kulicke & Soffa four-point probe connected to a 3455A Digital
Voltmeter (Hewlett Packard) was used to measure the sheet resistance of the fabricated

materials.

5.2.3 Electrochromic Prussian Blue pastes

Prussian Blue screen-printing pastes were prepared following a previously reported pro-
tocol.?2 Briefly, 20 g of conducting ITO or SiO2-ATO particles were suspended, under
vigorous stirring, in 200 mL of a 25 mM iron (IT) sulfate aqueous solution. Then, 30 mL

of a 60 mM ferricyanide solution were added dropwise to the stirred solution. The re-
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sulting blue particles were separated by decantation, washed with dilute HCI, and dried at
100 °C.

Prussian Blue-modified conducting particles were next combined with a 15-20 % Vi-
ton solution prepared in 2-butoxyethylacetate to a 2.5:1 pigment to binder proportion,
and thoroughly mixed in a ball mill, until the resulting paste presented a honey-like tex-
ture. The particle size was estimated using a 50 pm grind gauge (Figure 5.3), obtaining
a maximum particle size range between 5 and 12 pm. This is extremely good consider-
ing that the starting particle size was nominally 8 pm, and that no additives were used to

promote particle suspension in the paste.

Figure 5.3: Gring gauge used for the estimation of particles size in a screen-printing paste. The appearance

of grooves in the pass indicates the size of the particles mixed in the paste.

5.2.4 Electrode fabrication

The screen-printed electrodes fabricated consisted of a conventional 3-electrode design,
akin to those used in most electroanalytical experiments.?® The fabrication steps are
schematized in Figure 5.4. Briefly, a conducting silver paste was used to print the conduct-
ing tracks and the pseudo-reference electrode on a PET substrate. Conducting graphite
paste was used for the working and auxiliary electrodes. The working electrode was de-
signed to have a diameter of 2.5 mm. Next, the manufactured Pussian Blue pastes were
printed. Due to the high electrical resistance of the PB layer, to access the electrochromic
properties of the material required printing it over a conducting substrate, the screen-
printed carbon working electrode in this case. The PB layer was designed to completely
cover the carbon electrode underneath, with a diameter of 3 mm. Last, a photocurable

dielectric paste was used to define the electroactive area of the electrodes.

5.3 Results and discussion

The electrochemical and spectroelectrochemical performance of the PB-SPEs was evalu-
ated and compared to that of (i) electrodes fabricated with commercial PB-Graphite paste,
and (ii) to commercial PB-SPCEs (Figure 5.5). In addition to the electrochromism of the

pastes presented here, which graphite electrodes lack, other differences will also be noted.
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1. Ag tracks 2. C electrodes 3.PB 4. Dielectric

Figure 5.4: Fabrication steps of the Prussian Blue screen-printed electrodes.

5.3.1 Electrochemical characterization

Figure 5.6 shows cyclic voltammograms recorded in supporting electrolyte for the 4 types
of electrode studied. Although fast electron transfer rates are observed in all cases, the
most striking difference in the voltammetry of the different PB-modified pastes is the
much higher currents observed for the electrochromic pastes presented here, compared
to those obtained from the commercial materials. This suggests that commercial graphite
pastes contain a much lower amount of Prussian Blue than the home made electrochromic
pastes described here. Also, the voltammograms show that the presented PB electrodes
display relatively larger background currents. The most likely reason for such currents is
the large surface area of the electrodes due to their high rugosity (Figure 5.7), combined

24,25 and perhaps not so

with the mild electroactivity of indium and antimony tin oxides,
much due to the modification of the conducting particles with Prussian Blue.

Table 5.1 provides a summary of peak-to-peak separation, peak current density, and
charge density of all electrodes studied. The PB electrodes based on tin oxide particles ex-
hibit a superior electrochemical behaviour based on their peak-to-peak separation com-

pared to commercial materials based on graphite. This is probably due to a better contact

Figure 5.5: Capture of the 4 types of electrode used in this chapter. (A) SiO5-ATO/PB, (B) ITO/PB, (C)
Gwent C/PB (D) DropSens C/PB.
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Figure 5.6: Cyclic voltammograms obtained in aqueous supporting electrolyte for the different types of PB-
based electrodes. Scan rate of 5mV s7!. SiO2-ATO/PB (Black), ITO/PB (Red), DropSens C/PB (Orange),

Gwent C/PB (Green).
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Figure 5.7: SEM images of the different electrode surfaces. (A) SiO2-ATO/PB, (B) ITO/PB, (C) DropSens
C/PB, (D) Gwent C/PB.
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of the PB and the conducting material. ITO-modified nanoparticles display the smallest
peak-to-peak separation, at roughly 30 mV, presumably due to the better conductivity af-
forded by I'TO nanoparticles compared to SiO2-ATO/PB microparticles. However, the
much higher PB loading, arising from the massive available surface area of the nanopar-
ticles combined with the thickness of the screen-printed layer, results in much broader
peaks compared to other materials.

This peak broadness, which may be detrimental for electroanalytical applications, is
due to a limitation in the rate of potassium exchange during the redox process. In fact,
this limitation has been observed for all four electrode types under study in the form of
linear plots of peak current vs. the square root of scan rate (Figure 5.8). Such a linear de-
pendency points at a diffusion controlled process. This was unexpected at first, given the
surface-bound nature of the fabricated electrodes. But looking at the magnitude of the
peak-to-peak separations in Table 5.1, typical of diffusion controlled processes, it rein-
forces the idea of a limitation in the electron rate transfer due to the diffusion of potassium
cations inside the PB layer. In contrast, thin film electrogenerated electrodes26-27 exhibit
a surface-controlled regime as predicted by the Laviron expression.?® The reason to ob-
serve this different behaviour is in the thickness of the PB layer. While electrodeposited
layers are typically in the range of nanometers (hundreds), screen-printed layers are at
least a few microns thick and must exchange larger amounts of cations in order to see the
electrochemical reaction.

Another important difference between graphite and tin oxide-based electrodes is their
electrical conductivity. In the case of commercial materials, the presence of Prussian Blue
has very little impact on the conductivity of the resulting electrodes; the datasheet of
Gwent’s sensor graphite paste reference C10903P14 reports a resistivity of less than 75
Ohm/square for a 25 pm thick layer, whereas the PB-modified paste, reference C20-
70424P2, reports 49 Ohm/square for a similar layer. These values were compared to
those obtained for the fabricated Prussian Blue pastes. For this, Prussian Blue layers of
different thickness were applied using an applicator frame (Figure 5.9), and their electrical
resistance was measured using a four-point probe connected to a digital voltmeter.

It was found that the resistivity of PB modified particles increased by more than 5

AE, /mV Jp.c /1A - cm™2 Q/mC - cm™
Si02-ATO/PB 60 +2 369+ 1 8.9+0.1
ITO/PB 31+2 243+ 1 11.0+£0.1
DropSens/PB 82+2 42+ 1 0.6+0.1
Gwent/PB 87 +4 73+7 1.4+0.38

Table 5.1: Data extracted from the voltammetric experiments using the different SPEs.
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Figure 5.8: Plot of the peak current density against the square root of the scan rate of the voltammet-
ric experiments for each type of electrode. SiO5-ATO/PB (Black), ITO/PB (Red), Gwent C/PB (Green),

DropSens C/PB (Orange).

e

Figure 5.9: Applicator frame and test structure obtained for a Prussian Blue screen-printing paste.

times compared to a paste formulated with unmodified particles at the same concentration
(Table 5.2). This suggests that commercial materials may have been produced simply by
adding a small amount of PB particles to an existing graphite paste formulation, in contrast
with the coated tin oxide particles (Figure 5.10), that exhibit higher signals and broader
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peaks in the cyclic voltammetry, indicating a higher amount of loading of PB.

