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Resumen

La tecnologfa "Inkjet Printing" esta llamada a liderar la préxima generacion de electronica flexible capaz

de realizar funciones a las que sélo se podia acceder con tecnologias de microfabricacion de dltima
generacion. Esto se puede explicar en parte gracias a la versatilidad que aportan las técnicas de impresion
digital sin contacto, pero también debido a la inversion sustancial en investigacién y desarrollo para el Inkjet
Printing en el area de formulacién de materiales funcionales en los ultimos afios. El Inkjet Printing es un
método de fabricacion aditiva que se basa en imprimir sin contacto microgotas de un material funcional con
precision micrométrica en el area del sustrato deseado, a través de un disefio digital. Ademas, es capaz de
modificar el disefio de impresion en tiempo real. En consecuencia, se pueden introducir cambios de disefio
sin ningdn coste adicional, lo que permite crear disefios personalizados con caracteristicas unicas. Hoy en dia,
el Inkjet Printing a nivel industrial ha alcanzado altos estandares de rendimiento, flexibilidad, robustez y

confianza.

Se prevee es que el Inkjet Printing facilitara la produccion de productos electronicos flexibles de forma
rentable, en base a conceptos de economia circular y reduciendo el desperdicio, lo que permitira el desarrollo
de dispositivos portatiles y desechables no disponibles actualmente. Este es el punto en el que los dispositivos
de Point-of-Care (PoC) entran en la ecuacion debido a su importancia en las pruebas médicas. Estos
dispositivos se definen como pruebas de diagndstico médico en el paciente o cerca del mismo. Los
dispositivos PoC se basan en una medicion rapida y precisa basada en sensores que ofrecen al médico datos
importantes para realizar un diagnéstico. Sin embargo, las principales limitaciones de estos dispositivos,
incluso hoy en dia, son el coste, la disponibilidad, la biodegradabilidad y la fiabilidad. El Inkjet Printing ofrece
soluciones para abordar estos problemas donde sus grandes promesas son la fabricacion rapida de prototipos,
de bajo coste, usando una gran variedad de materiales y una amplia gama de sustratos. Ademas, la tecnologfa
en los dltimos 15 afios ya ha demostrado su potencial en la fabricacién de sensores cuantitativos y fiables que
forman el componente esencial de los dispositivos PoC. Sin embargo, nuestra comprension de la tecnologfa
y sus capacidades permanece en una etapa prometedora o potencial, y es necesatio adquirir mas experiencia

para facilitar el desarrollo de dispositivos PoC completos y totalmente impresos.

Identificando estos problemas y posibles soluciones, esta tesis se centra en mostrar el potencial del Inkjet
Printing para desarrollar sensores sobre sustratos de plastico flexible y papel poroso, desafiando la tecnologfa

hasta su limite actual. En una primera parte se aborda la formulacién, impresion y caracterizacion de nuevas



tintas funcionales que permitan obtener nuevas tintas conductoras para ser usadas en el area del sensado
de analitos de interés. Sobre plastico flexible, se han desarrollado dos sensores de pH potenciométricos. El
primero muestra la importancia de la propiedad de rugosidad intrinseca de una nueva tinta de platino en base
a nanoparticulas para dotar de estabilidad mecanica al 6xido de iridio, material sensible al pH, crecido
electroquimicamente sobre €l. Para este propésito, se desarrollé un sensor de pH en PEN utilizando la nueva
tinta de Pt y se estudio la estabilidad a lo largo de un afio de esta capa de 6xido de iridio, que mostré una
clara mejora de su rendimiento. El segundo sensor de pH va un paso mas alla y es (hasta hoy) el primer
sensor de pH totalmente impreso por Inkjet Printing. Para cumplir este objetivo, se formulé una nueva tinta
polimérica compuesta de una mezcla de polipirrol y polianilina sensible al pH. Esta tinta se imprimi6 sobre
un microelectrodo de oro, también previamente impreso, y para obtener finalmente un sensor de pH
totalmente impreso se completé con una pseudo-referencia impresa de estado sélido de plata/cloruro de
plata. En una segunda parte se abordo6 el reto de la impresion de un sensor sobre un sustrato mas
ecosostenible como es el papel, factor importante para los PoC desechables. Sobre el sustrato de papel, la
dificultad en la impresion es mas grande debido a sus propiedades de porosidad, delicadeza e hidrofobicidad.
En un primer trabajo se abordé el desafio de imprimir tintas funcionales conductoras como el oro o la plata,
y dieléctricas como el SU8 sobre el sustrato de manera eficiente y facil de reproducir para la obtencién de un
sensor electroquimico. Se propone y se estudia la impresion de una nueva tinta hidrofébica que permite
bloquear selectivamente el area del papel donde se requerira la impresion de las tintas conductoras que
conforman el sensor electroquimico. Finalmente, en un segundo trabajo se implement6 un immunosensor
de cortisol sobre estos sensores impresos sobre sustrato de papel y se caracterizé y comparé su respuesta
respecto a otros sensores reportados, demostrando el buen rendimiento de esta tecnologia en la deteccion

de moléculas diana biolégicas en muestras bioldgica.



Abstract |

The ‘Inkjet printing’ technology is called to be the next generation of flexible electronics capable

of performing functions that were only accessible with state-of-the-art microfabrication technologies.
This is due, in part, to the versatility of digital, non-contact patterning techniques but also to the
substantial investment in research and development for inkjet printing of functional materials in recent
years. Inkjet printing is an additive manufacturing technology based on the contact-less deposition of
micro-droplets of a functional material with micrometer precision on the desired substrate area, through
a digital design. Moreover, inkjet printing is capable of modifying the printing pattern in real time.
Consequently, design changes can be introduced without any additional costs, allowing to create
personalized designs with unique features. Nowadays, industrial inkjet printing has reached high

standards of flexible, robust, and reliable performances.

The consensus is that inkjet printing will facilitate the production of flexible electronics in a cost-
effective, on circular-economy, and reducing waste manner, enabling the development of currently
unavailable wearable and disposable devices. This is the point at which Point-of-Care testing devices
(PoCT) enter in the equation due to their importance in medical trails. These devices are defined as
medical diagnostic testing at or near the patient. PoCT devices rely on a fast and accurate measurement
based on sensors that provide the physician with a set of important data to make a diagnosis. However,
major limitations of state-of-the-art PoCT devices include cost, disposability, biodegradability, and
reliability. Inkjet printing technology offers solutions to address these problems where its great promises
are low-cost, non-contact, rapid prototyping, material varieties, and wide range of substrates. Moreover,
in the last 15 years, this technology has already shown its potential in the fabrication of reliable and
quantitative sensors which form the essential components of PoCT devices. However, our
understanding of the technology and its capabilities are still in a promising or potential stage, and further

expertise needs to be acquired to facilitate the development of complete fully printed PoCT devices.

Identifying these problems and possible solutions, this thesis focuses on showing the potential of
inkjet printing to develop sensors on flexible plastic substrates and porous paper, challenging technology
to its current limit. The first part addresses the formulation, printing, and characterization of new

functional inks that allow us to obtain new conductive inks to be used in the area of sensing analytes of



interest. On flexible plastic, two potentiometric pH sensors have been developed. The first shows the
importance of the intrinsic roughness property of a new platinum ink based on nanoparticles to provide
mechanical stability to iridium oxide, a pH-sensitive material, grown electrochemically on it. For this
purpose, a pH sensor was developed using the new Pt ink and the stability over a year of this iridium
oxide layer was studied, which showed a clear improvement in its performance. The second pH sensor
goes one step further and is, to date, the first pH sensor entirely fabricated by inkjet printing. To meet
this objective, a new polymeric ink was formulated composed of a mixture of polypyrrole and pH-
sensitive polyaniline. This ink was printed on a previously printed gold microelectrode and, to finally
obtain a fully printed pH sensor, the fabrication was completed with a printed silver/silver chloride
pseudo-reference electrode. The second part addresses the challenge of printing a sensor on a more eco-
sustainable substrate such as paper, an important factor for disposable PoCs. On any paper substrate,
the difficulty in printing is greater due to the porosity, delicacy and hydrophilicity of this material. In a
first work, the challenge of printing conductive functional inks such as gold or silver, and dielectric inks
such as SU8 on the substrate in an efficient and easy-to-reproduce way to obtain an electrochemical
sensor is addressed. The printing of a new hydrophobic ink that allows to selectively block the area of
the paper where the printing of the conductive inks that make up the electrochemical sensor will be
required is proposed and studied. Finally, in a second work, a cortisol immunosensor was implemented
on these sensors printed on a paper substrate and its response was characterized and compared with
other reported sensors, demonstrating the good performance of this technology in the detection of

biological target molecules in biological samples.
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Chapter 1 ‘ Dissertation Summary

This chapter describes the study overview of this thesis, where the most pertinent aspects are briefly

introduced.



1.1. Motivation of this Work

Inkjet printing technology is currently at the foot of its own S-curve ', more or less at the point
where screen printing was 20 years ago”. The technology has become an attractive alternative to be used
in several patterning applications’. The advantages of this low-cost technique include reduction of
complexity of fabrication steps, compatibility with various substrates, reduction of wasted material and
having no requirement for mask patterning®’, consequently the technology reduce cost and it is more
eco-friendly. Direct write attribute of inkjet printing allows for deposition of versatile thin films, the
designs of which can be changed with ease from batch to batch*. In contrast to standard mask-based
microfabrication it is capable of testing new materials and designs in a rapid prototyping approach. As
such, it has the potential to play a powerful role in the development of customized devices’. It is clear

that inkjet printing technology is in a young stage of development meaning there is a lot of work to do.

Sensors play an important role in several application fields, nowadays you can find sensors almost
everywhere from an old fridge to a complex satellite in orbit. In the healthcare field sensors has been
earning attention for several years, however despite the increased interest in this area, a significant gap
remains between the existing sensors and the requirements of healthcare field. Additionally, one major
challenge of the world for last decades has been the continuous elderly population increase in the
developed countries’, already in Europe older persons (aged 65 or over) had a 20.3% share of entire
population (newborn and over)®. Hence the need of delivering quality cate to this elderly population, we
need solutions to enable people to stay healthy without hospitals intervention-based, hospital cares are
expensive and hospital saturation has to be avoid’. Therefore, accurate real-time monitoring of
physiologically relevant parameters is crucial not only in critical hospital settings'’, but also during routine
daily activities''. Continuous vital information can aware the person or patient about a symptom leading
to precautionary steps or early diagnostics'’, wherefore reducing hospital expenses and attendance.
Modern technology has allowed to be surrounded of sensors near, on, and around the body, in clothing,
jewelry, and many other accessories to measure movement, physiology, environment, and even
mood/emotion’. Most of them are known as “wearable” devices. The importance of these wearable
sensors is known already, but the field has experienced unbalanced advances in research and
development, most widely wearable sensors track the user’s physical activities and vital signs. However,
continuous, rapid, and accurate monitoring of chemical parameters is crucial to obtain complete

information about user’s health, performance, or stress at the molecular level".



Chemical sensors in the healthcare field is exponentially growing'’. The bibliography seems to have a
natural division between chemical and physical sensors. However, there are some that cannot classified
easily, like relative humidity sensors, a chemical sensor traditionally lumped with physical sensors'.
However, biosensors are defined as sensors that use biomolecules and/or structures to measure
something with biological significance or bioactivity, this measure is send out as energy signal, be it
thermal, electrical, acoustic, or optical. Chemical sensors include electrical, acoustic, and optical readings,
the approach of the last two is qualitative. And, as it is pointed above, quantitative (electrical approaches)
electrochemical biosensors for healthcare field and wearable need to be address. These healthcare
devices are most known as point-of-care (PoC) devices. Basically, they are medical tests that do not
involve the use of laboratory staff and facilities to provide the final result. PoC devices targets analytes
with biological significance such as proteins, nucleic acids, metabolites, drugs, dissolved ions and gases,
human cells, and microbes. Samples are blood, saliva, urine, or other bodily fluids or (semi)solids'’.
Whether used “near-patient” in a hospital, clinic, or doctor’s office, or administered at home to maintain
health, manage disease, or monitor therapy, these devices accept a sample with little or no pre-
preparation and provide a result, the “answet”, from seconds to hours'". These PoC devices are formed
usually of four parts: the biosensor itself, the reading equipment (usually a potentiostat), the battery, and

a display.

Recent challenges in healthcare mentioned above demand a new diagnostic solution wotldwide'*™. It is
expected that PoC devices will offer considerable advantage to address these challenges® . However,
to achieve a worldwide solution according to global needs these devices must enter in circular-
economy”*”, in simple words they need to be low-cost, reduce-waste, reusable or bio-degradable, and
with low-grade raw materials. Here is where of inkjet printing technology and the development PoC
devices converge and offer a solution to nowadays healthcare challenges. It is this sense that the
motivation of this thesis appears for offering technological advantages in the development of PoC device

through inkjet printing technology.

1.2. Main Contribution of this Thesis

Obtaining quantitative, reliable, and accurate results is the main goal of a PoC device, and this can
be accomplished with a mature develop sensor. For this reason, this thesis is focused on the development

of functional and reliable sensors and biosensors made with a technology in according to circulat-



economy trends. In a first stage, it has been developed two pH sensors using inkjet printing technology
with two novel synthetized inks (home-made) on to a flexible plastic reusable substrate and, in a second
stage, it has been engaged the challenge to incorporate for the first time a fully inkjet printed biosensor
on paper porous substrate. To achieve this, a fully characterization of printed arrays on paper and
different printing approaches were studied. Additionally, the paper-based biosensor was

biofunctionalized to detect such an interesting human hormone as cortisol.

Following are described the main and the specific objectives of this thesis to obtain the final goal. After
this, it is presented the list of publications that comprise this work in which Miguel Zea is the first author
of all of them. The section finishes with the outline of this dissertation, presenting each chapter of this

thesis.
1.2.1. Objectives of the Thesis

The ambition of this thesis deals with the development of low-cost sensor/biosensor for PoC devices.
In general terms, the goal is to develop functional, reliable, and low-cost sensor/biosensors to be easily
to incorporate in PoC systems. These developed sensors need to be designed allowing their integration
with portable potentiostat. Inkjet printing technique has been employed during this work, using two

different substrates. For this reason, the three main objectives are:

¢ Demonstrate the potential of inkjet printing technology to develop novel potentiometric
pH sensors on flexible plastic substrate with low sintering temperature inks. To achieve
this objective some specific sub-objectives are proposed:

% To synthesize a novel metallic low sintering temperature Pt ink.

** To print a novel pH sensitive polymeric ink.

% To characterize and set-up printed parameters of these novel inks to evaluate their
printability, morphology, and electrochemical properties that have not been reported
before.

% To develop a fully printed pH sensor on a flexible plastic substrate.

e To develop a fully printed electrochemical cell on a paper porous biodegradable
substrate. To achieve this objective, the following sub-objectives have been addressed:

% To characterize different conductive and insulating inks to develop inkjet-printed

electrochemcal sensors in order to assess their printability on paper substrate.



% To study different strategies to print the inks on the paper substrate.

% To develop a complete electrochemical cell platform by inkjet printing on paper substrate
and to study their functionality and electrochemical response.

% To validate the electrochemical active area of the printed microelectrode and its tuning
capability.

e To develop a cortisol sensor on paper substrate by using inkjet printing technology. To
achieve this objective, the subsequent sub-objectives have been given:

% To develop and characterize a cortisol sensor platform on paper substrate.

% 'To validate the sensor performance detecting cortisol hormone in standard solution.

% To develop and characterize a complete electrochemical platform formed by an array of
four integrated working electrodes, two counter and two reference electrodes in a single
area using paper substrate for detecting cortisol.

% To evaluate its reproducibility and repeatability.

% To validate the cortisol sensing platform with physiological samples, concretely, with

artificial saliva and real saliva samples, detecting cortisol in complex matrix of

interferences.
1.2.2. List of publications

The publications included in this list shall be considered for the evaluation of this thesis dissertation. A

reproduction of each publication can be found on the indicated chapter summarized below.

1.2.2.1 Accepted publications. A copy of each publication listed below can be found in the

manuscript.

Publication I. Miguel Zea, Ana Moya, Marco Fritsch, Eloi Ramon, Rosa Villa, and Gemma
Gabriel. Enhanced performance stability of iridium oxide based pH sensors fabricated on rough
inkjet-printed ~ platinum. ACS Applied Materials & Interfaces, Mar. 2019, doi:
10.1021/acsami.9b03085. (Q1, IF: 8.758).

Publication II. Miguel Zea, Robert Texido, Rosa Villa, Salvador Borrés, and Gemma Gabriel.
Specially designed polyaniline/polypyrrole ink for a fully printed high sensitive pH microsensor.
ACS Applied Materials & Interfaces, May. 2021, (Q1, IF: 8.758).



Publication IV. Miguel Zea, Francesca G. Bellagambi, Hamdi Ben Halima, Nadia Zine, Nicole
Jaffrezic-Renault, Rosa Villa, Gemma Gabriel, and Abdelhamid Errachid. Electrochemical

sensors for cortisol detections: Almost there. TrAC Trends in Analytical Chemistry, vol. 132, p.
116058, Nov. 2020, doi: 10.1016/j.trac.2020.116058. (Q1, IF:9.801)

1.2.2.2 Submitted publications. A copy of each publication listed below can be found in the
manuscript_Capitulo 6.

Submission III. Miguel Zea, Ana Moya, Rosa Villa, and Gemma Gabriel. Inkjet-printed Paper-
based Electrochemical Sensors: Tuning Active Area through Surface Modification. The article has

been SUBMITTED to Aadvanced Materials Technologies in June 2021. (Q1, IF: 7.39)

Submission V. Miguel Zea, Hamdi Ben-Halima, Ana Moya, Rosa Villa, Nadia Zine, Abdelhamid
Errachid, and Gemma Gabriel. A Fully Paper-Based Electrochemical Sensor Made by Inkjet
Printing for Saliva Cortisol Detection. The article has been SUBMITTED ACS Applied Materials
& Interfaces in June 2021. (Q1, IF: 8.758).

1.2.3. Thesis outline

With regards to the objectives that guided this thesis and the publications pointed out in the previous

section (Section 1.2.2), the dissertation is organized in 6 chapters which are summarized below.

Chapter 1 entitled “Dissertation Summary” presents the dissertation overview, where the most relevant

aspects and publications of this thesis are briefly introduced.

Chapter 2 entitled “Introduction to Inkjet Printing Technology and some applications” presents the
technology used for the development of the sensors presented in this thesis. This chapter has a short
introduction about printed electronics and inkjet printing technology. Following, the importance of the
development of novel inks for the fastest adoption of this young technology. Next, it is demonstrated
the potential of inkjet printing technology as additive non-contact technology and its capability to
developed sensors and electrochemical sensors, additionally a small overview of electrochemical

measurements is described.



Chapter 3 entitled “Printable materials for sensing” A small overview about the inks for the
development of electrochemical sensors, follow but their requirements for fabricate sensors. Finally, the

development of pH inkjet printed sensors on plastic substrate are show.

Chapter 4 entitled “Inkjet printed PoC devices” presents the PoC devices, their importance in the
healthcare field and their recognition methods. Next, a short review of PoC devices develop using inkjet
printing technology. Follow by the use of inkjet printing for the development of paper-based PoC

devices. In the end of this chapter, the develop of a paper-based cortisol biosensor using inkjet printing.

Chapter 5 entitled “Conclusion and further work” summarizes the main conclusions of this thesis, as

well as conclusions that are made from the research.

1.3. Thesis Framework

The main part of this thesis has been carried out in the facilities of the Institut de Microelectronica de

Barcelona (IMB-CNM) del Consejo Superior de Investigacions cientificas (CSIC).

Miguel Zea has received a pre-doctoral scholarship granted by Fundacién Ceiba and Gobernacion de
Bolivar, Colombia. Miguel Zea spent 4 months (February to June 2019) in the Université de Lyon,
Institut des Sciences Analytiques, under the supervision of prof. Abdelhamid Errachid. Two articles of
the five presented articles that compose this thesis and several contributions to scientific conferences

have been carried out with the collaboration of both groups.



Chapter 2 ‘ Introduction to Inkjet
Printing Technology and
new developments

This chapter includes a brief explanation and description of the inkjet printing technology and its
implementation. Followed by the need to develop new inks and its importance in the future of this
technology. Finally, the interest of print on alternative substrates, following by the development of a

complete three-array electrochemical cell on paper porous substrate.



2.1. Overview of Inkjet Printing Technology

Inkjet printing is a contact less, accurate and reproducible manufacturing technique, which relies on the
formation of individual droplets that are ejected from a nozzle thus allowing the maskless deposition of
different functional materials on a wide range of substrates. It is based on digitally controlled ejection of
fluid drops from a small aperture, named nozzle, directly to a pre-specified position *. The original idea
of the Inkjet printing technology is attributed to Lord Rayleigh back in 1878, who proposed a liquid jet
of constant radius able to fall vertically under gravity”. Today, it is widely use, from newspapers to food
packaging, from magazines to roadside advertising, we live in a world of printed materials. However,
scientific community has shown a growing interest in developing low-cost flexible electronics by

exploiting innovative materials and printing technologieszg. This interest is driven by several reasons:

e The need for low-cost mass-production processes such as, RFID tags, antennas, keyboards,

displays, and flexible sensors™".

e New applications tequiting shapeable and reusable/disposable devices where low-cost and

flexible sensors can be suitable used’.

e The demand for the fast fabrication of electronics and sensors>.

Inkjet printing technology allows rapidly developing of inexpensive devices and sensors, which is why it
has got so much attention from the scientific community. As a digital printing process, it enables variable
printing since no printing plate or mask is needed, and thus it can correct in-line for distortion. It is a
suitable technology for a wide range of production scales, with a lower initial investment than other
printing techniques. The ink consumption and material wastage are minimal and it can produce
patterned thin films™. Inkjet printing printhead developers have continued to improve with finer and
finer printheads and incrementing nozzles numbers, which are starting to enable features of few um and
faster printing processes. Also, the implementation of multi-head printers has been substantially
improved allowing multi-materials process with smoother workflow. Lately inkjet printing have been
considered as a “high resolution” technology’*”. The above-mentioned properties and advantages

makes the inkjet printing technology a technology of high scientifically and world’s concern interest.



2.1.1. The inkjet printing technology

Already ubiquitous in the small office and home environment, inkjet printing is likely to take an
increasingly important share of the commercial printing market soon and to become more widely used
for decorative products, packaging, general industrial applications, and textile printing as well*. The
global inkjet printers market size was valued at USD 34.24 billion in 2019 and is expected to expand at

a compound annual growth rate of 5.3% from 2020 to 2027"".

Additionally, as inkjet print quality increases, more opportunities become available for printing, gaining
attention to the technology, and attracting more market and investment. Because printed patterns by
inkjet are defined digitally from digital data files and never as physical master templates, they can be
easily changed, therefore the setup costs and times for inkjet printing are low. Lately, the technology has
increased in reliability and robustness, hence, applications at which inkjet competes with more

conventional processes in terms of cost have also increased.

As it is mentioned in previous section 2.1, the original idea of the technology was conceived by Lord
Rayleigh®’, who proposed a liquid jet of constant radius able to fall vertically under gravity. As the liquid
length increases and reaches a critical value, the jet loses its cylindrical shape and decomposes into a
stream of droplets as shown in Figure 2.1, for this reason it is necessary an accurate control of printing
parameters. This principle allows to progressively build up patterns directly on to the substrate by the
non-contact deposition of a large number of individuals, tiny drops of ink. Each small droplet, typically
10-100 pm in diameter, is created and deposited under digital control, so that each pattern printed in a
sequence by the same machine can just be a mass production of the same pattern or be a personalized
pattern for each user or device. This has led to two main modes of operation, continuous and drop-on-

demand (DoD) printing technologies.
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Figure 2.1. Lord Rayleigh’s idea of instability jets.
Source 7. Copyright 2001 Society of Photo Optical Instrumentation Engineers.

In both continuous and DoD methods, the liquid ink is jet through a nozzle (small hole in the print
head). Main difference between both methods lies in the essence of drop departure to substrate. In

continuous, as the name implies, drop ejection is non-stop, while DoD generates drop by request.

Continuous inkjet was the first existing inkjet technology™. It relies on a continuous ink ejection, where
the stream is adapted into volume-controlled droplets generated by acoustic pressure waves as it is
sketched in Figure 2.2(a) (section 2.1.2 below). The ink droplets are subjected to an electrostatic field
created by a charging electrode. The charged droplets pass through another electrostatic field and are
deflected by electrostatic deflection plates to land at the right place on the substrate®, allowed to
undeflected droplets goes into a gutter for recirculation. In this manner, a stream of deflected drops
from a single nozzle, in combination with a moving substrate or/and printhead, can be used to print a
digital pattern. In this method only a small fraction of the droplets is used to print, the majority are being
recycled. This inkjet technique is used for very low-cost system where no need of high resolution is
necessary. Multi-nozzle configuration can be used in continuous printing method, with each drop
addressing one pixel position through printed pattern. The printed pattern is created by a cluster of

correctly jett drops on to a substrate.

The resulting evolution of continuous inkjet technique leads to the DoD inkjet technique, where a single
drop is ejected by the cartridge nozzles only when is required to achieve the printed pattern. Applications

of inkjet printing in the commercial world have been developed rapidly, predominating the use of DoD



technology. DoD technology is the selected technique used in the development of this work and it will

be further explained in section 2.1.2.
2.1.2. DoD technology

In DoD drops are not deflected, on the contrary drops are generate by request. This on-demand drop
can be pressure-pulse ejected from the nozzle drive by a thermal pulse (Figure 2.2(b)) or by a
piezoelectric actuator (Figure 2.2(c)). Generally, in DoD, liquid ink is contained on nozzle’s exit-channel
by surface tension and when pressure pulse is strong enough, an ink column emerges from the nozzle
with surface tension leading to a stream of ink to form the drop. This stream of ink lead by the main
droplet which eventually detaches from the nozzle (at the top of Figure 2.1), while, at the same time
becoming thinner ideally conforming the main droplet, but more often forming a series of “satellite
drops” that can form the droplet on the fly. The final shape of the droplet before placing on the substrate
can be a spherical drop (ideal case) or a main drop followed by one or more “satellite” drops. Clearly
“satellite” drops need to be avoided and various strategies are employed such as adjusting pressure-pulse

parameters, ink formulation, printing temperature, modifying surface tension’s head, among others.
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Figure 2.2. Inkjet printing operation modes.
Schematic representation of (a) continuous inkjet (CIJ) and Drop on demand (DOD) inkjet
printing systems using (b) thermal and (c) piezoelectric technology. Adapted from 4.



2.1.2.1 Thermal DoD

This printing method was invented and developed in the late 1970s and early 1980s by Canon and
Hewlett Packard* independently but concurtrently. This method is still the most used in home and office
printers. In nozzle’s exit-channel it is placed a small resistive heater in thermal contact with the ink. An

electric current pulse is injected on the heater causing a rapid heating (within a few micro-seconds and

ap to 400 °C)

and vaporization, creating bubbles from adjacent ink as show in Figure 2.2(b). These bubbles quickly
expand, producing a pressure force to push out the ink in form of a droplet. Once the drop is ejected,
the heater then cools down collapsing the bubble, getting in fresh ink in the exit-channel, and the cycle

is ready to start again.

One advantage of this printing method is the simplicity of heater fabrication, resistive track can be
fabricated in a several numbers of simple ways, most of them suitable for large-quantity manufacture.
On the other hand, nozzles typically suffer from a short-lifespan due to residue build-up on the resistive
heater, and some types of inks are restricted due to the need to be able to support and withstand the
heating and vaporization process, constraining the types of solvent which can be used. However, as only
very thin layer of ink is heated and vaporized, the bulk of the ink maintain room temperature allowing
the use heat-sensitive material such as biomolecules and living cells*. But another functional materials
such as e.g. metal nanoparticles can be sintered on the heater due to the heat, resulting in the deposition

of a metal thin layer on the heater causing malfunction and shortener its lifespan.
2.1.2.2 Piezoelectric DoD

In this printing method a piezoelectric actuator is placed in the exit-channel to control ink ejection. A
voltage pulse is applied to the piezoelectric plate causing a deflection, creating pressure in the channel,
and ejecting a droplet as show in Figure 2.2(c). Unlike thermal actuator, piezoelectric allows low-pressure
pulses, by deflecting it negatively increases exit-channel volume. This property is used to improve
ejection performance and drop shape. Additionally, it allows the use of inks with low viscosity and low

surface tension.

Due to the fast actuator of the piezoelectric plate (in the range of ps), this method is faster than thermal

type limited by the extra time need to cool the resistive plate. The resolution in the inkjet printing



technology is defined by ejected drop volume. Nowadays technology allows the fabrication of 1 pL.
nozzle’s chamber, which generates drop of the same volume (in ideal case). These 1 pL drops create
spots around 15 um or higher in diameter on the substrate, highly depending on contact angle, flying
time, surface tension, among others condition of the substrate and ink. Creating a printed pattern is
restricted by the serial characteristics of nozzle ejection, where droplets are generated one after another.
To overcome this limitation, industrial inkjet printheads utilizes hundreds to thousands of nozzles to

enhance printing performance via parallelization.
2.1.3. Piezoelectric actuator working principle

The printer used in this thesis is based on piezoelectric system. Deflection of the piezoelectric is
controlled by a voltage pulse, named waveform, that is responsible for the jetting performance of the
nozzle. The typical basic waveform is divided into four segments as show in Figure 2.3. Each segment

has three main properties: duration (time), level, and slew rate of the applied voltage waveform.

The level value in phase "Start” and phase 1 have the most impact on the jetting process. Changing the
duration of phase ‘Start” and slew rate and/or duration of phase 1 has a strong influence on drop
formation. The applied voltage relates directly to the volume of the pumping chamber. Faster
(‘duration”) changes in voltage modifies the volume faster, bigger amplitudes in voltage level cause
bigger volume changes. And the slew rate determines how fast the volume changes. Published works
demonstrate a clearly dependance between waveform characteristics and drop formation process and

ejection™ .
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Figure 2.3. Waveform phases.
Waveform steps for drop ejection controlling piezoelectric deflection, a) Start, b) Phase 1, c)
phase 2, and d) phase 3. Source from 4.

Few microseconds of rise and fall times are needed for jet formation. Figure 2.3 shows a drop formation
in the printhead. In detail, “start” phase brings the piezoelectric to a relaxed position with the chamber
at its ‘normal” volume capacity (Phase “start”). Immediately a decreased voltage is applied to retract the
piezoelectric drawing fluid into the pumping chamber and followed by a settling time (Phase 1). In this
phase the fluid is pulled into the chamber through the inlet. The end of phase 1 need to be aligned with
the beginning of the next one to deflect the piezoelectric precisely at the center of the pumping chamber
to push out a droplet with its maximum energy (Phase 2). During the last phase (phase 3), the
piezoelectric retracts slightly breaking the droplet from the chamber and the voltage returns to the
“standby/start” state. Nevertheless, waveform generation is highly dependent to the ink properties, and

its ejection. Ink viscosity, density and surface tension ate crucial for Inkjet printing®’.

2.2. DoD inkjet printer

The printer used in this thesis is the piezoelectric Dimatix Material Printer (DMP-2831 from FUJIFILM

Dimatix, Inc, USA) model shown in Figure 2.4(a). It is a versatile system for inkjet printing development



mainly used in research area to evaluate the use of inkjet technology for new manufacturing and analytical
processes. It is a self-contained system that allows the deposition of materials on substrates up to A4
size and utilizes disposable piezoelectric cartridges with a featuring 16 nozzles printhead (Figure 2.4 (b)).
It is designed to be convenient and easy to use to carry out “proof of concept” and development work
using inkjet technology. It does have extensive capabilities to allow increased experimental sophistication

to optimize process parameters for the user’s applications®.
p
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Figure 2.4. Dimatix printer and cartridge
(a) Dimatix material printer and (b) Printhead and cartridge.

The Dimatix printer incorporates two cameras: a drop watcher system and a fiducial camera for
alignment and pattern inspection. The drop watcher function is to characterize and develop the ink
droplet, examining the drop formation and progression from each of the printhead’s nozzles. It offers
a simultaneous and real-time control over the electronics driving signals supplied to the printhead thus
allowing to explore fluid jetting properties, understand its suitability for inkjet deposition, and establish
conditions for printing process. A reticule enables observe and measure drop quality, trajectory and drop

speed. Figure 2.4(a) and (b) detail different parts of the printer and cartridge.

Printed patterns can be created using the editor program in-software or importing files to create complex
structures. The substrate platen can be heated up to 60 °C. The use of substrate heating can be used to
slightly enhance the drop drying in order to improve the film formation. It can also slightly modify
substrate/ink surface tension to enhance drop deposition. However, the substrate heating may raise the
nozzle temperature and degrade the jetting process. It is important to study carefully the optimum

applied temperature to the substrate to obtain the desire result.



Fujifilm Dimatix supplies two kind of printhead, one for general purposes with 16 nozzles delivering a
drop volume of 10 pL and another for special patterns or inks of 1 pL also with 16 nozzles. These
smaller nozzles are hard to handle and narrow the materials that can be used. In the Dimatix printer, a
drop velocity of between 6 and 10 m/s is desired; therefore, an ink with a viscosity below 15 mPa.s and

surface tension between 28 and 33 mN/m is recommended to obtain stable jetting.

2.3. Printable materials

High number of inks have been used from early stages of inkjet printing technology. At the beginning,
inkjet printing inks were colorants (pigments or dyes) for graphic art. With the advancement of the
technology, Inkjet printing has been used to deposit a very wide range of materials, including metals,
ceramics, polymers, and biological materials for many different applications™. The most inherent
restriction for a printable material is that the substance being printed must be in liquid form (or be a
nano size material suspended in a liquid medium), additionally it must have proper rheological properties
to go through the nozzle and to be handled by the printhead actuator. The material which is printed do
not need to be the same as the final developed material; post-processing steps (e.g., of sintering process
is show in Figure 2.5), or a print a precursor material followed by other steps can allow achieving a final
material different than the jetted one. The most common materials when printing electronic devices by

inkjet printing technology are classified in three groups conductive, semiconductive, and dielectrics®.
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Figure 2.5. Schematic of sintering process of nanoparticles inks.

Representation of sintering process of a nanoparticle-based ink; a) Nanoparticle dispersed in
solvent as it is printed, b) Solvent evaporation and beginning of degradation, usually due to
heating, ¢) Evaporation of other additive and beginning of sintering process, and d) Sintering of
nanopatticles, usually by nanoparticles fusion.

Conductive inks



Electrical conductive inks usually comprise colloidal suspensions of metal nanoparticles, nanowires,
carbon nanotubes, organometallic compounds in solution or dispersed conductive polymers*
Conductive inks have been developed to fulfill the demand of printing technology to develop electronics,
sensors, batteries, and connections among components. Generally, conductive metal inks based on
nanoparticles or precursor are commonly employed as conductive or transductor element due its reliable
and stable conductivity™. Selection of conductive ink is strongly dependent of their application. Silver

ink is the most common printable metal conductor, it is available in almost all additive technologies such

as screen, flexo, gravure and inkjet.
Semiconductive inks

The development of a wide variety of materials represent the key element for mature a technology™.
Semiconductive ink development has different alternatives to meet the electrical requirements and the
material restriction. A semiconductor resistivity falls as its temperature rises, against metal behavior; and
its resistivity value as its name implies is between a conductor and dielectric. Inorganic semiconductor
generally shows better electrical performance and stability, while organic semiconductors generally

ensure cost-effectiveness, easier synthesis development, and higher mechanical bending strength.
Dielectrics

Dielectric matetials are non-conductive which are used and/or necessary in many types of devices.
Various dielectrics materials are solution processable and can be formulated to use in inkjet printing.
Dielectrics play an important role in device performance. They have diverse useful functions, spanning
from avoiding short-circuits, enhancing capacitance in electronic devices (capacitors ot transistor), multi-
layer antennas, define electrode active area, among others” . Printable dielectric materials can be

classified in inorganics, polymers, organics, and hybrid matetials™.
2.4. Substrates for Inkjet printing

The process of inkjet printing involves the deposition of a pattern on a substrate, widely used to
represent text or/and images, however in the past decades printed electronics, sensor fabrication, and
other applications have been gaining the attention of global market. These new applications require a

new variety of substrates that need to be conscientiously analyzed their characteristics and restrictions



are challenging. Nowadays the global market is looking for a technology which can fit circular economy
that’s target efficiency, reduction, eco-design, recovery, and recycling”. And here is where substrates for
inkjet printing technology can play a crucial role because substrate represent usually more than the 80%

of the composition of a printed system.

Inkjet printed devices target the use of flexible and potentially low-cost substrates to enable large area
and robust products enabling a higher freedom of design. Substrates vary widely depending on the
application requirements. In general, glass and metal are still the only substrates readily available with
intrinsically high and reliable batrier properties; a key requirement for many applications®. Plastic
substrates have received much interest due to their intrinsic characteristics (transparency, strength, cost,
etc). Nevertheless, its low transition glass temperature and the large thermal expansion coefficient
constitute their main drawbacks due to the high sintering temperatures of some metallic inks. Surface
modification with planarization, hard coats or other modifiers is also a common approach for plastic
substrates. During the last decade, has started a growing interest in paper in medical and other industrial
applications. Paper is a disposable and biodegradable material made from renewable resources which
has unique properties and compatibility with chemicals and biochemicals. While some simple devices
can be made on standard paper, special coated papers like paper microfluidics are also available, and
some standard packaging papers appear to be promising as well. Microfluidic paper-based analytical
devices (PADs) devices are targeting healthcare-related diagnostics, where the impact of cost reduction
and simplicity is deemed to be highest. In other fields of applications, such as environmental monitoring,

explosives detection, or screening for food the use of paper is growing®.

The inkjet printing technology is a non-contact method, the only forces which are applied to the
substrate result from the impact of very small liquid drops. Thus, fragile substrates can be processed
which would not survive other conventional printing methods. Nonetheless, it is important to evaluate
the properties of the substrate, such as, the service temperature, its bartrier properties against humidity,
and its electrical, optical, mechanical, and chemical properties. But equally important is to consider the
receptivity of the ink by the substrate or with previously printed layers, in the case where a different ink
has been used. The droplet size can vary depending on the interactions between the ink and the
substrate®’. Also, sometimes substrate surfaces are hydrophobic in nature, so to increase the adhesive

property of the substrate, it needs some surface modifications®. Thereby, during the manufacturing step,



the printed pattern characteristics are dependent on the materials (ink and substrate) and their

interaction.

It is important to remark that for the advance of the inkjet printing technology a huge effort must be
done in the analysis and the use of new substrates for printed devices in applications such as PoC devices.
Specifically, the emergence of the PoC devices is demanding the use of paper as a substrate®. Using
paper substrate has enhanced the advantages of inkjet printing because paper is eco-friendly and an

extremely low-cost material.
2.5. Inkjet printing focused on sensors

Inkjet printing technology offers the possibility of combining the performances of functional inks and
flexible substrates with a wide range of applications, thus creating the conditions for the fast
development of sensors and electronic components™** . This technology with its unique features
allows to design a sensor and almost immediately fabricate a prototype to test and, eventually, easily
produce a batch of sensors to validate them. Today, the technology is ready for mass production to hit
the market. Ink jet printing introduces huge innovation in sensor developments and flexible electronics.
These innovations are driven by the use of new materials (inks and substrates) and cost efficiency. By
exploiting and applying these features to a new field or application, both development and production

can be substantially improved.

The continuous pursuing of global market of cost saving, is also applying to sensor development. These
features have led to great innovation in this field, allowing an affordable price for the fabrication of
sensor platforms and sensing devices. Unquestionably, other requirements such as sensitivity, response,
and size are also addressed and huge advances have been achieved, however it has become progressively
more crucial to introduce low-cost, fast, reliable, biodegradable/disposable materials and portable
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sensing solutions to the market™. Inkjet printing technology can tackle the current demands for sensing

solutions due to its advantages already explained in above sections.

Nowadays sensors have a wide range of applications from construction, aerospace industry, health
services, to domestic appliances and military defense equipment. Sensors contributed to achieve
substantial accuracy and control in automation and industrial processes®”. Additionally, health sensors

have been a reliable companion of health tracker since new technologies allow the fabrication of portable



and low-cost sensing devices (e.g., Holter monitors). Sensor advancements are the spearhead of vehicle
auto-pilots, space missions, and satellite. Advances in signal processing and computer algorithms have

opened opportunities to have sensor in/on almost every place of our lives.

So, what is a sensor? According to the ANSI, a sensor is a device which provides a readable output in
tesponse to a specific measure”, instrumentation engineering limit this definition to a device used for
measurement purpose. Moreover, sensor and transducer term are frequently used, however there are
differences. Basically, the transducer is just the input block that transform the signal and the sensor

include all the array of elements or circuitry parts to obtain the readable signal.

Flexible sensors or sensors with bent tolerance are an increasing area of research and development due
to the huge demand for chemical, biological, force, health, and deformation sensors, along with many
others. The classical method of fabrication of these sensor are photolithography, spin-coating, and
vacuum deposition” . Nevertheless, these classical methods, even with recent modernization applied
to flexible substrates, show some drawbacks for the high demand of innovation and low-cost
production. When using conventional production technologies, the fabrication of these sensors involve
a high number of fabrication steps, high processing temperatures, produce toxic waste, mask expenses,
poor tolerance to design changes, and a huge quantity of equipment is needed™. So, deposition printing
techniques such as inkjet printing and screen printing have received attention for the implementation of

these sensors”.

Inkjet printing allow a more versatile fabrication process, it does not require mask and has good
alignment in the case of multilayer fabrication, on the contrary of screen printing. Although, screen
printing is widely used for industrial mass-production when low resolution patterns are required, and
the sensor design is almost stable. Another important advantage of inkjet printing is that it is a non-
contact method, thus reducing the risk of contamination and substrate damage, particularly important

in the fabrication of chemical, electrochemical, and biological sensors™*”’

., inkjet printing allows precise
deposition and control of the layer thickness and the quantity of ink, as it does not need being in contact
with the substrate and just the need of a camera and proximity sensors; resulting in a critical factor for
the fabrication of flexible electronic and sensors™. Inkjet printing also offers the required performance

to print with high reproducibility and large-scale production demands.



With this in mind, inkjet printing technology is therefore taking its first steps thanks to its great potential
in sensors fabrication. Furthermore, new materials are in development or have been recently developed
opening the range of application that ink jet printing can reach. It is therefore clear that this technology
is well suited for the production of sensors and can be expanded to novel sensors or applications through

new materials (ink and substrates mainly), new printing designs and printing processes.

2.5.1. Electrochemical sensors
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Figure 2.6. Schematic representation of the path that electrochemical sensor is following.
The path that electrochemical sensors are following to reach the market. Source .

Electrochemical sensors are devices capable of providing quantitative or semi-quantitative analytical
information with an electrochemical transducer”. They are especially attractive for research and
innovation because of their remarkable detectability, experimental simplicity, integrity and low-cost.
Additionality, they do not need sophisticated instrumentation since the sensor directly converts chemical
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information into an electrical signal™. Nowadays the interest in electrochemical sensor continues

growing as show in Figure 2.7. According to Scopus website 5007 articles were published last year (2020)



that it is more than the double that were published in 2013, showing the substantial research effort
ongoing in this field. All this effort research is stimulated by the wide range of application where they
can be used and provide a solution, Figure 2.6 inset shows a schematic of electrochemical biosensor.
Off course, they have the goal of follow the electrochemical sensing response that have reached the
commercial ones. Figure 2.6 shows the path that electrochemical sensors are following in conditions of

market trends.
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Figure 2.7. Electrochemical sensor publication in the past seven years.
Number of publications per year from 2013 to 2020 according to Scopus website, searching for
“Electrochemical AND Sensor”.

Sensors along this thesis are based on electrochemical sensing, where the transduction mechanism it is
based in a noble metal that it is coated with the necessary material to sense the desire analyte. This
detection method is ideally suitable for the integration in portable, small, miniaturized systems due to its
reliability and durability®. Electrochemical detection techniques are amperometry, potentiometry or
impedance, and field effect®. Table 2-1 shows the electrochemical sensors classification according to its

detection technique, and its often-used types of measurement.

In the following section, it is described the working principle of the electrochemical techniques used in

this thesis work. Now, just a brief summary about potentiometric and impedimetric technique, a fully

description of both techniques is widely described in the literature®>*.



Table 2-1. Electrochemical measurements techniques.
Electrochemical sensors classified type of measurements, with corresponding common
transducer type and the usual measured analytes. Source 7.

Measurement type  Transducer Transducer analyte
Potentiometry ion-selective electrode (ISE) K, ClI', Ca2", F~
glass electrode H', Na"...
gas electrode CO,, NH;
metal electrode redox species
Impedance interdigitated electrodes, metal electrode urea, charged species,
oligonucleotides. ..
Amperometry chemically modified electrodes (CME) sugars, alcohols,  phenols,
metal or carbon electrode oligonucleotides...
O2, sugars, alcohols..
Field Eftect ion-sensitive  field effect transistor H+ K+...
(ISFET), enzyme FET (ENFET)

2.5.1.1 Potentiometric technique

Potentiometric technique is suitable for the analysis of substances which the electrochemical equilibrium
is established at a suitable indicator electrode at zero current”. In this technique the analytical
information is obtained by converting the recognition process into a potential signal, which is
logarithmically proportional to the activity of species generated or consumed in the recognition event *.
According to Nernst equation (2.1), the measured potential Eg; is logarithmically related to the relative

activities of the redox species of interest:

an 2.1
where E’ is the standard half-cell reduction potential and @y and ag are the activities of the oxidized
and reduced species, R is the universal gas constant; T is the absolute temperature; F is the Faraday

constant; Z is the number of moles of electrons exchanged in the electrochemical reaction.



This implies a poorer accuracy and sensitivity of the measurements in comparison with other analysis
techniques where limiting the current or a current of a maximum is determined, but it also implies that
the accuracy does not only depend on the absolute value of the concentration being measured. In this
technique, the relative error does not increase drastically with decreasing concentration and decreasing
faradaic current. However, a small error in determining the potential E.;produces an error of 4 times
of the determined potential for z = 1 and 12 times for z = 3. Nonetheless, potentiometry technique
can be used over a much wider range of solution concentrations than the voltametric methods®.
Additionally, it has high selectivity; the potential of the electrode should response only to the examined
analyte. For this reason, potentiometric sensors have been highly used almost a century ago, due to their

easy-use, simplicity, and cost.

In practice, a potentiometric sensor usually has a two-electrode structure, where one electrode is the
indicator (sometimes miscalled working electrode) and the other is the reference electrode (RE).
Normally, the transduction and measurement of the potential relies to zero current. Potentiometric
measurements involve determination of the potential difference between either the indicator and the
RE, or two REs separated by a permselective membrane, when there is no significant current flowing
between them. This potential differences between the indicator and the REs are proportional to the

logarithm of the ion activity or gas fugacity as it has been explained before.

The setup of a potentiometric sensor is usually simple, also the electronic equipment (potentiostat) for
its operation and data acquisition is not usually electronically complex. Potentiometric sensors provide
real time information for process control, and signal (electrode potential) are obtained directly in-situ.
The need for maintenance and calibration is low. Despite their simplicity the potential measurement
requires an improved knowledge of the measuring conditions such as temperature, ion-strength, and
others, which determine the restrictions of the measurement. For long-term measurements, the stability

of the potentiometric sensor is determined by the potential stability of the RE.

On the development of the potentiometric sensors the key element is the indicator electrode. Depending
on the construction of this electrode there are different types of potentiometric devices, such as ion
selective electrode (ISE), glass electrode, gas electrode, and metal oxide electrodes. For the purpose of

this thesis just ISEs potentiometric method will be briefly explained.



ISEs are the most common potentiometric devices, these types of sensors convert the activity of a target
ion into an electrical potential as a measurable signal. The electrical response of an ISEs is provided by
the RE and the potential signal is generated by a charge separation at the interface between the ion-
selective membrane and the solution due to selective partitioning of the ionic species between these two
phases®. First ISEs were based in glass ion selective membrane, where the metal electrode is inside. The
first developed ISE was a pH sensor and it was made by M. Cremer in 1906*. Then, around 1970°s the
concept of liquid ion selective membrane is introduced, this type of ISEs are based on water immiscible
liquid substance produced in a polymeric membrane®. From the development of this polymetic
membrane emerges the first ionosphere based solvent polymeric membrane based in polyvinyl chloride
(PVC)¥, and almost 60 years later, this matrix is still widely used. This liquid junction membranes allow
researchers to miniaturize potentiometric sensors and the large developed variations in ionosphere-
based membrane made possible to use ISEs in various routine analysis including environmental and
healthcare analysis™”. The systems are based on the junction-liquid set-up, where the back side of ISE

is in contact with a well-known electrolyte to obtain stable potentials as show Figure 2.8a.

However, parallel to these developments, solid-state ISEs were developed. Solid-state ISEs do not need
a liquid junction as show Figure 2.8b, which allows a much simpler fabrication, but years ago they have
not sufficient potential stability to use in applications”. This promising fabrication process of ISEs is
currently a solution for ISE sensors™”. They ate usually applied to portable, small, and low-cost devices,
granted by ISEs miniaturization. This required miniaturization can be develop just in solid-state ISEs
due to replacing the liquid junction with a solid element. In solid-state ISEs a solid contact is formed
between the sensing membrane and an electron-conducting substrate (Figure 2.8b), serving as an ion-

to-electron transfet.

The ion-to-electron membranes for solid contact ISEs are required for their construction and their
potential stability. In this type of ISEs, the ion-to-electron membrane is coated with a conventional ion-
selective membrane and the ion selectivity is determined mainly by the ion-selective membrane.
However, as it has been stated above, the stability and reproducibility of the measurement is provided
by the RE potential. For this reason, huge efforts have been done to obtain solid state reference (no
liquid junction), however the major challenges of miniaturized REs still remain™. Nonetheless, in the
past years major advances have been done”, where a stable solid state RE has been achieved by

depositing a protecting membrane on the metal electrode. Usually, this membrane not only protects the



outer surface of the RE but also allows the ionic contact between the solution and the phase boundary

acting as a liquid junction bridge.

(a) Liquid-junction ISE (b) Solid-state ISE
Indicator electrode  Indicator electrode Indicator electrode Indicator electrode
Reference Reference |_Reference _ . .
T electrode T electrode T electrode Miniaturization
Indicator
electrode
Reference
Membrane electrode
Analyte Analyte
& Electrolyte le—Electrolyte ¢« Electrolyte membrane membrane
- Diaphragm Diaphragm Electrolyte Solid contact
AP o s e N .
Inner solution T Macroelectrode Microelectrode
(a.1) (a.2) (a.3) (b.1) (b.2) (b.3)
Glass Membrane Liquid ion membrane Polymeric membrane

Figure 2.8. ISEs types.

(a) Liquid-junction potentiometric ISE in a combination (a.1) glass membrane, (a.2) liquid ion
membrane, and (a.3) polymeric membrane, (b) Solid-state potentiometric ISE, (b.1) in a
macroelectrode construction, (b.2) Scheme of liquid-junction construction and (b.3) Scheme of
miniaturize system replacing the electrolyte with a solid contact membrane. Source 5.

Solid contact ISEs have nowadays similar performance characteristics to conventional liquid junction
ISEs and with the recent advances in the RE they are the future solution for ion-selective potentiomettic
sensors. The potentiometric sensors developed in this thesis are based in this solid state ISE construction

approach.
2.5.1.2 Impedimetric technique

Impedance is a useful and attractive methodology that can be implemented in a wide range of
applications such as human body analysis, characterization of solid electrolytes, pathogen detections,

neuronal activity and hormones detection, among others™

. This technique is also know as spectroscopy
(EIS) In 1894 the EIS methodology was reported by W. Nerst, when he measured the dielectric constant
of aqueous electrolytes and other organic fluids”. However, it was almost a century after (mid 1980°s)
with the advancement in computer controlling digital instruments, which allowed fast and easy

measurements along with complex mass data processing and analysis that a huge interest in EIS really



grew significantly. Even today according to Scopus website the published articles on EIS technique grow

around 10% each year, showing that is a technology completely active.

The principle of this type of transducer is based on the technique of electrical impedance EIS which is
in proportion and dependent with the concentration of analyte and application of the sensor. The most
common used, it is based on the application of a sinusoidal variation in voltage with a fixed amplitude
in the order of millivolts between the working electrode (WE) and RE or/and working sensing electrode;
and measuring the current generated between the working and the counter electrode (CE)as a function
of frequency®. This variation intime function of the input potential E(t) is of the form of the equation
(2.2, where V;,, is Voltage amplitude, W is the pulsation measured (2nf), f is the frequency, and t is the

time.

And the measuring sinusoidal induced response signal as a current time function and accompanied by a
phase shift is show in equation (2.3), where @ is phase shift between the two signals and it depends on

the electrical element presented in the system.

1(t) = Lysin (wt + 0) 2.3)

The impedance value as frequency function (Z(w)) is determined by E(t) over (t) as show equation (2.4.

B E(t) W sin(wt) B sin(wt) 3 _ig
Zw) = 1) I,sin(wt+@) “°sin(wt+0@) 1Zle™ (2.4
Z(w) = |Z|e 2.5)
Zw) =Z'(w) +jZ2"(w),j =vV-1 2.6)

The impedance Z(w) is a complex quantity so it can be written in its equivalent algebraic (Equation (2.5))

and exponential (Equation (2.6) forms.

EIS makes possible to differentiate the different phenomena that can take place in an electrochemical
cell as a function of frequency. Thus, rapid phenomena such as electron transfer occurs at high

frequency, while slow phenomena such as mass transfers and diffusion occurs at low frequencies™.

EIS measurements can be made with a different number of electrodes in different configurations, among

which the most common ones (usually called two-, three- and four-electrode cell) are shown in Figure



2.9. Al three configurations are detailed in the literature **. The Figure 2.9a shows the simplest cell that
consists in two electrodes WE and CE, where the stimulus is applied, and the measurement is done
using the same two electrodes and jZ" (w) includes contributions due to the sample interface at both
electrodes. To reduce the influence of the sample interface a third electrode is added the RE as show
Figure 2.9b, where usually the test signal is applied in the first two electrodes and the current is measured
in the third added one. While in the four electrode cell (Figure 2.9c) the measured impedance is
independent of the electrode sample interface because current is applied between the first two electrodes
WE and CE, while the voltage with no current is measured in the two added ones, CE and working
sensing electrode (WSE). The use of a higher number of electrodes makes the measurements more
complex but also more precise; thus, a trade-off is in order with the optimum solution depending on the

constraint of any specific application.
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Figure 2.9. EIS setup cells.
Measurement setup cells used in EIS featuring (a) two electrodes, (b) three electrodes and (c) four
electrodes. Source %.

The data are normally interpreted using equivalent circuits, made of resistors and capacitors, while more
complex elements (such as constant phase elements or Warburg impedances) can also be added. Data
fitting using these models and extraction of the circuit parameters is a computer assisted process carried
out by specific software packages. The use of electrical quantities allows a kinetic study, which makes it

possible to dissociate the couplings between the various elementary phenomena.

For the purpose of this thesis an impedance biosensor has been developed. The typical experimental
setup used in impedance biosensors (electrochemical cells) is a three-electrode configuration, where the

test signal is applied between WE and RE, while the current is measured at CE”. Impedance biosensing



is a sensitive technique usually used for simultaneous, label-free detection of antigen—antibody binding
called impedimetric immunosensor. In this application antibodies are immobilized on the WEs, and they
have attracted great interest in recent years because of their promising applications in various areas.
Antibodies and antigens are bound to each other and thus an immunocomplex is formed and the
electrode is coated with a blocking layer. As a result of that, electron transfer changes. After antigens
binding to the antibodies, the access of the redox probes is hindered to a higher degree than in the
absence of antigens. Since the Faradic reaction of a redox couple obstructs increasingly, the electron

transfer resistance will increase and the capacitance will decrease”.
2.5.2. Electrochemical sensors fabricated by inkjet printing

Thousands of new electrochemical sensors are reported in the scientific literature every year (Figure 2.7).
However, most of these developed sensors stay where they were developed and just some of them
achieve to be used outside the research lab, and less hit the market’. Manufacturing is a complicated
process, and the lack of reproducibility is what condemn these new developments to remain just in the
literature database. The inkjet printing technology offers an alternative low-cost, easy manufacture, and
with high reproducibility rate to manufacture electrochemical sensors and can be used outside the
research laboratory. The last year (2020), 543 articles were published according to Scopus website
(Keywords: Electrochemical AND Sensors AND inkjet-printing), this represents an increase of 2.2-fold
in comparison of published in 2015. It means that a lot of effort has been put in the development of

electrochemical sensor with inkjet printing technology.

The construction or fabrication of electrochemical sensors by inkjet printing is similar to other additive
techniques, where layers of conductive, dielectric or semiconductive materials are patterned and
deposited on the substrate. As it is discussed before, this technology has the advantage of not using
masks and it is entirely digital, meaning that an alteration in the design does not suppose any additional
cost (mask, calibration, etc.). Another improvement in comparison with other additive techniques such
as microfabrication or screen printing is that inkjet printing just deposits the necessary material to print
a pattern, and the remaining ink stays in the printhead and it can be employed in the next pattern or
another job, it is almost zero waste except when it executed nozzles cleaning process. Figure 2.10 shows

a representation of the fabrication of an electrochemical sensor by inkjet printing technology.
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Figure 2.10. Representation of the fabrication of an electrochemical sensor by ink jet.
Representation of the fabrication of electrochemical sensors by inkjet printing (A fully printed
polymer-based pH sensor is show as an example). a) Digital design of multilayer configuration,
b) photographic images of the final printed device, after the printing process ¢) A minimum of
two inks are required to produce the transducers 1) and ii), and an additional ink is often needed
to improve sensor petformance such as iii) passivation and/or iv) polymer ink.

Inkjet printing technology does not require the pre-fabrication of a stencil or template. Instead, the
digital pattern is designed using a bitmap software and sent directly to the printer which is able to
precisely deposit the ink pixel by pixel to recreate the digital design. Some example of the versatility of
the technology have been showed, where desktop/home printers were modified to be used with custom
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ink for development of electrochemical sensors™ ™. On the other hand, when better precision and

control are necessary, industrial or for research printers are available on the market that allow for precise

adjustment of ink droplet volume, ejection speed, and spacing'”

. Additionally, the high-end printers
even come with post processing accessories such as heated beds to allow better control over ink dry
times, UV lamps for curing photosensitive inks, and laser curing, among others. As an example, the
Ceradrop CeraPrinter F-Serie Printer is a very capable inkjet printer machine that enables incredible

control over the printing process, it incorporates three printheads to allow multi-material development,

up to 3 post-treatment, and auto-inspection of droplets during printer'”.

Given these advantages, inkjet printing has been used by many researchers to fabricate electrochemical
sensors. One of the first inkjet printed electrochemical sensor was developed by Nilsson et al.'™ in 2002,
where they described a transducer concept based on an organic electrochemical transistor to measure
air humidity. It was based on conducting polymer PEDOT:PSS and operates at low voltages, around 1

V. The device was realized on plastic foils and on ordinary coated fine paper substrates. As it is shown



in Figure 2.11a) to obtain the organic transistor the conducting polymer is patterned into the T-shaped
and square-shaped geometries, defining the transistor channel (area a), drain (D) and source (S) together
with the gate CE (area b) and the gate contacts (G1 and G2). As the next step the spacer is added
including an opening into which the Nafion proton conductor is solution-casted. A photography of the

device is shown in Figure 2.11b).

a) b)
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Figure 2.11. Schematic and photography of Nilsson et al. sensor.

The schematic diagram and photography of the inkjet-printed electrochemical sensor developed
by Nilsson et al. a) Schematic structure of the Nafion—organic electrochemical transistor sensor.,
and b) Photography of the printed sensor realized on a polyethylene coated fine paper and its
flexibility is show. Source 104,

Another excellent demonstration of printed electrochemical sensors was presented by Lee et al. ' in
the earlies 2000°s. They presented a printed humidity-sensitive membrane made of ionene oligomer.
The humidity-sensitive characteristics of the sensor obtained by ink-jet printing technique were
compared with the dip-coating method. Printed humidity sensor showed a decrease in impedance as the
relative humidity increase and their impedance characteristics are in a close agreement with dip-coating
method. These two above works have something in common, both use another technique to
complement the inkjet printing technology or vice versa. Even today fully inkjet-printed electrochemical
sensors are rather rare due to difficulties to print all components of the sensor. As it is discussed before,
inkjet printing conductive tracks and/or transducer is well stablished, however the sensing material or
even pads connection sometimes cannot be inkjet printed, and other techniques can overcome and
complement this technology such as electrodeposition, drop casting, hand-painting, or gravure
printing'**'". Though, Da Costa et al. ' in 2015 introduces the first fully printed electrochemical sensor.

They reported a sensor which consists of carbon nanotube-printed WE, RE, and CE . The carbon



nanotube electrodes showed a reasonable low sheet resistance, and they demonstrated the applicability
of the sensor to measure iron (Fe**) and dopamine (DA) in concentrations as low as 10 pM. Figure
2.12a) shows Da Costa et al. electrochemical sensors. Recently (2020), Pandhi T et al. ' demonstrate a
consistent fabrication process to control the sheet resistance of inkjet printed graphene electrodes,
thereby accomplishing repeatable electrochemical performance. The electrochemical sensor was inkjet
printed on flexible polyimide film (Kapton) substrates, as shown in Figure 2.12b). They used silver ink
for the electrical contacts, SU-8 for isolation of the tracks, and graphene flakes as sensing layer.
Additionally, they inkjet printed a RE, and CE made of silver/silver chloride and Pt respectively, in order
to obtain a three-electrode electrochemical cell. Cyclic voltammetry was used to analyze the
electrochemical reversibility of a fully inkjet-printed graphene electrode and a fully inkjet-printed three-

electrode device using the ferri/ferrocyanide [Fe(CN)

redox couple as the analyte. The electrodes
showed quasi-reversibility with a low peak to peak potential separation and fast electron-transfer kinetics.
This work enables a deeper understanding of how the combination of ink rheology and additive

electronics manufacturing can enable the scalable manufacturing of flexible biosensors.

a) b)

Figure 2.12. Fully inkjet printed electrochemical sensors.
Photographies of fully printed electrochemical sensor devices. a) Da Costa et al. carbon nanotube
sensot, b) Pandhi et al. graphene electrochemical (Ag/AgCl as the RE platinum as the CE, and
graphene as the WE). Adapted from 100109
Even several years after inkjet printing is in the focus of research a restricted limited types of inks and

substrates have been used. The most common reported inks atre silver, gold, carbon nanomaterials,

poly(3,4 ethylene dioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS), polyaniline (PANI), poly(amic



acid), and SU-8>!"10GIORIOMHTIZIRIBIAA "Thege inks are basically divided in three groups, conducting
materials mostly used for electrodes/transducer, catbon nanomaterials usually used for detection
interface, and dielectric materials commonly used to isolate conductive tracks and to define the
electrochemical active area of the electrodes. The list of substrates is more limited, the most reported
ones ate PEN, polyethylene terephthalate (PET), Kapton®, and paper''»'™>"*!?*1% due to its flexiblilty
and low-cost attributes. However, sensor can relatively easily be printed onto other substrates such as

HOBE6IT T applications such as RFID and electric

silicon, metal, glass or 3D complex structures
connections printing technologies are becoming the standard low-cost solution for these rigid

substrates'?*'® but for electrochemical sensors is just becoming a real viable solution.

The success of inkjet technology in sensor manufacturing strongly depends on the availability of
functional materials and suitable post-processing techniques®. Inkjet printing is particularly well suited
for handling flexible substrates, but the substrates that are more interesting from a cost point of view
are incompatible with sintering temperatures above 130 °C, which are required by most functional inks
nowadays"”. This is an open discussion and for the purpose of this thesis this topic will be further treated

in the next chapter.



Chapter 3 ‘ Printable Materials for
sensing

A brief overview of printable inks for the fabrication of electrochemical sensors is presented. Followed
by the ink requirements for a printing process. Next, a short review of the printed pH sensor presented

in the literature. And finally, two novel inkjet printed pH sensors are presented.



3.1. Printable inks

Global market has shown a growing interest in developing electronic devices according to circular
economy strategies by exploiting innovative materials and printing technologies. The success of inkjet
technology in sensor manufacturing strongly depends on the availability of functional materials and
suitable post-processing techniques. One of the main challenges is the development of low sintering
temperature metallic inks for inkjet printing technologies in order to handle a wide range of flexible
substrates. The majority of these substrates have a glass-transition temperature below 130 °C'.
However, in the last years a huge effort have be done to obtain conductive polymer inks that can
overcome this limitation. These inks are a current alternative to develop inkjet printed sensors. They are

usually water based and showing low cuting temperatures'".

To achieve the objectives of this thesis, the development of novel and/or low sinteting inks is required
to allow the fabrication of electrochemical sensors on flexible substrates with low glass-transition
temperatures. Usually, apart from the ink raw materials, the main ink components are the solvent and
additives in order to improve stability, suspension, and rheological properties of the ink. These
components need to be removed through a post processing step in order to obtain the final functional
layer. Generally, the post processing process is an evaporation step of the solvent and additives, but
more complex processes can be required such as polymerization and sintering. Moreover, and depending
on the application, ink properties, printing effects, or chemical reactions, it is important to cure almost
immediately after printing the patterns. Today, the main challenge for inkjet printing technology is
imposed by the restricted availability of functional materials, especially in the sensing material for the

fabrication of electrochemical sensors.

During inkjet printing fabrication process, the liquid phase of a material dissolved in solvents is deposited
onto the substrate with high accuracy and without any extra waste of material. Hence, it is crucial to
understand the fluid dynamic properties of the materials to prepare a printable ink. It is also essential to
comprehend the different aspects of droplet formation, impact as well as spreading of the ink on each
substrate after ejection'”'. A complete fluid dynamics study of inks will contribute to the selection of
proper solvents as well as functional materials and surfactants for ink preparation. After printing on the
substrate, the interaction of the ink with the substrate and the post processing affects the device

performance and morphological behavior of the printed pattern™. Such types of morphological changes



are already known such as coffee ring effect and material crackdown™", therefore it is required to
understand the mechanism of such changes as well as the methodology to overcome them during the

fabrication of devices.

As already discussed in section 2.5.1, for the development of electrochemical sensors two or three
electrodes are needed to obtain 2 common electrical transducer. For the fabrication of a WE and RE, a
sensor requires at least of two conductive inks. Additionally, and in order to obtain a fully printed sensor,
a third ink is required for the sensing application. This ink is usually made by a conductive material
polymer, oxide, enzymes, or antibodies, among others. Furthermore, to easy connect the sensor with
the measuring equipment, tracks and pads must be printed, usually by the same conductive material of
electrodes but in the case of using a material with poor electrical properties for electrodes, a high
conductivity ink must be used. Following the approach of fabricating a fully printed sensor, these tracks
must be isolated by using an insulator ink to avoid short circuits and define electrode area to reduce
crosstalk. In conclusion at least four functional inks are required in order to obtain a fully inkjet printed

electrochemical sensor.

As it has been stated, a lot of effort have to be done in order to develop novel inks to increase
exponentially the applications of this young technology. Currently available inks for inkjet printing
consists of organic polymers, metal nanoparticles and carbon materials such as graphene and carbon
nanotubes. For the effectiveness of the printing process, the fluid dynamic parameters such as viscosity
and surface tension, must fulfill technology restrictions. In the next sections, three main types of ink will

be discussed focusing on conductive, semiconductive and dielectric inks.
3.1.1. Conductive inks

Conductive patterns are required in almost all inkjet printed applications on various rigid or flexible
substrates, such as paper or polymeric substrates”'*’. Many types of conducting inks have been
developed by researchers with different types of active materials such as metal nanoparticles, conducting
polymers, graphene, and carbon nanotubes, among others "~*’. However, all the active materials have
their own advantages and limitations for its use in inkjet printing technology. Usually, polymeric inks
shows low conductivities and poor electrical properties, however they can be used as sensing or
protecting membrane with high selectivity and proper coating properties, as well as they are most of

them water-based with low curing temperatures making them suitable for polymer and delicate



substrates. Leaving out of the equation the substrate restrictions, metal nanoparticles have mainly two
drawbacks: the high cost and oxidation. As an example, silver ink possesses high electrical conductivity
among various metals and relatively low cost with respect to gold. Even though, copper inks are cheaper
than silver and possesses high electrical conductivity too, but they easily oxidize. On another hand, Ag
nanoparticles are stable without forming any oxide. Gold and platinum are biocompatible and do not
form oxide due to their chemical nobility but they are costly than silver that has antibacterial properties

' Graphene inks have many interesting properties as

making it suitable for medical applications also
printable material such as good electrical conductivity, optical transparency, mechanical strength, and
simple preparation method of the ink'*™'*. However, graphene is currently hard to obtain in large
quantities, making it difficult to use for many applications. Finally, another reported ink is carbon
nanotube based ink showing unique properties due to its physical and chemical properties such as good
thermal conductivity, high mechanical strength, and conductive and semiconductive properties'*. On
the other hand, as well as graphene, the obtention of printable carbon nanotubes is complex and large

production method are limited. Despite of this fact, both carbon-based inks have shown very promising

applications for ink jet printing technology.

For the purpose of this thesis, this section will briefly describe different aspects of preparation or
synthesis, printing, and post processing of metal nanoparticles and polymer-based inks. These two types
of conductive inks were used for the development of the sensors and devices that will be presented in

this thesis.
3.1.1.1 Metal nanoparticles inks

Nanoparticle-based materials possess many remarkable properties which are different from the bulk'®.
Understanding and predicting the nanoparticle thermodynamics is a key when developing functional
materials for printable inks. Owing to the change of the properties, the fabrication of nanomaterials and
nanodevices with unique properties in atomic scale has become an emerging interdisciplinary field

involving solid-state chemistry, biology, physics, and materials science'*

. The most noticeable example
of the change in properties is the depression of the melting point with nanometallic species in
compatison with conventional bulk. This property is known as thermodynamic size effect, it reduces

the melting point of nanoparticles compared to the bulk material'’

. The property is useful to obtain
highly conductive printed patterns, which facilitate the fabrication of sensor and conductive electrodes

thus allowing the use of substrate with lower glass-transition temperatures.



In the earliest 1900, P Pawlow '* established a relation between melting temperature and the radius of
nanopatticles, however 50 years before M Takagi reported '*’ lower melting points of Pb, Sn and Bi thin
films (10 to 1000 A) Alarge research has been done since then in this topic due to its high applicability'*
. These works concluded that a significant decrease in melting temperature is observed in isolated
nanoparticles and substrate-supported nanoparticles with relatively free surfaces, in comparison with
their corresponding bulk materials. Very briefly, this phenomenon occurs by physical origin where the
ratio of the number of surface-to-volume atoms is enormous, and the liquid/vapor interface energy is

generally lower than the average solid/vapor interface energy'™

. Meaning, as the particle size decreases,
its surface-to-volume atom ratio increases and the melting temperature decreases as a consequence of
the improved free energy at the particle surface '*". This physical phenomenon is one of the major

attractive properties when using nanoparticle-based inks in inkjet printing.

In consequence, the researchers are working to obtain smaller nanoparticles to obtain higher
conductivities without the need of high temperatures. Nevertheless, the particle itself cannot be inkjet
printed directly thus a proper ink formulation is necessary to obtain a printable material. Rheological
restriction for inkjet printing will be discussed in the next section, but certain parameters must have into
account in order to obtain a stable nano dispersion of a metallic material for its use. As an example, the
uniformity of the nanoparticles dispersion and the smaller size of nanoparticles are key due to the fact
that the nozzle diameter plays a critical role in drop formation and ejection. Stabilizing agents and organic
additives are used to prevent agglomeration in order to obtain an uniform dispersion', although its use
affects the conductivity of the printed patterns causing a need for a post-process treatment to remove
the stabilizing agent, usually by heat. These stabilizing agents need to be correctly selected because the
interaction between atoms play an important role on dispersion function. A trick or treat between both
define the ideal stabilizing agent. Then, the desired printed conductive pattern will consist of metallic
nanoparticles after removing the stabilizing agents and organic additives. Therefore, metallic
nanoparticles composition largely determines the mechanical, electrical, and morphological properties

of the printed patterns.

For instance, the parameters of metallic nanoparticle inks can be categorized into metallic nanoparticles
and liquid medium as show Figure 3.1. The liquid medium can be classified according to the carriers,
dispersants, and additives. And, metallic nanoparticles can be further classified according to their

material compositions, particle size, particle shape, and particle concentration'”.
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Figure 3.1. Parameters of metallic inks.
Nanoparticles metallic inks parameters. Source 137

The selection of the metallic nanoparticle ink in not obviously, for example the first though could be
select the best conductor. However, other factors have to be consider, as has been discussed before,

such as oxidation, cost, and electrical and magnetic properties.
3.1.1.2 Polymeric conductive inks

Conductive polymers offer many advantages in terms of processability, flexibility and conductivity. They
attract a great deal of interest for a large range of applications. Additionally, they are easily processable
in thin conductive films . One of most reported conducting polymers is poly(3,4-ethylenedioxy)-
thiophene-poly(styrene sulfonate) (PEDOT:PSS). PEDOT:PSS has been prepared by standard
oxidative chemical or electrochemical polymetization methods since several years'™ . However, the
processability of PEDOT:PSS is very poor because it is an insoluble polymer and the method to mitigate
this drawback is by polymerizing it with water soluble polyelectrolyte'”. These drawbacks pushed
researchers to develop and search novels conductive polymers. Additionally, some polymers also

contribute with special characteristics such as ion selective propetty, protective membrane, and others”.

Conducting polymers offer great prospects for practical applications especially in stretchable electronics
due to their level of conductivity, low cost and ease of synthesis. Furthermore, electro-materials are
highly suited for biological systems because of their structural similarity to present compounds in human
body such as proteins, carbohydrates and nucleic acids '*". Despite polymers advantages, their application

on flexible and stretchable substrates is a difficult due to the young modulus mismatch between the



polymer and the substrates '®. Its poor solubility in common solvents due to their conjugated structure,
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induces a strong rigidity to the macromolecular backbone and the inter-macromolecular hydrogen

bonds thus hindering the correct solvent penetration into polymeric chains and limiting the solvation
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To solve these shortcomings and obtain functional inks or solutions, a wide range of methods have been
developed such as the modification of their intrinsic properties altering their molecular structure by
chemical synthesis, and producing composite materials made from blending of conducting polymers
particles'™""".

In order to obtain a suitable conductive polymer ink for inkjet printing, the ink must fulfill printing
requirements (viscosity, surface tension, particles size restriction, etc). To accomplish the technology
constraints, conducting polymers must be presented in a homogeneous and stable water solution ideally.
Using water as a solvent provides a cost-effective and environment-friendly media while a non-
biocompatible toxic solvent is avoided. Currently, even though conducting polymers ink implementation
is still challenging and each new polymer must be considered individually in terms of suspension and
preparation, conducting polymers processing main issues have been solved thanks to the control
provided by recent methods for nano—suspension. Nano-suspension is a submicron colloidal dispersion
of dispersed particles "> A polymeric nano-suspension is defined as very finely colloid, biphasic,
dispersed solid polymer particles in an aqueous vehicle, with a size below 1 pm, stabilized by surfactants
and stabilizing agents prepated by suitable methods for polymeric-based applications '™, Nano-
suspension have revealed their potential to solve the problem associated with the delivery of poorly

water soluble and pootly water and lipid soluble polymers '.

However, nowadays there is still a need to develop a simple approach for synthesizing water-soluble
conducting polymers suspensions due to the drawbacks of conventional methods. Additionally, most
suspensions have large size distributions and precipitate in water when the suspension is left without
agitation or interaction for minutes or hours ”®. Novel methodologies, such as enzyme-catalyzed

synthesis of PANI generates good electrical and good particle stability at small size distribution
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performance, but it is a costly process compared with other approaches . Interfacial polymerization

also forms a stable colloid in water media. However, the formed films obtained with this methods
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presents lower conductivity values . The two most innovative methodologies for the development of

inks are electrostatic interaction nano-suspension and emulsion polymetization '**, '*’.



Electrostatic interaction nano-suspensions are based on the use of electrostatic forces between a
monomer and a stabilizer molecule (usually a polyelectrolyte). These electrostatic forces allow the
physical trapping of polymeric chains with the polyelectrolyte when the monomer starts growing. The
polyelectrolyte isolates the monomer during radical polymerization and control the size distribution. The
emulsion polymerization method main strategy is to develop a polyaniline suspension, consisting of
using a surfactant (dodecylbenzenesulfonic) to obtain micelle structures in the polymerization media.
Micelles allow, during the radical polymerization, anilinium cations to reside on a specific and controlled
position. The polymeric nano-suspensions made by these two methods are suitable for the development
of inkjet printing inks thus allowing the deposition of thin polymeric films on a variety of substrates
including flexible substrates. Inkjet printing technology is one of the most promising technologies for

conducting polymer depositions nowadays, allowing the fabrication of devices with new applications '
3.1.2. Semiconductive inks

Semiconducting materials are crucial for the performances of transistor, organic light emitting diodes
(OLED), solar cells, etc. Therefore, from the beginning of the 2000’s researcher were focused on the
design and synthesis of new materials and different types of organic semiconductors enabling flexible

and low-cost manufacturing '*>'*

. Conjugated polymers have been interesting candidates for electronic
devices due to their semiconducting properties '*'. They can be tailored to optimize the final device
properties, for instance by adding side chains to the polymer backbone for an improved electron affinity
or solubility. However, semiconducting polymers shows low electrical conductivity and poor electrical
and thermal stabilities, limiting their application '™. Nonetheless, taking into account their structure,

molecular weight, solvent, and concentration, they allow ink formulation with tuned rheological

properties.

Polythiophenes are one of the most important classes of semiconducting polymers currently known .
In combination with fluorene bithiophene (F8T2) impressive progress have be done in the develop of

polymer-based inks, either conductive and semiconductive *

. Most polythiophenes-based inks studied
in the literature exhibited non-Newtonian behavior with stable printing process, fulfilling printability

conditions, furthermore, they also show fast drying behavior.

Many organic semiconductors show a robust performance response to materials in their ambient. The

mechanisms for this behavior are diverse, and include doping of the semiconductor by the analyte,



swelling of the semiconductor upon absorption of the analyte, distortion of grain boundaries due to
accumulation of the analyte, and various steric effects within the semiconductor upon analyte exposure
. On the other hand, inks containing dispersions of semiconducting nanoparticles, can form
nanocomposite matetials with unique electronic properties when cured . For example, Nam et al. "'
demonstrated that printing semiconducting metal oxide nanoparticles enhanced a photovoltaic solar cell
system. Several works have demonstrated the promising results of semiconducting metal oxide

nanopatticles formulated as inks'*>'”.

In conclusion, many semiconductive inks can be synthesized and their application have been
demonstrated during last decade. As it was stated above, semiconductor inks can be based on polymers
and nanoparticles. Generally, the use of the semiconductive inks is destinated to transistor and displays,

a topic that it is far from the objective of this work.
3.1.3. Dielectrics inks

Dielectric layers are mostly used in the field of printed transistors for the development of the isolating
film separating the gate electrode from the semiconductor or more generally for the fabrication of
passivation layers used to protect the transistors and other circuits elements such as tracks, pads, and
others from short circuits and the environment *'”. Specifically in sensor development, insulator inks
are used to define the active electrode area and additionally to obtain a fully printed device with a
protective passivation on the connective tracks and pads. Most dielectric inks reported in the literature
are based in polymer solutions. They are an ideal material due to its solubility in a wide variety of solvents,
and the dielectric constant can be relative easily tuned by inserting ceramic or metallic nanoparticles into
the matrix "', In order to obtain stable and reliable isolating films, the dielectric inks are limited by
the requirements of the technology and its rheology. The deposition of dielectric passivating layers is

rarely done by inkjet printing.
3.2. Inks requirement for printing an electrochemical sensor

Inks have many different properties that collectively influence in the jettable process. Many of these
properties depend on operating conditions and the nature of the fluid molecules. Two key properties

have the most influence of printing an ink: viscosity and surface tension.



The most crucial part of inkjet printing technology is probably the ink and its physical properties, in
particular the viscosity and surface tension. The viscosity should be suitably low, typically below 20
mPa.s and surface tension should be intermediate lower than water’s surface tension value (72.8
mN/m). The development of novel inks play an important role in the future of inkjet printing
technology, reason why a huge amount of effort is put in the development of new inks. However, the
design and preparation of this ink are not often very simple, as it is mentioned above inks must have
physiochemical properties that allow an appropriate printing process. As the aim of this work is the
development of PoC devices, special attention in the selection and development of biocompatible low

sintering temperature conductive and dielectric inks is required.

e Viscosity

Viscosity is the fluid property that defines its resistance to shear deformation or flow™”

. The viscosity
depends on the attractive force between molecules and the momentum interchange between molecules
in adjacent layers of fluid as they move relative to one to another. In a liquid, molecular cohesion forces
dominate the viscosity, and these cohesive forces depend on temperature. As the temperature increases,

molecules in a liquid become more energetic and separated. Thus, the cohesive force decreases, and so

does Viscosityzm’zoz.

e Surface tension

The surface tensions of liquids cover a wide range of values, and most decrease slightly with increasing

temperature””

. The molecules of a liquid exhibit adhesion as well as cohesion. The adhesive force,
attractive force between unlike molecules, enables a liquid to adhere to another body. When a liquid is
placed on a substrate, the shape it takes depends on the relative strengths of these forces. If the cohesive
force dominates, the liquid will tend to “bead up” on the surface. If the adhesive force dominates, the
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liquid will be pulled onto (wet) the substrate

Printhead has a specific range of viscosity and surface tension, which enable proper jetting. As is
mentioned in section 2.2 for the Dimatix printer these parameters are set in below 15 mPa.s for viscosity
and between 28 and 33 mN/m for surface tension. Ink preparation is a complex process, usually it
conveys a compromise of right amount of solvent, dispersant, and desired material. Such selection affect

viscosity, surface tension, particle size, particle suspension, and so on. It also affects printing quality,



drop formation, clogging, jettable continuity and final application performance. These are the reasons
why the implementation of inkjet printing technology will not be possible without huge research efforts

in the area of printable material inks.
3.2.1. Drop deposition

The dynamics of a fluid drop impacting on a solid nonporous surface is a classical subject of interfacial
hydrodynamics, which occurs in many industrial and environmental situations such as coating, rapid
spray cooling of hot surfaces, quenching of aluminum alloys and steels, motor jet, rain drop, pesticides,
and inkjet printing®”. The impact of liquid drops on dry surfaces creates various flow patterns depending
on the properties of the liquid and the surface. The velocity and the volume of a droplet also have a
significant influence on the resulting behaviors. For common inks and conditions of inkjet with droplets
diameter of tens of microns impacting with speeds of few meters per second, gravitational effects can
be neglected, and splashing is not expected to happen. The drop initially spreads just after impact being
this behavior controlled by inertial forces (impact driven regime). The kinetic energy of the drop is
transformed into surface energy by spreading over the dry substrate. After the spreading there is a surface
tension driven retraction of the extended drop followed by oscillations of the droplet in which energy is
dissipated by viscous forces taking importance the capillary forces (capillary driven regime) until the
deposited drop reaches the stationaty shape that is dictated by surface energy forces™. Finally, the
pattern resolution relies on the size of the ejected drop and the equilibrium contact angle of the ink on

the substrate.