Material Layer thickness / pm Resistivity / k€ - cm™!
SiO2-ATO 30 52+ 15
SiO2-ATO 60 47+ 15
SiO2-ATO 90 7+2
SiO5-ATO 120 8+4

SiO2-ATO/PB 30 207 £ 81
SiO,-ATO/PB 60 190 + 74
SiO2-ATO/PB 90 3813
SiO2-ATO/PB 120 25+6

ITO/PB 30 >10.000

ITO/PB 60 4280+ 217

ITO/PB 90 1380 + 165

ITO/PB 120 43073

Table 5.2: Resistivity of the pastes fabricated using the PB-coated tin oxide particles as well as the unmod-
ified SiO5-ATO particles.

5.3.2 Spectroelectrochemical characterization

Last, electrodes were compared using spectroelectrochemistry. Obviously, the black colour
of graphite in the commercial PB-modified electrodes precluded the observation of any
spectroelectrochemical changes, in contrast with the ITO and ATO based pastes pre-
sented here. Figures 5.11A and B show cyclic voltammograms of the two types of PB-
SPEs together with the derivative of their respective voltabsortograms obtained by UV-vis
reflectance spectroscopy using wavelengths of 675 and 700 nm for ATO and I'TO-based

electrodes, respectively. A clear correlation between the electrochemical and the spec-

SiO,-ATO/PB
ITO/PB

C/PB

Figure 5.10: Schematic representation of the two types of PB-based screen-printing pastes.
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troscopic behaviour in both types of electrodes is apparent, although a shift ca. 50 mV
is observed between the two signals in ITO/PB electrodes. This shift in peak position
between electrochemical and optical signals has been reported in the past and, again, is
attributed to the mass transport limitations of K* exchange from the Prussian Blue lattice,
and which is involved in the colouration process.!” In spite of this slight delay between
the current and the colour change, neither the electrocatalytic performance of the material
nor its electrochromism have been adversely affected.

The performance and stability of the electrochromic material under a continuous
switching regime was also studied. The potential of the working electrode was stepped
between -0.1V and +0.4V vs Ag/Ag* at intervals of 60s in a 0.25 mM H50Os solution
in aqueous supporting electrolyte for up to three hours. The experiment was carried out
in the presence of hydrogen peroxide to simulate the stringent conditions of an oxidase-
based biosensor where hydrogen peroxide is produced under neutral pH conditions, and
PB is less stable than in an acidic medium.2? Figure 5.11C shows the change in ab-
sorbance as reducing and oxidizing potentials are applied. The data show that ITO/PB
electrodes display a higher contrast between the oxidized and reduced states than SiOs-
ATO/PB do. This is mainly due to two reasons. First, the higher PB loading of the
I'TO nanoparticle-based electrodes, confirmed by the charge densities in Table 5.1 above,
makes these electrodes show a much deeper blue colour than SiO2-ATO/PB-based elec-
trodes, and so when PB is reduced into the colourless PW, the contrast to the pale yellow
of the underlying nanoparticles is enhanced. The second reason seems to be a wetting
issue of SiO2-ATO/PB-based electrodes. Although both types of electrodes are highly
hydrophobic due to the Viton binder, SiO2-ATO/PB electrodes wet more slowly than
ITO-based electrodes. This is likely due to differences in surface topology and roughness
(Figure 5.7). Eventually, however, the electrolyte wets the entire surface, allowing the in-
teraction between more PB particles and the solution, as observed by the gradual increase
in absorbance at SiO2-ATO/PB electrodes (Figure 5.11D).

A complete characterization of the electrochromic material was extracted from the
spectroelectrochemical experiments, obtaining important parameters such as contrast ra-
tio (Cg), colouration efficiency (n), and response time (7).

Contrast ratio gives a quantitative measurement of the colour intensity of the elec-

trochromic system:
Ro

= RX

where Ry is the intensity of the light reflected in the coloured state of the electrochrome,

Cr b.1)

and Ry the light reflected in the bleached state. Cg values smaller than 2 may not be well
perceived by the naked eye.3" As observed in Table 5.8, both materials display higher
values of Cg.

Colouration efficiency gives an estimation of the performance of the electrochrome
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Figure 5.11: Cyclic voltammograms obtained in aqueous supporting electrolyte and derivative of the
voltabsortogram for a SiO5-ATO/PB (A) and ITO/PB (B) electrode. Scan rate of 5mV s~!. (C) Plot of the
absorbance when potential was stepped from -0.1V to +0.4 V vs Ag/Ag* at intervals of 60s in a 0.25 mM
H50O5 solution in aqueous supporting electrolyte. (D) Representation of the contrast variation of the exper-

iment in (C) for a longer time scale.

by relating the changes in absorbance with the amount of electric charge injected:

n=— (b.2)

where AA represents the variation in absorbance between coloured and bleached state, and
Q is the charge required by the system to switch. The colouration efficiency is often re-
ferred to the maximum absorbance wavelength of each species, in this case 675 - 700 nm
(Table 5.3). The efliciency displayed by both materials is quite similar, as in both cases the
electrochromic material is the same, and is comparable to other inorganic electrochromes
reported in the literature with values in the range of 40 to 100.3°

Last, the response time refers to the time required for the electrochromic display to
switch from its coloured to its bleached state (or vice versa). The optimal response time
depends on the actual application of the electrochromic device, ranging from a few mil-
liseconds®! to several minutes.?? In the fabrication of electrochromic sensors it is de-
sirable to observe fast response times, something that both Prussian Blue materials can

achieve.
Despite the fact that ITO/PB electrodes seem to display a slightly better spectroelec-
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trochemical performance than the analog SiO2-ATO/PB electrodes, nanoparticle-based
pastes present higher manufacturing costs as well as a more limited availability. For this,
Prussian Blue pastes based on SiO2-ATO were selected for the fabrication of the elec-

trochromic devices in the next chapter.

Si0,-ATO/PB ITO
Cr 3.2 7.5
n/cm?C 58 (675 nm) 63 (700 nm)
T/ <10 <10

Table 5.8: Obtained parameters of the spectroelectrochemical performance for both electrochromic ma-

terials.

5.4 Conclusions

This chapter has presented the formulation of two electrochromic screen-printing pastes
based on Prussian Blue. The PB pigments were prepared by chemically growing a thin
PB layer on the surface of tin oxide-based conducting particles. Two different conduct-
ing materials were used: indium tin oxide (ITO) nanoparticles with a nominal size of
50 nm, and 3 pm SiOy particles covered by a thin (ca. 100 nm) antimony tin oxide (ATO)
shell. PB-modified pigments have been combined with a Viton® binder system to yield
high-quality screen-printing pastes. The high electrical resistance of the resulting layers
required printing the material on a conventional electrode surface.