At the end of the impacting drop sequence, the drop remains with an equilibrium shape on the substrate,

which follows Young’s angle™”

. At this stage, evaporation of the drop occurs, and the drop will vanish,
and a solid residual layer remains on the substrate. Drying time depends on the ambient/platen
temperature and humidity, on the droplet size and on the ink solvents. The drying phase is followed by
the sintering/cuting process. This step is performance to make functional the printed ink. The required
temperature for the sintering of the nanoparticles is determined by the size of the particles, solvent, and
the encapsulant/dispersant. The processing temperature needs to be below the glass-transition
temperature of the substrate materials to avoid deformation and/or melting. The sintering/curing

temperature is another item that need to be also taken into the equation of the ink preparation in order

to use low-cost substrates, usually with low glass-transition temperature.



Another variable of the drying process is the coffee ring effect, and it was firstly explained by Deegan et
al. *®. A coffee ring can easily be obtained when the jetted drop completely wets the surface leading to
an excess of solute at the edges, as shown in Figure 3.2. This is due to higher evaporation at the outer
edges of the deposited drop, causing an outward convective flow to replenish the lost solvent thus
resulting in the accumulation of solute at the edges. The coffee ring effect can be reduced using several
methods: e.g., changing substrate temperature, incorporation of a solvent system with a higher boiling

209

point and a lower surface tension to suppress coffee ring™”, and others. Due to higher evaporation at

the outer edges, the solvent composition at the outer edges becomes mainly the solvent with high boiling
point. As a result, the solvent at the edges has a lower surface tension than in the center, resulting in a

surface tension gradient, then a surface-tension driven Marangoni flow occurs to carry the solute inward
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to the center (Figure 3.2 b))“".
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Figure 3.2. Coffee ring formation of evaporation patterns

Formation mechanism of evaporation patterns a) Higher contact angle cause low evaporation
rate, b) recycling flow is constructed, c) in the later stages of evaporation, many particles remain
in the dispersion, and d) coffee ring deposition. Adapted from 134,

3.2.2. Ink jettability

Appropriate functional ink materials are limited in availability. An inappropriate ink will lead to unstable
ink-jetting in which long-lived filaments form, connecting the ejected droplet to the nozzle®'. An
microscopical ink understanding of inkjet dynamics is recently emerging, and fluid dynamics implicated
in the technology have been studied”*?". The important physical parameters of printing fluids are

viscosity and surface tension. These fluid properties influence the drop formation mechanism and

2

subsequent drop size at a given voltage. Fromm 8 obtained an approximate solution to the
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Navier—Stokes equations for the case of droplet ejection””. He used characteristic dimensionless



numbers representing fluid physical properties. The Reynolds number (Npg,) is the ratio of inertial to

viscous forces, and the Weber number (Nyy ) is the balance between inertial and capillary forces™”

_vep
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Equations (3-1) and (3-2) show the calculation of Ng, and Ny, respectively, where v is the average
travel velocity, p is the density, a is the radius of printing orifice, ¥ is surface tension and 7] is viscosity.
Another dimensionless number is the inverse (Z) of the Ohnesorge number (Oh), which is defined as
the ratio between the Reynolds number and a square root of the Weber number, and is independent of

fluid velocity (Equation (3-3)):

— (apy)l/z _ NRe

YA =
n Nyyo /2 (3-3)

Based on mathematical analysis using complete complex flow equations, stable drop formation in the
DoD printable inks is determined by the value of Z. Fromm predicted that stable drop formation is
permitted only when Z > 2. With lower values of Z, the viscosity does not allow drop ejection, while
higher values make the uncontrollable and with a large number of satellites drops. But different
experimental results give different values of Z for printable inks due to printer properties, printhead

differences, applied voltage, ink reservoir pressure, and availability of cleaning cycle, among others.

However, Jang et al. ** make a remarkable study of different mixtures of fluids usually used as solvent
in printable inks. The physical properties and dimensionless numbers for each fluid are summarized in
Table 3-1. Finally, according to Jang et al (using their printer: lab-made) the results shows that the
printability range of Z is within the limit 4 < Z < 14 and for fluids with Z < 4, the droplet filament is
long and the time for droplet generation is also long. Similarly for a fluid for which the value of Z > 14,

there is no formation of single droplets.



Table 3-1. Summary of Physical Properties and Dimensionless Numbers for Each Fluid.
Jang et al. study of Z number for common solvents used in printable inks. Source: 2!

Solvent p n Y Nge Ny Z
ethylene glycol (0.15) + water (0.85) 1059 3.11 548 51.08 8.69 17.32
ethylene glycol (0.25) + water (0.75) 1068 3.69 47.8 4342 10.07 13.68
ethyl alcohol (0.75) + ethylene glycol (0.25) | 866  4.83 289 26.89 1347 7.32
ethylene glycol (0.5) + water (0.5) 1094 7.61 458 21.56 10.76 6.57
ethylene glycol (0.75) + water (0.25) 1106 123 45.6 1349 1091 4.08
glycerol (0.66) + Water (0.33) 1172 16.05 56.2 10.95 937 3.57
diethylene glycol (0.5) + water (0.5) 1111 22.0 414 758 12.08 217
diethylene glycol 1118 351 448 478 1123 143

p: density (Kg/n1’); 1 is viscosity (mPa®s); y is surface tension (mN/m)

Following Lang study, Liu and Derby in 2019 **. They have studied the limiting value Ny, and the
value of Z when printing inks with the Dimatix material printer (DMP2831/2850). They found that the
limiting value of is 2 < Ny, < 25, whereas for practical ink design they mentioned the limit of Z to be 2
< Z < 20. The higher limit of Ny, is the instability of tail formation during drop injection with the onset
of many satellites drops, and the lower limit signifies the limit of the capillary force that should be
overcome for drop formation. They conclude that the dimensionless parameters Z and Ny, are crucial
for determine the printability of a fluid with known (Newtonian) physical properties. Stating that the use
of Z is justified because it does not contain a velocity term and the Ny, is determined using the velocity

of the fluid prior to drop formation.

The jetting availability of an ink suitable for use with an inkjet printer is defined by the ability to eject a
well-formed single drop without the formation of satellite drops, therefore is necessary to study
rheological characteristics of the inks before the printing process to avoid wasting time and supplies.
Here Z and Ny, dimensionless numbers are introduced which can help to know if an ink is viable for
inkjet printing. However, it is clear that each printer has if own restriction to print an ink. A conscious

study must be done to create suitable a fluid for inkjet printing technology.



3.2.3. Drop spacing (DS)

Inkjet printing main purpose is not printing isolated dots. Functional devices need continuous printed
tracks or areas so individual droplets must be overlapped and the resultant features should be stable to
maintain their shape and functionality. When drops of ink are deposited next to each other, each
overlapping with the previously deposited one, they coalesce into a single liquid bead. A rich
phenomenology is observed when varying the distance between sequentially ejected drops that is
common for many other sets of inks and substrates. As shown in Figure 3.3, for large distances between
drops, such that they do not interact on spreading, the individual printed appear as individual drops. As
the distance between printed dots becomes smaller, drop coalescence takes place, forming a line with a
rounded contour, this phenomenon is known as scalloped lines. If drop spacing (DS) is further
decreased, the wavy contact lines disappear and a transition to parallel side edges is observed conforming
uniform lines. If spacing decreases even more, line widening can occur however eventually a bulging
instability with regions that outflow the line and other where the line remains uniform might appear,

called bulging lines.
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Figure 3.3. Drop spacing pattern

Droplets deposition along same axis using different DS showing different behaviors. a)
Latrger DS causes individual drops, b) no close enough DS causes scalloped lines, c) right DS
generate uniform lines, and d) too close DS causes bulging lines.

In words, the DS is the center-to-center distance in X and Y of two consecutive drops. For the Dimatix

printer the DS is adjustable between 5 and 254 um in five-micron increments. For example, with a DS50



(DS of 50 p m), the pattern generator place drops 50 um apart in X and 50 um apartin Y to fill in the
pattern. So, for a 100 pm x 10 mm (x,y) rectangle pattern, the system places 3 drops in the X direction
(one for the first edge, another at 50 g m, and another at 100 u m for the next edge) by 2001 drops tall.
The DS, therefore, determines resolution or density in the X direction and Y direction. The amount of

jetted ink per area depends on the selected DS.

For the aim of this thesis each ink was first characterize using a line pattern design®. It consists in an
array of lines with different DS from a high DS (140 um) to a small DS (5 um). From the analysis of the
line pattern can be extracted very important information for printed patterns such as resolution, DS to

obtain uniform lines, drop dimensions, thickness, width, and coffee ring effect, among others.
3.3. Printed pH sensors

pH sensors are particularly important as the pH levels influence most chemical and biological reactions
in materials, life and environmental sciences™. pH sensors have received considerable attention for
monitoring human healthcare due to their versatility, possibility of real-time measurements, and
quantitative results **. Possible areas of interest can be found in the continuous monitoring of blood™****

2128 and the determination of the pH of tumors™ as the chemo-dynamic therapy heavily

and sweat
depends on acidic chemical environment pH measurements that can determine the effectiveness of this
treatment. Even though the pH sensor is a broadly studied one, for all the above mentioned applications,
integrated pH sensors must fulfill strict requirements that are technologically unresolved to date. The
most relevant points where the technology still faces important challenges to be accomplished are™ 1)
flexibility, to be adapted to body tissues; 2) the need for miniaturized pH sensors that are minimally

invasive; 3) good performance such as good stability, sensitivity and response time, to allow monitoring

for definite time; and 4) accuracy at neutral pH, especially interesting for physiological measurements.

Conventional glass pH electrodes are not proper for new applications such as wearables and portables
devices due to the fact that glass can easily crack during user movement and their lack of bending
capability . Additionally, glass electrode are considerable big in size, and due to its liquid-junction
functionality they are hard to be miniaturized, and regular refill of the liquid is needed ** Therefore,
solid-state pH sensors have gained a lot of attention in the last two decades **'. They offer the possibility
of miniaturization, flexibility if they are fabricated on a flexible substrate, moreover they have another

attractive features such as faster response, wider pH sensing range, excellent sensitivity, simple



electronics, biocompatibility, low cost of fabrication, and the possibility of integration on different

2, Generally, the electrochemical measurement of pH

substrates (polymer, plastic, textiles, paper, etc.)
is done by potentiometric, conductimetric/chemi-resistors or ion sensitive field effect transistors,
et In respect of the pH sensors fabricated by inkjet printing reported to date, due to simplicity
and the possibility of miniaturization, all those reported are electrochemical sensors based on
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potentiometric technique™ . For the purpose of this thesis, we will discuss just about the potentiometric

pH sensor made by inkjet printing.

Potentiometric pH sensors offer stable high sensitivity, performance, low power, less interference,
easiness in wireless system, long lifetime and fast response compared to other type of pH sensors **.
Currently there is no pH sensor entirely made from inkjet technology. All pH sensors are rendered
combining inkjet and screen printing technology, depositing the transducer layer electrochemically or by
drop casting. Until the one presented in this thesis. However, in 2016 Qin et al.''® presented a work
where functionalized single-wall carbon nanotubes were inkjet printed with a double purpose, both
conductive and pH sensitive layer. This work supposed the basis for the development of a fully inkjet
printed pH sensor, because they fabricated the tracks and isolation with a painted Ag paste and drop
casted PDMS solution respectively, as it is shown in Figure 3.4. Another example is the work presented

by Miittinen et al.**

where they printed the metal electrodes (gold and silver) and electropolymerize
polyaniline film for pH sensing. The pH sensitivity of polyaniline on the printed WE was verified by
comparing its performance with the sensitivity of a bare gold electrode. The sensitivity of the polyaniline-

functionalized electrode was 65 mV/pH after correcting for the Cl™ buffer.
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Figure 3.4. Printed pH sensing film.

Schematic of the fabrication process of a carbon nanotube-based pH sensing electrode. Source
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Also, Qin et al.'”” presented an inkjet printing process for depositing palladium thin films. To
demonstrate the electrochemical pH sensing application, the surfaces of the printed palladium was
oxidized by oxygen in air during the thermolysis at 200 °C for ion-to-electron transduction and the
underlying layer is left for electron conduction. These potentiometric sensors have sensitivities of 60.6
+0.1and 57 * 0.6 mV/pH. Additionally, Xu et al.'”’ developed a multiparametric inkjet printed platform
on Kapton film for water quality monitoring system. Where, one of the inkjet printed sensor was used
for pH sensing. The indicator electrode was made of Au ink, the reference is silver ink, and the isolation
was made of Poly (amic acid) ink. The WE was functionalized by electroplated Iridium Oxide using
cyclic voltammetry. The sensitivity of the printed pH sensor was measured to be 67.5 mV/pH, which
was slightly lower than the 70 mV /pH achieved by non-printing methods. However, the result is still
within the theoretical 60-80 mV/pH range. These results indicate that the facile and cost-effective inkjet
printing and integration techniques may be applied in fabricating future electrochemical pH monitoring

systems for environmental parameters and human health conditions.

3.3.1. Publication I: Enhanced performance stability of iridium oxide based pH

sensors fabricated on rough inkjet-printed platinum

The first paper presented in this Chapter, Publication I, is a published article about the development

of a novel Pt ink and its applications as pH sensor. The article is focused in the complete characterization



of the functional Pt ink that can be processed and sintered at low temperature (180 °C) in comparison
with traditional methods, this novel ink was printed on to Polyethylene napthalate (PEN) substrate. The
printed Pt ink shows a high rough surface that enhance the adhesion of the Iridium Oxide, allowing pH
sensing during a year. The sensitivity results were compared with evaporate Pt electrodes also coated

with the same oxide.

This article has been edited from the version published in ACS Applied Materials & Interfaces (edition
consist in formatting and numbering figures, references, tables, and equations in accordance with the

thesis manuscript, however acronym corresponds to the article):

Miguel Zea, Ana Moya, Marco Fritsch, Eloi Ramon, Rosa Villa, and Gemma Gabriel, Enhanced
petformance stability of iridium oxide based pH sensors fabricated on rough inkjet-printed

platinum. 2019, 11, 16, 15160-15169, https://doi-org.are.uab.cat/10.1021/acsami.9b03085.
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Abstract

Today, electrochemical sensors are used for a broad range of applications. A fundamental challenge is
still the achievement of long-term sensor stability by ensuring a good adhesion between the deposited
sensing layer and the substrate material, e.g. a metal electrode. Until now, the most applied strategy to
overcome this problem is to increase the surface roughness of the metal layer by mechanical etching or
by electroplating of additional material layers, which both imply an increase in manufacturing steps and
thus the final cost of the overall device. Alternatively, to overcome these adhesion problems we propose
the direct printing of a novel platinum nanoparticle ink, which is compatible with low-cost additive
digital inkjet and with flexible low-cost substrates. This water based platinum ink has two unique
features: it leads to highly rough surfaces, which promotes the adhesion of deposited sensing material
and it is a highly low-temperature curing ink, compatible with polymeric substrates that cannot withstand
high temperatures. Based on this concept, we report about a long-term stable and highly sensitive solid-
state pH sensor functionalized by anodic electrodeposited iridium oxide on rough nanostructured
platinum printed layer. The sensors showed an excellent reproducibility with a linear super-Nernstian
response (71.3 £ 0.3 mV/pH unit) in a wide pH range (pH 2 to 11). Long-term stability tests for over 1
year of application demonstrate an excellent mechanical sensor layer stability, which is correlated to the
distinct roughness of the printed platinum layer. This novel approach is useful to simplify the fabrication

process and with that the sensor costs.

Keywords

Inkjet Printing, IrOx, platinum ink, pH sensor, adhesion, rough platinum, printed electronics.

3.3.1.1 Introduction

Inkjet Printing (IJP) is an additive manufacturing, digital and non-contact approach that allows the
maskless deposition of functional materials in small drop volumes on a wide range of substrates. 1JP
should not be considered as a replacement for conventional silicon fabrication techniques, but in certain
applications, such as environment, food safety and biomedical, low-cost disposable IJP devices are key
for obtaining reliable sensors with real applicability in the future.” However, the implementation of this
technology will not be possible without research efforts in the area of printable material inks and process

compatible substrates.



Electrical conductive inks usually comprise colloidal suspensions of metal nanoparticles, nanowires,
carbon nanotubes, organometallic compounds in solution or dispersed conductive polymers.”>>**
Even if there are plenty of suitable materials available for IJP techniques, there is still a need to develop
new conductive materials with low sintering temperatures suitable for the fabrication on temperature
sensitive substrates like polymers or paper. Several metallic inks have been reported,”** but only a few
of them are commercially available. Silver (Ag) is one of the most reported metals for conductive inks
and a few gold (Au) inks can also be found. Great effort is also being made in the synthesis of nonnoble

metal nanoparticle inks (e.g., Cu, Al, Ni), however they face issues in terms of oxidation stability during

ink storage and printed film stability.

Platinum (Pt) is a singular noble metal and possess unique properties like chemical and oxidative stability,
suitable for sensing applications. Usually, Pt layers are costly deposited by thin film technologies, but to
date, no IJP Pt ink has been reported that achieves the required high conductivity at low sintering
temperature. Recently Lesch® reported a useful strategy to obtain catalytic layers for the use as
electrodes for energy research purposes. A developed chloroplatinic acid ink was used to prepare a thin
printed Pt precursor film, which was finally exposed to a short pulse light from an Xe flash lamp, to be
converted into a Pt nanoparticle film. Additionally, Ozkan e a/** reported the deposition by IJP of a
chloroplatinic acid hydrate solution, which is also a Pt precursor solution, for use as a counter electrode
(CE) for dye-sensitized solar cells. In this case, the Pt layers were sintered at 385 °C to complete the
thermal decomposition of the layer and to obtain a good catalytic activity. Chatziiona et a/**" published
the printing of a catalyst solution of 0.1 wt.-% Pt/ALOs, which possess an excellent activity on the

selective reduction of NO by Ho.

Following these studies, in this work, we report about a novel nanoparticle IJP Pt ink, which gets
electrically conductive at low-temperatures starting from 180 °C. As far as we know, this is the lowest
curing temperature ever reported for a Pt ink, and it paves the way to develop sensing devices based
printing of functionalized Pt films on a broad variety of low-cost substrates such as plastic or paper. The
Pt ink properties were achieved by controlling the particle synthesis as well as the type of chemical
surfactant layer on the particle surface during ink preparation. During heating of the printed film, the
organic dispersant decomposes and leaves the particles surface. The particle packing density increases
along with direct particle-particle contacts, which leads to an overall film conductivity. The IJP process

for this Pt ink was optimized to obtain low-resistive layers with good adhesion on plastic substrates. The



applicability is demonstrated by a potentiometric solid-state pH sensor, where we modified the printed

Pt layer with electrodeposited iridium oxide (IrOx) as pH sensing material.**

pH sensors are of interest for a wide range of applications and numerous strategies can be found in the
literature for their fabrication. Metal oxide based pH sensors have commonly been used, where especially
IrOx shows the most promising approach to achieve good sensor stability over a broad pH range, a fast
tesponse along with an excellent biocompatibility.”” There are several procedures published that allow
the preparation of hydrated or anhydrous iridium oxide films (IROF) and their pH response depends
strongly on the degree of film hydration.” Surprisingly all the procedures related with the preparation
of anhydrous IrOx are not compatible with the use of plastic substrates, due to the high temperature
processing.” ™ The most effective way to obtain hydrated IROF is via the electrodeposition of iridium
salts in aqueous solutions, resulting in an electrodeposited IrOx (EIROF).”**° These are amorphous
thin films that show a super-Nernstian behavior, that depends on the oxidation of the IROF.*” Although
these sensors have been fully characterized in terms of sensitivity, response time and reproducibility,
only a few results are concerning sensor stability in terms of sensitivity over extended periods and
mechanical stability of IrOx film. Here we present a sensor concept, which is stable for more than one
year. This was achieved by an excellent adhesion of the deposited IrOx layer on a printed Pt electrode,
which shows an inherent high surface roughness. We demonstrate one of the most stable, reproducible
and sensitive pH sensors based on IrOx reported till today, which can be manufactured by digital

additive IJP based on a novel Pt nanoparticle ink.

3.3.1.2 Experimental
3.3.1.2.1 Materials and chemicals

A commercially available Ag nanoparticle ink (DGP-40LT-15C from ANP, Korea) and a dielectric
photoresist SU-8 ink (SU-8 2002 from MicroChem, USA) were used for the fabrication of the
microelectrodes. For the synthesis of Pt ink, Pt powder (Pt 100-03, Heraeus), hydrochloric acid (HCI),
nitric acid (HNO3, 99.9 %), hydrazine monohydrate (N.Hy"H>O, 65.0 %) and ethylene glycol per analysis
(all reagents from Sigma-Aldrich) were used. Phosphate-buffered saline (PBS, pH 7.4) was used for
characterization of the printed electrodes. Hydrochloric acid (HCI, 0.1 M) was used for the chlorination
of the printed Ag electrode, and potassium chloride (KCl, 0.1 M) for testing the pseudo-reference
electrode (pRE). Iridium trichloride trihydrate (IrCls-3H2O, 99.9 %), oxalic acid (H.C,O4-H>O, 99 %)

and potassium carbonate (IK;COs, 99 %) were used for the development of IrOx based pH sensor (all



reagents from Sigma-Aldrich). Commercial buffer solutions of pH 2 to 11 (Panreac), and also HCI and

sodium hydroxide (NaOH) were used for the pH calibration and the study of response time.
3.3.1.2.2 Pt ink synthesis

The Pt ink was prepared by chemical precipitation of Pt nanoparticles followed by the formulation of
the inkjet ink. Pt powder was solved in nitrohydrochloric acid to form H,PtClsas a precursor dissolved
in deionized water. By adding N>H4H>O Pt nanoparticles precipitate in the presence of a dispersant
(copolymer with pigment affine groups). A particle fraction with a size below 200 nm was separated by
centrifugation (Heraecus Multifuge X3FR from Thermofisher Scientific) and re-dispersed in a

water/ethylene glycol mixture (2:1 vol.-%) to form a 20 wt.-% Pt ink.
3.3.1.2.3 Characterization of the Pt ink

The Pt solid content of the ink was characterized by measurement of the ink weight loss after heating
an ink quantity of 100 mg with a Bunsen burner in a small alumina crucible. This heat treatment burns
off the solvent and organic ink components, leaving behind pure Pt in the crucible. The ink density was
measured by weighting a predefined ink volume of 1 mL with a micropipette. For these measurements,
a special accuracy-weighing machine was used (Sartorius LA230S). The surface tension was measured
by a drop shape analyzer (Kriiss, DSA100), using the Young-Laplace method by characterization the
outline of 5 individual ink droplets of 7 ul at 20 °C. The ink viscosity was measured in a rheometer
(Haake Rheo Stress RS 150) with cone and plate geometry at 10/sec and 100/ sec, with 100 measurement
points within 15 min respectively, at 22 °C. The Pt ink showed a Newtonian fluid behavior, where the
viscosity is independent on the shearing rate. The particle size distribution and sedimentation of the Pt
ink was characterized by an analytical centrifuge (LUMiSizer®, LUM GmbH) that instantaneously
measures the extinction (space- and time-resolved) of the transmitted light across the entire length of an
ink filled cuvette with 400 pl. For characterization of the particle size, the ink was diluted by 1:499 wt.-
% with ink solvent (water/ethylene glycol (2:1 vol.-%) and measured two times at 7 °C. The ink
sedimentation was characterized based on the original Pt ink with solid concentration of 20 wt.-%. The
calculation of the sedimentation rate is based on the measurement of the time depended change of the
ink interphase (sedimentation of particles) at 4000 rpm (2325 g, enforced sedimentation) for 50 min

(threshold value of 10 % transmission). Due to a linear dependence between sedimentation rate and



rotation speed (g number), described by Stokes’s law, a re-calculation of the sedimentation speed to 1 g

was done in normal storing conditions.
3.3.1.2.4 Fabrication of solid-state pH sensor

The pH sensor structure was fabricated using IJP technology with a drop-on-demand Dimatix Material
Printer (DMP 2831 Fujifilm Dimatix, Inc., USA). The printer operates with 10 pL. nominal drop volume
piezoelectric printheads, which have 16 individually addressable nozzles, each with a diameter of 21.5
um. Printing patterns were designed using CleWin 5 software, which were imported with the Dimatix
Bitmap editor. The printing process was carried out in a standard laboratory environment at ambient
conditions, without non-particle filtered enclosure systems and without precise control of temperature
or humidity. Microelectrodes were printed on a 125 um thick planar polyethylene naphthalate substrate
(PEN, Teonex®QG65HA DuPont Teijin Films). The printer has a vacuum temperature controllable
plate, where the substrate is placed, and the temperature was set to 40 ‘C in order to obtain uniform
printing pattern. The waveform was generated and optimized for each ink to achieve a stable droplet
ejection. The whole fabrication of the pH sensor can be understood as two steps: the printing processes
of the two microelectrodes and the post-treatments of these electrodes to turn them functional. In the
first step (Figure 3.5a) a series of successive printing processes of the materials are performed, to obtain
the necessary elements for the electrochemical sensor. The Pt ink was first printed (a.i) to obtain a 300
x 300 um* (a geometric surface area (GSA) of 0.09 mm?) wide indicator electrode (IE). To evaluate a
suitable drop spacing (DS) for printing, systematic test patterns with a variation of DS from 5 to 140 um
were prepared and analyzed (see discussion section 3.2). Finally, the Pt ink was printed with a resolution
of 847 dpi (dots per inch), which means a DS of 30 um. As the printed ink films contain different
solvents, the substrate was put on a hot-plate at 80 "C for 15 min for drying. Then, Ag elements were
printed (a.i): the pRE of 600 x 600 um?®, connections and pads. The DS selected for the Ag ink was 40
um (635 dpi), as it was optimized in*. The same drying treatment, as for Pt ink, was applied for the
printed Ag films. Pt and Ag films were finally sintered (a.iii) on a hot-plate at 180 "C for 30 min, which
leads to sufficient electrical conductivity. Afterwards, in order to isolate tracks and define the active
electrode area and connection pads, the dielectric SU-8 ink was printed (a.iv) over the Ag tracks with a
DS of 15 um (1693 dpi). The curing (a.v) was done in two steps as desctibed in”. First a soft bake on

hot plate at 100 “C for 5 min followed by an UV treatment for 15 sec to polymerize this layer by polymer



cross-linking. The final cost of materials (PET substrate and inks) for a single IJP sensor is estimated

around 0.072 € as calculated in Table S1.
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Figure 3.5. Inkjet Pt electrode fabrication process.

Tllustration of the overall pH sensor fabrication process. a) IJP of the Pt IE (i), IJP of the Ag pRE,
connections and pads (ii), sintering of Pt and Ag patterns (iii), IJP of the passivation layer SU-8
(iv), soft bake and UV curing of SU-8 (v). b) Post-treatments: chlorination of the RE (i), IrOx
electrodeposition of the IE (ii). ¢) Left, microscope image that shows in detail the Ag/AgCl pRE
(left) and the Pt IE (right); Right, picture of the final pH sensor illustrating sensor flexibility.

A second step (Figure 3.5b) involves the required post-treatments to make the electrodes functional for
the pH sensing. The chlorination of the printed Ag electrode (b.i) was achieved by a cyclic voltammetry
(CV) in HCI (0.1 M) (detailed in Figure S1a), from 0 V to 0.2 V at 20 mV/s,”* and allowed to obtain a
stable Ag/AgCl pRE (detailed in Figure S1b).The electrodeposition of the IrOx on the Pt electrode (b.ii)
was done in a solution made from 0.2 mM of 1rCl;-3H, O, 1 mM of H,C,O4-2H,O and 5 mM of KxCOs
dissolved in a total amount of 50 mL deionized water. These materials were mixed step by step, with
stirring for half an hour between. The final solution was aged four days at 37 "C.*"* EIROF were
obtained by a dynamic potential sweep method consisting of 50 potential sweeps between 0 V and 0.65
V at scan rate of 10 mV/s;”*"*** (detailed in Figure S2a). Figure 1c shows two images of the printed sensor
on the flexible PEN substrate.

3.3.1.2.5 Morphological and electrical characterization

The printed layers were analyzed using an atomic force microscope (AFM, Nanoscope IV controller

and Dimension 3100 head from Veeco), an optical microscope (DM4000M LEICA, Germany), a



profilometer (KLLA Tencor P-15, USA) and a scanning electron microscopy (SEM, Auriga40 from Carl
Zeiss, Germany). The electrical conductivity was evaluated using a semiconductor parameter analyzer
(HP4155 Hewlett Packard, USA) connected to a manual probe station (Karl Suss PA200, Germany).
Sample cross-sections were prepared by Focused Ion Beam (FIB, Zeiss 1560XB Cross Beam, Germany).

3.3.1.2.6 Electrochemical characterization

The electrochemical characterization of the printed electrodes was done by CV and electrochemical
impedance spectroscopy (EIS). CVs were recorded with an 8-channel potentiostat (CHI1030A CH
Instruments, USA). A standard three-electrode cell arrangement was used with printed Pt
microelectrodes as IE, a commercial Pt electrode (Radiometer Analytical, France) as CE and Ag/AgCl
(3 M KCI) (Metrohm, Germany) electrode as RE. EIS measurements were conducted in PBS (15.5
mS/cm) in the range of 10 Hz to 1 MHz, against a commercial Pt plate electrode, by using SI11287
Electrochemical Interface and SI1260 Impedance/Gain-Phase Analyser (Solartron, United Kingdom).

3.3.1.2.7 pH measurements

The open-circuit potential (OCP) of the inkjet-printed electrodes was measured by a pAutolabIIl/FRA2
(Metrohm, Germany). Measurements were carried out in various commercial pH buffer solutions
ranging from pH 2 to 11. The pH change was induced by switching the sensor from one pH buffer
solution to another. The response time was studied in KCI (0.1 M) buffer solution and the pH was
modified by addition of NaOH (1 M) or HCI (1 M), while it was magnetically stirred. Also pH value was

recorded in parallel using a commercial pH-meter (GLP22, Crison).

3.3.1.3 Results and discussion

3.3.1.3.1 Conductive Pt ink formulation and properties

Due to the wide range of printed electronics and sensor applications that can be potentially developed
on low-cost polymer substrates, there is great demand for materials and inks with very low curing
temperatures below 200 °C. The Pt ink developed in this study was based on our experiences with Ag
and Au inks,” which showed that the organic surfactant layer around the metal particles dominates the
sintering temperature. By varying the length of the hydrocarbon backbone or the functional group of
the surfactant in the synthesis, it is possible to influence the curing temperature of the Pt ink. Thereby,

the chemical composition of the dispersant strongly influences not only the nanoparticle stabilization,



but also the thermal dispersant stability.”” After a systematic investigation and screening of various
dispersants, we found that copolymers with pigment affine groups showed the best trade-off between
particle stabilization and low-temperature stability (debindering of dispersant). During curing, the
dispersant leaves the Pt particle surface and the printed ink layer shrinks, which increases the particle
packing density and leads to several particle-particle contacts, resulting in an increase of electronic film

conductivity.

Beside the need for low-temperature sintering, water based inks are advantageous in terms of ink
handling and are more environmental friendly (e.g. cleaning, disposal of waste) and for these reasons we
developed a water based particle and ink synthesis. To avoid a fast drying of the ink on the inkjet nozzle
plate, especially when heat radiation due to substrate heating by small distance between substrate and
printhead occurs, we used a mixture of water with ethylene glycol, which has a lower vapor pressure.
Furthermore, we observed a significant lower coffee-ring effect during wet film drying by using a solvent
mixture of water/ethylene glycol with 2:1 vol.-%. Table 3-2 summarizes the main Pt ink properties (data
shown in Figure S3). Surface tension, viscosity and particle size values meet the general requirements for
the compatibility with piezo inkjet printheads, such as the Dimatix DMP-printer (e.g. 28-42 mNm, 8-14

mPas, filtration < 0.2 um).

Table 3-2. Pt ink main properties

Property Value

Pt solid content 20.5 wt.-%

Ink density 1.23 g/cm?

Surface tension 34+0.5mNm @ 20 °C

Viscosity 14.8 + 0.4 mPas @ 10/sec and 22 °C
14.1 + 0.2 mPas @ 100/sec and 22 °C

Pt particle sizes d10=30 nm, dso=47 nm, dgo=81 nm

Sedimentation rate 0.007 mm/day

The main particle sizes are distributed in the range of 25 nm to approximately 100 nm with a very small
tail of particles above 100 nm to 250 nm being visible. Overall, the results of particle size correlate well
with the centrifugation step during ink synthesis, which was set to cut off all particles above 200 nm.
This procedure ensures a stable ink jetting process and avoids nozzle clogging due to large particles in
the ink. Figure S3e shows a SEM image of the Pt ink after drying on a sample holder at 80 °C for 10
min. The visible size of the particles correlates well with the measured particle size distribution. The Pt

particle precipitation generated rounded particles in a narrow size distribution. One of the biggest issues



for particle based inks is their stability against particle sedimentation, which usually limits the ink shelf
life. The sedimentation speed of the developed Pt ink was charactetized to be 0.007 mm/day. This value
is very low, meaning that in an ink batch the biggest particles sediment only 2.5 mm per year. From our
experience, this type of Pt ink stored in laboratory conditions, protected from light and at room
temperature have a shelf life of more than 1 year, which is comparable or even superior to other

commercial inkjet inks.
3.3.1.3.2 Printing process of Pt ink

To create the fluid flow for ejecting, several printing parameters need to be optimized depending on the
IJP mode. The optimum waveform and parameters, which were found for the reliable printing of the
developed Pt ink with stable droplet ejection and avoiding of satellite droplets, are shown in Figure S4.
The ink-substrate interaction affects the spreading of the ink on the substrate surface (wettability).
Additionally, the selection of the DS and the platen temperature influences the quality of the printed
pattern on a specific substrate. The DS is the drop-to-drop distance in X and Y axis of two consecutive
drops, which determines the resolution and density in both directions. Also, platen temperature plays an
important role in inkjet processes because it is directly related to the coffee-ring effect, resistance
(conductive ink), line formation and pattern definition.”*In order to evaluate an optimum DS to achieve
a continuous and homogeneous printed line, a line pattern test with systematic variation of the DS from

5 um to 140 um described in> was used.

The printed lines (Figure 3.6a) were analyzed to characterize their thickness and width. As can be
observed, for DS 80 um or higher the pattern resulted in isolated drops, which did not merge to form
continuous lines. When droplets are inkjet-printed closer to each other, continuous lines are formed
upon drop coalescence; however, different behaviors were observed. When the chosen DS was too small
(less than 30 um) bulging effects appeared due to an excess of deposited material, whereas a DS between
60 and 70 um resulted in scalloped, but continuous lines. Only when the DS is optimized, homogeneous
and continuous lines are obtained: for the Pt ink studied, the optimal DS is between 20 and 40 um. The
complete information of the printed lines patterns is shown in Figure S5. Despite the DS, the substrate
temperature (controlled by the platen temperature) has significant influence on the film quality. Figure
3.6b shows that with increasing temperature, which means a rapid ink solvent evaporation, the line width
can be decreased at a given DS. However, for all DS tests a distinct coffee-ring effect was observed. This

effect was studied using a profilometer for characterization of the thickness homogeneity after film



drying. As shown in Figure 3.6c, the Pt ink exhibits a coffee-ring effect for continuous lines under all
tested conditions as well as for single printed droplets. This may be attributed to a limited substrate
wetting (rather high contact angle) and a rather fast evaporation of Pt ink solvent, which hinders a
complete levelling of the inks. A platen temperature of 40 C was finally chosen, as a compromise to get
the most homogeneous lines, narrow line width along a limited coffee-ring effect. With a platen
temperature of 40 °C and a DS of 30 um, the printed lines with an 85 £ 1.17 ym width and 0.075 % 0.03
um height were prepared.
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Figure 3.6. Printing characterization of Pt ink.

a) Morphologies of IJP line pattern for Pt ink at different DS: individual droplets, scalloped,
homogeneous and bulging lines. b) Dependence of the Pt line width on the DS at several platen
temperatures on PEN film. The error bars are the standard deviation of six different width
measurements along the lines of the line pattern test. ¢) Characterization of the printed Pt film
thickness in relation to DS at platen temperature of 40 °C.

3.3.1.3.3 Electrical resistivity and morphological characterization of printed Pt thin films

For using IJP technology the optimum printing conditions must be evaluated for each ink material and
substrate type individually. Especially a low electrical resistance of printed electrodes is a necessary
requirement for any electrochemical sensor. Van der Pauw structures were used to study the electrical
behavior of the printed and sintered Pt ink films.” These structures were dried at 80 “C for 15 min

followed by a sintering with variation of temperature and time. Taking into account that the PEN



substrate has a polymer glass transition temperature of 200 ‘C, above that substrate warpage is likely, the
selected sintering temperatures were set to 150, 180 and 200 “C for 15, 30 and 60 min. Figure 3.7a shows
the measured sheet resistance versus several sintering temperatures and times for the Pt ink films.
Starting at 150 ‘C and at 15 min, the Pt ink exhibited reasonably low resistance (9.0 £ 1.0 Q-sq™).
Increasing the temperature to 180 ‘C, the sheet resistance decreased considerably to around 6.7 + 0.3
Q-sq". A sintering at 200 ‘C leads to a further reduction in film resistance, the difference to 180 ‘C was
about ~ 10 %, and prolonged sintering times lead also to lower resistance values. Time increased up to
30 min the corresponding sheet resistance decreased by 17.5 %, 5.7 % and 2.2 % for 150, 180 and 200
°C respectively; and a further increase of the sintering time to 60 min, led to a further decrease in sheet
resistance of 1.2 %, 0.5 % and 3.4 % for each sintering temperature respectively. The lowest sheet

resistance of 5.6 = 0.1 Q'sqflwas reached with 200 ‘C and 60 min holding time.

However, taking into account that at 200 ‘C for prolonged holding times the PEN substrate begins to
warp and deform, the small improvement of film conductivity is not relevant. Although low-
temperatures achieve good sheet resistances, all results exhibit higher deviation at 150 °C than at 180 °C,
demonstrating that reproducibility is improved by increasing the sintering temperature. Therefore, the
selected sintering temperature for the sensor fabrication was set to 180 °C for 30 min, resulting in a sheet
resistance of 6.3 * 0.3 Q-'sq ™', which equals to a film conductivity of 1.58:10°S/m (16 % of bulk Pt).
However, it must be pointed out that the final election of a sheet resistance threshold depends on the
required application and the final sintering parameters must be chosen looking for a good device

performance.
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Figure 3.7. Electrical characterization Pt ink.

a) Sheet resistance measured by printed Van der Pauw structures with variation in sintering
parameters of time and temperature. The error bars correspond to the standard deviation on the
average values obtained by performing 3 independent measurements. b) Surface SEM images of
IJP Pt film before and after sintering. ¢) A cross-section image of the sintered Pt film. d) AFM
image of the sintered Pt film.

To study the underlying sintering process, topography and cross-section morphology of the sintered
films were imaged with AFM and SEM techniques. Figure 3.7b shows SEM images of the inkjet-printed
Ptink before and after the sintering process. The removal of organic surfactants from the surface of the
nanoparticles plays a significant role in enhancing the conductivity of the printed films. These images
show that after the sintering process, the particles were agglomerated and structurally very porous;
however, changes in particle morphology before and after the sintering process were hard to observe
from top view. For a detailed study of the morphological microstructure, a cross-section of the sintered
Pt layer prepared by FIB cut, was analyzed in SEM (Figure 3.7c). The film cross-section shows that after
the sintering step still a porous morphology exists, but that the initial individual nanoparticles were

successfully transformed into larger clusters and hence to a continuous network of Pt particles. From



these results we do not see a distinct Pt particle sintering, like particle-particle neck building as known
from typical metal powder sintering. However, the final Pt microstructure with particle contacts and its
increased particle density after sintering are the main parameter that influences the film resistivity. The
thickness of one layer of Pt ink was determined to approximately 350 nm. The film surface was also
studied by AFM technique as shown in Figure 3.7d. The image reveals an overall rough surface with
larger hills and valleys superimposed on a smaller close packed particle landscape. The root-mean-square
(RMS) roughness of the Pt surface was determined to about 25 nm, confirming a rough nanostructured
electrode surface suitable for further fabrication of electrochemical sensors. In fact, this roughness value
of sintered Pt ink is still higher than other previously published values for Ag ink (9.3 nm) and Au ink
(16.4 nm).”

3.3.1.3.4 Electrochemical characterization of printed Pt and EIROF microelectrodes

CVs obtained in PBS of printed Pt microelectrodes and EIROF over these microelectrodes are
compared in Figure 4a. In this study, we have included the results of our previous reported smooth Pt**
microelectrode as a reference, which has an identically sized geometry (300 x 300 um?) prepared by
evaporation. The same EIROF coating was deposited on this evaporated Pt microelectrode for

comparison purposes and to illustrate the advantage of the printed Pt ink in this study.