The presented material shows advantages compared to both electrodeposited PB, and
screen-printed PB-modified graphite electrodes. Compared to electrodeposited PB, (i) it
eliminates the “wet” nature of electrodeposition, (ii) the need to control critical electrode-
position parameters such as current and potential distribution over large area substrates,
and (iii) it replaces an intrinsically “batch” process by a “continuous” large area process,
screen-printing. On the other hand, compared to currently existing PB-modified graphite
pastes, the material presented here enables the use of both, electrochemical and optical
detection.

Although this work has focused on a classic electrochromic material such as Prussian
Blue, other electrochromes may be used similarly, leading to additional uses and applica-
tions.

The outstanding spectroelectrochemical performance shown by both electrochromic
materials in terms of electron transfer, colour contrast and switching stability, establishes

the suitability of these materials to substitute the current electrodeposited Prussian Blue
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display on a transparent electrode and progress toward a fully printed electrochromic

Sensor.
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A tully printed selt-powered

electrochromic biosensor

This chapter presents the complete transition towards a fabrication process entirely based
on screen-printing for the production of self-powered biosensors akin to that presented in
Chapter 8. In addition to the electrochromic Prussian Blue paste presented in the previous
chapter, the development of a suitable electrolyte system was also required. In the present
case, a gel polymer based on an ionic liquid and developed in collaboration with Prof.
Gonzalo Guirado at the Department of Chemistry of the UAB, has been used.

109
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6.1 Introduction

As discussed in previous chapters, the use of self-powered systems as analytical tools elim-
inates the need for an external power source to activate the sensing process. Self-powered
systems such as those presented here also simplify considerably the fabrication processes,
reducing the instrumentation needs to a minimum, facilitating portability, and potentially
extending the scope of electroanalytical systems. "2 However, a signaling device must al-
ways be coupled to the sensor in order to extract the analytical information.? Since the
introduction of the first self-powered sensor in 2001 by Katz and Willner,* most of the
efforts done in this field have focused on improving the typically low power output of
these systems by optimizing the design of the electrochemical cell, the performance of the
biosensor, or introducing new materials for their fabrication so the energy output could be
high and sustainable in time to power the signaling system and any other possible external
components.

As demonstrated in Chapter 3, an interesting alternative to the use of external detec-
tion systems is the combination of biofuel cells with electrochromic materials. The appli-
cation of these materials is well known in the construction of electrochemical and photo-
electrochemical self-powered devices, > but their use in the fabrication of self-powered
sensors is in a very early stage.

Most reported electrochromic sensors rely on the utilization of displays with a “sand-
wich” or “parallel-plate” configuration,” where anode and cathode are placed face to face,
thus minimizing the ohmic drop between electrodes, and allowing faster and homoge-
neous switches. As explained in Section 1.4.3, this simultaneous conversion at the display

8-10

enables the detection of a certain analyte by the naked eye or, if coupled to a colour

recording system, it also allows to relate the colouration/discolouration degree with the

11-13 When a “coplanar” or “interdigitated” construc-

amount of analyte more accurately.
tion is used instead, the internal resistance in the system can be exploited to generate a
colour gradient in the display, leading to a instrumentation-less quantitative readout, as
described in Chapters 3 and 4.

Other electrochromic sensors reported in the literature rely on the use of at least one
transparent electrode. ®121% These are mostly tin oxides such as indium tin oxide ITO)!3
or fluorine tin oxide (FTO), 1% but also the polymeric mixture of poly(8,4-ethylenedioxy-
thiophene) and polystyrene sulfonate (PEDOT:PSS) is widely used. 718 Moreover, thin
layers of electrochromic materials are always deposited on them to ensure that, in the
presence of an electrolyte with a high ionic conductivity, a fast and reversible colour switch
is obtained. Both things can be a major issue when looking at a possible industrial impact
of this technology in terms of costs and scalability of the fabrication processes.

In this chapter, the conventional transparent electrodes and the deposited thin layers

of electrochromic material were replaced by a screen-printed layer of the electrochromic
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material presented in the previous chapter, based on the used of conducting antimony tin
oxide (ATO) particles coated with Prussian Blue.

A glucose biosensor was coupled to the electrochromic display in a coplanar arrange-
ment, following a similar construction as that of Chapter 3, so the system can work as a
galvanic cell providing an easy to interpret colorimetric readout. Moreover, a gel poly-
mer electrolyte based on an ionic liquid was formulated and printed on top of the display,
replacing the traditional aqueous supporting electrolytes used in most electroanalytical

experiments, allowing to obtain a fully-printed solid-state analytical device.

6.2 Experimental

6.2.1 Reagents and materials

The electroanalytical devices presented here were designed using VectorWorks 2018,
Student Edition (Techlimits, ES). 500 pm-thick polyethylene terephthalate (PET) sheets
(Autostat WP20) from Mac Dermid (UK) were used as substrate for the printing of the
electrochemical devices. Carbon (C2030519P4), and gold polymer (C2041206P2) con-
ducting pastes were purchased from Gwent Electronic Materials LTD. (UK). Electrodag
silver (725A) and photocurable dielectric (PF-455B) pastes were obtained from Henkel
(ES). White dielectric paste was kindly provided by Marabu (ES). SiO2-ATO-based elec-
trochromic Prussian Blue paste was fabricated as described in the previous chapter.

Potassium trifluoromethanesulfonate (K'Tf) and poly(vinylidene fluoride-co-hexaflu-
oropropylene) (PVDF-HFP) were obtained from Sigma-Aldrich. Ionic liquid 1-Ethyl-3-
methylimidazolium trifluoromethanesulfonate (EMIM-TT) was acquired from Solvionic
(FR).

Glucose oxidase (GOx), EC 1.1.8.4, 236 Umg™!, was purchased from Sekisui Diag-
nostics (UK). Poly(ethyleneglycol) diglycidyl ether (PEGDGE), and glucose were obtained
from Sigma-Aldrich. The redox polymer [Os(4,4’-dimethyl-2,2’-bipyridine)s(poly-vi-
nylimidazole);5CI]* (Os-PVI;5) was synthesized using a previous reported protocol. 1920
A 0.1 M potassium chloride (KCI) from Sigma-Aldrich and 0.05M phosphate buffer
(PBS) from Fluka was used as the aqueous supporting electrolyte.

6.2.2 Instrumentation

A 30 W Epilog Mini 20 COy Laser engraver from Laser Project (ES) was used to cut
the PET substrates. Electrochemical measurements were done using a p-Autolab III po-
tentiostat (Metrohm) controlled by a GPES 4.1 software. Scanning electron microscopy
images were obtained at an Auriga microscope (Carl Zeiss). An Alpha-Step 200 pro-

filometer from Tencor Instruments was used to measure the thickness of the different
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printed layers.

6.2.3 Electrode fabrication

Two types of electrochemical cells were used in this work, both screen-printed. The first
cell consisted of a conventional 3-electrode design (Figure 6.1). The fabrication process
of these electrodes was described in Section 5.2.4. When needed, the deposition of the
electrochromic PB layer was omitted, leaving exposed the carbon surface of the working

electrode.

Figure 6.1: Screen-printed electrodes used with (A) and without (B) a PB printed layer coating.

The second cell consisted of a Prussian Blue electrode with a rectangular shape (2x15 -
mm) placed between two carbon electrodes, 5 mm in diameter each (Figure 6.2). As in
the device of Chapter 3, one carbon electrode is modified with a glucose biosensor, thus
acting as the anode when connected to the PB display that acts as cathode. In this design,
however, a second carbon electrode was printed opposite to the sensing electrode to eas-
ily regenerate the electrochromic display after each measurement. As seen in Figure 6.2,
the fabrication process is similar to that of the previous electrodes. A gold screen-printing
paste was used instead of the carbon paste to improve the colour contrast after PB bleach-
ing. Last, a white colour dielectric paste was printed to define the electroactive areas of
the cell. When required, a layer of gel polymer electrolyte was printed on top, covering

the electrochromic display and slightly overlapping both carbon electrodes.
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4. PB display

Figure 6.2: Fabrication steps of the electrochromic devices
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6.2.4 Glucose biosensor construction

The surface of one carbon electrode was modified to build the glucose biosensor. A similar
protocol to that reported by Heller et al. was followed.?! Briefly, 4 pL. of a 10 mg mL™
solution of the Os-PVI;5 prepared in a mixture of EtOH:H5O (1:1) were mixed with
0.8 pL of a 10 mg mL~! solution of GOx prepared in supporting electrolyte, and 1.2 uLL
of a 2.5 mgmL~! aqueous solution of PEGDE. 5 pL were spread on the surface of the
carbon electrode and allowed to dry at 4°C protected from light. After 1 hour, the elec-
trodes were ready for use.

6.2.5 Gel polymer electrolyte

The composition of the gel electrolyte was optimized to obtain a consistent, homoge-
neous, and transparent flexible layer. For this, an optimal ratio between the ionic liquid,
the gelling polymer, and the amount of solvent was obtained. 0.14 g of the gelling agent,
PVDEF, were dissolved in 0.5 mL acetone under vigorous stirring and mild heating. Note
that, if the heating temperature exceeds 80-90 °C, PVDF may degrade, turning yellow.
After 15-30 minutes, a transparent solution is obtained, indicating the complete dissolu-
tion of the polymer. Then, 50 mg of KTfand 340 pL of the IL were added to the mixture,
and stirred while heating for another 15 minutes. After this, the gel polymer was ready
for printing. The thickness of the printed layers of gel polymer were measured with a

profilometer, obtaining values in the range between 10 and 20 pm.

6.3 Results and discussion

This section describes the results observed in the transition from the electrochromic de-
vice in Chapter 3, to a device where both display and electrolyte are printed. First, the
performance of the printable electrochromic material as a horizontal coloumetric meter-
ing bar is evaluated. Next, the use of a gel polymer electrolyte based on an ionic liquid
substituting the conventional aqueous supporting electrolyte is assessed. Last, the Prus-
sian Blue electrode is connected to a glucose biosensor to obtain a self-powered analytical

device, and its performance using both electrolytes —aqueous and polymeric— is studied.

6.3.1 Printed coplanar display

The shift from an electrodeposited electrochromic material, which thickness is in the
range of a few hundred nanometers, to a printed display where the thickness of the layer
can be up to 20 pm, brings about changes to its electrochemical and optical properties.
Figure 6.3 shows cyclic voltammograms recorded for two different Prussian Blue elec-

trodes, one with a thin electrodeposited layer on a transparent I'TO electrode similar to
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those used in Chapter 3, and the other with a thick printed layer over a screen-printed gold
electrode, as shown in Figure 6.2. As expected, the amount of deposited electrochromic
material per unit area is much higher in the case of the printed display (2.7 mC cm™
electrodeposited vs 8.9 mC cm™2 printed). This increase in the amount of PB results in
a slower charge transfer, despite the semi-conducting nature of the ATO nanoparticles
underneath the PB. Thus, peak-to-peak separation increases from 30 mV in the case of

the electrodeposited layer to roughly 60 mV for the printed layer. The higher amount of
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Figure 6.3: Cyclic voltammograms of electrodeposited (red line) and printed (black line) PB electrodes
under aqueous supporting electrolyte. Scan rate of 5 mVs~'.

electrochromic material as well as the more sluggish electron transfer alter the behaviour
of the display when used as a visual coulometer in the form of a horizontal metering
bar. For this, the nature and properties of the selected electrolyte must be readjusted in
order to maintain a fast and clear colour conversion, as shown in Chapter 4. To study
the behaviour of the PB display under different electrolyte conditions, a constant elec-
tric current of 40 pA was applied from the unmodified carbon electrode so the PB was
progressively converted into PW. Two aqueous electrolytes with different conductivities
were used. One, a 0.1 M KCI aqueous solution with a high conductivity similar to those
used in common electroanalytical experiments, o1 = 1.6 Sm™!, and the other, a 0.01 M
KClI solution with a much lower conductivity, ¢2 = 0.16 Sm™'. Also, the resistance of
the medium was manually modified by depositing different volumes of solution, thus ad-
justing the thickness of the electrolyte of electrode surface so two different heights of
electrolyte could be tested, H1 ~ 2mm, and H2 ~ 0.1 mm. H1 aimed at simulating the

conditions of a system in which the current lines are distributed through the thick layer



Chapter 6. A fully printed self-powered electrochromic biosensor 115

of the ionic conductor, while H2 aimed at simulating a printed thin layer of electrolyte in
which the current lines are restricted to a smaller volume. As seen in Figure 6.4, when an
electrolyte with high conductivity is selected and a high volume is deposited on the surface
of the electrode, the colour conversion at the display takes place at the same rate across the
entire surface, and a full conversion from PB to PW is observed. If either the electrolyte
conductivity or its thickness decreases, the internal resistance of the solution increases, and
the electric current, which follows the path of least resistance, progressively depletes the
electrochromic material at the display, generating a colour gradient. Last, when both elec-
trolyte conductivity and thickness decrease, the internal resistance increases even more,
resulting in two effects. First, the colour front is better defined due to the abrupt iR drop
at the switching region and, second, the conversion rate of the PB is considerably slower.
It is important to note that, under these stringent conditions, the electrochromic display
can be irreversibly damaged by the degradation of either the ATO core of the particles or

the electrochromic coating.
(i) (ii) (iii) (iv)
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Figure 6.4: Captures of the display at two different times under a constant applied current of 40 pA for
different aqueous electrolyte conductivities and thicknesses: (i) 61 = 1.6 Sm™!, 2mm; (ii) 01 = 0.16 Sm™!,
2mm; (iii) 61 = 1.6 Sm™!, 0.1 mm; (iv) 01 = 0.16 Sm™', 0.1 mm.