The voltammograms for the evaporated and the printed Pt film (Figure 4a, continuous lines) show
approximate rectangular shapes, which is expected for electrodes exhibiting only double-layer
capacitance, suggesting a capacitive behavior. The significantly higher charge storage capacity (CSC)),
calculated from the time integral of the cathodic current over a potential sweep, obtained with printed
Pt electrode rather than the evaporated one is reflected in the CV. The evaporated Pt microelectrodes
show a far lower surface roughness of RMS = 5.0 nm,*and can be considered to be almost completely
smooth. Figure 4b shows direct comparison of both Pt electrodes, whereas the evaporated Pt surface is
bright, the printed Pt is completely dark. Although the evaporated Pt is thinner than the printed Pt (200
nm thick vs. 350 nm of the printed Pt), the significantly higher load capacitance of the printed Pt
electrodes can be explained by the high porosity and roughness morphology as discussed in the previous

section.
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Figure 3.8. Electrochemical characterization Pt patterns.

a) Compatison of CVs recorded of smooth evaporated Pt, printed Pt ink and EIROF over both
Pt microelectrodes (GSA of 0.09 mm?2) in PBS and scan rate of 20 mV/s. b) Microscope and
SEM images of evaporated and printed Pt microelectrode surfaces and their corresponding ones
modified with EIROF. ¢) EIS measurements of evaporated and printed Pt and their
corresponding EIROF coatings. CV and impedance data are representative of 6 samples in each

group.

The measured CVs of EIROF microelectrodes, obtained by electrodeposition on both Pt electrode types
(Figure 3.8a, dashed lines), correspond well to typical hydrated EIROF that exhibit distinct peaks
associated with the oxidation and reduction of IrOx (Ir(IIT)/Ir(IV)),*”* independent from the
underlying Pt type. Although the EIROF is only = 150 nm thick (determined from SEM image in Figure
S2b), it has more than 31 and 5.5 times the available charge for the same evaporated and printed Pt
microelectrodes. The CSC.of the electrodes in Figure 3.8a are 1.4, 8.52, 45.7 and 46.6 mC/cm” for
evaporated and printed Pt, and EIROF coating for evaporated and printed Pt, respectively. These values
are in good agreement with previously reported results.”*”* The hydrated IrOx exhibited a characteristic
blue color” over both platinum microelectrodes of its oxidized form and an amorphous microstructure,

as can be seen in the optical microscope and SEM images in Figure 3.8b.



EIS can be used to investigate electrode-electrolyte properties. The benefit of high CSCc coatings to
reduce the charge-transfer resistance of electrodes is also observed in the Bode plots in Figure 3.8c for
evaporated and printed Pt, and EIROF microelectrodes. All electrodes exhibited the same high-
frequency impedance, whereas a marked reduction in low-frequency impedance was observed with the
porous coatings of printed Pt and EIROF coatings. For printed Pt, over a frequency range of 10°-10°
Hz, the porous film exhibited a near-resistive phase angle (approaching 0°) and an impedance modulus
(|Z]) that was almost entirely solution resistance. A similar response was obtained for EIROF coated
Pt microelectrodes for which resistive behavior was observed in almost the complete frequency range
of 1-10° In the low-frequency region, the effective surface area is a significant feature as the impedance
value depends on active surface area of the electrode in the electrolyte. A large surface area allows more
charge to pass and consequently reduces impedance in low-frequencies. As the roughness of the material
also changes the overall active area, the inkjet-printed Pt electrodes show, as expected, a lower impedance
than the photolithographic evaporated ones. The impedance response is in good accordance with the
roughness and porosity data presented before and with their CSCc values. EIROF coatings lead to an
impedance improvement of approximately 150-fold and 15-fold reduction (at 1 Hz) with respect to the
initial bare evaporated and printed Pt electrode impedance values, and their final impedance values are

similar according to their electrochemical capacitance above mentioned.

3.3.1.4 pH sensor performance of EIROF on printed Pt
3.3.1.4.1 Sensitivity

Although the pH sensing mechanism for IrOx films is well known, it is still not fully understood and
several models have been suggested.”"*” However, it is clear that the potential response of the EIROF
involves an equilibrium between the oxidized and the reduced forms of 1rOx,”" and as they exist in
several possible states, super-Nernstian sensitivities ranging from 60 to 80 mV/s can be expected
depending on each hydrated IrOx layer grown. It is generally accepted that such great discrepancies
come from differences in fabrication conditions, which lead to differences in the oxidation state, the

extent of hydration and the thickness of the final layers.

The potentiometric pH measurements were carried out by measuring the OCP at room temperature of
the EIROF modified printed Pt in the range of pH 2-11 using an external RE. Each sensor was tested
three times in the same solution in order to demonstrate the super-Nernstian response and repeatability

of the prepared electrodes. Figure 3.9a shows the potential response, obtaining sensitivities of -71.6, -



71.2 and -71.1 mV/pH with high correlation coefficient £ values between 0.9991 and 0.998. This supet-
Nernstian response illustrates the applicability of such hydrated IrOx and is in good agreement with

e 25027027
other reported sensitivities.”"*""*?

Commercial Ag/AgCl RE are usually voluminous electrodes. In this study we propose the integration
of a miniaturized built-in Ag/AgCl pRE printed on the same sensor chip. The pH measurements with
the integrated pRE were validated in the range of pH 3-10, as the pRE is not stable out of this pH
range.”™ As expected, the sensitivity obtained was 69.89 mV/pH, in good agtreement with the use of a
commercial RE. The intercepts at pH = 0 indicate that E’is 795 * 0.3 mV for the external Ag/AgCl
RE and shifts slightly to 767 £ 0.8 mV due to the use of the integrated Ag/AgCl pRE. The pH sensors
proposed herein show a good linearity and sensitivity response validating the use of the printed Pt on a
polymer as a sensor microelectrode. Furthermore, the high sensitivity values obtained indicate that the
grown BEIROF has a high porous surface with the presence of highly oxidized IrOx and

257,275

oxyhydroxides that possess a high number of hydrophilic sites, which are responsible for the proton

and electron transfer during redox processes inside the oxide film.
3.3.1.4.2 Reproducibility

The complete evaluation of the pH sensing characteristics requires a reproducibility study of the EIROF
grown on top of the printed Pt film. Three EIROFs microelectrodes, made from the same fabrication
batch, were used for the potential-pH dependence (vs Ag/AgCl commercial RE) and the acid-to-base
and base-to-acid direction response was studied repeatedly as shown in Figure 3.9b. Sequential
immersion in freshly buffer solutions was followed by a cleaning step with deionized water to avoid
cross-contamination. As can be observed, the potential responses for the microelectrodes almost
ovetlap, indicating an excellent reproducibility. The average sensitivity obtained for the 3 electrodes was
70.91 mV/pH with a relative standard deviation (RSD) of 0.899 % for the acid-to-base direction (b1)
and 71.48 with an RSD of 0.892 % for the base-to-acid direction (b2), confirming the excellent
reproducibility of the grown EIROF on printed Pt film with a correlation coefficient larger than 0.998
for all measurements. The electrochemical potentials slightly differ in the same pH levels, commonly

known as hysteresis. This effect is well known for [rOx and even other metal oxide films.”"*’
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Figure 3.9. EIROF pH sensor calibration.

a) Sensor sensitivity of grown EIROF on printed Pt films in the pH range of 2-11 using an
external RE and 3-10 using the integrated pRE. b) Reproducibility of the electrode at different
pH values from 2 to 11 Inset: plots represent the average potential for b1) acid-to-base and b2)
base-to-acid direction versus pH.

3.3.1.4.3 Response time

The response time, calculated as the time needed to reach 90 % transition of the total potential step, was
studied in acid and alkaline environments as shown in Figure S6a. In an acid medium a pH step of 5 to
4.25 and vice versa was applied by adding desired HCI or KOH, and the response time in both directions
was less than 6 seconds. In alkaline conditions (pH step of 9 to 10 and vice versa) it was found that a
longer time was needed to reach equilibrium; however, the sensor still shows a quick response, as in
both directions less than 8 seconds was needed. This difference in response time can be explained from

the concentration of hydrogen ions in alkaline medium being lower than in acid medium, which leads to

a little bit slower ion exchange inside the EIROF.
3.3.1.4.4 Stability

It is known that the electrodeposition yield of IrOx film is rather poor due to adhesion problems.?’’
Specifically for pH sensors, the delamination, crack formation and low adhesion of IrOx layers to
the underlying substrates is an issue that can become severe, when the microelectrodes are exposed
for long times in liquid media (needed to maintain them hydrated). To overcome this Marzouk et al.,

in their search for a pH sensor integrated in a flow injection analysis (FIA) system, proposed an acid-



etched titanium treatment to increase the electrode roughness to improve electrodeposited IrOx
adhesion.?’® Other publications suppose the heat-treatment of the IROF?'6, where first a sol-gel layer
of IrOx is deposited, for being then thermally oxidized at 300 "C for 5h. For this reason, the pH
sensors stability of such sensors is not commonly reported, as it is one of the weak points for such
IrOx layers, especially the hydrated ones. However, stability can be understood in two correlated
ways. The first one is the mechanical stability, which refers in this study to the adhesion of the EIROF
to the Pt electrode. The second one is the stability of the EIROF by itself, as the sensing material,

and is related with the intrinsic aging of this material.

EIROF mechanical stability

To study the mechanical stability of the IrOx coatings in terms of adhesion, a batch of electrochemical

26 and over the

IrOx layers were prepared over the above presented section evaporated (smooth) Pt
printed (rough) Pt microelectrodes. The devices were stored in PBS at room temperature without any
other specific treatment and their interface changes were monitored in time by following their impedance
(Figure 3.10). The impedance of EIROF over evaporated Pt (Figure 3.10a) increases gradually and
almost in 15 days the interface impedance value restores the bare Pt one. It is important to note that the
impedance value at 15 days corresponds to a deactivated Pt microelectrode. This data, representative of
the six tested microelectrodes, corresponds to the three optical images where the IrOx detachment is
clearly highlighted. The progressive detachment of the iridium that initially recovers homogeneously the
entire electrode, leads to the almost exposure of the initial bare Pt. While the IrOx is easily delaminated
from the evaporated Ptin 15 days, over the printed Pt presents just slight changes in the same period of
time (Figure 3.10b). One year later the impedance increased, however, the optical images revealed that
the oxide does not detach from the surface. The colored appearance of this one year old EIROF
microelectrode suggests that this increase in impedance can be explained by an aging effect which, as
discussed later, can be explained by a change in the oxidation state of the IrOx. As the loss of IrOx on
the evaporated Pt is only affected by a wet storage in PBS solution, despite the similar electrochemical
characteristics of the described EIROF, it can be assumed that the main weakness of the EIROF over
the evaporated Pt is its lack of adhesion to the electrode, which compromises its mechanical stability

and indicates the poor adhesion to the substrate.
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Figure 3.10. Impedance comparisson of printed Pt and evaporated Pt.

Impedance changes of evaporated Pt (a) and printed Pt (b) microelectrodes coated with EIROF
over time for devices being immersed in PBS solution at room temperature. Representative
impedance and microelectrode microscope images (n=0) at different times to observe the EIROF
coating over the Pt substrate.

EIROF aging

The stability of the IrOx in terms of device reliability was studied on the printed Pt as it showed the best
long-term stable adhesion by measuring the sensitivity of two batches of three sensors for one year.
Some of these sensors were stored in dry conditions and others in PBS solution at room temperature
(Figure 3.11a). The dried sensors were exposed to a rehydration followed by a dehydration process each
time when they were measured. Both storage conditions showed aging effects of the EIROF grown on
the printed Pt, probably due to an unstable hydrated redox state of the grown oxide. The changes in
color shown in the image of the microelectrode (Figure 3.10b) stored for one year corroborate this. This
known effect in highly hydrated oxides provokes a loss of sensitivity, in our case 19 % (wet storage) and
23% (dry storage) of the initial sensitivity in the first 50 days, which finally stabilizes in 54.1 £ 0.9
mV/pH. Therefore, for the first 50 days the sensors must be checked and, if necessaty, calibrated daily
before using them. While this makes long-term studies difficult, punctual pH measurements, with an
established procedure for calibrating the sensors, ensure the effectiveness and sensibility of each sensor,
as can be seen from the excellent reproducibility. Drift studies (Figure S6b) made in buffer solution at
pH 7 show that a microelectrode stored in dry conditions for 9 months needs 4 hours of conditioning.
After this conditioning step, the potential drift duting continuous measurement over 14 h is 0.2 mV /h,

thus providing reliable pH read-outs for mid-term measurements.
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Figure 3.11. Stability studio of EIROF coating.

a) Sensitivities of the pH EIROF Pt sensors measured for one year in two different storage
conditions, dried and wet (PBS solution). b) Potential recordings of a one month aged sensor in
the pH range 2 to 10 under different flow rates of 0.1, 0.5 and 1 mL/min. The inset in top right
corner shows the sample holder fabricated for the microfluidic pH calibrations.

EIROF stability under flow conditions

To further test the adhesion of the prepared EIROF of this work, sample of one month exposure was
chosen and pH calibrations were performed under flow conditions. A sample holder (inset image in
Figure 3.11b) with a microfluidic channel was specifically designed, as described in Figure S7. Three flow
rates (FR) of 0.1, 0.5 and 1 mL/min were applied and liquid buffer solutions, in the range of pH 2-10,
were consecutively tested. Figure 7b shows that the recorded potential with various FR are highly stable,
the sensor shows a response of 60.83 £ 0.07 mV/pH unit, which indicate a good performance of the
EIROF as well a good long time adhesion of this layer on top of the rough printed Pt film. These results
were confirmed by testing pH sensors of various ages, which all showed sensitivities according to the

aged situation (values shown in Figure 3.11a) and high stability under various flow conditions.



In summary, this study shows that printed Pt particle ink can be used as a microelectrode for obtaining
a highly stable pH sensor, whereas the EIROF sensitive material shows a very good adhesion to it. The
results illustrate the benefit of a nanostructured film, which shows a far higher surface roughness in
comparison to traditional films, which serves as a mechanical adhesion promoter for the metal oxide
film grown on top of it. This concept maybe interesting for further research for several other potential
types of sensors as numerous examples in the literature can be found, apart from pH sensing, which
look for strategies to increase the adhesion.””**” For example, this feature has been especially studied in
neuroscience applications, where materials such as IrOx or other conducting polymers are required to
produce very stable layers for both recording and stimulating activities.””** Also, solid-state ion-selective
electrodes are devices, where the ion selective membrane needs a highly rough intermediate layer, such
as a conducting polymer coating on metal® or carbon nanotubes™, which leads to a stronger adhesion
in comparison to results achieved with flat Au, Pt or carbon electrodes. The high observed roughness
of the printed Pt film can also be useful in applications where low impedance requirements are needed,
as for example, in applications such as neural recordings.””*** Our results illustrate the further need to
explore the applicability of particle printing inks, because they allow a simplification of the sensor
fabrication process and especially the advantage in film adhesion will enable to achieve long-term stable
sensors in the future. We suppose that this approach can be extended to a large variety of particle material

inks and sensor types.
3.3.14.5 Conclusions

We present a novel approach for fabricating a stable pH sensor by using a highly rough printed Pt ink
as a substrate metal electrode. The proposed fabrication method by additive digital IJP is highly
interesting under cost aspects; it is compatible with any electrode design in the micrometer range, at low-
cost and on a wide range of substrates. Our developed pH sensor is based on a nanostructured EIROF
sensing layer on such a printed rough Pt electrode, which has been demonstrated to have an excellent
adhesion to the Pt. The pH sensors exhibit a linear super-Nernstian response in a wide pH range, with
an excellent reproducibility and a rapid response time. The high mechanical stability for the EIROF
coating over the printed Pt can be attributed to the high roughness of the Pt layer, after its comparison
with a smooth evaporated Pt. This improved adhesion of the EIROF layer is also demonstrated by the
evaluation of the sensor over 1 year, which stabilizes in a sensitivity of 54.1 + 0.9 mV/pH, and by the

test under flow conditions, where fluxes ranging from 0.1 to 1 mL/min do not alter the pH sensor



response. The presented approach, of directly printed rough metal films, could lead to the manufacture
of electrochemical sensors on a variety of substrates, which are cost-efficient and long-term stable. Such
Pt ink is a promising material that can be directly printed on a substrate to form rough metal layers,
which is an interesting alternative to other established and expensive methods and can suppose a further

improvement of a wide range of sensors.
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3.3.2. Publication II: Specially designed polyaniline/polypyrrole ink for a fully

printed high sensitive pH microsensor.

The first paper presented in this Chapter, Publication II, is an accepted article about the development
of a novel Polyaniline and Polypyrrole based ink for pH sensing, it also presents the development of the
first fully inkjet printed pH sensor on flexible PEN substrate. The proposed ink displayed a good linearity

for the range of pH 3 to pH 10, solving the common conductive polymers drawback.

This article has been edited from the version accepted in ACS Applied Materials & Interfaces, with
permission from ACS (edition consist in formatting and numbering figures, references, tables, and

equations in accordance with the thesis manuscript, however acronym corresponds to the article):

Miguel Zea, Robert Texido, Rosa Villa, Salvador Borrés and Gemma Gabriel. Specially designed
polyaniline/polypyrrole ink for a fully printed high sensitive pH microsensor. Accepted on
22/06/2021.

This work has been also presented in different conferences with their corresponding Proceedings:

% Conference FLEX MEMS & SENSORS2020: Miguel Zea, Ana Moya, Eloi Ramon, Gemma
Gabriel. Development of inkjet printed biosensors on flexible and porous substrates. Oral

Presentation.
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ABSTRACT: pH sensing for healthcare applications requires sensors with mechanically stable
materials of high-sensitivity, high reproducibility combined with low-cost fabrication technologies. This
work proposes a fully printed pH sensor based on a specially formulated conducting polymer deposited
on a microelectrode in a flexible substrate. A formulation, which combined polyaniline (PANI) and
polypyrrole (PPy) with integrated polyelectrolyte poly(sodium 4-styrenesulfonate) (PSS), was specially
prepared to be printed by Inkjet Printing (IJP). The sensor has good sensitivity in the physiological
region (pH 7-7.5) key for the healthcare biosensor. This mixture printed over a commercial gold ink,
which has a singular chemical functionalization with phthalocyanine (Pc), increased the sensor
sensitivity, showing an excellent reproducibility with a linear super-Nernstian response (81.2 * 0.5
mV/pH unit) in a wide pH range (pH 3 to 10). This new ink together with the IJP low-cost technique
opens new opportunities for pH sensing in the healthcare field with a single device, which is disposable,

highly sensitive, and stable in the whole pH range.
3.3.21 Introduction

pH is a key indicator for many biochemical processes and for this reason, pH sensors have received
considerable attention for monitoring human healthcare due to their versatility, possibility of real-time

224

measurements, and quantitative results™". Possible areas of interest can be found in the continuous

monitoring of blood*”** and sweat™"**

, and the determination of the pH of tumors* as the chemo-
dynamic therapy heavily depends on acidic chemical environment pH measurements that can determine
the effectiveness of this treatment. Even though the pH sensor is a broadly studied one, for all the above
mentioned applications, integrated pH sensors must fulfill strict requirements that are technologically
unresolved to date. The most relevant points where the technology still faces important challenges to be
accomplished are* 1) flexibility, to be adapted to body tissues; 2) the need for miniaturized pH sensors
that are minimally invasive; 3) good performance such as good stability, sensitivity and response time,

to allow monitoring for definite time; and 4) accuracy at neutral pH, especially interesting for

physiological measurements.

Most of these pH sensors are designed for single use and for this reason, their fabrication technology
must be easy to allow scaling up and production of a wide range of devices and at a reasonable cost. In
particular, the healthcare field is growing towards a promising platform for personal wearable electronic
and flexible biochemical sensors, which are envisaged to replace bulky and costly medical instruments

for healthcare monitoring or at least, to complement the laboratory-based devices, expanding the areas



of application. One of the most important digital fabrication techniques in flexible electronics for the
fabrication of sensors is inkjet printing (IJP). In the last few years, flexible electronics has grown
exponentially in application fields such as healthcare and industry, and the market is expected to reach
USD 87.21 billion by 2024*®. It is an additive manufacturing and non-contact approach that allows the
maskless deposition of functional materials in small drop volumes on a wide range of substrates™. These
singular features are of significant interest for the fabrication of biochemical sensors due to their simple
implementation and scalability to high-volume manufacturing. Although IJP cannot be considered as a
replacement for conventional silicon fabrication techniques, it is a reliable technique for the development
of sensors with the above mentioned requirements, namely, low cost, disposable, robust and
miniaturized®’ in novel low-cost flexible substrates such as a broad range of plastics and even paper

with real applicability in the future®.

In respect of the pH sensors fabricated by IJP reported to date, due to simplicity and the possibility of

miniaturization, all those reported have been electrochemical sensors based on potentiometric

technique241

. The printed metallic electrodes have been functionalized by depositing or growing some
of the most representative pH sensitive materials, usually oxides, polymers, and biomolecules. The
sensing materials that have a pH-dependent potential over printed metallic inks proved until now are
those electrochemically grown iridium oxide'***

(Pd/PdO)'"*>'* and electropolymerized PANI polymers™.

, grown palladium oxide over a printed palladium ink

Conducting polymers (CP) are ideally suited for pH sensing applications***”' because they not only
exhibit high conductivity and electroactivity but they can also be used as a general matrix and can be

further modified with other compounds in order to increase the pH range”2

. Although many polymers
have been studied™, the most popular polymer-film-coated electrodes reported are the ones using
electropolymerized pyrrole and aniline”**”. For this work, CPs have been considered as the optimal
candidate among all the range of materials used for pH sensors because they allow the formulation of a

suitable ink with adequate rheological properties to be printed by the IJP technique.

In this work, we propose a printable pH sensitive CP that allows the first fully printed polymer- based
pH sensor reported until now. We develop a new water based ink formulation based on a mixture of
PANI:PSS/PPy:PSS that gives a high stability and super-Nernstian sensitivity (81 mV/pH) to the final
performance of the pH sensor. This mixture of polymers pays special attention to neutral pH (pH values

7 — 7.5), key for the healthcare biosensor and monitoring applications. To obtain physiological



measurements in this pH interval is still a challenge due to the high precision and resolution required in
this narrow range as well as the difficulty to obtain a stable measure without pronounced potential drifts.
The proposed ink displayed a good linearity for the range of pH 3 to pH 10, solving the common CP
drawback of a good performance at physiological range of pH. Therefore, the inks and the fabrication
approach herein described can open new ways for the mass production of miniaturized pH sensors for

healthcare applications fully compatible with large-scale production methods.

3.3.2.2 Experimental section

3.3.2.2.1 Materials and Chemicals.

For the development of the microelectrodes, we used three commercially available inks. A low-curing
gold colloidal ink (Au-Pc) (DryCure Au-J 1010B from Colloidal Ink Co., Ltd, Japan), low-curing gold
nanoparticle ink (Au-Np) (Au-LT-20 from Fraunhofer IKTS, Germany), silver nanoparticle ink
(Dupont-PE410, USA), and SU-8 ink (2002 from MicroChem, USA). All the ink formulations were
printed with a drop-on-demand Dimatix Materials Printer. Hydrochloric acid (HCL, 0.1 M) was used for
the chlorination of the printed Ag electrode, and potassium chloride (KCI, 0.1 M) for testing the pseudo-
reference electrode (pRE). Polyethylene naphthalate of 125 um (PEN, TeonexQQ65HA DuPont Teijin
Films) was used as substrate to print the microelectrodes. Commercial buffer solutions of pH 3 to 10
(Panreac), and HCI and sodium hydroxide (NaOH) were used for the pH calibration. (all reagents from
Sigma-Aldrich)

3.3.2.2.2 Polyaniline and polypyrrole synthesis.

The materials used in the synthesis of water-dispersible CP suspensions consisted of aniline (= 99,5%,
Aldrich, San Louis, MO, US), pyrrole(=99%, Aldrich, San Louis, MO, US), ammonium persulfate (=
98%, Fluka Bucharest, Romania), poly (sodium 4-styrenesulfonate) (PSS) solution (Mw 70,000, 30% wt),
and (Mw 200,000, 30% wt) purchased from Sigma Aldrich (San Louis, MO, US).

3.3.2.2.3 PANI and PPy ink formulation.

PANI:PSS and PPy:PSS were formulated adding the proper amount of MilliQQ water (MQ); Triton X100
as surfactant and Glycerol and DMSO as conductor promoter. Details of all the prepared formulations

are contained in Table S1.



3.3.2.2.4 1Inks characterization. DLS.

The particle size distribution of the suspensions was determined by dynamic light scattering in diluted

samples (1:10) using a Zetasizer ZEN3600 (Malvern Panalytical, Malvern, United Kingdom).

3.3.2.2.5 FTIR Spectra.

PANI:PSS and PPy:PSS IR spectra were obtained using IR spectrometer (Nicolet iS10, Thermo Fisher
Scientific). For sample preparation, suspension were lyophilized and then combined with potassium

bromide (KBr) to be compressed between to platens and to form the pellet to be analyzed.
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Figure 3.12. Fully inkjet printed pH sensor.

a) Digital design of the pH sensor. b) Final printed platform with 9 IE and 1 pRE and microscope
image of the printed polymeric electrodes. ¢) Inkjet printing steps: i) printing of Ag RE, tracks,
and pads, followed by a dry step; ii) printing of the Au IE,, followed by a dry and thermal sintering
of both metallic Au and Ag layers; iii) printing of the dielectric SU-8, drying and UV cross-linking;
iv) printing of CP inks, followed by a drying step.

3.3.2.2.6 Microscope images.

Field Emission Scanning Electron Microscopy (FESEM) images were taken to observe the
nanostructure with a field-emission Zeiss Merlin FESEM (Oberkochen, Germany). The film of the
samples was prepared depositing a droplet of the suspension on a silicon substrate and let dry on a

vacuum drier at room temperature.



3.3.2.2.7 Fabrication of solid-state pH sensor.

The pH sensor structure was fabricated with IJP technology, using the same approach that we reported
in our previous work.®?” Basically, a drop-on-demand Dimatix Material Printer (DMP 2831 for
Fujifilm Dimatix, Inc., USA) was used with the 10 pL printhead. The sensor structure was digitally
designed using CleWin 5 software (Figure 3.12a and then exported to BMP to load in the Dimatix
Bitmap editor. The printing process was carried out in standard laboratory conditions without particles-
filter, temperature, and humidity control. Microelectrodes and CP inks (PANI:PSS, PPy:PSS and
PANI:PSS/PPy:PSS) were printed on PEN substrate, as detailed in Figure 3.12c. The complete
fabrication of the pH sensor can be easily understood as two steps: The printing process of the metallic
microelectrodes, and the electrodes modification. In the first step (c.i), the silver (Ag) elements were first
printed: the reference electrode (RE) of 800 x 800 um, tracks, and pads with a drop spacing (DS) of 20
um followed by a dry step at 80 °C for 15 min. Then, the Au-Np ink was printed (c.ii) to obtain a 1 mm?®
indicator electrode (IE), with a DS of 15 pum, the platen temperature was set to 40 °C and the printhead
temperature was set to 30 °C. Au elements were dried as before, and both inks were finally sintered in
the oven at 140 °C for 30 min. Then the dielectric ink SU-8 was printed (c.iif) on Ag tracks to isolate and
define the active electrode area and pads with a DS of 15 um. First, a soft bake on hot plate at 100 °C
for 5 min followed by an UV treatment for 30 sec to polymerize this layer by polymer cross-linking. For
the fabrication of microelectrodes with the other Au ink Au-Pc, the DS used was 25 pm, and the platen

and printhead temperature was set to 35 °C.

The second step consisted of the printing process of the pH sensitive polymer ink over the Au
microelectrode (c.iv), and the chlorination of the Ag RE. Initially, the CP inks were sonified for 5 minutes
in order to uniformly disperse the solid content. Then, the inks were filtered through a polar ultrafilter
of a 0.45 pm pore size and introduced into the ink cartridge. To achieve a good pattern definition
substrate, the cartridge nozzles were heated at 40 °C and 35 °C respectively. Three layers of CP inks
were printed wet-on-wet on top the Au IE with a DS of 10 um, and dried for 15 min at 120 °C. The Ag
RE was chlorinated by cyclic voltammetry (detailed in the Supplementary Information (SI) Figure S1) in
0.1 M HCl, scanning the potential from 0 V to 0.2 V versus Ag/AgCl commercial reference electrode
at 20 mV s™ to obtain a stable Ag/AgCl pseudo-reference electrode (pRE). A final printed platform on
PEN substrate with nine IE and one pRE and a microscope image of the printed CP electrodes can be

observed in Figure 3.12b.



3.3.2.2.8 Morphological characterization of printed CP.

The printed polymeric films were analyzed using an optical microscope (DM4000M LEICA, Germany),
a profilometer (KILA Tencor P-15), and a scanning electron microscope (SEM, Auriga40 from Carl

Zeiss, Germany).
3.3.2.2.9 pH measurements.

The open-circuit potential (OCP) of the inkjet-printed electrodes was measured by a PalmSens3
electrochemical station (De Indruk, Netherland). Measurements were carried out in various commercial
pH buffer solutions ranging from pH 3 to 10. Sequential immersion in buffer solutions was followed by
a cleaning step with deionized water to avoid cross-contamination. For each test, the electrodes were
immersed in the buffer for 30 s, and the potential between IE and pRE was recorded. The base-acid
titration was done from basic (NaOH) to acid (HCI) standardized solutions with concentrations of 0.01
mM, 0.1 mM, 0.001 M, 0.01 M, 0.1 M, and 1 M, which was magnetically stirred. Additionally, the pH

value was recorded with a commercial pH-meter (GLP22, Crison) in both experiments.

3.3.2.3 Results and discussion

3.3.2.3.1 Synthesis and characterization of printable polymeric pH-sensitive inks.

To obtain the CP inks for IJP, water-dispersible particles of PANI and PPy were synthesized through
electrostatic interaction suspension method as described in the materials and methods section. This
method is especially suitable to obtain CPs suspensions with the ability to form a continuous conductive
film as it has been previously reported for PANI"™" and PPy**”". The distinctive feature of this
procedure consists of involving electrostatic forces produced between monomer and polyelectrolyte to
allow obtaining stable suspensions during the oxidative polymerization. This allows obtaining a
controlled size distribution to fulfill one of the most restrictive IJP requirements. The supporting
polyelectrolyte used was PSS solution as charge- balancing dopant during the polymerization.
Considering that the application of the suspensions is an IJP ink, we studied the influence of the
molecular weight of PSS which takes a critical role both in the properties of the ink (size distribution,
stability) and in the properties of the printed film. In the current literature, it has been reported that high
PSS molecular weight presents some advantages in term of superior electrical and electrochemical

301,3(

performance™””. However, there are very few references about the effect of PSS molecular weight on



the size distribution, suspension stability and film formation properties of PANI:PSS and PPy:PSS
suspensions. With this in mind, four different suspensions were prepared, (PANI:PSS(I), PANIL:PSS(II),
PPy:PPS(I), and PPy:PPS(II)) using PSS with two different molecular weights 70.000 Da for (I)
suspensions and 200.000 Da for (II). After the synthesis, stable suspensions of both PANI (green color,
Figure 3.13a.i) and PPy (black color, Figure 3.13b.i) were obtained for the two PSS used. Obtaining
PANI:PSS and PPy:PSS suspensions through electrostatic interaction synthesis was confirmed through
IR analysis as detailed in SI Figure S2a and b. None of the suspensions obtained presented signs of
precipitation after 6 months at room temperature. Size distribution of the PANI:PSS and PPy:PSS
formulations was studied through DLS. We observed that, PANI:PSS and PPy:PSS suspensions
presented a monodisperse size distribution in all cases, regardless of the monomer used or the PSS

molecular weights.
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Figure 3.13. PANI and PPy ink characterization.
Characterization of CPs suspensions. PANI:PSS(II) suspension (a) and PPy:PSS(I) suspension
(b): ) solutions; ii) particle size distribution and iii) FESEM profile image; iv) FESEM film image.

Considering the dependence of PANI polymer on the pH media, the synthesis of PANI:PSS
suspensions was optimized at pH 2 to maximize the number of PANI:PSS particles (data shown in

Figure S3). The particle size average values were around 200 nm, as shown in Figure 3.13a.ii) for

PANIL:PSS(II) and b.ii) for PPy:PSS(II) (values for PANI:PSS(I) and PPy:PSS(I) are shown in the SI



Figure S4). The zeta potential of the suspensions was also measured, obtaining a value around -20 mV
for PSS of Mw 70.000 and around -40 mV for the PSS of 200.000 (data shown in Figure S5). The mean
value combined with particle size distribution (PDI) values around 0.2 obtained for each suspension
fulfilled the requirements of IJP to avoid the clogging of the printer nozzle. All the suspensions were
correctly filtered using a 0.2 um PTFE filter before each printing for the elimination of any possible

higher particles to prevent the nozzle clogging.

After filtering, the suspensions were able to form a continuous film on a silicon substrate after air drying.
FESEM images revealed a continuous structure with a well-defined layer thickness of approximately 5
pm for PANI:PSS (Figure 3.13a.iii) and 7 um for PPy:PSS (Figure 3.13b.iii) for all the film suspensions
studied (SI Figure S6). No significant differences were observed in the morphology for PANI:PSS or
PPy:PSS samples where a different molecular weight PSS was used during their synthesis (Figure 3.13a.iv
and b.iv for Mw 200.000 PSS). As can be seen, both images present a globular morphology due to the
interaction between the oxidant and the structuring agent during polymerization®”. It is of interest to
note that PANI:PSS globular shape revealed a smother morphology when compared with PPy:PSS,

possibly originated by a coalescence phenomenon produced during the drying process.

These four aqueous suspensions were used as the basis for IJP ink formulations. The studied
suspensions were formulated using a surfactant (1,5 % (w/v) of Triton X100), to adjust the surface
tension of the ink prior to the printing. Surface tension data of the evaluated formulation inks are detailed
in Table S2 of the SI. Furthermore, to increase electric conductivity, dimethyl sulfoxide (DMSO) and
glycerol (Gly) were used as a secondary dopant. Gly addition also contributes to adjust the viscosity of
the CPs formulation and the presence of DMSO and Gly shows a stabilization of polymer benzoic
structure once the film is formed™”. Hence, this intrinsic conjugation of benzoic structure allows a
better electron mobility through polymeric chains, which in turn enhances the electroactivity of CPs.
This effect, which is broadly studied for polymers such as the gold standard PEDOT:PSS, is not so
widely studied for PANI and PPy formulations and even less when they are applied as a pH sensor.

3.3.2.3.2 Polymeric inks printing process.

Once formulated, the inks were printed using an inkjet printer to obtain a sensor array. Printing
parameters were adjusted to obtain a continuous drop ejection for PANI:PSS(I) and (IT) and, PPy:PSS(I)

and (II) inks printing. Waveform and printing parameters were obtained considering polymeric ink



properties to have a reliable printing process of developed polymeric inks (SI Figure S7). As described
in the literature, the ink-substrate interaction alters the ink deposition, hence the drop spacing (DS)
selection between two consecutive drops and the printer platen temperature determines the quality of
the printed pattern on a specific substrate.”’ The DS determines the resolution and density in X- and Y-
axes of the printed samples, for example, a DS of 15 pm represents a print resolution of 1693 dpi (dots
per inch). The platen temperature plays a critical role on drops evaporation that it is directly related to
line formation, pattern definition and coffee-ring effect. To evaluate an optimum DS, a line pattern test

was performed with DS from 5 to 140 pm.”
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Figure 3.14. Printing characterization of polymeric inks.
Line patterns printed on PEN substrate for a) PANI:PSS(I) and b) PPy:PSS(I) formulated inks.
Cross-section profile for ¢) PANIL:PSS(I) and d) PPy:PSS(I) for 1L, 2L or 3L.

Figure 3.14 shows the printed line patterns for PANI:PSS(I) (a), PPy:PSS(I) (b). Both inks present more
of less the same behavior and no main differences can be observed with the other formulations using
Mw 200.000 PSS (data not shown). However, depending on the selected DS, different performance can
be observed. When the chosen DS is too small (5 pm), bulging effects appear due to an excess of
deposited material. For DS values of 40 um or higher, the formation of isolated drops that are not able

to form a continuous line can be observed. The proposed inks have optimized DS values between DS



10 and 35 um that allow the printing of a homogeneous and continuous line. Apart from the line pattern
evaluation, experimentally it has been observed that DS values higher than 10 pm do not allow the
overlap of contiguous printed lines, as can be observed in SI Figure S8. This can be explained by a fast
evaporation of ink solvents or interaction between ink and substrate helped by drop kinetics. Also
optimized was the substrate temperature, which was set to 40 °C to obtain a balance between solvent
evaporation, ink spreading, and linewidth. Temperatures lower than 40 °C produced an excessive
spreading and the formation of inconsistent lines due to the slower evaporation of the ink, and
temperatures higher than 40 °C showed thinner lines and exaggerated coffee-ring effects as a result of
rapid solvent evaporation. Finally, a DS of 10 um at 40 °C was determined as the optimal point to obtain
the most homogeneous lines with a controlled coffee-ring effect to print the polymeric suspensions onto

the Au microelectrodes.

Furthermore, different number of CPs layers were printed wet-on-wet and evaluated latter in the
profilometer (one (1L), two (2L) and three layers (3L)). A desired thickness of around 1-3 um should be
achieved to decrease the CP film electrical resistance, decrease the pH behavior hysteresis, increase pH
sensor life-time, and ensure a good repeatability as previously reported.”’ " Four layers (4L) were also
tested, however these conditions were not under consideration because the films were completely
detached when being immersed in an aqueous solution, as shown in Figure S9, due to an excess of
material over the metallic electrode. Profilometer measurements are shown in Figure 3¢ for PANL:PSS(I)
and 3d for PPy:PSS(II); the well-known coffee-ring effect was observed for all the printed layers, being
necessary 3L for achieving a non-uniform thickness of around 3 pm in the central part of the pattern.
After printing, PANI and PPy films with PSS of Mw 70.000, revealed a good stability in aqueous media
indicating its suitability as sensor. However, when a PSS of Mw 200.000 was used, the polymeric film
was completely detached after a few minutes of being in contact with the aqueous media. Thus, we

selected the PANI:PSS(I) and PPy:PSS(I) inks for its evaluation and validation as a pH sensor.
3.3.2.3.3 Evaluation of the printed CPs inks as pH sensor.

For the evaluation of the polymeric printed films, potentiometric pH measurements were carried out by
measuring the open circuit potential at room temperature. Sensors were placed three times in the same
buffer solution to evaluate the pH response and repeatability of the polymeric film. Considering the
applicability of this sensor in biological applications, in addition to evaluating its sensitivity and linearity,

special attention was paid to the physiological pH range (around pH 7.5).
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Figure 3.15. pH calibration of PANI and PPy printed films.

Plots of potentials against pH value reading from pH meter for (a) PPy:PSS + DMSO 3L, (b)
Structure of PANI macromolecule changes due to protonation/deprotonation, (c) PANLPSS 2L,
(d) PANLPSS 3L, (¢) PANILPSS + Gly 2L, (f) PANI:PSS + Gly 3L, (g) PANI:PSS + DMSO 2L,
(h) PANLPSS + DMSO 3L, (i) PANI:PSS/PPy:PSS + DMSO 3L (n = 3, variation coefficient
below 5%).

Figure 3.15 shows the potentiometric pH measurements of the evaluated formulations of PANI:PSS(I)
and PPy:PSS(I). PPy:PSS(I) formulation revealed a poor linearity in the selected pH range even when a
secondary dopant (DMSO) was used to enhance the polymer electroactivity (Figure 3.15a). This

behavior of PPy as a pH sensor is described in the literature for similar devices®

For PANLPSS(I), the potential decreases with the increase of the pH, revealing two good linear regions
similatly to the behavior of electrodeposited PANI pH sensors but with less pronounced changes in the
slopes®. The presence of these regions is ascribed to the pH dependent emeraldine salt (ES) —
emeraldine base (EB) transition of PANI macromolecules, where, depending on the pH, there is a
different level of protonation of the EB imine groups (Figure 3.15b). This protonation — deprotonation
of PANI structure provides its electroactive properties allowing changes in the potential output signal,

which reveals two different slopes corresponding to the protonation levels, where the acid pH region



allows higher slope values indicating better electron mobility and high electroactive behavior of the
polymer. A result of this behavior can be seen in the printed sensors of PANI:PSS(I) without
conductivity promoters, where two linear regions can be observed in Figure 3.15¢ and d corresponding
to a film of 2L or 3L, respectively. The linear regions present in PANI:PSS(I) 2. and 3L films presented
similar slopes (28.3 mV/pH for pH 3 — 7 region and 30.3 mV/pH for the pH 7 — 10 region). These
changes may be attributed to the presence of sulfonate groups present in PSS which generates local
acidic regions that allows the regulation of PANI protonation. Although PANI:PSS films reduce the
effect of the structure change by improving the linearity of the sensor response, the neutral pH zone still
presents a pootly defined signal. PANI:PSS(I) films formulated with a conductivity promoter such as
Glycerol (Figure 3.15¢ and f) or DMSO (Figure 3.15g and h) only magnified the effect of structure
protonation, presenting higher differences between the potential output signal of the two regions. This
effect is clearly visible for PANI:PSS samples with DMSO, where the measurement performed at pH 7
presented a high deviation. Increasing the number of layers of printed PANL:PSS film from 2 to 3 did

not produce any significant improvement in this sense.