The galvanostatic experiments of Figure 6.4 show that an electrolyte with intermedi-
ate properties between the two limit cases (1" and ‘iv’) may lead to an optimum perfor-
mance of the display, i.e. fast and clear coulour conversions. When considering possible
electrolytes that fulfill this, two important things must be taken into account. On the one
hand, it is necessary to control the deposition of the electrolyte on the device since, as
shown above, the thickness of the layer plays a key role on its performance, leading to
considerable variations in rate and clearness of colour conversions. On the other hand,
it is desirable that the final device is able to measure any kind of sample, regardless of
its colour or the presence of substances that may interfere with the electrochromic dis-
play, i.e. sample and display should be physically separated. For this, ionic liquid-based
gel polymer electrolytes may represent an interesting alternative to conventional aqueous
electrolytes as they are capable of displaying relatively high ionic conductivities,?2 and, at
the same time, they can be screen-printed as any other paste, which allows to control the
thickness of the material used. Moreover, given the organic nature of most common gel
polymer electrolytes, a separation barrier between sample and display is formed, allowing

the exchange of ions between the two phases without being mixed.
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N - D

Figure 6.5: Schematic representation of the two approaches that can be used for measuring with the elec-
trochromic devices. (A) An aqueous sample, that serves also as supporting electrolyte, is placed on top,
covering the exposed areas of the three electrodes. (B) After printing the gel polymer electrolyte, a drop
of the sample is placed only on top of the sensing electrode, with no physical contact between sample and
display.

6.3.2 Gel polymer electrolyte characterization

Solid-state electrolytes display certain advantages over conventional liquid electrolytes
that make them a suitable option for printed electrochromic devices. These advantages
include the outstanding mechanical stability, a simple fabrication and assembly of the de-
vices, or the protection against possible leakages of toxic chemical components present
in them.?? Among the different types of solid-state electrolytes, gel polymer electrolytes
stand out above the others because of their relatively high conductivities,?®2* Particu-
larly, ionic liquid-based gel polymer electrolytes display high ionic conductivities, besides
other features such as nonvolatility and wide potential windows.2%2% A suitable gel poly-
mer electrolyte for electrochromic displays must show high ionic conductivity and high
mechanical stability, in addition to a high degree of transmissivity. Moreover, the formu-
lated electrolyte must possess rheologic properties adequate for the printing process at
hand.

The formulated gel polymer consisted of a mixture of three components: an ionic
liquid, EMIM-TT, that served as ionic charge carrier, potassium triflate, as the source of
potassium required by the Prussian Blue in order to keep its reversibility,2” and a fluo-
ropolymer, PVDF, that was used as a gelling agent to provide consistency to the electrolyte
in the form of a flexible and transparent gel where the other components of the mixture
are embedded.

The physicochemical properties of the polymer electrolyte were studied. First, its ionic

conductivity was estimated by electrochemical impedance spectroscopy (EIS) at room
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temperature using 10x10 pm interdigitated electrodes (IDEs).2® For this, 10 uL of the
polymer electrolyte were cast on the surface of the IDEs and let to dry, and the AC
impedance response was registered. For the mathematical simulation of the impedimetric
response, an equivalent circuit consisting of a constant phase element (CPE) representing
the electrode/electrolyte interface in series with a resistance (Rs) representing electrolyte

resistance was considered. As seen in Figure 6.6A, experimental and simulated data show

A B 2o
10°F
10°} = B8 1
w
o 4 = 10+ 4
L 3
©
=3
10°F T 05} 1
o
102 g " n 1 L a 00 1 L 1
10" 10° 10" 10°* 10° 10° 10° 10° 0 50 100 150 200 250
Frequency / Hz Time /h

Figure 6.6: (A) General Bode plot for the gel polymer electrolyte. Black circles represent the experimental
data, and black line the fitted data obtain from the equivalent circuit. (B) Plot of the gel polymer electrolyte
conductivity measured through a time period of 10 days. Error bars represent the standard deviation for n=3
electrodes. Dotted green line represents the conductivity of most common aqueous supporting electrolytes
used in bioanalysis.

an excellent fit, validating the implemented equivalent circuit. The magnitude of the elec-

t29 of Figure 6.6A at high frequencies,

trolyte resistance was obtained from the Bode plo
where the main contribution to the registered impedance values are due to the electrolyte
resistance. The obtained values for the resistance were interpolated with those obtained
with the same IDE in each case in aqueous KCI solutions of different conductivities, and
an electrolyte conductivity of 0.4 + 0.1 Sm™! was calculated.

The chemical composition of the gel polymer electrolyte not only provides a high
ionic conductivity, but also, due to the low vapor pressure of ionic liquids, this conductivity
presents a remarkable stability in time as seen in Figure 6.6B, something that must be
taken into account when fabricating solid state electrochromic devices. 3"

It is important that the selected electrolyte shows a wide electrochemical window, that
is, the different components of the electrolyte do not undergo any electrochemical process
for a wide range of potentials. This is the case for the present ionic liquid gel polymer
electrolyte. Figure 6.7A shows cyclic voltammograms for the gel polymer electrolyte and
for the aqueous supporting electrolyte using the carbon electrodes of Figure 6.1B. As
seen, both electrolytes display a wide potential window of roughly 3 V, and none of them

show any redox activity in the range of 0 to 0.5V vs Ag/Ag™, where the PB/PW system
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Figure 6.7: (A) Cyclic voltammograms obtained in a carbon SPE with a gel polymer electrolyte (red line)
and an aqueous supporting electrolyte (black line). Scan rate of 10mV s~t. (B) UV-vis reflectance spectrum
of a printed layer of gel polymer electrolyte (red line) compared to the background with no sample (black

line).

As explained above, a very important characteristic that a suitable electrolyte must
have for its use in electrochromic devices/sensors is a high optical transmissivity. The
use of an ionic liquid in the formulation of the polymer electrolyte not only provides the
required ionic conductivity, but it also confers the resulting gel the optical transparency
sought in this case. Figure 6.7B shows the wavelength spectrum obtained on a PET sub-
strate in a UV-vis reflectance mode for a printed layer of the gel polymer of roughly
10 pm. As observed, no significant amount of light is absorbed in the visible region, ob-
taining transmission values higher than 90 %.

Last, the electrochemical performance of the Prussian Blue paste was evaluated under
the use of the gel polymer electrolyte. For this, cyclic voltammograms were recorded with
the PB-SPEs of Figure 6.1A using the aqueous and gel polymer electrolytes. As seen in
Figure 6.8, a shift in the position of the voltammograms appears due to the different an-
ions present in each electrolyte, modifying the behaviour of the pseudo-reference Ag/Ag*
electrode. Also, peak currents decrease when using the polymer electrolyte since the dif-
fusion coefhicient of potassium is affected by the composition of the solution, as predicted
by the Randles-Sevcik equation.?? Regardless of this, the electrochemical performance

of the electrochromic material with a polymer electrolyte was still remarkable.

6.3.3 Fully printed self-powered sensor

Once the suitability of the gel polymer electrolyte was assessed, the fully-printed elec-
trochromic device was assembled and tested in the determination of glucose. First the

amperometric response of the glucose biosensor was evaluated. Next, the electrochromic
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Figure 6.8: Cyclic voltammograms obtained in a PB-SPE with a gel polymer electrolyte (red line) and an
aqueous supporting electrolyte (black line). Scan rate of 5mV s™?.

display was connected to the biosensor, and the electrochemical performance of the self-
powered system was studied. Last, the electrochromic sensor was used for the determi-
nation of glucose in buffered standard solutions and in human blood. In all cases, the
behaviour of the system with a printed electrolyte was compared to that of the system

with an aqueous electrolyte.