To improve the measurements in the physiological region as well as the linearity in the studied range of
pH, we used a formulation that combines PANL:PSS(I) and PPy:PSSI) (PANILPSS/PPy:PSS). We
hypothesized that when electron mobility cannot be carried out through the PANI chain due to the EB
/ ES structure change, the PPy chain suppotts electron mobility. First, we optimized the IJP conditions
of the two polymers together. It was observed that mixing PANL:PSS(I) with PPy:PSS) (1:1 v/v)
allowed the printability of a stable polymeric sensor. Figure S10 of the SI shows the line pattern of this
new ink and the corresponding cross-section profile for 1L to 3L, as previously done for PANI and PPy
base inks. In this case, the DS optimized is also 10 um. However, the cross-section profiles show how
the ink accumulates in the central part, noted by the distribution of the material. We observed that the

most homogeneous film was achieved with 3 L, with a thickness of about 5 pm.

Secondly, we studied the sensor response at different pHs. Figure 3.151 shows potential against pH plot
for PANIL:PSS/PPy:PSS sensor. The potentiometric pH measurements revealed a good linearity in the
range of pH 3 to pH 10. These results confirm our hypothesis, because not only did we solve the
drawbacks of PANI:PSS at the physiological range of pH but we also increased the stability of the
PPy:PSS films. Furthermore, the sub-Nernstian response was in good agreement with other reported

sensitivities for polymeric pH based sensors™”*?**, All measurements subsequently performed were



done with the PANIL:PSS/PPy:PSS ink printed over the Au microelectrodes with a platen temperature

of 40 °C, DS of 10 um, and 3 L.
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Figure 3.16. Intetferences study for PANI:PSS/PPy:PSS sensot.

Potential interfering ions test for PANLPSS/PPy:PSS sensors: Nat+ (a) and K+ (b).
Determination of pH value for a set of mediums used in the bioengineering field: Comparison
between PANILPSS/PPy:PSS sensors (n = 3) with a laboratory pH-meter (c) and compared using

a linear correlation (d).

Selectivity is one of the most important factors in potentiometric sensors and defines the ability to

specifically measure hydronium ions in the presence of other ions. For this reason, we evaluated the

potentiometric selectivity performance of the developed pH sensor against major potential interfering

sodium (Na") and potassium (K*) ions observing the voltage drifts at different pH for constant ion

concentrations (Figure 3.16a and b). Potential against pH plots of buffered solution in the presence of

Na" and K" revealed small voltage drifts similar to other similar devices desctibed in the literature
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Based on these results, the presence of Na"and K' does not interfere with the pH measurements of real

unknown solution. In this context, the performance of the PANLPSS/PPy:PSS sensor was evaluated



using 6 standard solutions of unknown pH used in the field of bioengineering: simulated body fluid
(SBF), Dulbecco's Modified Eagle Medium (DMEM), Phosphate Buffer Saline (PBS), Artificial Urine,
Luria-Bertani Broth (LB-Broth) and commercial Corning SF medium. Figure 3.16¢ shows the pH value
of the solutions measured using the PANL:PSS/PPy:PSS sensor compated with a conventional pH-
meter with a glass electrode. The pH of these real solutions were determined revealing no significant
differences between the measurements catried out with the PANI:PSS/PPy:PSS sensor and with the
laboratory pH-meter. From a qualitative point of view, Figure 3.16d shows the correlation of the pH
values of the two electrodes for the 6 evaluated solutions. As shown, the linear regression presents a
coefficient of determination of 0.988, indicating the good agreement between values and demonstrating

that the developed sensors present the same behavior that a laboratory device.
3.3.2.3.4 Effect of the gold substrate on the Nernstian-behavior of the pH sensor response.

In this section, we explore the utilization of an Au-based printed electrode modified with a
phthalocyanine (Pc) as a method to increase the sensitivity of the polymeric-based pH sensor. The
commercial Au-Pc metallic ink used to print the Au electrodes was modified with a derivative metal-free
phthalocyanine, which presented a delocalized planar structure, promoting the formation of large n-
conjugated regions. These regions, directly in contact with the surface of the Au nanopatticle, improved
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the electrical pathway among them™ allowing good conduction characteristics equivalent to those of

the conventional nanoinks (Au-Np) with a minimum heat treatment (usually sinterings at 100-120 °C
for several minutes gives well-conducted patterns). As previously described, the incorporation of
phthalocyanine into PPy or PANI chains results in the increase of the delocalized regions, enhancing

the doping level of the CP, the electron mobility and the electroactivity”>>.

Figure 3.17 shows the interactions of the Au-Pc ink together with the CPs. Once the
PANI:PSS/PPy:PSS ink was printed onto the Au-Pc microelectrode, the n — conjugated regions of the
PANI, PPy and PSS interacted with the © — conjugated regions of Au-Pc, enhancing the electron mobility

between the printed Au-Pc substrate and the polymeric film in comparison with the bare Au-Np ink
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Figure 3.17. Chemical schematic illustration of AuNp ink and polymers.
Schematic illustration of m — junction of Au-Pc ink modified with phthalocyanine and
PANIL:PSS/PPy:PSS polymeric chain.

Figure 3.18a shows the effect of Pc in direct contact with the PANIL:PSS /PPy:PSS based sensor. pH
calibration was performed for PANLPSS/PPy:PSS printed on non-modified Au substrate (Au-Np)
revealing a Nernstian sensitivity of 48.5 £ 0.5 mV/pH with a high correlation coefficient * of 0.990 in
the all pH ranges (3 to 10), in good agreement with other previously reported CPs based pH sensors.’"
When the PANLPSS/PPy:PSS polymeric film was printed onto the Au-Pc, a super-Nernstian response
of 81.2 + 0.5 mV/pH with high linearity was achieved. Table 3-3 summarizes the most recent papers on
conducting polymers used for pH sensing. As can be observed, our work has the highest sensitivities

achieved for a polymeric based sensor™”

. As stated before, this increase in sensitivity can be explained
due to enhanced electron mobility between the Au-Pc substrate and PANL:PSS/PPy:PSS. The utilization
of Au-Pc ink to generate a high delocalized n-region between the electrode and the PANLPSS/PPy:PSS
printed polymeric film is not only interesting in terms of obtaining a high sensitive pH sensor, it also
describes a strategy that could be implemented in other CPs to increase electroactivity, thus unlocking

new applications.
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Figure 3.18. PANI:PSS/PPy:PSS pH calibration curves.

Calibration curves of PANI:PSS/PPy:PSS. a) Sensor sensitivity of PANI:PSS/PPy:PSS on Au-
Np and Au-Pc microelectrodes in the pH range of 3-10 (n = 3, variation coefficient below 3%
for Au-Pc and below 4 % for Au-Np). b) Repeatability of the electrode of PANI:PSS/PPy:PSS
on Au-Pc at different pH values from 3 to 10 (Inset: mid-term pH sensor stability at pH 6 for 10
hours).

The complete evaluation of the pH sensing characteristics required a reproducibility study of the
PANI:PSS/PPy:PSS printed on top of the Au-Pc microelectrode. Three independent microelectrodes,
made from the same fabrication batch, were measured by OCP and the base-to-acid and acid-to-base
changes were studied. Figure 3.18b shows the response of each individual microelectrode, and as can be
observed, the potential responses for each one almost overlap, indicating an excellent reproducibility.
The average sensitivity of the three electrodes is 81.2 mV/pH with an average variation coefficient for
each pH level under 0.5% (Table S3), confirming a good repeatability of PANI:PSS/PPy:PSS sensor
with a the correlation coefficient larger than 0.996 for all measurements. The mid-term stability of the
pH sensor near protonation and deprotonation regions was further investigated by measuring its
potential drift over 10 hours at room temperature. For this purpose, the platform was immersed in pH
6 buffered solution (Figure 3.18b inset) and continuously measured. Although some slight potential
fluctuations can be explained by temperature changes, the sensor shows an excellent stability of
continuous reading over a 10 h test resulting in a potential drift of 0.2 mV /h, an average reading of 228

mV and a standard deviation of 2.3 mV, thus providing reliable pH read-outs for long measurements.



Table 3-3. CPs-based pH sensors on the literature.

Comparison of selected works from the literature, highlighting the conducting polymers used for
pH sensing, the fabrication technique used for the deposition of the conducting polymer, pH
range and sensitivity. Abbreviations: CNT (Carbon Nanotubes), MWCNT (Multiwalled Carbon
Nanotubes), DBSA (Dodecyl Benzene Sulfonic Acid), PU (Polyurethane), and PSS (Sodium 4-

styrenesulfonate).
Conducting Technique pH range Sensitivity ~ Reference
Polymer (mV/pH)
PPy Electropolymerization 2 to 12 54.67 £ 0.7 324
PANI nanofibers Polymerization 3.9 to 10.1 62.4 2
PANI nanopilar Soft lithography 2.38 to 60.3 720
11.61
PANI Electropolymerization 5 to 7 - i
PANI Electropolymerization 5.5 to 8 59.2 i
PPy + CNT, PANI Electrodeposition 1to13 59 327
+ CNT
PANI Laser carbonized 4 to 10 51 328
PANI Coating 4 to 10 50 312
PANI Coating 4t08 54 £ 0.51 329
PANI + CNT Electrodeposition 1to 13 58 330
PPy Electropolymetization 3 to 10 46 331
PANI + DBSA Spin coating 5.4 to 8.6 58.57 %2
PANI + MWCNT  Screen printing 2to 11 20.63 332
PANI + PU Electrospinning 2t07 60 %3
PANI Electrodeposition 4t08 60.6 333
PANI + PPy + PSS Inkjet printing 3to 10 812+ 0.5  This work

3.3.2.3.5 Validation of the PANI:PSS/PPy:PSS film as pH sensor.

To evaluate if the PANIL:PSS /PPy:PSS sensor is good candidate for local pH determination, pH titration
was studied. Titration was performed over a range of molarities (from 0.01 mM to 1 M), from NaOH
to HCl by addition of a specific volume of acid. Figure 3.19a shows the titration plot of aqueous NaOH
with HCL. Results obtained for monoprotic titration of strong alkalis with strong acids are comparable

with results obtained with commercial glass electrode. The PANILPSS/PPy:PSS sensor presented had a



reasonable detection limit (0.01 mM), a concentration range (from 1 M to 0.01 mM) and a pH range
(from 3 to 10) compared with previous studies"*. The theoretical equivalence point for this titration
is 10 mL at pH 7, due to pKa of NaOH and HCI. Figure 3.19b shows the experimental calculated
equivalence points for all concentrations and their standard deviation. The sensors present good
performance and accuracy, allowing detection of pH changes even + 0.01 pH units with a high sensitivity
of 81.05 + 0.08 mV/pH. The same behavior was observed when the titration was performed from the
acidic to basic range as shown in Figure S11. An equivalence point determined at pH 7 of 10 mL and a

detection limit of 0.01 mM was obtained.
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Figure 3.19. Tritration and stability study of PANI:PSS/PPy:PSS pH sensor.

Titration of strong base with strong acid. a) Potentiometric pH titration curves for NaOH and
HCI at the indicated molarity, b) Representation of equivalence point for each molarity, on red
dots the theoretical value, and c) Stability of the pH sensor in acid conditions, acetic and acetic
glacial acid (i) and buffer solutions at pH 7 and 7.5 (ii).

Figute 3.19c.i shows the stability of PANT:PSS/PPy:PSS sensor for 1 hour in acetic acid and acetic glacial
acid showing a stabilization time of 300 s for these low pH values, a small drift of 1 mV /h for acetic
glacial and 6 mV /h for acetic acid. This proves the good behavior of the sensor in extreme pH conditions
allowing its utilization on non-aqueous media. The stability was also measured in aqueous buffer
solutions at pH 7 and 7.5 (Figure 3.19c.i) to demonstrate how the sensors met the proposed
benchmarks, showing that the response time was achieved within 7 seconds, and a small drift of 1.5

mV/h for pH 7 and 1.8 mV/h for pH 7.5. The sensitivity did not alter after 2 hours in extreme



conditions obtaining values of 80.7 mV/pH of the PANI:PSS/PPy:PSS sensor (data not shown). This
result demonstrates that PANLPSS/PPy:PSS polymeric film is not affected after performing
measurements in non-aqueous acid media. Additionally, since the substrate proposed is flexible, the pH
sensor evaluation was completed verifying that the sensor response remained unaltered after repeated
bending tests. For this, a proof of concept was carried out to verify how sensor sensitivity evolves after
being subjected to different bending cycles (Figure S12 of the SI). It was found that after 50 bending
cycles of 90 °, the sensitivity of the sensors remained stable around 77 and 78 mV/pH, demonstrating

that the sensors flexibility did not affect the pH sensor response.
3.3.2.4 Conclusions

We have presented a novel approach for fabricating a stable pH sensor using a highly rough printed Au
ink as a substrate metal electrode. The pH sensors were completely fabricated with IJP based on
PANI:PSS / PPy:PSS inks deposited on a gold microelectrode printed on a flexible substrate. The
different approaches allowed the optimization of pH sensor properties and in particular IJP inks
formulation allowed the improvement of the pH sensor sensitivity. Furthermore, the combination of
PANI:PSS and PPy:PSS particles improved the linearity of pH against potential as well as expanding the
pH range (from pH 3 to 10) and resolving problems of PANI sensors regarding physiological pH,
thereby promoting utilization in biological applications. The use of a gold ink modified with Pc for the
gold microelectrode substrate, revealed an enhancement of electron mobility between the conducting
polymer chains and the gold nanoparticles, generating a delocalized n-region that improved the
electroactivity. In this regard, the sensor reached a linear super-Nernstian response (81.2 = 0.5 mV/pH

unit), one of the highest sensitivity values for a polymeric pH sensor reported to date.

The characterization of the sensor also revealed a wide range of versatile properties that extends the
range of possible applications. Furthermore, the sensor presented high stability in aqueous and non-
aqueous media (acetic acid) confirming its ability to perform highly accurate titration measurements by

detecting small changes in the concentration of strong monoprotic alkalis with strong acid (0.01M).
Supplementary Information (Section 6.2)

Pseudo-reference electrode chlorination and stability characterization; Ink formulations; Surface tension

ink formulations; IR spectra characterization; CP suspensions — pH dependence; DLS characterization;



Zeta Potential Characterization; FESEM images; Parameters of printing process; images of printing test
and non-adherence of polymeric film; PANLPSS/PPy:PSS line pattern study; Variation coefficient;

Titration of strong acid with strong base; pH sensor sensitivity after bending.
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Chapter 4 ‘ Inkjet printed PoC devices

This chapter includes a brief explanation and description of PoC devices. Followed by the need of
develop low-cost, disposable, and reliable electrochemical sensors for the incorporation in PoC. Next,
the effect of printing on paper and its property of tuning electrochemical active area is presented. Finally,

a novel cortisol paper-based printed sensor is presented.



4.1. Overview of PoC

Compared with standard laboratory testing, PoC diagnostics are rapid, simple, and inexpensive, and thus
have great accessibility to resource-limited settings’**. Therefore, POC diagnostics are essential to
initiate and scale up on-site medical care for the prevention and control of infectious diseases™ ~*’. Point-
of-care testing (PoCT) involves a paradigm shift from classical differed diagnostics to near-patient
analysis, providing real-time results for an eatly diagnosis, facilitating treatment implementation and

selection, and reducing disease complications™

. The use of PoCT devices offers a promising solution
to this situation, allowing to provide diagnostic information near the site of the patient and in real time**”.
Figure 4.1 show an overview of the latest advances in developing PoC devices. Most PoCT devices can
work with small volumes of biological samples and reagents, offering unique advantages such as a low
assay cost, fast turnaround time, simple-to-use operation, and fully integrated devices implementable in

resource-limited settings'***.

Microfluidics, micro-sensors
Flexible materials or micro-electronics

o0 ¥ HE

Healthcare
applications
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Figure 4.1. Overview of PoC devices for healthcare applications.
Source 3.



The PoC devices offer an enhanced diagnostic tool and will play an increasingly important role in
controlling disease outbreaks, rising the survival rate of patients, and improving overall the quality of life
of the citizens. Similar advantages that apply to diagnostics at mobile health units in isolated settlements,
where the strategies currently available are unfeasible, because personalized medicine will be possible

only if diagnostic devices can be used by or close to patients**

. PoCT break the actual chain of diagnostic
of conventional laboratory-based testing where the samples must be collected, stored, and transported
to the centralized facilities, having to wait for long periods of time before the samples are analyzed by
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trained personnel and the results are sent back to the clinicians and reach the patients™. Furthermore,

the use of PoC diagnostic devices could reduce as well the medical costs, and the risk of sample
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mislabeling and mishandling™’. The PoC capability to diagnose or monitor diseases is increasingly

important to population health, chronic disease, and to prevent severe admissions and readmissions.

Additionally, PoC devices allow to healthcare patient and health enthusiastic to monitor their own health,
in consequence the devices need to be analytically valid, user-friendly and clinically valid in presential

and tele medicine®*

. These requirements enable remote diagnosis and monitoring at center stage. To
meet these requirements a PoC device must have a robust and reliable system for sample treatment (if

it is needed), sensing, signal processing, signal output, and electrical or chemical source.

The menu of analytes is being expanded beyond vital signs, many hormones, proteins, and even virus
are gaining a huge attention. At the same time, integration of data from PoCT into electronic health
records and utilization of artificial intelligence (Al) and data analytics for data mining to achieve rapid
and accurate diagnosis are assuming greater importance. Still almost all alternative (no glucose) PoC
devices market available today, depend on colotimetric detection or cellphone image analysis™.
Cellphone cameras can recognize small differences in color tone, as can be confirmed even in simple
home experiments. And the cellphone app can assign quantifiable values to these tonality differences
could be used to maximize the potential of the quantification of an analyte. However colorimetric
detection combined with cellphone has certain drawbacks such as, qualitative results (color reaction),
adapters or other devices need to be connected to the cellphone, shadows, each cellphone has a different

design and size, different cameras, among others™”.

Electrochemical detection offers quantitative results with high reliability, resolution, and low limit of
detection. Electrochemical sensors are a mainstay of analytical chemistry as demands for increasingly

selective and sensitive detection methods grow. Additionally, they are inexpensive, simple, and adaptable



to demanding environments where robust, miniaturized analytical methods are required’. Flexible
substrate-based PoC devices, particularly with integrated electrochemical sensors not only significantly
enhance sensitivity but also allow for continuous on-body health monitoting in a noninvasive mode™*.
These advantages put electrochemical sensors on flexible substrates in the focus to develop new reliable,

robust, and accurate PoC device.
4.2. Overview of inkjet printed PoC devices

Inkjet printing technology provides as it is stated above a rapid and inexpensive way to generate
prototyping iterations because no clean room is required, thus enabling low-cost, open-source research

prototypes for proof-of-concept studies, and mass production of final device™

. Examples of PoC device
components that can be printed include sample pre-treatment devices, microfluidic reagents, blood
mixer, fluid actuation unit, detector adapter, housing unit, or sensor. Inkjet printing technology provides
accurate control of dispensing ink, precise positioning, and flexibility in printing patterns. However, in
PoC manufacturing clogging of the nozzle can be a problem, since the dispensing solution can contain
complex protein stabilizers and/or big particles, additionally the use of new substrates add more

complexity to the printing process. Proper process optimization is required for the manufacturing

process of PoC devices.

However, most PoC sensors for commercial use are still fabricated by using screen-printing and less
frequently by more expensive and clean-room based photolithographic techniques. Even though these
processes are quite automated and established, they require masks for each deposited layer and employed
material, which can lead to alignment issues™. Furthermore, additional costs and time for the design
and preparation of new masks need to be considered in case the design of sensors must be changed.
This is even more critical for prototyping than for batch production. On the other hand, inkjet printing
allows in a fast and reiterative manner multi-layer/material deposition and the production of
combinatory material libraries. Nowadays printer represents an ideal platform for sensor prototype

development, but also industrial production'"**".

To print PoC devices with high performance, there are several key considerations required, including
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the pattern quality, device flexibility/stretchability and device durability™. A well define and integrated
pattern is a prerequisite to develop inkjet printed device, since a uniform and high-resolution pattern

enhances the device stability and can help minimize the device size. Large flexibility/stretchability and



long durability ensure the device adaptability for substrate bending. For instance, uniform homogeneous
patterns diminish situation such as short circuits and heterogeneous conductivity. In printed electronics
for PoC, high resolution patterns enable reduce used area of printed components, which provide an
excellent handicap in the develop of a PoC portable device. In addition to area usage, the performance
of the printed device is enhanced, by mean of higher conductivity and density for circuits, larger

bandwidth and higher switching speed for transistor, and better connection for sensors™.

PoC devices, including electronic accessories, display, sensors, battery, tend to be bent, stretched, or
squash during the usage, and even more when they are handled by the final consumer (self-use
patient/user PoC device). Consequently, flexibility and stretchability ate primary mechanical
consideration when it comes to inkjet printed PoC. To meet the requirements, a huge effort have been
done on exploring more suitable substrates and inks. Plastic and paper substrates despite their lack of
stretchability, are the most used in electronic accessories due their flexibility. Other substrates that have

been used in inkjet printed PoC devices are textiles, elastomers, among others.

Plastic-based printed PoC devices offer hydrophobic and condensing surface and high mechanical
strength, additionally plastic substrate ensures excellent printed patterns. Nevertheless, the glass
transition temperature must be considered when it comes to the ink need of sintering, as it is commented
in section 2.4. It is essential for the progress of printed PoC devices develop strategies for low or no
temperature process in addition of exploring novel inks. Moreover, achieving this requirement, it can be

applied to other substrates with low glass transition temperature.

Textile-based printed PoC devices represent a flexible, long-lasting, conformable, and lightweight
PoC platform that can be mechanically/manually stretched, bent, sheated, or twisted. Printed PoC
textiles are candidate for flexible wearables PoC (on clothes). Several printed electronics parts for PoC
devices on textile have been reported such as antennas, electroluminescent sensots and capacitors™ >,
However, until the date, there is a limited number of publications on inkjet printing of textile-based PoC
devices due to the intrinsic methodical challenges of printing onto fabric/textile substrates. Explicitly it
is difficult to achieve a highly conductive continuous track on the rough material with a thin inkjet
printed layer and also as the majority of fabrics cannot withstand temperatures above 150 °C. PoC on

textile has a long path to wander but several method for printing on textile are under study™"*",



Paper-based printed PoC devices present many advantages for printed PoCs. Not only because it is
widely available and inexpensive, paper also lightweight, biodegradable and can be rolled or folded into
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3D or 2D configurations (discussed in section 4.3.2)">". Even though the attractive attributes, paper
substrate comes with some shortcomings when it serves as substrate for inkjet printing process, such as
overspreading due to capillarity, porosity, fiber interaction with inks and high-temperature post
processing’”. Low viscosity inks tend to be absorbed by paper, which could lead to pattern
overspreading with no define boundaries and poor electrical properties. To avoid this drawback and to
prevent pattern irregularities, many strategies could be follow such as hydrophobic barriers, paper
coating, roughness treatments, and even modifying paper fabrication process* . The printing process
on paper is a on development and promising process that need the effort of the researching community

to overcome actual challenges and obtain low-cost, reliable, disposable, biodegradable, and high

performance printed PoC devices.
4.3. Paper-based PoC devices

A wide variety of paper substrate have been use for the fabrication of PoC devices but two main kinds
have been most utilized to fabricate PoCT devices ****°. One is nitrocellulose membrane which is the
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key material for lateral flow assays™'. The other one is cellulose fiber-based substrate, such as filter paper
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and chromatographicy paper, which are the major substrates of dipsticks and PADs™. By virtue of the
abundance and physical properties of cellulose, paper cellulose-based devices are often considered to be
novel platforms for inexpensive, portable, and simple devices. The work done in this thesis is based in

the last one (cellulose filter).
4.3.1. Cellulose substrate composition and applications

Many papers are composed majorly by cellulose fiber, these fibers come mainly from wood. The
composition of the wood-fiber depends on the type of wood and pulping process. Three methods of
pulping are the most used’”. Chemical pulping, low or high pH is used to decompose the lignin in wood
selectively, releasing fibers from wood ships. Mechanical pulping consists in ground the wood to get a
pulp, so the result is cellulose, lignin, and pitch (fatty acids and resin). And the third method is fully
bleached pulp that is white and is used to make filter paper and copy machine paper. Only small

quantities of lignin remain in a fully bleached pulp. To obtain the final product, either to influence the



final properties or to facilitate the paper making, several polymeric additives are use. From the
perspective of PoC device fabrication is important to know these additives that determine the chemistry

of the substrate.

As it is known cellulose fiber-based substrate are porous, its hydrophilic properties allow the material
to take more than their own mass of water. Writing, printing, and some packaging papers are usually
treated with an hydrophobic treatment to increased contact angle and lower water rate penetration’.
Additionally, coated paper is also used where the substrate properties emulate almost a plastic films

protecting the paper from water absorption.

Cellulose fibers that conform a piece of papet, are hollow tubes ~1.5 mm long, 20 um wide, and ~2 um
thickness. Since paper fabrication process is a filtration, the fibers are mainly layered in the x,y plane®™”"".
Generally, paper is described by three properties: capillarity, thickness, and basis weight. An estimation
of pore volume can be obtained from thickness and basis weight, also other properties can be estimate

from these three properties such as, density, pote size, among others™”.
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Figure 4.2. Analytical Capabilites of paper-based PoC
Paper-based assays with strategies for fluid and analyte handling, sample processing and analysis,
and quantification. Source from 372,

It is important to remark that paper is a very anisotropic material’”. The mass distribution along the
thickness is usually not constant. The common distribution is low density near the surface and maximum
density in the center. Fiber orientation is another concern of the paper fabrication process, the
orientation defines fluid transportation along the substrate. The orientation of the fiber is highly related
to direction that paper was made on the paper machine. Consequently, liquid transportation along the

strips of the substrate in a lateral-flow device usually depend on the angle at which the substrate was cut.

The property of moving fluid along the strips by capillary force, it is one of the most attractive to use
paper substrate in PoC devices. This propetty allows lateral flow without the need of pumping or/and
external energy. Additionally, the paper substrate offers filtration properties that can be adjust (pore size
and fiber density) in the fabrication process, it can be treated with hydrophobic materials to create
channels and split the sample (fluid) to transported to different locations™™, it is a low-cost substrate,

biodegradable, eco-friendly, among others.

Another property of paper substrate that start to be on develop is its intrinsic roughness or 3D structure,

some studies have showed that an enhanced in the electrochemical performance of paper-based



electrodes or electric elements could be attributed to their highly porous structure with a large surface

area, which decreased the transport length scale of the ions and electrons®™"

. Additionally, the paper
porous structured coated by a conductive material (electrode) provide an effective pathway for ion
transport and could act as favor electrolyte reservoirs due to the water-swelling effect of cellulose fiber

in aqueous mediums’”’

. As result, fabricated paper-based electrodes have a lower internal resistance
caused by dense packing of the metal structure due to the porous 3D networks of the cellulose paper.
Moreover, this 3D structure lead to a higher electrode surface area that it could trigger higher

electrochemical active area.

A wide range of applications can be done with paper-based PoC as is shown in Figure 4.2, from detection
of pathogens in food, water and air that has a huge society-health implications to biomedical diagnostic
tools that apply to each individual particularly. The challenge is to achieve sensitivity, selectivity, and fast
response while being inexpensive and in according with circular economy. And here is where
electrochemical detection and paper substrate can be combined to develop PoC devices in the pathway

of reliable, accurate, and circular-economy devices.
4.3.2. Electrochemical detection on paper

As it mentioned above a large majority of reported paper-based sensors relies in colorimetric detection
method, which basically measure a color intensity generated by a reaction between the analyte and
reagents in the papet, this intensity usually depends on analyte concentration. Specifically designed tools
have been designed to provide optical quantitative interpretation such as cellphones, and others offer
optical qualitative interpretation’™””. These dependence to color intensity or reaction present limited
accuracy and sensitivity, as result this colorimetric devices show a high rate of false-positive and false

negative test results™*!,

In the past years, the most effective transduction methods have been deployed on paper substrate in
order to reduce cost and adapt to market demands, also gathering accurate and quantitative results, these
methods include fluotrescence, chemiluminescence, electrochemiluminescence, and electrochemical
sensing. Evidently, these mechanisms have their own advantages and disadvantages. However
electrochemical detection remains among the most promising detection tool, it is an effective and
versatile method with high accuracy, fast results, and reliability. The electrochemical method provides

improved sensitivity and selectivity compared with actual colorimetric methods™”. Nevertheless, there



are still some crucial challenges to overcome the wide range of application of paper based PoC devices,

such as, miniaturization, integration, and cost.

Nowadays electrochemical detection on paper substrate obtain highly comparable results in terms of
sensitivity and specificity to detection produced by the more conventional benchtop techniques (Liquid
chromatography, UV-Vis spectroscopy, and inductively coupled plasma-mass spectroscopy)™.
However, in order to improve electrochemical paper-based devices (EPAD) a development of

383

multiplexed tests on EPADs are highly desirable™. This is because sample treatments such as, collection,
filtration, extraction, storage, and analysis can be carried out on the paper substrate in a single
multiplexed EPAD, which facilitate the electrochemical reading™. Figure 4.3 shows a multiplex EPAD

develop for the detection of glucose and protein.

photo- — T paper —» glucose /‘ \ protein
resist assay assay

1em

Figure 4.3. Multiplexed EPAD for detection of glucose and protein in urine.
EPAD device. Source: ¢

Depending on the desire test (analyte to read), the device fabrication can vary from the construction of
a stack (vertical flow, Figure 4.2), barrier wall, and electrode to electrode surface modification using
antibodies. Barriers are the most often used technique in EPAD fabrication process, it allows the
discrimination of hydrophobic and hydrophilic areas to prevent the backflow of a solution and to allow
reactions to be catried out in a specific zone or/and the flow of the sample in a determine channel.
Fabrication of this modification can be performed by free-hand cutting, wet etching, or another
equipment-based technique. Independently of the application, materials, deposition thickness and
uniformity, device dimension, and space limitation parameters must be considered and optimized for

optimal fabrication.



In terms of electrode assembly, a wide variety of materials can be used, and they contribute conductive,
semi-conductive, or dielectric properties to the EPAD. The assembly of the electrodes can be done by
several methods such as screen printing, inkjet printing, or pencil drawing onto desire area (hydrophobic
or hydrophilic)™. The arrangement of the electrodes and paper device can be in 2D or 3D structures.
In 2D structures, all the device (channels and sensors) is along a single flat strip. And in 3D, generally
the electrodes and channels are assembled in different pieces of the substrate, which are stacked or

folded during the measurement™*"".

EPADs can be easily produced in various configurations thanks to the inherent properties of the paper
material, including adjustable thickness, flexibility, and hydrophilicity. Moreover, the high roughness and
porosity of paper substrates result useful to collect, store, separate, extract and concentrate the sample,
facilitate the integrated operation of different assay steps, and improve the response of the
electrochemical sensor’*. The substrate matrix fiber distribution reduces the effect of heat from
convection of a fluid caused by random motion, vibration, turbulence, and heating™*. Additionally, a
stationary test can be easily transformed to a flow measurement by making the reagents flow across the
sensor device. At the same time, EPADs provide a very convenient combination of sample pre-
treatment and capillary passive self-pumping for fluid transport for self-powered hand-held

electrochemistry commercial readers'”.

The current areas of interest for EPADs development include the improvement of the technologies
available for paper and electrode fabrication and modification; the development of simple and low-cost
mass fabrication methods that could lead to successful commercialization of these devices; and the

design and fabrication of inexpensive miniaturized platforms of enhanced detection sensitivity™.

4.3.3. Paper-based PoC devices

Paper, as a substrate for the fabrication of flexible devices, offers a set of properties that are completely
different from the properties of the plastics used in conventional flexible technology. It can be folded,
unfolded, and creased for storage in small spaces or to form three-dimensional self-standing structures,
it can be combined with micro-portable analytical devices or paper-based microfluidics, it can be easy
handled to cut or fold, it can be porous or breathable useful for adhesive wearable applications, among
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others'™. For all of these properties, paper substrate has attracted more and more attention. For example,

Abe et al.” in 2008, demonstrated an inkjet printing method for the fabrication of complete microfluidic



multianalyte chemical sensing paper, featuring microfluidic channels connecting a central sample inlet
area with three different sensing areas and a reference area (Figure 4.4). However, until today, any paper-
based PoC device has been reported. The main advancements on paper substrate have been done in the

development of the electrochemical platforms.
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Figure 4.4. Schematic representation of the inkjet printed multianalyte device.

Schematic representation of the fabrication process of the inkjet-printed microfluidic multianalyte
chemical sensing paper featuring microfluidic channels connecting a central sample inlet area with
three different sensing areas and a reference area. Source 76

Herein Inkjet printing is a promising approach to fabricate PoC devices on paper substrate, with the
necessary electronic, conductive tracks, and sensors. Given the advantages of the inkjet printing
technology, it has been used by many groups to develop printed electrochemical platforms on paper.
For instance, in 2013 Miittinen et al** develop one of the first inkjet printed paper-based
electrochemical sensors (Figure 4.5). They presented an inkjet printed three-electrode electrochemical
platform on a multilayer-coated recyclable paper, with the WE, CE and RE. They printed the electrodes
and conductive tracks, an AgCl layer was electrochemically deposited on the RE to achieve an Ag/AgCl
RE, and a reaction well was formed on the paper platform using PDMS. They used the platform as a
pH sensor, modifying the WE electrode with electropolymerized polyaniline. Furthermore, they also
modified the WE with glucose oxidase to obtain a glucose biosensor. A fully inkjet printed paper-based
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electrochemical sensing platform was presented by Da Costa et al.™, which consists of carbon

nanotube-printed WE, RE, and CE on paper (unspecified). Also, an inkjet printed electrochemical non-
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enzymatic hydrogen peroxide sensor was presented by Shamkhalichenar and Choi ™, using carbon

nanotubes.



Other researchers have contributed to achieve fully inkjet-printed paper-based sensors through present

*! describe a rapid, simple

paper substrate modifications and suggesting another approach. Glavan et al.
method for altering the surface chemistry of paper by treatment with organosilanes in the gas phase.
Silane turns the paper hydrophobic, so resistant to wetting by the high surface tension liquids such as
water, while it preserves all the other properties flexibility, rugosity, and porosity allowing the passage of
gas as the untreated paper. Also, Zhang et al.””* presented the same approach but using inkjet printing
to print the silane on the desired area, making the paper hydrophobic just in the printed patterns. This
approach allows to print inks almost with the same behavior of printing on plastic, because the substrate

after the silane treatment behaves as a plastic substrate, in terms of printing resolution as no ink spreading

is presented.
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Figure 4.5. Schematic illustration of inkjet printed three-electrode platform.
A schematic illustration of the inkjet printed three-electrode platform with connected probes on
the left and analyte solution droplet in the reaction well. Source: 242

With the developments above commented until this moment in the field of inkjet printed
electrochemical sensors, it is easy to believe that in a near future hybrid PoC devices will be on research.
These can be formed by a printed electrochemical sensor; the sample treatment can be done in the
substrate itself and the reading can be done by a hybrid microfabricated potentiostat. However, all
reported inkjet printed electrochemical platforms until today have downsides. They are made on coated
papet, the electrode modification is made by other techniques, or the platforms are not fully inkjet
printed (the dielectric or the RE, etc). A long path remaining to range but this is a young technology

with a lot to exploit.



4.3.4. Publication III: Inkjet-printed Paper-based Electrochemical Sensors:

Tuning Active Area through Surface Modification

The first paper presented in this Chapter, Publication III, is a submitted article about the development
of at three-electrode electrochemical cell fabricated fully by inkjet printing on a porous paper substrate.
The article is focused in four methodologies for treat the substrate in order to obtain conductive printed
material on top. Different results are obtained from the four treatments, on all cases the three-electrode

cell can be developed, however each electrode has a different active electrochemical area.

This article has been edited from the version submitted to Advanced Materials Technologies (edition
consist in formatting and numbering figures, references, tables, and equations in accordance with the

thesis manuscript, however acronym corresponds to the article):

Miguel Zea, Ana Moya, Rosa Villa, and Gemma Gabriela. Inkjet-printed Paper-based

Electrochemical Sensors: Tuning Active Area through Surface Modification. Submitted
This work has been also presented in different conferences with their corresponding Proceedings:

% Conference Transducer — Eurosensors XXXIIT2019: Miguel Zea, Ana Moya, Imad Abrao-
Nemeir, Juan Gallardo-Gonzalez, Nadia Zine, Abdelhamid Errachid, Rosa Villa, and Gemma
Gabriel. All Inkjet Printing Sensor Device on Paper: for Immunosensors Applications.

% Conference Nano Today2019: Miguel Zea, Ana Moya, Imad Abrao-Nemeir, Hamdi Ben
Halima, Nadia Zine, Abdelhamid Errachid, Rosa Villa, Gemma Gabriel. Flexible inkjet printed
device for detection of cortisol in Saliva.

% Conference FLEX MEMS & SENSORS2020: Miguel Zea, Ana Moya, Eloi Ramon, Gemma
Gabriel. Development of inkjet printed biosensors on flexible and porous substrates. Oral

Presentation.
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Abstract.

The need for portable, low-cost, disposable and faster analyses methods has pushed the fast growing of
Point-Of-Care (POC) devices. Among the different types of POC, electrochemical paper-based
analytical devices (€PADs) provide more reliable measurements, higher sensitivity and selectivity than
single electrode detection or colorimetric paper-based sensors. Traditional fabrication methods are
highly reported and show lacks in reliability and endurance. The need of disposable, simpler and accurate
devices has opened a new research field that focusing on simpler fabrication steps and quantitative
results. To achieve this, we propose the direct printing of three electrochemical electrodes using gold
and silver inks, which are compatible with inkjet printing technology and paper substrate. Additionally,
four strategies of the paper substrate are evaluated; printing the active elements directly on the hydrophilic
bare paper, a hydrophobic gas-phase or a selective printed silanized paper, and a hydrophobic coating
that blocks the surface porosity. Thanks to the ability of the inks to conform the cellulose fibers, the
resulting working electrodes tune their electrochemical active area related to their substrate modification,
showing higher active electrochemical area when the roughness is increased. The obtained peak currents
(Ip) in the best case is 2.7-times higher than theoretical Randle-Sévcik Ip for corresponding planar
electrode. The fabrication approach presented here is highly suitable for the development of low-cost,

eco-friendly, disposable, and flexible electroanalytical tools

4.3.4.1 introduction

55,102,289

Inkjet-printed based electrochemical sensors is a growing area of interest particularly for

applications that require cost-efficiency, single use, and disposable sensors, even portable or wearable’.
Inkjet printing (IJP) technology allows the digital deposition of functional materials in microscale
dimensions on a wide range of substrates, simplifying iterative design changes during the initial
development stages. It is a non-contact approach that allows the mask-less deposition of materials owing
the precise control of picoliter volumes and saving the overall fabrication time and costs. Moreover, IJP
also permits to have customized geometries and it is compatible with low temperature processes'™.
Although screen-printed sensors are nowadays the most reported ones'”, recent advances have
demonstrated that inkjet-printed and paper-based electrochemical sensors provide a reliable solution for

: : 100,393
many applications’ ",



Paper has emerged as a strong competitive substrate for diagnostic devices due to its attractive

t}1394—397

properties, including flexibility and conformability, hydrophilicity and high mechanical streng
These excellent characteristics allow paper to possess excellent performance for the fabrication of paper-

based devices. Meanwhile, it is environmentally friendly, reusable/recyclable at any extent, bio-
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degradable and biocompatible”*”**. This makes that paper-based sensors ate increasingly gaining

attention due to the global trend and compromise around the “green electronics”. Thereby, paper offers

a flexible, disposable, and low-cost solution to develop sensors by IJP technology.

Paper-based analytical devices (PADs) are in the spotlight to develop flexible, disposable, and simpler
devices taking advantage of their microfluidic properties’*". PADs typically include an arrangement of
hydrophilic/hydrophobic microstructures patterned in the paper using techniques such as wax printing,
photolithography or chemical vapour-phase deposition among others.*”” PADs in combination with all
the advantages of an electrochemical sensor (ePAD) was demonstrated in 2009 by Dungchai et al. *”

showing more reliable measurements than single microelectrode detection or colorimetric PAD

sensors*™. Electrochemical detection is an attractive alternative detection scheme for paper-based

microfluidics due to its small size, portability, low cost, high sensitivity, and high selectivity by proper
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choice of detection potential and/or electrode matetial*”. Therefore, their use in many applications such

as; biomedical, environmental, clinical analysis, food processing, and chemical industry fields has highly

increased®*"".

Different strategies have been used up to date trying to integrate electrodes on paper substrate*>**1",

First works obtained ePADs with materials such as carbon, silver (Ag) and gold (Au) printed on

2410 ysually by screen printing. Later microelectrodes were first fabricated on a separate paper

paper

substrate and then integrated on the final paper substrate™**!!

trying to improve the sensitivity of the

system. Ko et al. fabricated an electrochemical sensor by printing a carbon nanotube conductive ink on
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printed electrodes using a commercial office inkjet printer’™™. Li ez a/. in 2016 designed an origami papet-

based analytical device to electrochemically detect glucose, they directly wrote the electrodes on paper
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by pencils™.