Amperometric glucose biosensor

The glucose biosensor used in Chapter 3 was modified in order to achieve a system with
a much higher degree of stability but maintaining a similar performance in terms of dy-
namic range, current densities and working potential. The redox mediator TMPD was
replaced by an osmium-based redox polymer. In this polymer, a low redox potential os-
mium complex is chemically attached to the chains of a water insoluble organic polymer,
PVI, which prevents its leakage to the solution. Moreover, the glucose oxidase enzyme
was “wired” to the redox polymer using a cross-linker, thus increasing its stability and
preventing also its leakage. 213!

The performance of this biosensor was evaluated by chronoamperometry using the
carbon SPEs of Figure 6.1B. The working electrode was poised at a fix potential of 0.3V
vs Ag/Ag* that ensured a complete oxidation of the osmium centers in the redox poly-
mer as observed in Figure 6.9A. The electric current registered was measured for 120
seconds and plotted against the glucose concentration of different standard solutions pre-

pared in supporting electrolyte as seen in the Michaelis-Menten plot in Figure 6.9B. As
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observed, the biosensor displays high current densities, and a linear behaviour is obtained
in the range from 1 to 10 mM of glucose. For higher concentrations, the biosensor slowly
saturates, and a slight deviation from the linear behaviour appears.

Last, the stability of the biosensor was evaluated. For this, the amperometric response
of the biosensor in a 10 mM glucose solution was registered. Measurements were carried
out for a time period of 9 days in separate intervals. Each electrode used in the calibration
curves of Figure 6.9B was rinsed with deionized water, dried, and kept at 4°C in darkness
before each measurement (Figure 6.9C). During the first 24 hours after the electrode
modification, the activity of the biosensor remained essentially unaltered. A decrease in
its activity was observed, in line with previous works reporting on the use of a similar
biosensor composition.?! After 48 hours the biosensor tends to stabilize at roughly 60%

of its initial activity.
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Figure 6.9: (A) Cyclic voltammograms of the osmium redox polymer in the absence (black line) and in the
presence (dotted line) of 10 mM glucose. Scan rate of 5mV s~ (B) Amperometric calibration curve of the
biosensor for different glucose concentrations. (C) Plot of the stability of the biosensor for a 10 mM glucose

solution for a time period of 9 days. Error bars represent the standard deviation of n=4 electrodes.

Self-powered system

The feasibility of an electrochemical system to work as a galvanic cell can be estimated
by looking at the cyclic voltammograms of the electroactive species involved. Figure 6.10
shows cyclic voltammograms recorded for the osmium redox polymer at the anode and
for the Prussian Blue at the cathode. The onset potential of the PB reduction at the cath-
ode is observed at 0.3V vs Ag/Ag™, while the oxidation of the osmium redox polymer is
observed at 0.1V vs Ag/Ag*, which leads to cell voltages of roughly 0.2 V. Note that the
cell voltage obtained for the present species tends to be rather low compared to current
state of the art enzymatic fuel cells.®? This limits the device performance, particularly in
systems with relatively high internal resistance. However, the fuel cell presented in this
chapter represents a limit case where the formal potentials of the electroactive species are
very close. The substitution of either the redox mediator or the electrochromic species,
or even both, for others with lower and higher formal potentials respectively, would lead

to higher cell voltages, and thus to an improvement in the overall system performance.
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Figure 6.10: Cyclic voltammograms of the electroactive species at the anode, Os-PVI;5 (red line), and at
the cathode, PB (blue line). Scan rate of 5mV s™!.

The behaviour of the self-powered system was studied with both electrolytes using
glucose solutions of different concentrations. The Prussian Blue cathode was connected
to the sensing anode, thus initiating the enzymatic reaction. Figure 6.11 shows the po-
larization and power curves corresponding to the systems with an aqueous electrolyte (‘A’
and ‘B’) and with a gel polymer electrolyte (‘C’ and ‘D’). The first thing to notice is that, in
contrast to the self-powered system shown in Chapter 3, the electrochromic cathode does
not limit the enzymatic reaction at the anode, as the amount of charge available in the
printed display is much higher than that in the electrodeposited one. Also, a progressive
increase in the current and power output is observed as the amount of analyte is increased,
reaching maximum values at 10 — 15 mM, in agreement with the Michaelis-Menten plot
in Figure 6.9B. The lower internal resistance in the aqueous system is observed when the
maximum current output of both systems is compared. While the cell with an aqueous
electrolyte reaches a maximum current density of roughly 60 pA cm™2 at 20 mM of glu-
cose, the system with the gel polymer electrolyte is only capable of achieving 85 pA cm™2,
almost half of that generated by the aqueous electrolyte.

Last, anode and cathode were connected, and the progressive conversion of the Prus-
sian Blue in the display into its reduced form by action of the enzymatic activity was
registered. The transition from an electrodeposited to a printed display with a higher
amount of electrochromic material, as well as the change in the redox mediator to one
with a higher formal potential (TMPD vs Os-PVI;5), makes it necessary to extend the
measuring time from the 30 seconds of experiments in Chapter 3 to 90 seconds, to see
similar degrees of conversion in the display. In addition, the shift from an aqueous to a gel
polymer electrolyte with higher internal resistance, further increases the measuring time

up to 5 minutes, since the conversion rate of the display is markedly slower.
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It was observed that the concentration of PVDF and ionic liquid in the paste, and thus
the thickness of the printed layer, was a critical parameter to the performance of the de-
vice. For this, the amount of solvent, acetone, was reduced to a minimum, compared to
other gel polymer electrolytes with similar chemical compositions,®® which allowed to
print thicker layers of material, leading to a substantial decrease in the measuring time
from 20 to 5 minutes. This indicates that an improved formulation of the polymer elec-
trolyte, or optimized printing parameters such as the snap-off distance or the screen mesh

34 could lead to an improved performance of the device, reducing the measuring

density
time even further. Also, as mentioned above, the substitution of the electroactive species
at both electrodes by others that generate higher cell voltages would lead to similar results.

Figure 6.12 shows images taken 90 seconds and 5 minutes after the connection of the
electrodes for the aqueous and gel polymer electrolyte, respectively. The points in the cal-
ibration curves (Figures 6.12) represent the position of the colour front estimated from
the images captured. A clear correlation between the distance converted and the con-
centration of glucose is observed in both systems. As mentioned above, one important

advantage of using a printed gel polymer electrolyte instead of the conventional aqueous
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Figure 6.11: Polarization and corresponding power curves obtained for the self-powered device for dif-
ferent glucose concentrations using an aqueous supporting (A and B) or gel polymer (C and D) electrolyte.
Scan rate of 1mVs~?.
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supporting electrolyte is the possibility of separating the sample from the electrochromic
display, which allows to measure coloured samples that otherwise would mask the conver-
sion of Prussian Blue into Prussian White, as well as to prevent the action of electroactive
interferents on the display. To test this, human blood samples were collected from a vol-
unteer’s thumb using safety lancets. Between 10 and 20 pnL. were extracted and placed on
top of the biosensing anode, and the system was connected. As shown in Figure 6.12,
the electrochromic display reaches a distance conversion slightly higher than that of the
2.5 mM glucose standard, in agreement with the measured concentration of 2.8 mM ob-

tained using a commercial glucose meter (CardioCheck, Novalab, ES).
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Figure 6.12: Image captures of the evolution of the electrochromic display after 90 s (A), and after 5 min
(C) of connection of the system for different glucose concentrations prepared in supporting electrolyte, and
for a human blood sample. (C) Calibration plot of the distance converted of the display obtained from ‘A’.
(D) Calibration plot of the distance converted from ‘C’. Error bars represent the standard deviation for n=38

devices.

It is interesting to note that, while the device with the gel polymer electrolyte requires
roughly 5 minutes to obtain a similar degree of colour conversion compared to the device
with the aqueous electrolyte, the possibility of having a better control on the thickness
of the electrolyte that covers the electrodes, and thus the internal resistance of the cell,
leads to a significant improvement in the repeatability of the measurements with different

devices, as inferred from the size of the error bars, which are shorter.
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Moreover. the colour conversion of the electrochromic display under the two elec-
trolytes was compared when the system was connected using a 10 mM glucose solution.
Figure 6.13 shows the percentage of the red values extracted from the RGB plots of both
cases (see Annex 2). As observed, the plot of the colour switch in the case of the gel poly-
mer electrolyte displays a steeper slope than that of the aqueous electrolyte. The thin
printed layer of gel polymer, and its lower ionic conductivity lead to a higher internal

resistance, which translates into a better defined switch, as explained in Chapter 4.
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Figure 6.13: Colour profiles of the PB display obtained with Image] software for the self-powered exper-
iment with a 15 mM glucose solution under the use of the two electrolytes: aqueous (black line), and gel
polymer (red line).

6.4 Conclusions

This chapter has shown the evolution from an electrochromic sensor that relied on the
use of an electrodeposited display on a transparent electrode to a device where the elec-
trochromic display is printed using an ATO-based Prussian Blue paste. The behaviour of
the printed device was evaluated under the use of a conventional aqueous electrolyte and
under the use of a printed ionic liquid-base gel polymer electrolyte.

The use of a printable gel polymer as electrolyte allows the separation of the sample
from the display, avoiding the effects of possible interfering substances. Moreover, since
the sample does not contact the display, it is possible to measure coloured samples that
would otherwise mask the colour changes at the PB cathode. The thin printed layer of
electrolyte results in a high internal resistance, which increases the measuring time. How-
ever, a more clear colour switch is achieved, facilitating the readout of the display.

The fabrication of a solid state electrochromic sensor entirely by screen-printing can
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lead to extremely cost effective devices including skin patches, contact lenses, and other

non-invasive and easy to use wearables. 35737
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Conclusions and outlook

This final chapter summarizes the principal conclusions of this dissertation. In addition,
possible future directions are discussed, including device modifications that can lead to

performance improvements.
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7.1 Conclusions

The work presented in this thesis describes the development of self-powered glucose
biosensors that use an electrochromic material as power source and as information dis-
play. The application of “coplanar” electrochromic displays in sensing has been described,
studied, and characterized in detail, and a fully printed electrochromic sensing device has

been presented. The specific results of this thesis are summarized as follows:

» A self-powered electrochromic glucose biosensor was developed. The combina-
tion of an electrochromic Prussian Blue display with a glucose biosensor allows to
have a self-powered analytical device. The modification of the conventional “sand-
wich” configuration of most electrochromic devices for a “coplanar” architecture
provides a quantitative readout of the analyte concentration at the display in the

form of a metering bar.

e Numerical simulations were used to understand the underlying behaviour of the
system. As the next step after the demonstration of the proof of concept of elec-
trochromic self-powered sensors, the theoretical basis of these type of sensors were
established. The combination of a software based on finite element methods with
experimental data allowed the development of a reliable model that was used not
only to have a complete understanding of the device, but also as a design tool for

future electrochromic devices.

» Two electrochromic Prussian Blue screen-printing pastes were formulated. The
coating of conducting tin oxide particles with Prussian Blue allows enables the man-
ufacture of electrochromic screen-printing pastes that were used to fabricate elec-
trodes with a high spectroelectrochemical performance. The use of these pastes to
construct Prussian Blue electrodes removes the need for transparent electrodes, fa-

cilitating the mass production of electrochromic devices.

A fully printed self-powered electrochromic sensor was fabricated. The substitu-
tion of the electrodeposited display on a transparent electrode by an electrochromic
paste led to simplification of the electrochromic sensor construction. Moreover, an
ionic liquid-based gel polymer printed on top of the display can be used as elec-
trolyte, leading to a truly fully printed analytical device. The transition from the
initial prototype to the final printed device brings about certain changes on the an-
alytical performance observed. Figure 7.1 summarizes the most important aspects

related to this performance.
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7.2 Outlook

The devices presented in this thesis allow to develop self-powered sensors in which an
electrochromic display, that also acts as a power source, is capable of providing a naked
eye quantitative readout of the concentration of the analyte in the sample in the form
of a metering bar. As explained previously, the readout of the converted distance of the
electrochromic display is done after a fixed time. Part of the current and future work aims
at finding possible ways to overcome this time-dependence, but also aims at regenerating
the electrochromic display after each measurement, so that real-time measurements are
enabled.

Since Prussian Blue undergoes a reversible redox reaction, one way to achieve a more
dynamic device is to couple a second enzymatic system opposite to the glucose biosensor.
This second electrode would also be connected to the electrochromic display, leading to
a system with two electrochemical cells, as depicted in Figure 7.2, and differing from the
conventional bipolar architectures where the electrochromic display is “floating” between
the other two electrodes.! The second enzymatic reaction would oxidize the Prussian
White formed by the glucose reaction back to Prussian Blue. A suitable enzymatic reac-

tion could be the reduction of oxygen (Figure 7.2).

Glucose Current (-) Current (+) O,

o — i

|
i I
Figure 7.2: Schematic representation of the two enzymatic biosensors connected to the electrochromic

|1
I I
display.

In the field of enzymatic fuel cells, so-called “air-breathing cathodes”? are widely
spread. These utilize the oxygen in the air to trigger the enzymatic reaction at the anode
at higher rates. Air-breathing cathodes not only allow to have a system where the oxy-
gen is present in a larger concentration than in an aqueous system, but they also display
a constant enzymatic rate as the amount of oxygen in the surroundings of the electrode
remains essentially constant. These air-breathing cathodes normally rely on the use of an
enzyme such as bilirubin oxidase (BOD), and a redox polymer mediator similar to the
Os-PVI;5 used in Chapter 5, but in this case, with a higher formal potential. 3

If the two enzymatic reactions are simultaneously connected to the electrochromic
display, the resulting device would be a combination of two electrochemical cells, with

the following redox systems:
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At the glucose biosensor (anode):

Med;" + e == Med; (7.1)
0o’ 0’
EMeaz;/Med1 < Epg/pw

at the oxygen sensor (cathode):

Meds™ + e~ == Meds (7.2)
o 0o
EMedg/Meal2 > Epp/pw

and at the electrochromic display (bipolar electrode):

PB +e¢” == PW (7.3)
Epgpw = 0.15V vs Ag/AgCl(3M KCl)

where Med; represents a low-potential redox mediator, and My a high-potential redox
mediator. The first cell (eq. 7.1 and eq. 7.3) is similar to that explained throughout this
thesis where the glucose biosensor acts as the anode, and the displays acts as the cath-
ode. The second cell (eq. 7.2 and eq. 7.8) would comprise the oxygen biosensor acting as
cathode, and the electrochromic display acting this time as the anode.