An important parameter for use electrochemical sensors is the effective electrochemical active area. This
parameter can be determined by methods based on charge transfer either diffusion controlled or not
controlled by diffusion. These methods are based on cyclic voltammetry (CV) and electrochemical
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impedance spectrometry (EIS)"”. The determination of the electrochemical active area has been object



of many researches using different oxide species to study it mass transport and adsorption on electrode

surface area*'>*1°,

The motivation of this work is to study different strategies to develop a full inkjet-printed sensor on
flexible and porous paper substrate. All of them represent valuable alternatives and efficient fabrication
methods using available commercial inks that can be easily printed and sintered at low temperature. The
electrochemical sensors incorporate the three active elements (counter, working, and reference
electrode) to perform electrochemical-based measurements. The printing of conductive inks directly
onto the porous substrate is not straightforward and must be studied in order to avoid short circuits and
a non-defined electrode area. In this work we want to explore and compare different approaches of
modifying the surface of the paper for obtaining conductive patterns, and to study how these
modifications directly affect the active area of the working electrode (WE) of the electrochemical sensor.
Specifically, the main objective is to study the wettability modification of the paper and the porosity
sealing before the fabrication of the electrochemical sensor. In order to print the inks on the substrate,
four different hydrophilic-hydrophobic approaches were evaluated which at the end allow obtaining
four different electrochemical active areas, which fundamentally affects to the final sensor performance,
sensitivity and response time. The ability to tune the electrochemical active area allows to move the IJP
technology several steps forward in the fabrication of electrochemical devices, increasing sensitivity and
adjusting response times. Two of the four fabrication routes proposed here are fully printed steps by
IJP, which is very attractive due to the low-cost characteristics as pave the way for the development of
disposable devices in a broad range of applications. The development of this technology will allow the

direct access of reliable easy-to-use diagnostic tests.

4.3.4.2 Experimental Section

4.3.4.2.1 Chemical and Materials.

For the development of the microelectrodes, three commercially available inks were used. A low-curing
Au colloidal ink (DryCure Au-] 1010B from Colloidal Ink Co., Ltd, Japan), a Ag nanoparticle ink
(Dupont-PE410 from USA), and a dielectric photoresist SU-8 ink (SU-8 2002 from MicroChem, USA).
For the formulation of the silane ink, it was used 1H,1H,2H,2H-perfluorooctyltriethoxysilane (POTS
from abcr, Germany) as hydrophobic precursor, tetraethyl orthosilicate 98+% (TEOS from Merck),
ethanol absolute, HCI and water. The above mentioned inks are all specifically formulated for the use of

the drop-on-demand inkjet technology, concretely a piezoelectric Dimatix Material Printer (DMP2831



from FUJIFILM-Dimatix, Inc., USA). Whatman® cellulose paper grade 1 (WHA3001861 from Merck)

with a thickness of 0.18 mm, porosity of 0.686, and pore diameter of 11 um was used as substrate.

Ethanol, Phosphate buffered saline (PBS), potassium nitrate (KNOs3), potassium hexacyanoferrate (I1I)
(Ks[Fe(CN)g)), potassium hexacyanoferrate(Il) trihydrate (IK4[Fe(CN)e]), hydrochloric acid (HCI, 1M)

and potassium chloride (KCI), all from Merck (Spain) were used as received.

4.3.4.2.2 Silane ink formulation.

The silane ink used as hydrophobic precursor was prepared following previous report”>*!’

optimizing it
for its use in the piezoelectric printer. It contains 24 mL of ethanol, 2 mL of water, 3 ul. of HCI 1M, 1
mL of TEOS and 1.5 mL of POTS. First the ethanol, water and HCI are stirred for 1 minute. With a

continuous stirring TEOS and POTS are added and kept stirring for 24 hours at ambient temperature.
4.3.4.2.3 Fabrication of PADs by inkjet printing.

The fabrication process is visually described in Figure 4.6. It can be separated in two major steps; the
first one is the paper treatment (Figure 4.6a), which prepares the substrate to receive the conductive
inks, and the second one (Figure 4.6b) is the printing of the electrodes structures. Printing patterns were
designed using CleWin 5 software, which .dxf file was imported with the Dimatix Bitmap editor. The
three-microelectrodes array consists of a Au WE, a Au counter electrode (CE) and a Ag pseudo-
reference electrode (pRE). The dielectric SU-8 ink was used for the tracks passivation and to define the

electrode area, obtaining the final device.

The paper treatments (Figure 4.6a) here proposed have been thought to achieve a hydrophobic o
blocked surface of the paper. Three methods were selected (vapour-phase silanization, printing silane
and printing of a blocking primer layer) and then compared with the untreated paper. The bare paper
was used as received (a.i) and was only cleaned with a nitrogen gun. The vapour-phase silanization
reaction (a.ii) was performed in a vacuum chamber at 95 °C using 500 uL. of POTS in a beaker to supply
the silanization reagent in the vapour phase. Sample was leaved in the vacuum chamber for 15 minutes
to allow proper reaction of POTS with the sample. This time and temperature depend on chamber and
sample size, so the process here described it is useful for the silanization of an area + 200 cm” of paper
in a chamber of 2.6 L. The reaction occurs readily with the silanizing agent in the vapour phase and

requires no sophisticated equipment apart from a low-pressure chamber and a source of heat. The entire



process is described by Glavan et a/™' Another method to get the substrate hydrophobic is printing a
specially formulated silane ink directly to the paper obtaining a homogeneous printed film (a.iii). The
silane ink was filtered by 0.22 pm syringe filter and 2 mL. were loaded into printer cartridge that has 10
pL. nominal drop volume printheads having 16 nozzles each with a diameter of 21.5 uL.. The silane ink
was inkjet-printed onto the desired areas of the paper where the sensors will be placed through 1 to 3
printing passes (layers), with a separation between drops (drop spacing, DS) in X and Y axis of 10 um.
Finally, inkjet-printed silane layer was heated in an oven at 100 °C for 1h to evaporate the solvents. The
fourth strategy was the printing of SU-8 primer layer (a.iv) on the paper substrate in order to selectively
seal the porosity where the sensors will be placed obtaining a smooth and non-porous surface*'®. The
primer layer was locally inkjet-printed on desired area through 1 to 6 printing passes (layers) with a DS
of 15 um, blocking the minimal paper area in order to not affect the properties of the paper substrate.
The curing of the SU-8 was done by UV treatment for 30 s. With this strategy a conductive flat material

can be obtained after the printing of the primer layer3 ! (Figure 4.6a.1v).
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Figure 4.6. Fabrication process of a paper-based inkjet printed sensor.

Fabrication process of the electrochemical sensor on paper. 1a) Schematic treatments proposed
over the bare paper: cleaning the bare paper (i), vapour-phase silanization performed in a vacuum
chamber (i), inkjet-printing of a formulated silane ink (iii), and inkjet-printing of the dielectric
SU-8 ink (iv). 1b) Simplified manufacturing steps illustrating the printing of Au WE and CE
electrodes, and Ag RE, 1¢) Photographs of the printed Au and Ag electrodes on the porous
flexible Whatman paper.

The second step is the //P process of the microelectrodes (Figure 4.6b). Two individual ink cartridges
were filled with one of each metal-based ink (Au and Ag). Optimization of the IJP process was done as

we previously reported’”. The first step was the IJP of the Ag pRE of 600 x 600 um* (a geomettic



surface area (GSA) of 0.36 mm?) with a DS 20 um and dried at 80 °C for 15 min. Au WE of 1 mm
diameter (GSA of 0.785 mm?), CE (with a geometric area > 3.14 mm?®), tracks and pads were inkjet-
printed using a DS of 15 um. Then, both inks were thermally dried at 80 °C for 15 min and then sintered
in an oven at 140 °C for 1h. Afterwards, another cartridge with SU-8 ink was used to inkjet-printed in
order to define the microelectrodes area and to insulate the tracks for connections with DS of 15 um,
then cured using a UV lamp for 30 s. Finally, two post-process steps were required. First, the RE was
chlotinated by CV in 0.1 M HCI, scanning potential from 0 to 0.2 V against Ag/AgCl commercial
reference electrode (RE) (Metrohm, Germany) and Pt CE (Metrohm, Germany) at 20 mV/s to obtain
a stable pRE. Second, the Au WE was electrochemically activated by differential amperometric pulses
voltammetry (5 pulses of 5 s from 0 to -0.2 V) in PBS. Both processes were performed using an 8-

channel potentiostat 1030A Electrochemical Analyzer (CH Instruments, USA).
4.3.4.2.4 Substrate characterization.

The characterization of the surface energy of each treated substrate was performed by measuring the
water contact angle (WCA) system (DataPhysics Instruments, Germany) at room temperature (20 °C)
using a 4 WL deionized water droplet as the liquid probe. A morphological characterization of the papers

was made by scanning electron microscopy (SEM, Auriga-40 from Carl Zeiss, Germany) and optical

microscopy (DM4000M LEICA, Germany).
4.3.4.2.5 Electrical characterization.

The conductivity of the different Au and Ag inks was determined on the different proposed paper
treatments, evaluating the effect of each treatment and the number of printed layers. For each substrate,
we inkjet-printed Van der Pauw structures from 1 to 3 layers of the metallic inks in order to know the
sheet resistance by a 4-points technique using a Hewlett Packard HP4155 Semiconductor Parameter

Analyzer connected to a manual probe station PM5 (Siiss Microtec Gmbh, Germany).
4.3.4.2.6 Electrochemical characterization.

After chlorinated the pRE, potential stability was evaluated by potentiometry technique in KCI 3M

against a commercial Ag/AgCl reference exhibiting good stability with low drift"”

. After WE activation,
CV at 25 mV/s in ferro/ferricyanide (5 mM) were carried out on the electrodes to compare the

electrochemical properties against external RE and CE, and internal pRE and CE.



4.3.4.2.7 Active area determination.

The electrochemical active areas of the electrodes were calculated running CV at different scan rates
from 5mV/sto 1 V/s (5, 10, 25, 50, 75, 100, 200, 500, and 1000 mV/s) in ferro/ferricyanide to obtain
peak current values (Ip). The electrochemical active area was calculated using Randles-Sévéik equations
for reversible electrochemical process*'***. In addition, the electron transfer kinetics was studied using
Matsuda and Ayabe approach. It was measured the electron transfer rate constant from the AE, —

LOg(U)421’422.

4.3.4.3 Results and Discussion

In this work, Whatman Grade 1 has been chosen as the most extensively paper substrate™ for
microfluidic sensing platforms in a wide range of applications such as clinical analysis, healthcare,
agriculture, food industry, and even air pollution monitoting****". In addition of using the bate paper as
a substrate, three different methods are compared to allow us to develop conductive layers on top of it.
Each one of these methods changes the hydrophilicity and roughness properties of the paper allowing

tuning active electrochemical area depending on the treatment.
4.3.4.3.1 Characterization of the wettability of treated papers.

The development of an electrochemical inkjet-printed sensor on paper is not straightforward due to its
intrinsic high roughness and high porosity. Although cellulose is an insulator material, it has a modulable
hydrophilic property as it allows the penetration of aqueous liquids within its fiber matrix. The surface
wettability, indicated by the hydrophilic or hydrophobic nature of the substrate, is very important to be
controlled because it determines the final resolution and quality of the printed patterns*”®. On a
hydrophilic substrate, the generated droplets spread after deposition resulting in larger sizes than the

otiginal designed size™’.

Whitesides group introduced to the scientific wortld the electrochemical paper-based devices* in 2007
using wax. Wax in this work has been excluded due to the need of the sintering process after the wax
pattern. Alternatively, silane is a strategy that enables to grow a monolayer of hydrophobic material onto
the paper substrate. This layer gets the paper hydrophobic and help to obtain uniform lines of ink on
the surface®*” Furthermore, this method is simple, low-cost, and fast. The bare paper is compared in

this section with two hydrophobized papers treated with POTS (one printed and the other vapour-phase



silanization reaction) and a blocked paper treated with SU-8. POTS is a fluorinated alkyl silane (see
Figure S1 in the Supplementary Information) that is mostly used for improving the wettability of the
substrate by lowering the surface energy. It facilitates a superhydrophobic coating by enriching the

surface with CF3 groups and a WCA above 150° **.
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Figure 4.7. Water contact angle study on treated paper.

a) Static WCA measurements of water droplets on bare paper, gas-phase silanized paper, 1 to 3
layers of printed silane and 1 to 6 layers of printed SU-8. b) WCA stability of hydrophobic surface
upon 5 months of silanized surface.

The surface wettability of the paper is one of the critical parameters to characterize after a hydrophobic
treatment and it is typically characterized by the contact angle technique. While contact angle decreases
(hydrophobicity decreases) hydrophilicity and so the wettability increase. Figure 4.7 depicts the static
distilled WCAs (corresponding optical images are shown in Figure S2 in the Supplementary Information)
measurements that were performed after each paper treatment method. As expected,the bare paper
WCA is 0° due to the hydrophilic properties of this filter paper substrate. SEM images (Figure 4.8) of
treated and untreated papers were also taken to study the morphological changes after each treatment.
As shown in Figure 4.8a, the bare substrate, Whatman paper Grade 1, has a pore size around 10 — 20
um. It can be easily appreciated an intrinsic porous and fiber mesh structure that explains its medium

retention and flow rate behavior.



Gas-phase silanization is the first chosen treatment because, as it does not modify the roughness of the
papet, leads to a maximum active surface area, and consequently it can be used as a control method.
WCA measurement for the evaporated silane is 151 = 0.5 ® (n = 3), which means that the organosilane
successfully reacts with the hydroxyl groups of cellulose paper surface to turn it superhydrophobic. WCA
results agree with the ones found by Glavan er 2/ SEM images of gas-phase silanized paper (Figure
4.8b) show no structural changes due this non-contact process, however it can be appreciated a
nanostructured roughness on the fibers that may be responsible of the hydrophobic property as
suggested by Zhang et al™*. The procedure is simple because it does not requite pre- or post-treatment
steps and it is completed within minutes. However, this silanization methodology transforms the entire
substrate into hydrophobic removing the hydrophilic properties of paper that can be used for example
as filter or microfluidics. The only way to avoid an entire hydrophobization is the use of a mask,

nevertheless, as the silanization is a colotless process, it becomes difficult to align on top of it.

Bare paper Gas-phase silanization Printed Silane 1 layer Printed silane 2 layers: Printed silane 3 layers:  Printed SUS8 layer

Figure 4.8. SEM images of paper treatments.

SEM images at two magnifications of (a) bare paper, (b) paper modified with vapour-phase
silanization, and (c) 1, (d) 2 and (e) 3 layers of printed silane ink and (f) blocked paper with 6
layers of primer SU-8 line.

Alternatively, we propose to form a hydrophobic coating using IJP technique by a specifically formulated
POTS silane ink, which avoids the difficult process of using a mask, allows the precise deposition of the
ink in the desired pattern, and requires less material consumption. The first approach of printing a silane
solution was reported by Zhang et al”™ They used a hydrophobic precursor to develop Janus
superwetting papers for the patterning of microfluidic channels in a paper-based analytical device. Using
the same principle, we printed from 1 to 3 layers of the proposed silane ink. WCA measurements (n =
3) were 148 + 2 © for 1 layer, 140 £ 0.5 °© for 2 layers and 140 * 0.5 © for 3 layers. Measurements indicate
that the printed silane layers successfully lead to a hydrophobic functionalization of the paper. The WCA

decrease in the case of 2 and 3 layers could be explained by studying both sides of the paper. One silane



layer leads to the printed side of the paper hydrophobic, remaining the other one hydrophilic. However,
2 and 3 silane layers leads to both sides of the paper hydrophobic (picture shown in Figure S3 in the
Supplementary Information). This can be explained by the small drop volume dispensed (10 pL) and
the time printing process. Less silane ink leads to a more rapid evaporation of solvents remaining the
silane mostly on the top half of the paper. While for 2 and 3 layers, the printing process is longer in time
and the accumulated quantity of silane ink entail to the penetration of ink through the substrate leading
to both sides hydrophobic, and so, the WCA is slightly decreased. Notably for printed silane (Figure
4.8c, d, e) the nanostructured roughness can be also appreciated, differences between layers of printed

silane are hardly noticed in SEM images due the spread of the ink inside the substrate.

Another method to get a surface hydrophobic is using the concept of a printed primer layer to partially
seal the substrate porosity allowing the deposition of smooth layers on top of it as demonstrated in our
previous work of Moya et a/”' In this case, the dielectric SU-8 ink is chosen. Using the same principle,
we evaluated the printing of several layers of SU-8 on the paper. The WCA of printed SU-8 from 1 to 6
layers were measured obtaining results from 110 * 10° to 124 * 0.6° respectively. These values
demonstrate that from the first printed SU-8 layer a hydrophobic surface is formed, however a great
WCA deviation is observed. A water droplet deposited on the top of paper covered with one SU-8 layer
is quickly absorbed due to an incomplete covering of paper fibers. To allow a complete blocking of the
porosity and to obtain a higher WCA with lower deviation, several layers of SU-8 were printed on top
the previous one, finally getting a minimum deviation for the case of 6 layers. This can be easily
understood by observing the SEM topographic pictures. As can be seen in Figure 4.8f, a line of 200 pm
width printed with 6 layers already blocks the porosity of the paper and the surface of the printed area
is almost smooth, which allows the drop water to remain stable on the sealed paper. It has been found
that the WCA of 6 layers of SU-8 is comparable with the one on polyethylene terephthalate (PET)
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substrate™. The number of printed SU-8 layers could be decreased by increasing the DS. The selected

DS for SU-8 was 15 um, which means a 1693 dot per inch (dpi), and it was chosen as the minimum one
that allows enough resolution to obtain well-defined structures. Lower DS, slows down the printing

process, which entails longer printing time between the printing and the curing steps, which causes
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scattered patterns as the ink has more time to penetrate into the paper'”. As it has been previously

observed increasing printing layers of SU-8 leads to a more homogeneous film of metallic inks that are

432

going to be on top and decreases sheet resistance of printed patterns™. The electrical characterization

will be further discussed in the electrical characterization section



Evaluation of the Surface Coatings Durability. Additionally, a stability test of the different treated
papers was done to evaluate the durability of their hydrophobicity. Samples were stored in the dark, with
no controlled temperature and humidity conditions. Regular static WCAs were measured for 6 months
(Figure 4.7b) to observe the evolution of the surface coatings. The printed SU-8 and printed silane
treated surface remains hydrophobic for six months with inevitable losses. In the case of the gas-phase
silanized paper, WCA values stay above 93% of the original value for the first three months, then it
continues degrading until it reaches 66% of the initial value after 6 months. This phenomenon responds
to the oxidation of the silane that induces the degradation of hydrophobic surface. The printed silane
inks suffer a lower degradation in comparison with the evaporated ones. One layer remains over the
93% of initial WCA value and above 87% for 2 and 3 layers. Degradation of printed silane is proportional
in all three cases, however for one layer is lower. This could be explained due to a fastest drying process
for one layer as more silane ink remains on the cellulose fiber surface. On the other hand, 2 and 3 layers

drying process allows the ink to spread along the substrate.

Experimentally is demonstrated that the oxidation of the printed silanes does not impact as much as the
evaporated ones, and this must be related with the amount of silane deposited in the surface. From the
stability point of view, and even taking into account the overall decrease in the WCA over time, the
substrates remain hydrophobic for almost half a year, thus demonstrating that the manufacturing

method for the substrate treatment is highly stable.

Roughness is a direct metric of surface topography, and the wettability is a direct measure of surface
chemistry. According to above presented modifications we face the electrical characterization on 4 types
of substrates: 1) the bare paper that is rough and hydrophilic; 2 and 3) the gas-phase silanized paper and
the 3 layers of printed silane that are rough and hydrophobic, 4) the blocked paper with 6 layers of SU-
8 that is planar and hydrophobic.

4.3.4.3.2 Printing of the conductive inks onto treated and untreated paper.

The printing behavior of metal-based inks on top of the bare paper and the several treated papers was
studied. One, two and three layers of the Ag and Au conductive inks were printed in Van der Pauw

structures of 4 x 4 mm? over the several proposed substrates*”

. These structures were printed on the
four paper substrates at same condition of resolution (DS 15 um for Au ink, and 20 um for Ag ink), the

patterns were dried 15 min at 80 °C and sintered 1 h at 140 °C. The ink penetration in the proposed



paper substrates did not allow measuring the thickness of each layer, so this section is based on sheet
resistance values comparison as we are unable to calculate the final conductivity of the inks on paper
and compare them to bulk materials. Cross-section optical images of Au ink printed on bare paper and
SU-8 coated paper are shown in Figure S4 in the Supplementary Information, demonstrating the

difficulty of measuring the layer thickness of the inks on these type of substrates.

Firstly, sheet resistance of Au and Ag inks on SU-8 was evaluated as wettability studies were not
conclusive to determine the optimum SU-8 number of layers. Figure S5 in the Supplementary
Information shows the measured sheet resistance versus the number of layers for the Au (S52) and Ag
(S5b). Au has a particular behaviour; 1, 2 and 3 layers exhibit a very similar electrical behaviour, and the
same occur with 4, 5 and 6 layers. Printing 3 Au layers over SU-8 obtained reasonable sheet resistances
values independently of the number of SU-8 layers, ranging from 4.3 + 0.75 Q/0 over 1 SU-8 layer to
1.2+ 0.3 Q/0 over 6 SU-8 layers. On the other hand, Ag ink on SU-8 presented sheet resistance values
of 0.03 Q/0 starting from a single layer of Ag, but at least 4 layers of SU-8. Being ideal sheet resistance
values less than 1 Q/0 compared with a common PET substrate™, we decided to work with 6 layers of

SU-8.

Figure 4.9 shows the measured sheet resistance values versus the number of Au (Figure 4.92) and Ag
(Figure 4.9b) layers on bare paper, vapour-phase and printed silanized paper, and on 6L SU-8 printed
paper. One Au layer shows higher resistance than subsequent layers, ranging from 40 = 5 Q/0 on
printed silane to 2510 £ 200 /0 on bare paper. The sheet resistance decreases considerably printing a
second layer, from 4 £ 1.2 Q/0 on bare paper to 15 £ 2 Q/0 on SU-8. A third layer of Au ink led to a
further decrease in sheet resistance meeting in the 4 treatment-cases around 1.2 + 0.3 Q/0. The Au ink
follows the same behaviour as observed in our previous works’ over SU-8, the increasing thickness of
metallic ink decreases the sheet resistance, and also an improvement on the reproducibility of the

resulting conductivity. So, 3 layers of Au ink achieve reasonable conductivities, reaching values from

120 £0.34 Q/oto 1.34 + 0.27 Q /0.

In the case of Ag, sheet resistance values follow the same behavior as for Au ink on bare paper and the
gas-phase and printed silanized paper. Two layers of Ag are enough to achieve values lower than 1 Q/0
over all the paper treated substrates, reaching values from 0.17 £ 0.0051 Q/0 to 0.5 £ 0.015 Q/0. On
the other hand, Ag printed on 6L of SU-8 has sheet resistance values around 0.015 + 0.005 /0 since



the first printed layer. These good conductivity values allow us to work with 2 layers of Ag ink over all

the paper substrates.

o}
|
N
-~
o
S
1
>
1
o
p
IS
M|

—a— Bare Paper

¥ Gas-phase silanization
—e— Printed silane
—a— Printed SU8 primer layer

N
w
I
w
1

— 5 C
& 2250 - 5141 K
| E s M4 \\
w o e + E I \
£ 507 CRES S o] N
| 8 C 1,04 \
® 40 g12 v =
Q m |
c ._ : 0’8
© $ 9 -
B 30+ o |
W : m 0’6 _
(o] o &
D: <10 |
| : g ot 0,4 4 .
(] | .
e | - |
@ 04 E h
7 - l . T 0.
0 T I | I I I
1 2 | 1 | 3
Layers of Au Layers of Ag

Figure 4.9. Electrical characterization of metallic inks on paper.
Evolution of the sheet resistance measurements calculated from Van der Pauw structures against the difterent number
of layers of Ag (a) and Au (b) ink on bare papet, vapour-phase silanized papet, silanized printed paper and blocked SU-

8 paper.

4.3.4.3.3 Printing process on treated paper and morphological characterization.

An electrochemical three electrode system was used for the development of the sensors following the
fabrication procedure described in the experimental section. In particular, the sensors evaluated here
have a WE diameter of 1 mm. Our efforts have focused on determining the optimal printing conditions
to form a highly conductive layer on the proposed substrates. However, and given the sheet resistance
values found in the previous section, it was decided to print on the different substrates, using the same
conditions. To summarize, 3 layers of Au and 2 layers of Ag were selected as the resulting sheet
resistances of about 1.2 and 0.1 Q/0 respectively allow to print any electrical patterns with good
conductivity. The electrodes (WE and CE) were printed with Au, and only the RE area was printed with
Ag. The SU-8 primer ink and the silane ink were printed on the paper to selectively modify the

hydrophobic properties only in the sensors area.

As the fabrication procedure for all selected substrates follow the same printing steps and curing
procedures, the WE are comparable among them. So, the possible variations observed of the
electrochemical behaviour can be directly attributed to differences of the effective active area of the WE

that depend on the roughness and porosity of the respective substrates observed.
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Figure 4.10. Optical characterization of inkjet printed patterns on paper.

(a) Optical, (b) SEM image of the printed sensor on bare paper highlighted in yellow the limits of
the WE and CE printed with gold and in blue the RE printed with Ag. SEM images of Ag (c)
and Au (d) coating on bare paper, with the formation of a three-dimensional (3D) network of
metallic conductive material.

Figure 4.10 shows optical and SEM images of Au and Ag printed patterns onto bare paper substrate
after printing the sensor. The limits of the WE, CE and RE patterns have been highlighted in the optical
image (a) and the corresponding ones have also been highlighted on the correspondingly SEM image
(b). The metallic conductive features can not be observed at low magnification under SEM microscopy,
however, it is possible to see the presence of the dielectric SU-8 that delimits the electrode area as a
brilliant feature on the bottom part of the picture (transparent in the optical image), and this allows to
propetly locate the different electrodes. The presence of Ag (c) and Au ink (d) are observed at higher
magnifications, and they show how the ink coatings conform the cellulose fibers, a typical phenomenon
that is observed for electrically conductive polymeric coatings on textile fibers54. The inks are able to
form a three-dimensional (3D) network on the cellulose fibers, which allows to explain the enhanced
mechanical stability and flexibility that the final device have. However more solid content is appreciated
for the Au ink (d) as it is necessary three layers to achieve good conductivities, and this produces
accumulation of the ink and the apparition of small cracks. The same behaviour is also observed in the

silanized paper substrates.



4.3.4.3.4 Electrochemical characterization of printed three array electrode.

The electrochemical reversibility of the WEs was assessed by CV using the equimolar 10 mM
electrochemically reversible hexacyanoferrate (I1I/11) redox couple [Fe(CN)s> + e «> [Fe(CN)g|*.
Figure 4.11a shows the voltammograms obtained for the Au microelectrode printed directly on the bare
paper. This response was greatly improved after an electrochemical activation step, since no significant
cathodic or anodic peaks was observed before it. After WE activation peaks were well defined according
to a reversible redox process, and AE was decreased to 85 mV, closer to the theoretical 59 mV for a
single electron transfer on a perfect Au surface™**”. The larger AE values can be caused by layer holes
and cracks that are observed in the SEM pictures of the Au ink over the cellulose fibers of the paper,
and also by surfactants or solvents that are still remaining after the drying and sintering process*”. As
can be seen, the electrochemical activation is essential to have a good electrochemical performance of
WE. An external configuration with commercially available RE and CE electrodes was used to compare
the integrated printed pRE and CE (Figure 4.11b). The integration of the CE (black line), as expected,
does not produce any change in the measured potential. On the other hand, the integration of the pRE
(blue line) produces a potential shift of 95 mV attributed to the absence of the chloride solution present
in a double layer Ag/AgCl RE. This behavior was also obsetved for all the 4 treated paper substrates

(data not shown).

The electrochemical characterization in ferro/ferricyanide of printed WEs on 4 treated papers cases with
the CE and pRE integrated microelectrodes are compared in Figure 4.11c. All cases show a well-defined
voltammogram denoting good reversibility, however peak current decreases in the cases of the coated
paper with the silane and SU-8 ink as can be seen in Table 4-1. Electrochemical results of printed
electrodes on paper.. Figure S6 in the Supplementary Information shows the main electrochemical
response of a 1 mm diameter Au WE printed on a planar PET substrate used in this work for
comparison purposes. These data have been added to Table 4-1. Electrochemical results of printed
electrodes on paper.. There is a clear relationship between the intrinsic roughness of the paper substrate
and the anodic (Ip, indicating that an increase of the roughness allows a higher real electrochemical
surface area. As the roughness of the substrate increases the active electrochemical area also increases,
for this reason the inkjet-printed WE on bare paper substrate shows, as expected, the highest Ip, being
it approximately 23 pA. On the other hand, the blocked paper with SU-8 shows almost the half current

response compared to the bare paper, 16 pA. This can be explained as this polymer achieve almost a flat



coating on paper as previously observed in the SEM images, so it is the most similar case to the common
planar plastic films prepared for printed electronics. However, the primer layer can not overcome all
fiber irregularities and the roughness is determined as 3.1 um of RMS, as a result, Ip value on SU-8 is slightly

higher (16 nA) than on the planar PET substrate (12 pA).
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Figure 4.11. Electrochemical characterization of three-electrode cell on paper.

Cyclic voltammograms corresponding to the measurements of equimolar mixtures 10 mM
ferro/ferticyanide redox couple in 0.1 M KNO3 a) Au microelectrode on bate paper before and
after activation at 25 mV/s vs Ag/AgCl RE; b) Au microelectrode on bare paper using external
commercial RE and CE configuration versus integrated printed electrodes at 25 mV/s; c) Au WE
printed on the four paper cases at 25 mV/s vs Ag/AgCl RE; d, ¢) Au microelectrode on bare
papert varying scan rate from 5 to until 1000 mV/s; f) comparison between the theoretical Randle-
Séveik equation prediction for a 1 mm Au WE vs experimental current peaks on 4 treated papers
in function of square root of the scan rate.

In between the bare and the blocked paper, there are the WE printed on vapour-phase silanized paper
that has a current response of 21 pA, very similar to the batre paper, and the silane printed paper has an
Ip of 20 pA. The gas-phase silanization treatment grows a monolayer of silane onto the paper substrate
that creates a nano hydrophobic layer coating which slightly reduces the bare paper porosity and
roughness, allowing an easiest ink spreading onto the substrate that results in a lower Ip compared to
the paper. Whereas, the silane drops deposited on paper, even with their infimum 10 pL. dispensed

volume, produce a high level of humidification that causes fiber compression. In consequence, their



roughness is less than for the vapour treated paper, leading to a decrease in the current response. As
most of the kinetic parameters of the electrode reaction need to be discussed related to the unit area,
there are various electrochemical methods that determine the real surface area of the electrodes*”. In
our case, we are working with a reversible reaction, so Randles-Sév¢ik’s equation governs the magnitude
of the voltammetric current, and it is the most common method used for determining the effective

surface area*”

. From the voltammograms varying the scan rate from 5 mV/s to 1000 mV/s (Figure
4.11d, e for bare paper substrate) it can be calculated Randles-Sévcik’s plots shown in Figure 4.11f,
following the equation 1 detailed in the Supplementary Information. Clearly for all substrates current
increases linearly as a function of the square root of the scan rate as is typical for a diffusion-controlled
process. From the slope of these plots, the real electrode are has been calculated and detailed in Table
4-1. Electrochemical results of printed electrodes on paper.. As can be seen, the real electrochemical
surface area of a WE printed on bare paper (2,12 mm?) is much larger, almost doubles the area of one
WE printed on a planar substrate which is 1,09 mm®and triplicates the theoretical GSA (0,785 mm?).
This is a direct consequence of the substrate roughness, as the effect of the intrinsic roughness of the
gold ink is observed when the WE on PET is compared to the theoretical planar value, being the
electrode is 1.4-fold higher than the theoretical one. So, the relation of A divided by the Ay, can be
used as an estimation of a roughness factor (R¢). Again, Ry of the blocked paper with SU-8 is close to the
printed on planar PET, 1,8-fold, and slightly higher can be found de paper silanized by the printing
method, 2,2-fold, and the gas-phase silanized one, 2.4-fold.

The value of the electron transfer rate constant (&) has been calculated using the well know method of
Matsuda-Ayabe™ using the equation 2 detailed in the Supplementary Information. Fig. S7 in the
Supplementary Information shows the determination of 4. At A=1, which occurs at the scan rate at
which AEp begins to depatt from ideality that in our sensors is at 100 mV/s, & was calculated as 1.44 -
10" cm/s for all the four substrate cases. That means that our system can be considered quasi-reversible
allowing to perform analytical electrochemical techniques. In summary, our WEs show Ip increase in a

wide range of scan rates and they have a quasi-reversible behavior.



Table 4-1. Electrochemical results of printed electrodes on paper.

Substrate Substrate AEp Ip anodic (pA) Real Electrode Area Re= Areal/
Roughness (um) (mv) 25mV/s Randles-Sevéik (mm?2 ) Ageo*

Bare-paper 55 85 22.8+0.6 2,12 2.7
Gas-phase silanized 53 75 20.7+£0.6 1,91 2.4
paper
Silane printed paper 4.4 73 18.8+0.3 1,73 2.2
SU-8 printed paper 31 70 16.0+0.2 1,47 1,8
PET 3,65 nm 73 11.8+0.3 1,09 1,4
Theoretical 59 8.50 0,785 1

4.3.4.4 conclusions

We present a novel approach for fabricating a three-array electrode on paper using 4 treatment-cases to
tune the electrochemical active area. The electrodes were fabricated by additive non-contact digital IJP
technology and consists of three different materials that were patterned on the 4 treatment-cases: Au,
Ag and SU-8. Paper was treated in 4 different ways in order to tune the surface where patterns were
printed; bare-paper, vapour-phase silanization, printing silane and printing primer. For the first time, the
fabrication and characterization of a full inkjet WE, CE and pRE with Au and Ag inks on paper is
presented. In addition, by surface modification we were able to tune the electrochemical active area,
which for prospective application in electrochemical sensors. The characterization of WEs on 4
treatment cases shows that on bare paper we obtained an Ip value of 22.8 HA (at 75 mV/s) that is 2.12
folds higher than theoretical Ip for same electrode dimensions, and even the WE printed on SU-8 with
the lower Ip shows 1.47 folds higher than theoretical. Moreover, Ip values show linear behavior in a
wide range of scan rates from 5 mV/s to 1 V/s, and the system can be considered quasi-reversible
kinetics allowing the use of electrodes in most electrochemical applications. In addition, we have also
demonstrated the successful combination of this rapid prototyping technique on low-cost, eco-friendly,
and biodegradable paper substrate. Due its versatility and adaptability, the three-array electrode can lead

toward the generation of green, wearable, flexible, microfluidic and high-resolution devices.

Supplementary Information (Section jErrot! No se encuentra el origen de la referencia.)



Chemical structure POTS, WCA, hydrophobic image, cross-section, sheet resistance, electrochemical

study, Randles-Sévcik’s equation.
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4.4. Cortisol sensing

Cortisol, a steroid hormone, is a biomarker for numerous diseases and plays an important role in the
regulation of various physiological processes such as blood pressure, glucose levels, and carbohydrate
metabolism. It also plays an important role in homeostasis of the cardiovascular, immune, renal, skeletal
and endocrine system*'"™**. Chromatographic techniques have been traditionally used to detect cortisol.
However, this technique has many downsides such as assay formation, system complexity, and multistep
extraction/purification that limits its application in the field. In order to overcome these downsides and
with the recent advances in sensing technologies, the objective is to develop miniaturized and realiable
platform for cortisol detection, various immunoassays sensing strategies are being explored. However,
electrochemical immunosensing of cortisol is considered as a recent advancement towards PoC

applications.*

4.4.1. Publication IV: Electrochemical sensors for cortisol detections: almost

there

The second paper presented in this Chapter, Publication IV, is a published review about the
electrochemical sensing techniques to detect cortisol, entitle: Electrochemical sensors for cortisol
detections: almost there. This review takes a detailed look at the current state-of-the-art in
electrochemical cortisol detection in the last five years. During which time, the necessity for real-time

and continuous monitoring of cortisol levels for fast diagnosis has come to the fore.

This article has been edited from the version published in TrAC Trends in Analytical Chemistry, with
permission from Elsevier (edition consist in formatting and numbering figures, references, tables, and

equations in accordance with the thesis manuscript, however acronym corresponds to the article):

Miguel Zea, Francesca G. Bellagambi, Hamdi Ben Halima, Nadia Zine, Rosa Villa, Gemma Gabriel, and
Abdelhamid Errachid. Electrochemical sensots for cortisol detections: almost there. TrtAC Trends

in Analytical Chemistry 2020, 132, 116058; https://doi.org/10.1016/j.trac.2020.116058.
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Abstract.

>

Mostly known as “the stress hormone,” cortisol has many essential functions in humans due to its
involvement in regulation of blood pressure, immune system, metabolism of protein, carbohydrate,
adipose, and anti-inflammatory action. Since a right cortisol balance is essential for human health, many
efforts are currently being made to monitor the cortisol level in the human body. Cortisol levels are
usually monitored in blood, plasma, serum, oral fluid, sweat, and hair samples through immunochemical
and analytical methods, but in the last decade, electrochemical measurements are proving to be reliable
techniques for cortisol quantification in biological matrices with the advantages of a fast response by
portable and wearable devices. This review gathers the most recent developments and works on

electrochemical sensors for cortisol detection, highlighting their high technology maturity and potential

for clinical applications
4.41.1 Introduction

Human cortisol (118,17x,21-Trihydroxypregn-4-ene-3,20-dione) is a steroid hormone, one of the major
glucocorticoids synthesized in the zona fasciculata of the adrenal cortex. Cortisol release is regulated by
the hypothalamic-pituitary-adrenal (HPA) axis response. The HPA axis is the central stress response
system in humans, which is characterized by hypothalamic release of corticotropin-releasing factor
(CRF). When CRF binds to CRF receptors on the anterior pituitary gland, the adrenocorticotropic
hormone (ACTH) is released. This later binds to receptors on the adrenal cortex and stimulates adrenal
release of cortisol. This path **** schematically shown in Fig. 1, ends when cortisol is released into

bloodstream and diffused to different tissues.

Cortisol, as with other steroid hormones, can cross the cytoplasmic membrane because of its fat-soluble
properties and acts as primary messenger. Cortisol plays many essential functions in humans because it
is involved in several metabolic pathways. For example, during bleeding, cortisol acts in the formation
of glucose and activates the anti-inflammatory and anti-stress pathways. It also plays a role in the liver
and muscle glycogenolysis, the separation of glycogen in glucose-1-phosphate and glucose. Cortisol
helps in the activation of glycogen phosphorylase, which is essential for adrenaline to influence
glycogenolysis. For the nutritionist community, cortisol also plays an essential role in human nutrition
7 as well as dieting alters cortisol level **. Tt regulates energy by selecting the right type and amount of

substrate (carbohydrate, fat, or protein) the body needs to meet the physiological demands placed on it.



However, if there is an elevated level of cortisol over a long period, it can lead to a breakdown of a

81 Also, when it is chronically elevated, cortisol can have deletetious effects on weight,

muscle
immune function, and chronic disease risk. Due to the presence of glucocorticoid receptors in almost
every cell of the body, cortisol affects many organ systems, such as musculoskeletal, cardiovascular,

tespiratory, endoctine, and nervous *.

Cortisol can reduce the activity of the immune system by stopping the multiplication of T-cells by
rendering the interleukin-2 producer T-cells unresponsive to intetleukin-1 and unable to produce the T-
cell growth factor of IL-2 *°. It can also reduce bone formation, developing in the long term osteoporosis
#*, Cortisol permits an increase of the glomerular filtration rate and the renal plasma flow from the
kidneys, leading to an increase of phosphate excretion as well as sodium and water retention. However,

it also increases the sodium and water absorption and potassium excretion in the intestines 3,

In the absence of pathological conditions, the amount of plasmatic cortisol changes during the day
following a well-established circadian rhythm. Cortisol levels are minimal around midnight, start rising
in the early morning (around 4 a.m.), and reach a peak 30—40 min after awakening, then slowly decrease
during the day “**" Examples of reference concentration ranges found in different biological fluids

from nominally healthy subjects are listed in Table 4-2.

The amount of cortisol produced and released into the bloodstream is highly regulated by the human
body to ensure the correct balance. The body responds to stress or danger, increasing the metabolism
of glucose, controlling blood pressure, and reducing inflammation. Cortisol is also needed for the “fight
or flight” response by the autonomic nervous system, which is a healthy, natural response to perceived
threats. Abnormal levels may represent health effects. Symptoms of too much cortisol include weight
gain, particularly around the abdomen and face, thin and fragile skin that is slow to heal, acne, for women
facial hair, irregular menstrual periods, fertility problems, susceptibility to stress, pain, fatigue, muscle
wastage and hyperglycemia ****. Symptoms of low cortisol include tiredness, nausea, vomiting, weight

loss, muscle weakness, and pain in the abdomen ****.,



Table 4-2. Cortisol usual levels in human fluids.
Cortisol levels in different biological matrices in nominally healthy subjects (*Cortisol level in
urine is measured over a 24 h period, and it is referred as the 24 h urinary free cortisol test.)

Sample Cortisol normal ranges* Ref.
Blood 25 ug/mL (morning), 2 ug/mL (midnight) 444
Serum 45 — 227 ng/mL (morning), 17— 141 ng/mL (evening) 463
Urine 21458 — 149696 ng/24h 465
44000 — 140000 ng/24h 466
Saliva 1 — 12 ng/mL (morning), 0.1 — 3 ng/mL (evening) 467
1 — 10 ng/mL (morning), 0.5 — 2 (evening) 465
Sweat 8 — 142 ng/mL 468
Hair 18 — 153 pg/mg 469
40 — 128 pg/mg 470
47

Interstitial fluid 12 — 34 ng/mL (morning), 9 — 13 ng/mL (evening)

Modifications of cortisol levels caused by stress are now a public health concern; long stress exposition
can lead to high levels of cortisol, which can create an allostatic load (a stress accumulation with the
time) and causes various physical modifications in the human body “” Cortisol is also known to
unfavorably affect classic cardiovascular tisk factors such as hypertension and insulin resistance **7.
During pregnancy, stress hormones and the production of cortisol are necessary for healthy fetal organ
development and for preparing the fetus for uterine life, but excessive stress can have negative influences

474

on fetal development, in particular on brain development *. There are several factors that can reduce

cortisol levels, such as magnesium after aerobic exercise *°; omega-3 fatty acids, and fish oil *'*; massage

7. and laughing and humor **.

Metabolism of cortisol takes place mainly in the liver, where by means of reductases it is converted to
tetrahydrometabolites (TTHMs), which are then excreted in urine. More than 90% of circulating cortisol
is bound cortisol to cortisol-binding globulin and to albumin. There is a small amount of biologically

active free cortisol which can bind to glucocorticoid receptors and initiate physiological events, so it is



considered responsible for biological functions of the hormone. This free cortisol passively diffuses, as
detailed in Figure 4.12. Cortisol secretion pathway in humans., into oral fluids via ultra-filtration *7". As
a consequence, salivary cortisol levels correlate very well (r = 0.7, p < 0.05) with the free cortisol in the
blood *"**. This high agreement is due to the fact that cortisol is lipid-soluble and enters saliva by passive
diffusion through the cells of the salivary gland, so that its concentration in saliva does not depend on
flow rate, thereby giving a clinically useful index of unbound plasma levels *"~***. Cortisol diffusion to
sweat is similar to salivary cortisol concentrations via ultra-filtration, which represent the free unbound
fraction of cortisol in the blood and correlate with salivary cortisol concentrations (r* = 0.30, P < 0.05)
" Indeed, the significant correlation between cortisol in sweat and saliva suggests that both may reflect
acute hypothalamo-pituitary-adrenal activity **. Cortisol can also be detected in hair and urine. This
review will describe the relevance of sensing cortisol, the techniques that have been used for measuring
it, the importance of the development of electrochemical detection, and the most relevant characteristics

of electrochemical detection of cortisol published works from 2013.
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Figure 4.12. Cortisol secretion pathway in humans.
Cortisol generation path in human body. The free cortisol is released into bloodstream and
diffused to different oral fluids by passive diffusion.

4.4.1.2 Quantitative sensing of cortisol

Immunosensing techniques or immunoassays (IA) with different sensing receptors and transducers are
considered as significant developments and promising tools in screening methods ***¥’. The use of
immunosensors for cortisol detection is advantageous in terms of increased sensitivity, decreased limit

of detection (LOD), cost-effectiveness, ease of use, and reduced need for expensive reagents.



Specifically, the most frequently used immunoassay is enzyme-linked immunosorbent assay (ELISA).
IA assessment measures the presence of cortisol molecules in the solution using antibodies, while in
ELISA, the antibody is linked with an enzyme to react with the antigen, and this reaction produces a

detectable change of color **.

Tandem mass spectrometry (MS/MS) is different from immunoassay assessments as it consists of
measuring the mass-to-charge ratio of ions with the obtained spectra providing the isotopic signature.
This technique is considered the gold standard for cortisol assessment because of its high specificity and
sensitivity *. However, it has critical specific disadvantages in that it requires trained personnel and
specialized equipment, which, compared to conventional IA's, make MS/MS methodology in its present

form unsuitable for the development of portable analytic applications.

The lateral flow immunoassay was the first technique to detect cortisol out of laboratories *”. Nowadays,
it is a well-known technique based on a liquid analyte (e.g. blood, sweat) that is absorbed and moved
through the device. The most studied lateral flow devices are colorimetric, so the reaction is a change of
color. However, recent developments employ quantitative biomarkers with the use of image analysis and
electrochemical sensors ¥~

Additionally, multiple biosensing platforms have been proposed by Shetty and Yamaguchi ** for bio-
sample analytical purposes using antibodies. This methodology can be based on either antigen/antibody
binding (immunoassays), which has been reported from the 1980s for labeled cortisol for
fluoroimmunoassay *”; nucleic acid interactions (DNA, RNA) *% and chemical or enzymatic

interactions *’

, which combined with the biomarker of interest can prescribe the specimens of
preference and the way to collect them. However, most samples need to be treated before being
processed, mostly for the separation of macromolecules that interfere during measurement. Many
techniques have been developed to avoid sample treatments in order to obtain reliable results **~".
However, the pre-treatment of samples has not been the focus of recent research as more effort has

been put into detecting cortisol in a non-invasive way.



4.41.2.1 Cortisol in biological matrices

Nowadays, there are multiple analytical methods for the determination of cortisol in biological matrices,
such as urine, hair, sweat, blood, and saliva. Only unbound cortisol is bioactive; thus, the quantification

of free cortisol is of superior biological relevance compared with total cortisol quantification.

Urine. Cortisol level in urine is measured over a 24 h period, and it is referred to as the 24 h urinary-
free cortisol test. The concentration of cortisol in urine is correlated to unbound, and biologically active
cortisol in blood, and its determination was first reported in 1968 by Murphy et al. ' via a protein-
binding radioassay. Since then, many improvements have been made in the determination of cortisol in
urine in relation to the problem of its unknown cross-reacting interferences. The determination of the
urinary concentration of cortisol can be catried out by protein binding assays, RIA, MS/MS, thin-layer
chromatography (TLC), and fluorimetry **>*”.

Serum and plasma. Overcome the interferences due to cross-reaction of steroids or other substances
is the main limitation in determining cortisol levels in serum and plasma. Cortisol levels are generally

504,505

measured by immunochemical methods , as well as RIAs and rapid automated chemiluminescence

immunoassays **.

Hair. The use of hair as a biological sample has gained considerable attention over the last two decades
and is mainly exploited in forensic sciences, toxicology, doping control, and clinical diagnostics. Cortisol
is known to deposit in the shaft of the hair, so the first-centimeter segment of hair closest to the scalp
approximates to the last month’s cortisol production, and it continues proportionally **. The cortisol
is extracted from the hair using methanol to obtain a treatable sample ‘. Different approaches have
been used to measure cortisol in hair, such as ELISA ***' or more simply, enzyme immunoassays (EIA)

or RTA°",

Sweat. Cortisol in sweat represents the free unbound fraction of cortisol in the blood and likely free
cortisol *°. Sweat cortisol may also reflect hypothalamic-pituitary-adrenal activity **. Sweat cortisol
concentrations have been significantly correlated with the time of day (+* = 20.44, P < 0.01) and with
salivary cortisol concentrations (r* = 0.30, P < 0.05). The first reported method for analyzing sweat

cortisol was ELISA “* since when several methods have been reported, such as high-performance liquid



chromatography (HPLC) coupled to MS (HPLC-MS) °; thin-layer chromatography (TLC) *'% and

immunosensor ",

Blood. Cortisol in bloodstream circulates in both bound and free forms with a half-life of around 80

min *!. Typically, assays for measuring cortisol in blood involve measuring the total cortisol (bound and

free) and then the active fraction. Blood, however, is afflicted by many drawbacks ', so measuring free
cortisol in blood is complex, time-consuming, and expensive and includes ultrafiltration, equilibrium
dialysis, and steady-state gel filtration. For this reason, cortisol in blood is usually measured from serum
by immunoassays >,

Saliva. The advantages of determining steroid hormones by saliva analysis have already been abundantly
reported *"’, and salivary cortisol determination has been reported from 1969 ** but the lack of sensitivity

and accuracy hampered the research until the late 70s **!

with RIAs development. Even if salivary cortisol
is highly correlated with the amount of blood cortisol **, cortisol levels in saliva are about 100-fold lower
than blood **. For this reason, high sensitivity assays with low LODs are required for efficient detection

of cortisol concentration in saliva **. Analytical techniques such as HPLC-MS/MS *’) and

b

immunosensors “**7?" have been demonstrated effective for measuring cortisol in saliva.
4.4.1.3 Electrochemical cortisol detection

As shown above, there are several types of transducers for cortisol detection as they depend on signal
generation (viz. electrochemical or optical) or property changes (such as a change in mass). The most
common transducer for cortisol is the optical detection with a high sensitive measurement of the target
molecules. However, they require sophisticated clinical lab-scale instruments and have limitations
regarding their point-of-care regimes’ expensive reagents and bulky optical detectors. The main
alternative is the use of electrochemical immunosensors, which are well-known analytical methods
because of their extremely low detection limits. This technique is based on the principle of measuring
the changes in the electrical properties of a conductive material due to the absorption of the target analyte
on the surface, commonly functionalized with antibodies. The working principle of an electrochemical
sensor consists of a transducer element, Figure 4.13a, covered by a recognition element, Figure 4.13b
and ¢, and this one interacts with the target analyte, Figure 4.13d. As a consequence of this interaction,
the electrochemical transducer transforms the chemical change into an electrical signal that can be related

to the concentration of the analyte, Figure 4.13e. The immunosensors, where the recognition element is



an antibody, are the most common analytical tools in which the electrical signal can be processed,
recorded, and displayed due to the formation of antigen-antibody (Ag-Ab) complex. In this review, all

the sensor commented parts will be discussed in detail.
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Figure 4.13. Schematic example of functionalization process of an electrode.

An example of an antibody functionalized electrode and its electrochemical response toward
cortisol by electrochemical impedance spectroscopy. Stepwise fabrication of immunosensor a)
bare electrode, b) preparation for the reception of antibody (generally with carboxylic groups), ¢)
Immobilization of the antibody, €) detection of cortisol molecule, and f) usual impedimetric
measurement for cortisol detection.

The fact that cortisol levels vary according to daily activities has led to research on wearable and portable
point of care (PoC) devices able to rapidly detect cortisol in-situ and able to monitor in a non-invasive
way the personal stress level with a minimal disturbance of daily routines. PoCs obviate the need for
expensive equipment, tedious sample preparations, lengthy procedures, and technical expertise ***. An
electrochemical-driven sensing platform can be used to develop simple and miniaturized biosensors that
are required for PoC devices using relatively simple and low-cost instrumentation ** compared with
other transduction methods, allowing on-site analysis. Furthermore, it is more accurate and more
sensitive; it enables low LOD even in the femtomolar range. It allows a measure in small intervals of
time, offering accurate information in small changes of the analyte concentration. These above-
commented characteristics make the electrochemical detection, compared with conventional techniques,
a reliable, quantitative, and easier-to-use technique for PoC cortisol sensing, which gives them enormous

potential for improving patient health at a clinical level **.
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Figure 4.14. Number of published articles about electrochemical cortisol detection.
Recent growth in the number of publications on cortisol electrochemical detection with the most
recent papers on electrochemical biosensors for detecting cortisol in biological matrices.

In recent years, mainly from 2014, publications of electrochemical cortisol measurement by sensing
techniques have increased exponentially. Before this date, accurate and reliable results were not selective
enough to detect just cortisol molecules due to their similarity with other molecules. Figure 4.14 shows
the growth in the number of publications on electrochemical detection of cortisol in the past seven years
As proposed by Dungchai et al. “”, electrochemical detection is an attractive alternative detection scheme
for paper-based microfluidics due to its small size, portability, low cost, high sensitivity, and high
selectivity by proper choice of detection potential and/or electrode material. Motreover, an additional
advantage of electrochemical detection is the simplicity of the instrumentation resulting in low electrical
power requirements for in-field use >, as demonstrated by the numerous current hand-held analyzers
(i.e., glucometer, pH meter, uric acid meter, etc.) and the potential of miniaturization of both the device
itself and the required instrumentation. In 2014, Singh et al. ** and Kaushik et al. *** reviewed the most
relevant reports on electrochemical sensing of cortisol up to 2014. However, there have been many
advances, and in the remainder of this article, we review the most relevant research on the detection of
cortisol by electrochemical techniques, and the use of anti-cortisol antibody electro addressed or

electrochemically bound on electrode surfaces.



4.41.3.1 Electrochemical techniques for cortisol detection

One of the most popular electrochemical techniques is cyclic voltammetry (CV). CV records changes in
current while varying the potential applied to the working electrode at a constant scan rate in forward
and reverse directions. CV is used to study the electrochemical properties of the working electrode to
adsorb a molecule or an analyte. In order to increase speed and sensitivity, many forms of potential
modulation (other than just a simple staircase ramp) have been tried over the years. Differential pulse
voltammetry (DPV), normal pulse voltammetry (NPV), and square-wave voltammetry (SWV) have also
been reported. Electrochemical impedance spectroscopy (EIS) measures the electrical properties of the
material on the working electrode via application of a sinusoidal AC excitation signal. EIS is a quite
sensitive electrochemical technique, and it quantifies molecules with higher LOD compared with
ELISA. It presents some significant advantages: it is non-destructive, provides time-dependent
quantitative information, and it is possible to extract an equivalent electrical model that is an electrical
fingerprint of its properties and interactions. Table 4-3 summarizes the most recent papers on
electrochemical biosensors for detecting cortisol in biological matrices, and the following sections give

an overview of the main achievements, limitations, and opportunities in this topic area.
4.4.1.3.2 Transduction element

The solid support that acts as the transduction element that constitutes the electrode, sometimes called
a matrix, can be considered the heart of the biosensor. The performance of the biosensor is highly
dependent on the transduction matrix and on the immobilization of the final recognition biomolecule.
Much research has focused on one or both topics, and we will first review the most important
improvements regarding the composition of the transduction element. The chemical properties of the
electrode mark the bioreceptor immobilization and the final biosensor stability. In this sense, the most
common materials used as electrodes are carbon and gold (see Table 4-3). Materials that show enhanced
electro-catalytic activity and good electron-transfer kinetics are the ones most considered for forming

the electrode as this improves the biosensor response.

In general, the metal oxides are materials that meet the requirements mentioned above and are good
candidates to be used as transduction materials. The most studied metal oxides in this respect are nickel
oxide (NiO) and zinc oxide (ZnO). Dhull et al. > fabricated a non-invasive electrochemical

immunosensor for the detection of salivary cortisol using sputtered NiO thin film as a sensing platform.



This study used an increase in surface roughness of the NiO (about 5.09 nm) to improve charge transfer
properties. The final sensor achieved LOD of 0.32 pg/mL in a broad range of lineatity from 1 pg/mL
to 10 pg/ml. and a stability of 9 weeks. Munje et al. *** developed an immunosensor based on ZnO
deposited by pulsed laser on a nanoporous flexible polyamide for wearable diagnostics of cortisol in
synthetic and human sweat. They measured impedance and observed double-layer capacitance changes
due to the antibody-hormone interactions at diagnostic concentrations. The immunosensor showed a

high sensitivity of detection of 1 pg/mL cortisol in synthetic sweat and 1 ng/mlL in human sweat.

Electrode modification with graphene has attracted much attention because of its high surface area, high
biocompatibility, and the possibility to increase sensitivity by facilitating the electron transfer between
the electroactive species and the surface of the electrode. In this way, Tuteja et al. * proposed the use
of graphene embedded on screen-printed electrodes. They took advantage of graphene to bioconjugate
antibodies and demonstrate how a higher surface activity of graphene improved electrocatalytic activity.
When reduced to graphene oxide, graphene has special properties that make the material ideal for use
in biosensors. It can be functionalized by n-n electrostatic interactions, and the presence of the oxidized
groups allows a great variety of chemical functionalizations. Furthermore, they proposed a dual working
electrode configuration for the cortisol and lactate monitoring using the chronoamperometric technique.
They achieved good selectivity and practical applicability for the cortisol sensing, with a LOD of 0.1
ng/mlL over a wide detection range from 0.1 to 200 ng/ml., with a fast response time less than < 1 min

compared with the 3—5 hours that is usually needed with ELISA.

Kinnamon et al. °®®

reported, for the first time, the use of molybdenum disulfide (MoS,) nanosheets
integrated into nanoporous flexible electrode system for detecting cortisol. Nanoscaled 2D MoS; has a
high surface area ratio and a high presence of sulfur terminated edges and corners that enable their
chemical functionalization. They obtained a flexible wearable device to detect cortisol in human sweat

in the range from 1 ng/mL to 500 ng/mL with a LOD of 1 ng/mL by EIS.
4.41.3.3 Recognition element

One of the critical points for a successful cortisol biosensor is the presence of a relevant recognition
element that is mainly responsible for the cortisol caption. The most widely used strategy is the use of
antibodies. S. Khan et al. ** report an electrochemical immunosensor with enhanced sensitivity for

detecting human salivary cortisol in pg/ml. range thanks to the use of bovine serum albumin (BSA) in



comparison with the most common used ethanolamine. They found that 1 % BSA was enough to be
used as an effective sensitivity enhancer, in addition to optimizing the other two parameters: anti-cortisol
antibody covalently attached to Au electrodes and saliva sample incubation time on the sensor chip.
They used EIS to evaluate the cortisol levels of the saliva samples with a LOD of 0.87 £ 0.12 pg/mL in
a wide concentration range from 1 pg/ml. to 10 ng/mL (R* = 0.9831).

However, the use of antibodies has several shortcomings: they cannot be synthesized in vitro, they
exhibit drawbacks in their variability and cross-reactivity, and steric limitations arise as antibodies are big
molecules in comparison with the small analytes to be measured. They also show denaturalization when
stored for a period, and taken together; these characteristics imply inherent limitations on these types of
sensors. The field of aptamers has been growing in recent years and is already considered a conventional
bioreceptor. One of the most relevant studies was done by Sanghavi et al. **. They demonstrated a
recognition system based on an aptamer functionalized with gold nanoparticles pre-bound with electro-
active triamcinolone in a microfluidic device. EIS measurement gave signal linearity in a five-log cortisol
concentration range from 10 pg/mL to 30 pg/mL of cortisol and exhibited rapid binding kinetics of 2.5
min for each assay and small sample volumes (< 1 pL). In this study, aptamer showed low interferences

with progesterone, testosterone, and estradiol.

Due to the challenges associated with affinity and the continuous monitoring of cortisol, new
approximations have been proposed. Manickam et al. > reported an approach for the rapid detection
of salivary cortisol without the use of any specialized antibody or enzyme. They demonstrated, for the
first time, the use of a molecularly imprinted polymer (MIP) using cortisol as a model analyte. MIP is
designed to replace natural antibodies, offering higher stability and cost-effectiveness. The
electropolymerization of pyrrole over the electrode surface in the presence of cortisol produced a
cortisol MIP film. In order to remove the entrapped template to form the complementary imprinted
sites, the best strategy found was the electrochemical over-oxidation of polypyrrole. This MIP biosensor
uses CV for the detection of cortisol concentrations, showed a LOD of 1 pM in a linear range from 1
pM to 10 uM (R* = 0.9925). Furthermore, they showed that the sensitivity of the sensor remained over
90% after seven cycles of elution/rebinding, while the sensitivity decreased by 10% after 4 weeks of

storage at room temperature, indicating that the sensor can be used multiple times.

1 491

One year later, Patrlak et a also used a tailor-made polymeric membrane following the MIP

methodology and demonstrated again that a stable and selective molecular recognition of cortisol can



be achieved. Manickam et al. >’

(MTPPs) and multiwalled carbon nanotubes (MWCNTSs) on screen printed carbon electrodes. The

also proposed the use of a composite formed by metalloporphyrin

catalytic activity of MTPPs was investigated in this work, and the electrochemical reduction of cortisol
was found to be ultra-sensitive for the combination of MTPPs and MWCNTs. Detection of cortisol
was in a range from 1 nM to 50 nM with a LOD as low as 50 fM and a sensitivity of 0.38 nM in saliva

samples.
4.4.1.3.4 Devices

The first attempts to improve the usability of these types of electrochemical biosensors were their
integration in microfluidic systems, as this strategy decreases both the probability of human error and
the required sample volume. However, this type of system has limited use as a PoC. In this sense, Cruz
et al. ™ report a miniaturized potentiostat to perform a full range of CV measurements for the immune
detection of cortisol integrated with a microfluidic system formed by a sample and buffers reservoirs, a
fluid control system and an assay chamber. They demonstrated that this customized device was able to
detect cortisol in a detection range of 10 pM to 500 nM showing a sensitivity of 1.24 uM. Vasudev et al.
> developed a fully automated 3D microfluidic system with an integrated electrochemical biosensing
platform for the detection of cortisol of microfabricated interdigitated Au electrodes. Cortisol was

detected in a linear range of 10 pM to 100 nM at a sensitivity of 0.207 uA/M.

The measurement of cortisol in the bio-fluids mentioned above will become increasingly relevant in on-
site clinical diagnosis and in the stress level monitoring of cortisol. In the roadmap of diagnostic medical
devices, the next step after the identification of a reliable technology, is the development of PoC devices
for prevention and health monitoring. It is for this reason that novel designs of PoC are being proposed
for several groups. One example can be found in the work of Yamaguchi et al. 7 who proposes a
biosensing cartridge based on a cortisol immunosensor for non-invasive and quantitative analysis of
salivary cortisol. The portable cartridge incorporates a fluid control mechanism based on a vertical flow
where the immune reaction occurs combined with a lateral flow over an absorption pad responsible for
the absorption of the unreacted GOD-labeled cortisol by capillary action. Using the relative detected
current through the working electrode from a competitive reaction between the analyte and glucose
oxidase of an amperometric system, a cortisol detection in the range of 0.1 to 10 ng/mL was achieved

in 35 min.



One of the most advanced wearable devices for cortisol sensing is presented by Parlak et al. *'. They
designed a wearable patch to measure cortisol in human sweat collected during exercise that integrates
an organic electrochemical transistor (OECT) and a flexible microfluidic device for sweat skin sensing.
The whole device is fabricated on a flexible and stretchable elastomeric substrate. The skin-like
microfluidic device was able to collect newly generated sweat and deliver it to the sensor interface.
Electrodes were brush-printed on a tailor-made synthetic and biomimetic polymeric membrane. They
measured currents in the transistor for stable and selective molecular recognition of human cortisol, and
the detection range was between 0,01 to 10 uM and the measured time was less than 1 min and LOD
down to 1 pg/ml.. Madhu et al. ** present a technology to obtain a binder-free and superwettable ZnO
nanorods electrochemical immunosensor for the detection of cortisol in sweat integrated into a coating
of flexible carbon yarns. The biocompatibility and cytotoxicity effects of this immunosensor are also
presented, as it is a sensor thought to be fabricated on fabrics providing an ease of use of a wearable

Sensor.

Table 4-3. Published works of electrochemical cortisol detection.

Comparison of selected works from the literature, highlighting their detecting properties as detection
technique, electrode material, immobilizing biomolecule, sample, detection range, detection limit,
and test time. Abbreviations: Monoclonal cortisol antibodies (C-mAb), Anticortisol antibodies (C-
Ab), Reduced Graphene oxide (RGo).

Detec_tlon Electrode ImmOb'“ng Sample Detection range* LOD** Ref
technique biomolecule
err;perom Pt C-MADb Human saliva 0.1to 10 ng/mL - 2
(R2=0.98)
Au C-Ab Fish plasma  1.25t0 200 ng/mL - >
(R?=0.964)
RGO C-Ab Human saliva 4 4 000 ng/mL 0.1 ng/m.
and sweat
(R?=0.98)
542
Au C-Ab Human sweat 1 pg/mL to 100
ng/mL
. 539
cv Au C-Ab PBS _ WIth ) 1031036 ng/mL 10 pg/mL

Fe(1)/Fe(Il)
(R?=0.997)



0.003 to 181 0.36 538
Au C-mADb Fe(11)/Fe(lll) ng/ml og/mL
(R?=0.989)
536
.. 036 pg/mL to
. PBS with 3624
Carbon Imprinted polymer 3624 ng/mL (R?=
Fe(ID)/Fe(l1) 0.9925) ng/mL
543
i ) 10.8 pg/mL to 10.8
ITO C-Ab IgG-DlI Human serum 0.36 pg/mL og/mL
14 544
NiO C-Ab PBS 0.01to 10 pg/mL UAML/ug
537
Carbon MWNTS + . Human saliva 181 ~to 362 18 fg/mL
metalloporphyrins ng/mL
(R?=10.998)
545
Imprinted polymer  Human Urine  1to 1000 ag/mL 2 ag/mL
2.86 .
OECT ITO Imprinted polymer  Human sweat 3.6 to 3624 ng/mL UA/dec™
AU 546
SWV . C-mAb Blood serum  3.61t028.9 ug/mL 7.4 pg/mL
nanowires
(R?=10.998)
Graphite mAb IgG + C-mAb Humansaliva 0.5t055.1 ng/mL 1.7 ng/mL >
(R?=0.97)
548
Zebrafish
Ferrocene tagged whole-body i 1.03
ITO C-Ab artificial 0.001-50 ng/mL. pg/mL
saliva
Au NPs + 0.05 B
DPV RGo C-Ab Human serum 0.1to1000ng/mL
ng/mL
carbon
(R>=0.992)
AuNPs/Mo . 250
S,/AUNPS C-mAb Saliva 0.18to 72 ng/mL 40 pg/mL
531
DPV,CV  NiO C-Ab Human saliva - P9/mL to 10 032
pg/mL pg/mL
2D 551
disulfide C-mAb + BSA Human saliva 36 fo 3624 0036
pg/mL ng/mL
nanoflakes

(R? = 0.997)



Carbon C-mADb + BSA Human sweat 1 fg/mL to 1 0.005 55
yarn pg/mL fg/mL
(R?=0.998)
ZnO
nanorods -  C-mAb Human sweat - /I;glimL to 1 ??’r?"_ oV >0
yarn based HY g
0.098
fg/mL
DPV
553
0.36 pg/mL to
Eis,cv AUNPS* oAb+ BSA PBS 36.245 ng/mL (R? -3
PANI - HA/M**
=0.989)
1D & 2D 3.6 pg/mL to 36.2 0.36 h
ZnO C-mAb Human saliva n. /rEgL ' ' mL
nanoflakes g Pg
555
. 0.36 pg/mL to
EIS Au C-mAb ][I”Jfésltr']“\f‘l'tm 36.245 ng/mL (R? O'g;ﬁﬂ_
= 0.997) Pg
. 532
Zno C-Ab ﬁy”thet'c and 1410200 ng/mL 1 pg/mL
uman sweat
5 _ (synthetic
(R*=0.996) sweat)
1 ng/mL
(human
sweat)
Graphene + Aptamer Human serum 10 to 30 pg/mL 10 pg/mL v
Au NPs
(R?=0.995)
556
Au C-Ab + BSA Fish plasma 144 to 2L7 275
pg/mL pg/mL
557
RGo C-Ab + BSA Human saliva 0.0036 to 36.2 0.036
ng/mL ng/mL
(R?=0.93)
Graphene
and . 1 pg/mL to 10 558
amphiphili C-Ab Human saliva ng/mL 1 pg/mL
c polymer
(R2=10.977)
Palladium ¢ 5 Human sweat 1 to 500 ng/mL 1ng/mL P

+ MoS;



(R? = 0.998)

Au C-mAb Human sweat 0001 1t 200
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ng/mL
Au C-mAb [ng/mL] [ng/mL]
Human 50 to 200 10
serum,
whole blood, 50 to 200 10
saliva, 1to 40 1
sweat 10 to 150 10
0.87 "’3“
Au C-Ab + BSA Human saliva 0.001to10ng/mL
pg/mL
(R? = 0.9831)
- C-mAb Human tears  0.05 to 200 ng/mL 21.66 201
ng/mL
(R? = 0.986)
Carbon Imprinted Human saliva 018 10 2319 005 362
ng/mL ng/mL
polymer (R?=10.993)

*The units have been converted to adequate values in g/mL just to facilitate the reader the data comparison
(cortisol Mw = 362,46 g/mol)
**\Works that only detail the sensitivity

4.4.1.4 Conclusions and Future perspectives

Reliable and accurate devices for quantitative analyses may represent a crucial inflection point to
diagnose several diseases. This review highlights the relevance of electrochemical detection of cortisol,
paying particular attention to the past five years, during which time, the necessity for real-time and
continuous monitoring of cortisol levels for fast diagnosis has come to the fore. Electrochemical
immunosensors meet requirements for detection of cortisol in both physiological and pathological
ranges, for low LOD and with the key advantages of fast response times, rapid and continuous
measurement, and a much lower use of reagents. Furthermore, biosensing devices can be easily
integrated into PoC devices. Therefore, in the next couple of years, reliable, accurate, quantitative
electrochemical sensors for the detection of cortisol can be expected to drive the large-scale distribution

of PoC devices for a non-invasive, rapid, accurate, and real-time cortisol detection in biological fluids.



While most papers currently report single-use sensors due to their immunosensor properties, the
optimum goal is the development of wearable and reusable devices able to provide real-time monitoring
with the typical sensitivity of an immunosensor, as well as all its advantages. However, developing an
ideal PoC sensor to comply with the sample rigor and LoD still present a challenge, and current issues
such as antibody stability in ambient environments, their high cost of production, and possible cross-
reactivity with interferences (i.e., aldosterone, progesterone, and prednisolone) must be overcome. More

improvements will need to be made to increase the sensitivity and specificity of these devices.
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4.4.2. Publication V: A Fully Paper-Based Electrochemical Sensor Made by

Inkjet Printing for Saliva Cortisol Detection

The third paper presented in this Chapter, Publication V, is a submitted article about the development
of a fully inkjet printed cortisol immunosensor on a porous paper substrate. The article is focused in the
development, characterization, and biofunctionalization of inkjet printed pattern on a porous paper
substrate for the detection of cortisol in human saliva. A novel proposal of cortisol sensor is proposed
in this article, showing high sensitivity and do not show interferences with interesting cytoquines and

proteins.

This article has been edited from the version submitted to ACS Applied Materials & Interfaces, with
permission from ACS (edition consist in formatting and numbering figures, references, tables, and

equations in accordance with the thesis manuscript, however acronym corresponds to the article):

Miguel Zea, Hamdi Ben-Halima, Ana Moya, Rosa Villa, Nadia Zine, Abdelhamid Errachid; and Gemma
Gabriel. A Fully Paper-Based Electrochemical Sensor Made by Inkjet Printing for Saliva Cortisol

Detection. Submitted
This work has been also presented in different conferences with their corresponding Proceedings:

% Conference Transducer — Eurosensors XXXIIT12019: Miguel Zea, Ana Moya, Imad Abrao-
Nemeir, Juan Gallardo-Gonzalez, Nadia Zine, Abdelhamid Errachid, Rosa Villa, and Gemma
Gabriel. All Inkjet Printing Sensor Device on Paper: for Immunosensors Applications. Poster
presentation

% Conference Nano Today2019: Miguel Zea, Ana Moya, Imad Abrao-Nemeir, Hamdi Ben
Halima, Nadia Zine, Abdelhamid Errachid, Rosa Villa, Gemma Gabriel. Flexible inkjet printed
device for detection of cortisol in Saliva. Poster presentation

% Conference FLEX MEMS & SENSORS2020: Miguel Zea, Ana Moya, Eloi Ramon, Gemma
Gabriel. Development of inkjet printed biosensors on flexible and porous substrates. Oral
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Abstract

Electrochemical paper-based analytical devices (ePADs) have emerged as innovative approaches,
transforming the field of Point-of-Care (PoC) devices and wearable devices by offering a low-cost,
disposable or reusable, easily scalable, versatile and with a low environmental-footprint method for real-
time diagnostics or readings on-site. The achievement of sensing in real sample with complex matrix of
interferences by ensuring good readings and accurate results remains a fundamental challenge for
ePADs. The need to build a solid, factual, and cost-effective ePAD is the primary justification. The
development of a sensor for cortisol detection in everyday life has many applications, including
healthcare, sports, high-risk jobs, among others. In this paper, a functional all-inkjet paper-based
electrochemical immunosensor using gold (Au) printed ink as transducer was used for the detection of
salivary cortisol with Electrochemical Impedance Spectroscopy (EIS). Covalent binding of Cortisol
monoclonal-antibody onto the printed Au surface was achieved through the electrodeposition of 4-
carboxymethylaniline (CMA), and non-specific binding was avoided with ethanolamine passivation. The
ePAD shows a linear response between the physiological cortisol range in standard solution, artificial
saliva, and human saliva (5 - 20 ng/mlL), with sensitivity of 25, 23, and 19 Q'ng/mL with a R*> = 0.995,
R* = 0.979, and R* = 0.99 and a limit of detection (LOD) of 1.18, 1.09, and 0.81 ng/ml., respectively.
An interferences study was also carried out against Tumor Necrosis Factor-a (TNF-o) and N-Terminal
pro B-type natriuretic peptide (NT-proBNP), which yielded excellent results. Our proposed fabrication
method is the first, as far as we know, cortisol biosensor made by inkjet printing technology, moreover
it has been developed on a paper substrate that allows to reach higher electrochemical active surface area
with same 2D dimensions. This novel ePAD will significantly simplify the fabrication process, reduce

environmental-footprint, and lower fabrication costs.
4.4.2.1 Introduction

Paper-based devices have been used in the development of sensors for bioanalytical methods usually
know as PADs or uPADs, due to its biocompatibility, lightweight, chemical stability, biodegradability,
3D fibrous structure, availability, easy production, inertness to generally utilized reagents, and easy
modification.”” PADs or uPADs usually comprise an arrangement of hydrophilic channels and
hydrophobic structures that can be easy patterned on paper substrate using printing or cutting

technologies.”” Enabling devices to have a pump-free microfluidic system.**”””*** Recent works show



paper as one of the most widely used substrates for the development of disposable, low-cost, and eco-

friendly sensing devices.”*>*

The development of effective point-of-care devices employing electrochemical paper-based analytical
device has potentially set the stage for creating devices that are more portable, simpler, disposable,
reliable, and highly sensitive. They provide more reliable measurements than colorimetric or single

electrode sensors.*™

ePADs can now be used in a wide range of areas, including biomedical, food processing, environmental,
clinical analysis, and the chemical industry, among others.** Electrochemical sensors are inexpensive,
have high sensitivity and selectivity, a wide variety of detection techniques, can be miniaturized, and can
perform a vatiety of assays.”” Therefore, ePADs allow the miniaturization of electrodes and their

deposition using a variety of technologies.”®

However, screen-printing still remains the most technique
for the production of electrodes on ePADs.”” However, innovation is critical to the advancement, and
research efforts have been made towards  innovations in this field in search of a game changer ePADs

fabrication technique. Therefore, the inkjet printing technology appear to be promising.

The inkjet printing technology has many advantages over traditional ePADs fabrication techniques,
including easy layout modifications without the use of screen or stencils, waste reduction and non-
contact deposition.” Because of its non-contact deposition process, inkjet printing prevents substrate
contamination; additionally, it allows the technology to be compatible with delicate or super-thin paper
substrates that would be compromised by force application using another technique. Paper-based
devices combined with inkjet printing technology are paving the way for inkjet printed ePADs for
biological and chemical sensing.'”” However, most inkjet printed-based ePADs to date are simple cases
in which basic chemicals are used without any further electrode modification or complex analyte to

measure,/dete ct,100,102,125.242.390

The aim of this research is to fabricate an inkjet printed-based ePADs for cortisol detection on a real
physiological sample (saliva), demonstrating the capability of an inkjet printed electrode on paper to be
bio-functionalized with antibodies and detect cortisol hormone. Cortisol hormone is commonly used as
an important biomarker of human and animal stress, which is why it is mostly known as “the stress
hormone”. Cortisol, on the other hand, plays many important roles in humans, including blood pressure

control, immune system regulation, protein, carbohydrate, and adipose metabolism, and anti-



inflammatory action. Many attempts are being made to improve cortisol sensors because of their ties to
diseases such as Cushing syndrome, Adison's disease, stress, and even heart failure.”® Over the last
decade, electrochemical measurements have demonstrated reliable cortisol detection even in biological
matrices such as plasma, blood, serum, sweat, saliva, and hair, with the benefits of a fast and precise

56

tesponse by portable and wearable devices.”” Immunoassays or immunosensing techniques with

different transducers and sensing receptors are leading the way in screening methods innovation.****’
Recent developments use quantitative biomarkers with the adoption of electrochemical sensors and
image analysis.”"™” However, the most reliable and widely used method in portable and disposable
devices for cortisol detection is based in antigen/antibody binding.”” Image analysis methods, on the
other hand, require sophisticated equipment and bulky optical detectors, while electrochemical sensors
allow the development of portable and wearable point of care devices. In order to have a cortisol
electrochemical sensor, transducer surface must be modified to interact with cortisol molecules and
register changes in the transducer’s electrical properties. To the best of our knowledge, a cortisol
electrochemical sensor made by inkjet printing technology that detects cortisol in a physiological sample
is yet to be reported in the literature. Therefore, we present a novel biosensing fully printed platform on
paper that detects cortisol in physiological range in untreated human saliva. This is, as far as we know,

the first printed paper-based platform to detect cortisol, paving the way for the development of printed

paper-based biosensing systems based on inkjet printing technology.

This platform contains four Au working microelectrodes (WEs), two Au counter microelectrodes (CEs),
and two pseudo-references (REs) allowing a simultaneous detection for n = 4 of samples. Cortisol
antibodies were successfully immobilized on WEs and cortisol detection was performed by
Electrochemical Impedance Spectroscopy (EIS). Our proposed printed paper-based biosensing
platform is very attractive due to its innovation and novelty; additionally, it establishes the first steps in
the detection of cortisol using inkjet printing technology, which we believe can be scaled in the detection

of other hormones and cytokines.

4.4.2.2 Materials and methods
4.4.2.2.1 Materials and chemicals

For the development of the printed platform, we used three commercially available inks. A low-curing
Au colloidal ink (DryCure Au-] 1010B from Colloidal Ink Co., Litd, Japan), silver (Ag) nanoparticle ink
(Dupont-PE410, USA), and SU-8 ink (2002 from MicroChem, USA). Additionally, a silane-based ink



was formulated™ for substrate treatment using Tetraethyl orthosilicate 98+% (TEOS), 1H,1H,2H,2H-
perfluorooctyltriethoxysilane (POTS, from abcr GmbH, Deutschland),a  bsolute ethanol, hydrochloric
acid 36% (HCI), and distilled water. All the ink formulations were printed with a drop-on-demand
Dimatix Materials Printer (DMP 2831 from Fujifilm Dimatix, USA). HCI (0.1 M) was used for the
chlorination of the printed Ag electrode, and potassium chloride (KCl, 0.1 M) for testing the pseudo-
reference electrode (pRE). Whatman cellulose paper grade 1 (WHA3001861) with a thickness of 180

Hm with a porosity of 0.686 and pore diameter of 11 um was used as substrate.

Phosphate buffered saline (PBS), potassium hexacyanoferrate (III) (Ks[Fe(CN)¢]) and p  otassium
hexacyanoferrate (II) trihydrate (Ks[Fe(CN)¢]) were used for activation and characterization of the
printed microelectrodes. 4-carboxymethylaniline (CMA), N-hydroxysuccinimide (NHS), N-(3-
dimethylaminopropyl)-N "-ethylcarbodiimide hydrochloride (EDC-HCI), sodium chloride (NaCl),
sodium nitrate (NaNO), and ethanolamine (from Fluka, France) were used for sensor
biofunctionalization. For the preparation of the artificial saliva, we used sodium chloride (NaCl, purity
> 99.5%), potassium chloride (KCl, purity 99-100.5%), sodium phosphate dibasic (NaHPOs,
PharmaGrade), calcium chloride (CaCl,, purity = 93%), mucin (from pork stomach extract, type II), and
urea. All reagents mentioned above were purchased from Merck KGaA (except the ones that mention

another) and were used without further purification.

To detect cortisol; anti-Cortisol monoclonal antibody (Cat. No. XM210) was purchased from Novus
Biological (France), hydrocortisone (cortisol, Cat. No. ab141250) was purchased from Abcam (France),
human TNF-« antigens (TNF-«) (Car. No. 210-TA) was purchased from R&D Systems (France), and
NT-proBNP (Cat. No. 8NT2) was from HyTest (Finland).

4.4.2.2.2 Preparation of aliquots

Following supplier protocol, Cortisol monoclonal-antibody (anti-Cortisol), and antigens TNF-o, NT-
proBNP and cortisol were reconstituted in PBS buffer solution to obtain a concentration of 1 ug/mL

to then prepare the aliquots with a concentration of 100 pug/mL for stock them in the freezer at -20 °C.

Aliquots of anti-Cortisol, TNF-a, and NT-proBNP with a concentration of 10 ng/mL were prepated
by dissolving the indicate amount of PBS in the stock solutions. The standard solutions for the detection

of cortisol containing different concentrations 5, 10, 15 and 20 ng/ml. were prepared taking the



approptiate amount of stock solution (100 pg/ml) and adding it to the correct amount of buffer

solution.

The same procedure was performed to obtain standard solutions of antibody and antigens in artificial
saliva in the same concentration range that were prepared before. Artificial saliva has been prepared as
is described;”” by dissolving 0.6 g/L. of sodium phosphate dibasic (Na,HPO4), 0.6 g/L of anhydrous
calcium chloride (CaCly), 0.4 g/L of potassium chloride (KCl), 0.4 g/L of sodium chloride (NaCl), 4 g/L.
mucin, and 4 g/L utea in deionized watet, adjusted to pH 7.2 by adding NaOH or HCI (both 0.1 M),

sterilized by autoclaving and stored at -4 °C until use.
4.4.2.2.3 Biosensor inkjet platform fabrication

The construction of the inkjet printed microelectrodes on paper was done as we previously
demonstrated’”. Basically, a drop-on-demand Dimatix Material Printer (DMP 2831 for Fujifilm
Dimatix, Inc., USA) was used with the 10 pL. printhead. The microelectrodes structure was digitally
designed using CleWin 5 software then exported to BMP to load in the Dimatix Bitmap editor. The
printing process was carried out in standard laboratory conditions without particles-filter, temperature,
and humidity control. However, in this study, we faced a challenge of attach antibodies on the electrodes

with all processes for bio-functionalization that it needs.