When the two electrochemical cells are simultaneously connected to the PB electrode,
two opposed reactions take place at the display. On the one hand, the electric current gen-
erated by the glucose biosensor gradually converts Prussian Blue into Prussian White;
and, on the other hand, the current flowing from the oxygen biosensor does the opposite,
converting PW back into PB. This way, the conversion rate of both reactions will be equal
at some point, and an equilibrium state will be reach in which the electrochromic display
stops its motion. This behaviour was confirmed with mathematical simulations. For sim-
plification, the oxygen biosensor was implemented with the same kinetic constants than
that of the glucose biosensor in Chapter 4. The potentials of the redox mediators were
shifted to -0.3V for the case of Med; and to 0.5V for the Meds to observe a better de-
fined and faster colour switch. The concentration of glucose was set at 10 mM and that of
oxygen was fixed inside the saturation range of the biosensor, at 15 mM, as seen in Figure
4.7. This concentration is much higher than the actual concentration of oxygen in air.*
However, the value of 15 mM was selected in agreement with the simulated biosensor.
As shown in Figure 7.3, the advance of the colour conversion slowly decreases, and, after
approximately 3 minutes, it eventually stops.

The use of an air-breathing cathode allows to observe a constant enzymatic reaction
rate since the concentration of oxygen in air is relatively high and constant (non-limiting).
However, the concentration of the analyte at the first biosensor, i.e. glucose, will vary de-

pending on the sample, and thus the rate of the enzymatic reaction. This leads to different
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Figure 7.3: Plot of the derivative of the PB concentration at the surface of the display against the distance
converted for increasing reaction times ranging from 15 to 210 seconds.

rates of conversion at the electrochromic display. When the glucose loading is low, the dis-
tance advanced when the PB-PW systems reaches its equilibrium is shorter than when the

amount of glucose is higher, which can be used to obtain a calibration curve (Figure 7.4).

Distance / mm

0 5 1I0 15
[Glucose] / mM

Figure 7.4: Calibration curve obtained for two-cell self-powered system. The measuring time was set at

180s.

Preliminary tests were carried out to experimentally validate this modelled system.
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For this, a coplanar three-electrode device similar to that of Chapter 6 was used. A bipo-
tentiostat was used to apply constant fixed potentials of opposite sign from both unmod-
ified carbon electrodes to the PB electrode, thus simulating a two-cell system. Different
experiments were carried out keeping a positive potential of 1.6 V constant in all the mea-
surements to simulate the constant conversion rate due to the oxygen sensor, and the neg-
ative applied potential from the other electrode was varied to simulate the behaviour of
the glucose biosensor with samples of different concentrations. The absence of a charge
balance layer at the anode (glucose biosensor) and at the cathode (O3 biosensor), makes it
necessary to apply higher potentials to observe the colour conversion. Figure 7.5 shows
image captures of the experiments with different applied potentials after 90 seconds. Af-
ter that time, the display reaches and equilibrium state, as predicted by the mathematical
simulations, and the motion of the colour front stops. As observed, the amount of PB
converted to PW is related to the applied potential, indicating that a direct correlation

between the converted distance and the amount of glucose in the sample may be possible.

a7v WS ER ey
-1ev. M TER 16V
15v [l TEER 16V
14v  HIEER 16V

—— -

(Glucose sensor) (O, Sensor)

Figure 7.5: Potentiometric experiments carried out in an aqueous supporting electrolyte. Two electric po-
tentials of different sign were applied simultaneously from each of the unmodified carbon electrodes. PB
display was used both as auxiliary and reference electrode

The experiments as well as the mathematical simulations show that the use of a sec-
ond coplanar biosensor can be a promising tool not only to regenerate the electrochromic
display after each measurement, but also to obtain a real-time readout of the analyte con-
centration, which eventually allows to have a self-powered instrumentation-less device for

continuous monitoring of analytes.
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Annex 1: Analysis of grey scale colour

profiles

In the colorimetric experiments of Chapter 3, the colour change of the electrodeposited
Prussian Blue layer was analyzed, and images were taken after a fixed time of 80 seconds.
Image processing software Image] was used to obtain colour profiles of the captured im-
ages, which allowed to determine more accurately the length of the PB strip affected by
the colour change. The obtained images were transformed into a grey colour scale, and
a profile of the white colour intensity along the electrochromic display was extracted, as
seen in Figure 7.6. The position of the colour front was determined by the intercept of
the two straight lines fitting the region where the discolouration begins and the baseline

region where no discolouration is observed (Figure 7.6).
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Figure 7.6: Colour profile from a captured image of the display for a constant applied current of 16 pA.
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Annex 2: RGB scale analysis

According to the RGB colour model, the colours observed in the visible spectra result
from the composition of the primary colours red, green, and blue.! In this model, any
given colour can be described by the sum of three values, corresponding to the colour
intensities of each primary colour (Figure 7.7A), in a scale ranging from 0 to 255. Thus,
any colour is defined by the values of the RGB components separately, as depicted in
Figure 7.7B.

As infered from Figure 7.7, the switch from the blue colour of Prussian Blue to the
colourles/white colour of Prussian White, occurs by a variation in the red and green com-

ponents, while the blue component remains essentially unaltered.

B Colour R G B
= 0 0 0
B 255 0 0
] 0 255 0
E 0 0 255
[] 255 255 0
B 255 0 255
O] 0 255 255
L] 255 255 255

Figure 7.7: (A) RGB colour wheel showing the possible combinations of the red, green, and blue colours
and the perceived colour. (B) Combinations of some RGB values and their resulting colour.

The conventional image analysis provides one measurement value in the grey scale,?
as those used in Chapter 3. An increase in the sensitivity of the analysis can be achieved
by separating the three RGB components of the image and analyzing only one of them.
The observed blue colour of the electrochromic displays is mainly due to the blue and
green components of the RGB spectrum, while the white colour of the switched display
is due to all three components. This means that the analysis of the red component should
bring about the highest degree of sensitivity. Indeed, this was observed when analyzing the
electrochromic displays in Chapter 6. Figure 7.8 shows the grey and RGB profiles of an

141
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image of an actual device along a straight line. In both cases, the minimum and maximum
values of 0 and 255 represent the black and white colour, corresponding to the carbon
electrodes and the PET substrate, respectively. By looking at the profiles in the region of
the display, it can be observed a slope corresponding to the colour conversion of Prussian
Blue. Since the blue component of both PB and PW remains unaltered, a plain profile
is observed. A slight conversion in the green component can be seen on its profile, very
similar to the conversion in the grey scale of Figure 7.8A. However, the red component
is the most sensitive of the three, leading to a remarkable conversion at the display. This
implies that, to improve the sensitivity of the analysis, it is highly recomended to do it
based on the evolution of the red component of the colour. Nevertheless, an analysis
based on the grey scale may also be suitable, as demonstrated in the grey scale profiles of

Chapter 3.
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Figure 7.8: Image of an actual display during a glucose measurement. (A) Grey scale profile. (B) RGB scale
profiles showing the values for the corresponding component: R (red line), G (green line), and B (blue line).
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