Furthermore, an electrochemical platform with four working electrodes (WE), two references (RE) and
two counter electrodes (CE) was designed for this study, enabling us to achieve four samples n = 4) in

each trial and facilitate future applications.

Figure 4.15a shows the fabrication steps for obtaining a full inkjet printed sensor on paper substrate.
The complete fabrication of the printed platform can be easily understood as two steps: The printing
process of the metallic microelectrodes and then the electrodes modification. In the first step, the silane
ink was first printed (a.ii) to obtain a hydrophobic surface where platform will take place, followed by
printing Ag ink (a.iii) to obtain the Ag elements: the RE (500 x 500 um), tracks, and pads, with a Drop
Spacing (DS) of 20 um. Ag elements were dried at 80 °C for 15 min. Then, the four Au WEs were
printed (a.iv) 800 x 800 pm and two 800 x 3000 um CEs, with a DS of 15 um, and it was dried as before.
Both inks were finally sintered in the oven at 140 °C for 60 min. Then the dielectric ink SU-8 was printed

(a.v) on Ag tracks to isolate and define the active electrode area and pads with a DS of 15 um. It was



cured, first with a soft bake on hot plate at 100 °C for 5 min followed by an UV treatment for 30 sec to
polymerize this layer by polymer cross-linking. A picture of the final fabricated platform is shown in
Figure 4.15b.

a) Printing process

i. Substrate preparation ii. Silanization iii. Silver layer

\ 4 v
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iv. Gold layer v. Pasivation vi. Chlorination
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Figure 4.15. Fabrication process of cortisol immunosensor.

a) Illustration of the biosensor platform fabrication process: (i) Substrate preparation; (i) Printing
silane ink for turning the substrate hydrophobic; (iii) Printing of the Ag pRE, connections and
pads followed by a drying step; (iv) Printing Au ink WES, followed by a sintering step; (v) Printing
of the passivation SU-8 layer, followed by soft bake and UV curing; (vi) Chlorination by CV of
silver elements to form the pRE-electrode. b) Picture of the biosensor platform. ¢) Customized
electrochemical interface fabricated in Poly(methyl methacrylate) with movable add-ons for the
use of up to four microelectrodes in static conditions

Whatman No. 1

Cyclic
voltametry

The second step, two electrochemical procedures were required to obtain a functional electrochemical
platform. Firstly, the Ag RE was chlorinated (a.Vi) by cyclic voltammetry (CV) (Figure S1) in 0.1 M HC,
scanning the potential from 0 V to 0.2 V versus Ag/AgCl commercial reference electrode (RE) at 20
mV/s to obtain a stable Ag/AgCl pRE. Secondly, the Au WEs were electrochemically activated by
amperometric pulses (5 pulses of 5 s from 0 to -0.2 V) in PBS.*’

4.4.2.2.4 Optimization of CMA electrodeposition

CMA 5 mM solution was selected to determine optimum electrodeposition parameters for coating
printed Au WEs with a range in CV speeds (25, 50, and 80 mV/s) and CV cycles (5, 6, and 7), and CV

in ferro/ferticyanide was carried out to analysis results.



4.4.2.2.5 Bio-functionalization of gold surface

There are several steps involved in the bio-functionalization of WEs. The WEs were first
electrochemically activated as described above (Figure 4.16a), and then their characterization was studied
using CV in ferro/ferricyanide (10 mM) solution. CV was also used in the above CMA
electrodeposition.””"" Basically, 5 mM CMA was prepared in deionized water with 15 mM HCl and 15
mM NaNO,. The solution was used directly from the fridge at 4 °C to perform the CMA
electrodeposition. The printed platform was placed in an electrochemical cell (as shown in Figure 1c)
with the CMA solution, where seven cycles at 25 mV /s from -1.2 to 0.2 V were applied by CV to ensure
an appropriate CMA blocking layer (Figure 2b), after which the printed platform was rinsed with water
and dried with nitrogen. Activation of the carboxylic acid groups of CMA molecules was done by
incubation of EDC/NHS (0.4 M/0.1 M) in ethanol for 1 h at room temperature (Figure 4.16¢),
consequently, tinse with HCl 0.1 M to remove EDC/NHS excess, and immediately incubated anti-
Cortisol at 5 pg/mL for 90 min in the fridge at 4 °C (Figure 4.16d). Printed platform was then rinsed
with PBS and ethanolamine solution (1% in PBS) was incubated for 30 min to deactivated remained

active carboxylic acid groups (Figure 4.16e).

l EDC - NHS

«.- Anti-Cortisol
U Antibody
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Figure 4.16. Biofunctionalization of an inkjet printed electrode.

Schematic recreation of the bio-functionalization of a WE. a) Representation of a activated gold
electrode. b) Electrodeposition of CMA on gold WEs by applying CV. ¢) CMA activation by
incubation of mixture EDC-NHS. d) Bio-functionalization through incubation with Anti-
Cortisol antibodies. €) Deactivation of the remained active groups by incubation in ethanolamine
solution. f) Incubation of the platform into cortisol solution followed by detection of cortisol by
EIS.

For cortisol detection (Figure 4.16¢), standard solutions containing different concentrations of cortisol

(5, 10, 15, and 20 ng/ml) were incubated. Each incubation was petformed for 30 min at 4 °C to ensure



antigen conservation. After each incubation, the sensor platform was rinsed with abundantly PBS.
Finally, the sensor platform was immersed in ferro/ferricyanide to carry the EIS for at least 5 min to

avoid absorptions and miss readings.
4.4.2.2.6 Determination of cortisol antigen

EIS were performed to detect cortisol in standard solution (PBS), artificial saliva, and human saliva with
different concentration (5, 10, 15, and 20 ng/ml) using ferro/ferticyanide parameter were set at;
equilibration time 0 s, fixed potential scan with E4. = 0.154 V and E.. = 0.01 V within the frequencies
0.7 and 1000 Hz over a 5 minutes period. The error of the immunosensor was also calculated by

performing measurements in quadruplicate taking advantage of the printed platform.
4.4.2.2.7 Human saliva sampling procedure

Saliva samples were collected from five nominally healthy volunteers using the Salivette® (Art. No.
51.1534.500, Sarstedt, Germany) sampling device, it is specially intended for cortisol determination in
saliva. The volunteers were asked to move the swab in the oral cavity for 2 min at a self-selected pace.
Saliva was recovered by centrifugation of devices at 7000 rpm for 5 min at 4 °C. A pooled saliva sample
was prepared by mixing all collected samples. It was then used to prepare samples for the calibration

curve with spikes of cortisol antigen similarly to what have done in section 4.4.2.2.2.

4.4.2.3 Results and discussion

4.4.2.3.1 Characterization of the functionalized gold surface

The fully printed platform on paper and the customized electrochemical interface fabricated in
Poly(methyl methacrylate) with movable add-ons for the use of up to four microelectrodes in static
conditions (Figure 4.15¢) detection was previously reported by our group” . CV curves for reduction
and oxidation reaction of ferro/ferricyanide of bare Au electrodes before and after activation are shown
in Figure 4.17a. As can be observed electrodes activation is a crucial step to ensure performance of the
electrodes. The two characteristics redox peaks are clearly on plot, which were assigned to the electron
reduction and oxidation reactions of ferro/ferricyanide. Anti-Cortisol was immobilized onto Au
microelec  trodes through CMA molecules. CMA molecules have been electrochemically deposited
onto Au WEs by using CV technique as is shown in Figure 4.17b, the scan rate was at 25 mV/s and the

switching potential was scanned between —1.2 to 0.2 V for 7 cycles. Figure 4.17¢ shows CV performed



ferro/ferricyanide for Au WE before and after CMA deposition. The oxidoreduction peaks of activated
WE have totally disappeared after CMA deposition due to the weak electron transfer kinetics of
ferro/ferricyanide caused by the CMA blocking layer. To immobilize the antibodies on the electrode
surface, carboxylic acid groups of CMA molecules has been activated by incubation in EDC/NHS in
ethanol solution for 1 h at room temperature. Afterward, the device has been washed with HCI1 0.1 M
to remove the excess of EDC/NHS and immediately incubated in PBS solution containing anti-Cortisol
for 90 min at 4 °C. Afterward, the remained active carboxylic acid groups have been deactivated by
incubation in ethanolamine solution (1% in PBS) for 30 min at room temperature. This step is very

important to prevent nonspecific bonding at the detection stage.
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Figure 4.17. Electrochemical characterization of biofunctionalization.
a) CV of ferro/fetricyanide redox couple before and after the activation of Wes, b) Seven CV
cycles applied to WEs for deposition, ¢) CV of gold WE before and after CMA deposition

4.4.2.3.2 Optimization of CMA deposition

Owing printed Au intrinsic properties (roughness, nanoparticles structures, non-planar structure, among
others, show in Figure S2) CMA electrodeposition must be optimized to immobilize an optimal amount
of anti-Cortisol antibodies on WEs. CMA must be electrodeposited onto Au creating a blocking CMA
coating layer, therefore the oxidoreduction peaks of ferro/ferricyanide of CMA blocked Au
microelectrode have to disappear due to weak electron transfer kinetics between ferro/ferticyanide and
CMA. A set of expetiments were performed in order to obtain a planar response in ferro/ferricyanide
after CMA deposition. 5 mM CMA solution was used to run electrodeposition CVs with a range in CV
speeds of 25, 50, and 80 mV /s and CV cycles 5, 6, and 7, Figure S3 in the supporting information shows
electrodeposition curves. Electrodeposition CVs showed a broad irreversible cathodic wave with a peak

at different potentials, indicating the attachments of CMA molecules onto Au surface by diazonium salt



reduction. On the first cycle cathodic current was higher than consequent cycles similarly to reported
for microfabricated*”, and even screen Au electrodes’™ pointing out the path to follow. Finally, CVs in
ferro/ferricyanide were carried out to analysis results of CMA electrodeposition (Figure S2). Seven cycles
at 25 mV/s from -1.2 to 0.2 V CMA electrodeposition show a CV in ferro/ferricyanide planar without
oxido/reduction peaks and capacitive charge, these mentioned parameters were selected for the CMA

electrodeposition.
4.4.2.3.3 Detection and interference of cortisol in standard solution

The EIS plots of the platform (n = 4) biosensor at different concentrations of cortisol are shown in
Figure 4.18a in Nyquist plot presentation. The first semi-circle corresponds to the immobilized anti-
Cortisol. After the incubation of the biofunctionalized WE in 5 ng/ml. of cortisol, the second Nyquist
plot semi-circle has increased from the first showing thus an increase in impedance which confirm the
biorecognition between antibodies and their corresponding antigens cortisol (Figure 4.18a). Nyquist plot
semi-circles have continued to increase by increasing the concentration of cortisol antigens which
highlight the good sensitivity of the biosensor. The increase in the diameter of the Nyquist plots is
attributed to the binding of cortisol to immobilized anti-Cortisol antibody on the WE, producing an
insulating layer that decreases the electron transfer for the redox probe. Nyquist plot semi circles were
then fitted using Randles equivalent circuit model (Figure 4.18b inset) where Rs (solution resistance), Rp
(charge-transfer resistance), and CPE (constant phase element), an equivalent model of double-layer
capacitance.”” The real part of impedance (Re(Z)) increased as function of cortisol concentration. This
was due to the increase of the Rp between WE and electrolyte as the bonding of cortisol increase onto
the WE. Therefore, the increase of Rp is directly related to the sensitivity of the biosensor. The
normalized data, shown in Figure 4.18b were presented as AR/R (where AR = Rp (cortisol) — Rp
(antibodies) / Rp (antibodies)) as a function of cortisol concentration. Normalized data reveals a linear
detection range for cortisol concentrations in the range of measurements. The biosensor exhibits a
sensitivity of 25 Q- ng/ml. with a correlation coefficient of 0.995 and a limit of detection (LOD) of 1.18
ng/mlL. Therefore, in order to investigate the selectivity, additional tests wete petrformed using solutions
containing interesting cytokines TNF-«, symptom of an infection and NT-proBNP that was identified

as the Au standard biomarker for HF diagnosis and therapy monitoring.



a) b) ; _ C) gr.
12 - 05 R, S 051 . cortisol .
*  NT-proBNP T
1 0.4+ 4
Es 0.3]
[} x v x 0-31
¥ 6 20 ng/mL ¥ &
L4 15 ng/mL T 0.21 T 0.2 g
N 10 ng/mL S e
2 5 ng/mL 0.19 Slope: 0,025:0,001 011~ A
« Anticortisol R?=0,995 N
0 LA s s e S e 0.0 T y y ‘ 0.0 T T T y
0 2 4 6 8 1012 14 16 18 5 10 15 20 5 10 15 20
EARURUEIEA Concentration Cortisol (ng/mL) Concentration (ng/mL)

Figure 4.18. Detection of cortisol in standard solution.

a) Nyquist impedance plots (at PBS) of cortisol solution analyzed by EIS. b) Calibration curve for
normalized data obtained from EIS studies for different cortisol concentration (caption: Randles
equivalent circuit model). ¢) Linearity curve for normalized data obtained from EIS studies for
interference NT-proBNP and TNF-o.

These cytokines are also present in saliva; however, they have not inherent interference with cortisol due
to structure differences, but interference test is necessary to prove biosensor selectivity. Additionally,
knowing that biosensor does not show interference with these cytokines open the scenario to have a
multiparametric platform. To this end, new biosensors have been biofunctionalized with anti-Cortisol
using the procedure previously described, and then tested by EIS with cytokines (NT-proBNP and
TNF-o) instead of cortisol. Here the biosensor was highly selective and sensitive to cortisol if compared
to cytokines response (Figure 4.18c) which confirm the high selectivity of the developed biosensors. As
seen in Figure 4.18c, the biosensor showed a higher selectivity to cortisol compared to NT-proBNP and
TNF-a. The detection of cortisol demonstrates linearity upon increasing the concentration, with a
sensitivity of 25 Q-ng/mlL,, but significant reduced current values were found by analyzing NT-proBNP
(with a sensitivity of 3 Q-ng/ml) and TNF-« (with a sensitivity of 1 Q-ng/mL) standard solutions.

4.4.2.3.4 Detection of cortisol in artificial saliva

Artificial saliva was prepared as described in section 4.4.2.2.2 and used to simulate real saliva matrix.
Here the same principle of EIS analyses performed before was made for cortisol detection using artificial
saliva as buffer. First, in order to test the no specific adsorption, the biosensor previously
biofunctionalized with anti-Cortisol was incubated for 30 min many times in unspiked artificial saliva
(without any cortisol concentration) (Figure 4.19a). Here the first Nyquist plot semi-circle corresponds
to the antibodies immobilized onto microelectrodes. The biosensor was rinsed abundantly with PBS and

incubated another time (without cortisol) in artificial saliva for 30 min in order to see if there is an



increased phenomenon of adsorption. Nyquist plot were superimposed even after a third incubation
without cortisol (data not shown). In order to observe deeply the effect of artificial saliva on the EIS
analyses, different concentration (5, 10, 15, and 20 ng/ml) of cortisol wete prepared using artificial saliva
as buffer. A shift between the first and the second Nyquist plot semi-circles (Figure 4.19a) was observed
after the first incubation of the biosensor in artificial saliva containing 5 ng/ml of cortisol. Consequently,
the Nyquist plot semi-circles have increased with increasing concentration of cortisol, highlighting the
cortisol detection in artificial saliva if compared to the previous test. Normalized data has also been

plotted (Figure 4.19b) showing a sensitivity of 23 Q-ng/ml. with a correlation coefficient of 0.979 and
LOD of 1.09 ng/mlL..
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Figure 4.19. Cortisol detection in artificial saliva.
a) Nyquist impedance plots (at artificial saliva) of cortisol solution analyzed by EIS. b) Linearity
curve for normalized data obtained from EIS studies for different cortisol concentration in

artificial saliva.

Therefore, the biosensor was able to detect specifically cortisol within a complex matrix showing similar
results than standard solution. Matrix effects are often caused by the alteration of ionization efficiency
of target analytes in the presence of coeluting compounds in the same matrix. Matrix effects can be

observed either as a loss in response (ion suppression) or as an increase in response (ion enhancement).””



Both the ion suppression and enhancement dramatically affect analytical performance of a method.”™
However, our biosensing platform shows a small deviation in sensitivity showing a good performance

of detecting cortisol even in a complex matrix.

4.4.2.3.5 Detection of cortisol in human saliva
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Figure 4.20. Cortisol detection in human saliva.
a) Nyquist impedance plots (at real saliva) of cortisol solution analyzed by EIS. b) Linearity curve
for normalized data obtained from EIS studies for different cortisol concentration in real saliva.

The biosensor was biofunctionalized with anti-Cortisol and tested for real human saliva. As made for
artificial saliva, the biosensor was incubated in human saliva for varying lengths of time to study
nonspecific bonding in physiological medium. Same procedure was done, for each concentration, the
biosensor was incubated in cortisol solution for 30 min, followed by PBS washing and EIS measurement
showed in Figure 4.20a. The first Nyquist plot semi-circle corresponds to the anti-Cortisol. After the
first incubation (5 ng/mlL) in human saliva, the second Nyquist plot semi-circle has shifted from the

first showing an increase in impedance which means bonding and detection. The biosensor was rinsed



abundantly with PBS and incubated (10 ng/mlL) to observe if there is an increased phenomenon of
bonding or detection, here the third Nyquist plot semi-circle (10 ng/mL) has increased from the second
showing biorecognition phenomenon. The same phenomenon was observed for cortisol concentration
of 15 and 20 ng/ml.. It is clear that the diameter of the Nyquist plots increases with increasing cortisol
concentration as we have seen before. Normalized data are shown in Figure 4.20b, for human saliva the
biosensor sensitivity is 19 Q-ng/ml. with a correlation coefficient of 0.99 and LOD of 0.81 ng/mL,
demonstrating the feasibility of cortisol detection even in human saliva samples, also avoiding matrix
effect in the saliva. The small reduction in sensitivity can be explain due to interaction of cortisol
hormone with ions in the artificial saliva and human saliva, which modify the electrical charge of the

cortisol.””’

A comparison with selected cortisol antibody-based electrochemical sensors in the literature is
summarized in Table 1. Here, our proposed biosensing platform shows similar response or even better
LOD than other reported works. This demonstrates the potential of the present work in contrast with
recent published works. Also, the proposed methodology offers a novel fabrication method by inkjet
printing technology, and the intrinsic properties that a paper-based device offer (low-cost, pump-free
microfluidic, eco-friendly, among others). Moreover, proposed biosensing platform allow to measure
cortisol with four microelectrodes using the same sample or even in the future measure four different

analytes, thus demonstrating the biosensing platform applicability.



Table 4-4. Comparisson of published similar cortisol immunosensots.
Comparison of different cortisol electrochemical detection.

Linear Range Limit of
Electrode Technique Matrix g Detection Ref.
(ng/mL) 0
(ng/mL)
Inkjet Printed Au EIS Standard solution 5to 20 1.18 This
work
. . e . This
Inkjet Printed Au EIS Artificial saliva 5to 20 1.09
work
. . . This
Inkjet Printed Au EIS Human saliva 5to 20 0.81
work
E-beam evaporated Au EIS Human saliva 1 to 40 1 560
Screen printed Au EIS Human tears 0.05 to 200 21.66 501
Screen printed graphite SWV* Human saliva 0.5 to 55.1 1.7 547
Screen printed carbon CA** Standard solution 0.1 to 200 0.1 533
Screen printed Ni-SPE CcvV Human saliva 90 to 9000 26.82 578

*Square wave voltammetry

**Chronoamperometry

4.4.2.4 Conclusions

The development of a new biosensor platform for the detection of cortisol in human saliva samples by
EIS is presented in this study. The biosensor platform is based on inkjet printed Au electrodes on paper
substrate, and bio-functionalization was optimized for this additive rough technology. The biosensing
platform was bio-functionalized by CMA electrodeposition and anti-Cortisol antibodies immobilization,
resulting in a sensitive device with a good performance and sensitivity for the detection of cortisol, even
in presence of other potential interferences such as NT-proBNP and TNF-a. Tests performed in both
artificial saliva and human saliva demonstrated the biosensing platform’s capability to detect cortisol in
physiological ranges, with a linear relationship between increasing cortisol concentration and charge
transfer resistance. The biosensing platform also showed very promising results also in analyzed artificial
saliva and human saliva. Furthermore, the biosensing printed platform allows further implementation of
a multiparametric biosensing tool for diagnosis or/and monitotization of related diseases using saliva

samples.
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Chapter 5 ‘ Conclusion and further
work

This Chapter describes the most relevant goals achieved during the development of the present thesis

work to cover the necessities to develop the inkjet printing technology and its integration with PoC

device systems.



5.1. Concluding remarks

As the development of low-cost sensor for PoC devices is mainly based in to develop functional, reliable,
and low-cost sensors and easy to incorporate to the system, the aim of this thesis work has been the
development of these biosensors using inkjet printing technology that fulfill all the requirements to

fabricate them.

The main goal has been to develop novel printed sensors with unique features such as, novel ink, fully
printed, and implementation of a new substrate. Specifically, the developed sensors were designed
allowing their integration with portable potentiostat. Inkjet printing technique has been employed during
this work, using three different substrates and two novel inks. Also, it shows the possibility of use metal

inks on substrates with low glass-transition temperature.

In the development of the inkjet printing technology, in this thesis work, four sensing platforms have

been proposed. The final fabricated devices are shown in Figure 5.1.

—

P =

a) Ptink b) PANI:PPy ink c) Paper-based sensor d) Paper-based cortisol sensor

Figure 5.1 Developed sensors in this thesis.

Images of the sensing devices presented in this thesis, a) novel Pt ink-based pH sensor, b) fully
printed pH sensor, ¢) Inkjet printed strategies on porous paper, and d) paper-based printed
cortisol sensor

The first two developed sensing platforms (Figure 5.1a)) were develop on a plastic substrate. The first is
a pH sensor based in a novel Pt ink, which enhanced the adhesion of IrOx sensing layer thin film
allowing sensor operation over a year. Following by a fully-printed pH sensor is develop (Figure 5.1b)),
whete a specially designed PANI/PPy ink is synthesize and set-up for inkjet printing. This ink was

printed on a singular chemical functionalization of gold ink with phthalocyanine (Pc), increased the



sensor sensitivity. The other two developed platforms were fabricated on a porous paper substrate, the
initial work was to develop a printed strategy on the substrate, and at the end four treatment strategies
were described in order to obtain a three-electrode system (Figure 5.1c)). And finally, using one of the

printing paper strategies to develop a cortisol sensor on this substrate (Figure 5.1d)).

The main results of the thesis are presented schematically in Figure 5.2. As can be seen, the progression
of the work has been always looking for a simpler, reliable, cost-efficiently and friendly devices while

adapting these approaches to the requirements of each system.

Sensor Substrate Innovation Device
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Figure 5.2. Summarized conclusion of the thesis.
Summarized of the evolution of the thesis showing the key advances to solve different sensing
applications.

Following, specific conclusions of sensors on plastic and paper substrate are presented.
PEN substrate

Sensor development on plastic substrates is highly reported and studied. However, the development of
new materials still a challenge. Here the development of two novel inks is presents and their application,

both are applied to pH sensing layer.



The first pH sensor has been addressed with the development and characterization of a novel Pt ink to

enhance the performance of EIROF sensitive: The results of these work can be summarized as:

R/
A X4

The developed pH sensor is based on a nanostructured EIROF sensing layer on such a printed
rough Pt electrode, which has been demonstrated to have an excellent adhesion to the Pt.

The pH sensors exhibit a linear super-Nernstian (71.43 mV /pH) response in a wide pH range,
with an excellent reproducibility and a rapid response time.

This improved adhesion of the EIROF layer is also demonstrated by the evaluation of the sensor
over 1 year.

Sensor was test under fluidic flow, where fluxes ranging from 0.1 to 1 mL/min do not alter the

pH sensor response.

The second work presents for the first time a fully printed pH sensor. For achieve this goal a novel

PANI/PPy ink was developed. The results of these work can be summatized as:

The pH sensors were completely fabricated with inkjet based on PANI/PPy inks deposited on
a gold microelectrode printed on a flexible substrate.

The combination of PANI/PPy particles improved the linearity of pH against potential as well
as expanding the pH range (from pH 3 to 10) and resolving problems of PANI sensors.

The use of a gold ink modified with Pc for the gold microelectrode substrate, revealed an
enhancement of electron mobility between the conducting polymer chains and the gold
nanopatticles, generating a super-Nernstian response (81.2 + 0.5 mV/pH unit).

The sensor presented high stability in aqueous and non-aqueous media (acetic acid) confirming
its ability to perform highly accurate titration measurements by detecting small changes in the

concentration of strong monoprotic alkalis with strong acid.

Porous paper substrate

The need of develop electrochemical sensors on paper substrate due to its microfluidic properties, low-

cost, environmentally friendly, and flexibility is increasing every day. Itis in this context that the second

part of this thesis work has been focused on the development of electrochemical sensor on porous

paper. Inkjet printing technology allow the fabrication of metallic ink electrodes, which permit to be

applied in a wide range of substrates, including delicate substrates.



The third sensor is an electrochemical platform made on porous paper substrate, during its fabrication

4 printing strategies were considered, which allow the tuning of the electrochemical active area of

electrodes. The results of the work can be summarized as:

/7
A X4

X/
°e

A novel approach for fabricating a three-array electrode on paper using 4 treatment-cases to
tune the electrochemical active area is presented.

For the first time, the fabrication and characterization of a full inkjet WE, CE and pRE with Au,
SUS, and Ag inks on paper is presented.

The characterization of WEs on 4 treatment cases shows that on bare paper we obtained an Ip
value of 48 [A (at 75 mV/s) that is H2.5 folds higher than theoretical Ip for same electrode
dimensions, and even the WE printed on SU-8 with the lower Ip shows 1.3 folds higher than
theoretical.

A successful combination of this rapid prototyping technique on low-cost, eco-friendly, and

biodegradable paper substrate is done.

The fourth sensor is a novel printed immunosensor, based on a four-electrode platform fabricated on

paper substrate. The electrodes were bio-functionalized to obtain a cortisol immunosensor. This

developed sensor is also easy to use with a portable potentiostat. The immunosensor detect cortisol in

human saliva turning this sensor in easy compatible PoC device. The results of the work can be

summarized as:

K/
X4

D)

The biosensor platform is based on inkjet printed Au electrodes on paper substrate, and bio-
functionalization was optimized for this additive rough technology.

The biosensing platform was bio-functionalized by CMA electrodeposition and anti-Cortisol
antibodies immobilization, resulting in a sensitive device with a good performance and sensitivity
for the detection of cortisol, even in presence of other potential interferences such as NT-
proBNP and TNF-o.

Tests performed in both artificial saliva and human saliva demonstrated the biosensing
platform’s capability to detect cortisol in physiological ranges, with a linear relationship.

the biosensing printed platform allows further implementation of a multiparametric biosensing

tool for diagnosis or/and monitotization of related diseases using saliva samples.
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Cost analysis of the IJP pH sensor

Table S1. Calculation of the material costs per sensor.

pH electrode | Value | Ink quantity [ml] | Costink [€/ml] | Cost per sensor [€]
PET substrate 0,07000
Pt 151 0,00000151 50,70 0,00008
Ag 6711 0,00006711 20,01 0,00134
SU-8 22538 0,00022538 1,38 0,00031
Approximate cost per sensor (Substrate, pRE and IE) 0,07173

Pseudo-reference electrode
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Figure S1. a) CV in HC1 0.1 M at a scan rate of 20 mV/s applied for the chlorinated process of the printed

Ag electrode, b) Potential stability in KCI (0.1 M) evaluated against a commercial Ag/AgCl reference

electrode (RE) of the developed Ag/AgCl pRE over time.
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Iridium oxide electrodeposition
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Figure S2. a) Growth of EIROF on printed Pt microelectrode (GSA = 0.009 cm?) by cyclic voltammetry
method at a scan rate of 10 mV/s (50 cycles). b) SEM image of EIROF, where it can be distinguished inside

the crack a thin layer of EIROF (approximately 150 nm) deposited on the Pt nanoparticles.



Pt ink characterization
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Figure S3. Pt ink rheological properties a) Surface tension, b) Viscosity, ¢) Particle size distribution, d)

Sedimentation rate, €) SEM image of the Pt ink after drying on a sample holder at 80 °C for 10 min.



Inkjet Printing fabrication
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Figure S4. Optimized waveform and parameters applied to the piezoelectric transducer of the printhead for

the Pt ink printing develop to fine-tune the drop ejection of the inkjet printhead.

Pt line pattern test

3) Line
Pattern Design
DS
140—- - -
120—- - - -

ol Sl Wt 0T S O
®9°cveqgpree. 000090 40 F®eevenyeprroans
100— - - - - . esegersesngees #pepecprscsopoccspoype

80— - - 990qqo0ecneaseceqeceqeccco Vetuseccsnpecsssenprroperen

Figure SS. a) Line pattern design, distance in pm. b) Line pattern of Pt ink on platen at 30 °C, c¢) 40 °C, d)

50 °C and e) 60 °C.



EIROF pH sensor response time and stability
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Figure S6. a) Response time to a pH step in acid medium (i) and alkaline medium (ii). b) Drift
recording in buffer solution at pH 7 of an EIROF microelectrode stored in dry conditions for 9 months. The

first 4h is the conditioning step. The potential drift is calculated to be 0.2 mV/h.

Microfluidic chamber fabrication

To validate the adhesion of IrOx and stability of pH sensor on liquid flow, a home-made microfluidic
chamber was fabricated in PMMA. The fabrication process started by designing the chamber on CorelDraw.
Upper and bottom PMMA plates were cut in CO2 laser systems (Epilog mini 24, Epilog Laser). Screws
holes, microfluidic channels and fluid inlets/outlets were defined using a CNC milling machine (MDX-
40A, Roland DG). The microfluidic channel was defined with a 1 mm thick silicone that was cut using a
vinyl cutter (CAMM-1 Servo GX-24, Roland DG Corporation). The cut silicone and printed flexible pH
sensor was sandwiched between the upper and lower plates and tightened using screws. Fluid connections
were made using silicone tubing (inner diameter of 0.8 mm) and mini luer connectors for easy and quick

release.



C Y=

Channel volume: 52,5uL
Re =54,9

Figure S7. a) Image of the PMMA fabricated microfluidic chamber with a connection for an external RE.
b) Channel dimensions, volume and calculated Reynolds number. c) Fabricated pieces to assembly the

microfluidic chamber.
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Pseudo-reference electrode
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Figure S1. a) CV in HCI 0.1 M at a scan rate of 20 mV/s applied for the chlorinated process of the printed
Ag electrode, b) Potential stability in KCI (0.1 M) evaluated against a commercial Ag/AgCl reference
electrode (RE) of the developed Ag/AgCl pRE over time.

PANI:PSS and PPy:PSS formulations

Formulations

PANI:PSS  (Mz  70.000) Triton X100 1.5% v/v
solution diluted 1:1 MQ water Triton X100 1.5% v/iv. DMSO 5% v/v

Triton X100 1.5% v/v Gly 5% v/v
PANI:PSS  (Mz  200.000) Triton X100 1.5% v/v
solution diluted 1:1 MQ water Triton X100 1.5% v/iv. DMSO 5% v/v
Triton X100 1.5% v/v Gly 5% v/v
PPy:PSS (Mz 70.000) Triton X100 1.5% v/v
solution diluted 1:1 MQ water Triton X100 1.5% v/v. DMSO 5% v/v
Triton X100 1.5% v/iv Gly 5% v/v
PPy:PSS  (Mz  200.000) Triton X100 1.5% v/v
solution diluted 1:1 MQ water Triton X100 1.5% v/iv. DMSO 5% v/v

Triton X100 1.5% viv Gly 5% v/v

Table S1. Formulations of inkjet printing inks obtained from PANI:PSS / PPy:PSS suspensions



Surface tension of PANI:PSS / PPy:PSS formulations

Standard
Formulations mN/m deviation
Triton X100 1.5%
PANI:PSS (Mz  70.000)V/v 59,7 1,3
solution diluted 1:1 MQTriton X100 1.5%DMSO 5%
water viv viv 59,2 1,5
Triton X100 1.5%
viv Gly 5% viv 59,3 1,8
Triton X100 1.5%
PANI:PSS (Mz 200.000) v/v 59,7 1,2
solution diluted 1:1 MQTriton X100 1.5%DMSO 5%
water viv viv 59,2 15
Triton X100 1.5%
viv Gly 5% viv 59,4 2,1
Triton X100 1.5%
PPy:PSS (Mz  70.000)V/v 59,7 1,2
solution diluted 1:1 MQTriton X100 1.5%DMSO 5%
water viv viv 59,9 2,6
Triton X100 1.5%
viv Gly5%viv 598 15
Triton X100 1.5%
PPy:PSS (Mz  200.000)V/v 61,4 2,8
solution diluted 1:1 MQTriton X100 1.5%DMSO 5%
water viv viv 60,1 1,8
Triton X100 1.5%
A% Gly 5% viv 59,7 1,9
Table PANLPSS + PPy:PSS (MzTriton X100 15%DMSO 5% S2.
70.000)+MQ water (1:1:1) viv A% 60,5 1,6

Surface tension of the formulations of inkjet printing inks obtained from PANI:PSS / PPy:PSS suspensions

IR spectra characterization

PANI:PSS and PPy:PSS suspension were characterized using FTIR spectra to validate the obtention
of the CPs suspension. For PANI, main PANI bands are present in FTIR (Figure S2 a): 1578 cm
band correspond to C = C stretching of PANI quinoid groups and 1486 cm™ C = C stretching of
benzenoid groups highlighted in the green bar. Also, it is possible to identify the 1294 cm™ band of
stretching vibration of secondary amine C — N band and 830 cm™ band corresponding at C — H out-
of -plane deformation vibration of the benzenoid groups®”. The FTIR also presented the sulfonic
acid vibration bands at 1138 and 1110 cm™, 803 cm™ band corresponding to out-of-plane bending
vibration of the C-H band of p-disubstituted benzene ring and 505 cm™ band corresponding to —
SO3H group stretch®®°8, These bands confirm the presence of a p — substituted benzene group with
sulfonic acid in the PANI microparticles.



IR spectre for PPy:PSS 70.000, revealed the principal bands of both compounds as was expected
(Figure S2 b). Typical pyrrole ring vibration bands at 1550cm, 930cm™ and 770 cm™ along with C
— N stretch band (1189 cm™) and 666 cm™* from primary amine wagging confirms the presence of
PPy in the structure®®'°82, The FTIR also presented the sulfonic acid vibration bands at 1033 and
1004 cm™ observed previously in the PANI FTIR (Figure S2 a) confirming the presence of the
polyelectrolyte®"®%,

a) PANI:PSS 70.000

1578 cm™
1486 cm™

505 cm™!

Normalized Transmittance

1110 cm™
1138 cm™

1294 cm™
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2000 1500 1000 500

Frequency / cm™

b) PPy:PSS 70.000

100
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1004 cm™
1033 ecm™

Normalized Transmittance
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75 T T 1
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Frequency /em™

Figure S2. FTIR spectra of PANI:PSS Mw 70.000 (a) and PPy:PSS Mw 70.000 (b).



CP suspensions — pH dependence

a) 10004 b) 1000,
£ " — PANI Mz 200.000
= o — PANI Mz 70.000
o g 1004
N =
@ 100 °
2 £
] — PANI Mz 200.000 S ol
5 E
S5 — PANI Mz 70.000 5
10 T T T T T 1 1 T T T T T 1
0 1 2 3 4 5 6 0 2 3 4 6
pH pH
c) d)
— PANI Mz 200.000
1.0 1000
— PANI Mz 70.000 — PANI Mz 200.000
0.8- — PANI Mz 70.000
£ 100
_ 064 E 3
& :
0.4- E
o 104
0.2 @
0.0 : . : . : . 1 . . i . . .
0 1 2 3 4 5 6 0 1 : : :
pH pH

Figure S3. Effect of the pH of the synthesis media on PANI:PSS suspension parameters:
Particle size mean (a), count rate of the DLS measurement, indicating number of particles
in media (b), Polydispersity of the suspensions (¢) and conductivity of the obtained film (d).

DLS characterization
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Figure S4. Particle size distribution profile obtained through DLS for CP suspensions after its
synthesis: PANI:PSS with PSS molecular weight of Mw 70.000 and 200.000 (a and b) and PPy:PSS
with a Mw of 70.000 and 200.000 (c and d).



Zeta potential characterization
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Figure S5. Zeta potential profile obtained through DLS for CP suspensions after its
synthesis: PANI:PSS with PSS molecular weight of Mw 70.000 and 200.000 (a and b) and

PPy:PSS with a Mw of 70.000 and 200.000 (c and d).



FESEM images

Figure S6. FESEM images of CP suspension films: a) PANI:PSS Mz 70.000, b) PANI:PSS
Mz 200.000, ¢) PPy:PSS Mz 70.000 and d) PPy:PSS Mz 200.000.

Inkjet Printing fabrication

Waveform was develop to fine-tune the drop ejection of the inkjet printheads.
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Figure S7. Optimized waveform and parameters applied to the piezoelectric transducer of the printhead for
the CP inks printing developed to fine-tune the drop ejection of the inkjet printhead.



Figure S8. Image of a square printed at DS 10 um. This DS or higher do not allow the overlap of
contiguous printed lines.

Non-adherence of polymeric film

Figure S9. Four layers (4L) of the printed CP produce films that are completely detached when
being immersed in an aqueous solution due to an excess of material over the metallic electrode.
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Figure S10. a) Line pattern printed on PEN substrate for PANI:PSS/PPy:PSS specially formulated
ink and b) the cross-section profiles for 1L, 2L and 3L.

Volts

pH Electrode 1 Electrode 2 Electrode 3 CV (%)
10 -0,11235 -0,11098 -0,11123 0,65642434
9 -0,03994 -0,03894 -0,03888 1,52130896
8 0,07205 0,07296 0,07307 0,77200719
7 0,15627 0,15694 0,15701 0,26191204
6 0,23104 0,23081 0,23082 0,05691322
5 0,29630 0,29583 0,29582 0,09317697
4 0,37870 0,37715 0,37714 0,23830115
3 0,45789 0,45899 0,45800 0,13207177

Table S3. Variation coefficient of calibration in figure 6 with the PANI:PSS/PPy:PSS ink.
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Figure S11. Titration of strong acid with strong base: Potentiometric pH titration curves for HCl and
NaOH at the indicated molarity
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Figure S12. Evolution of the pH sensor sensitivity after a simple bending test where the electrode
platform is cyclically bended 90 °.
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Figure S1. Chemical structure of 1H,1H,2H,2H-perfluorooctyltriethoxysilane (POTS), with a empirical Formula (Hill
Notation): CiaHi19F1305Si



Layers Gas-phase silanization  Printed Silane ink Printed SU8 ink

Figure S2. Optical images of a droplet of distilled water deposited on a gas-phase silanized paper, on a printed paper

with a silane ink, and on a blocked paper printed with SU8.



Figure S3. Deposited water droplet on both faces of a Whatman paper Grade 1 paper printed with 2 layers of silane ink
denoting that both sides of the paper are hydrophobic. The same happens with the paper printed with 3 layers of silane
ink.

a) Au on SU-8 treated paper

b) Au on bare paper

Figure S4. A)
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over 1 to 6 layers of SU8.
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Figure S6. Cyclic voltammograms corresponding to the measurements of equimolar mixtures ferro/ferricyanide redox

couple in 0.1 M KNOs. A) and b) Au microelectrode on PET substrate varying scan rate from 5 to until 2000 mV/s; c)
comparison between the theoretical Randle-Sév¢ik equation prediction for a I mm Au WE vs experimental current peaks

of Au microelectrode on PET in function of square root of the scan rate.

To determine if the electrodes are working properly we compared the obtained I, with the

theory, using Randles-Sévcik’s equation:

1

3\ 5 3 1 1
I, =0.4463 - (=)’ -n2-A- Dz Ry - v2 (1)

where n is the number of electrons participating in the redox process, F is the Faraday
Constant [C-mol1], A is the electrochemically active electrode area [mZ2], Ro is the initial
concentration of analyte [mol-m-3], D is the diffusion coefficient [m2-s-1], v is the scan rate [V's
1], Ris the gas constant [J-K-1-mol-1] and T is the temperature [K]. The diffusion coefficient value

here used is 6.5 x 10-10 m2/s for ferrocyanide.

The value of the electron transfer rate constant (ks), was calculated using the approach

described by Matsuda and Ayabe#40 using the relation of the heterogeneous charge transfer:

A= ky(n-F-v-D/R-T)"? (2)



ks is determined at A=1, which occurs at the scan rate at which AEp begins to depart from

ideality, The rest of parameters are the same involved in equation 1.
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Figure S7. Peak to peak separation of the Cyclic voltammetry Ferro/Ferricyanide redox couple,
versus the logarithmic of the scan rate, that shows when the heterogeneous charge transfer A=1 for
the 4 treatment-cases.
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Figure S1. CV in HC1 0.1 M at a scan rate of 20 mV /s applied for the chlorinated process of the

printed Ag electrode on paper.

Figure S2. Au printed microelectrode on paper substrate a) digital microscope image; b) and c)

SEM images.
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Figure S3. Cyclic voltammograms of CMA electrodeposition onto gold WEs. Potential was
scanned from 0.2 V to —1.2 V. 5, 6, and 7 cycles were performed at different scan rates a) 25
mV/s, b) 50 mV/s, and c) 80 mV/s. Cyclic voltammograms of activated WEs before CMA
deposition and after 5, 6, and 7 scans of CMA deposition varying scan rate speed d) 25 mV/s,
e) 50 mV/s, and f) 80 mV/s.
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