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Resumen ‘

Los dispositivos ’Organ-On-a-Chip’ han revolucionado la forma de conocer la biologia que hasta el mo-
mento se ha venido realizando con los cultivos celulares. Estos sistemas, que contemplan el co-cultivo
en tres dimensiones y tecnologia microfluidica, tienen como propésito mimetizar la fisiologia humana con
sistemas de cultivo in-vitro. Su finalidad es la de incrementar el conocimiento de los procesos biolégicos,
asi como también de disponer de una herramienta de diagndstico efectiva para el andlisis de diferentes far-
macos. A medida que aumenta la complejidad biolégica de los sistemas de cultivo, la necesidad de analizar

y monitorizar su respuesta también aumenta.

En la actualidad, el andlisis de los sistemas ’Organ-On-a-Chip’ se basa principalmente en métodos analiticos
convencionales que en la mayoria de casos implica la muerte del cultivo celular, la alteracién del sistema
microfluidico para la recoleccién de muestras, la imposibilidad de hacer analisis en tiempo real e incluso el
aumento del coste y la complejidad del sistema en su conjunto.

Es en este contexto en el que esta tesis intenta desarrollar herramientas para la monitorizacién de pardmetros
celulares en tiempo real en sistemas 'Organ-On-a-Chip’, ya que se han convertido en una valiosa estrategia
para la comprensién de los procesos bioldgicos complejos que ocurren. Se proponen dos estrategias que no
comprometen el funcionamiento del sistema ’Organ-On-a-Chip’ como tal. Una de ellas tiene por objetivo
monitorizar parametros fisicos de forma externa al sistema de cultivo, usando plataformas modulares que
incorporan varios sensores y que pueden ser conectadas en linea con el sistema microfluidico sin intervenir
en su funcionamiento. En concreto, se han integrado sensores electroquimicos miniaturizados en un sus-
trato plastico usando técnicas convencionales de microfabricacion y prototipaje rapido, para la medicién
simultdnea de los pardmetros de oxigeno disuelto e iones de Na*, K+ y pH. La otra estrategia desarrollada
en esta tesis va un paso més alld, dado que integra los sensores dentro del mismo sistema ’Organ-On-a-
Chip’, embebiéndolos en la propia membrana donde se realiza el cultivo celular. El reto consiste en integrar
sensores de bajo coste de manera més eficiente, en una membrana flexible, muy porosa y delgada. Esto es
posible gracias al uso de la tecnologia de impresion por inyeccién de tinta como alternativa a las costosas
tecnologias de microfabricacién convencionales. Especificamente, se han incorporado y validado sensores
electroquimicos de oxigeno disuelto en un sistema real de 'Liver-On-a-Chip’ que permite monitorizar el

consumo de oxigeno de un cultivo de células epiteliales renales en tiempo real.
Ambos son planteamientos validos, y la eleccién de uno de ellos dependera del interés biolégico que puede

tener realizar mediciones externas o internas al sistema de cultivo, y del grado de complejidad tecnologico

que ello implique.
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Abstract ‘

Organ-On-a-Chip devices have changed the way to know the biology being indispensable in the evolution
and understanding of the cell culture systems. Organ-On-a-Chip systems are based in three-dimensional
microfluidic co-culture models and their purpose is to reproduce a real microenvironment in order to mimic
human pathophysiology using in-vitro multicellular models. Their finality is to increase the understanding
of the biological processes as well as to develop improved diagnostics and more effective tools for drug
screening analysis. As the biological complexity of the cell cultures under investigation increases, the need

to analyze and monitor cell culture response also increases.

Currently, analysis of Organ-On-a-Chip cell cultures still mainly relies on conventional analytical methods
which in most cases involve the death of the cell culture, the disturbance of the microfluidic system for
sample collection, the impossibility to observe real-time events, or even the increase of the cost and the
complexity of the whole systems.

In this context, this thesis work is focused on the development of monitoring tools to allow the analy-
sis of Organ-On-a-Chip parameters in real-time, becoming a valuable strategy for understanding complex
biological processes. Two proposed strategies have been addressed for the real-time monitoring without
compromising the operation of the system. The first deals with the monitoring of physical parameters
externally to an Organ-On-a-Chip systems, using modular sensing platforms connected in-line with the mi-
crofluidic system without disturbing it. For this purpose, miniaturized electrochemical sensors have been
integrated in a plastic substrate using conventional microfabrication and rapid-prototyping techniques, for
the simultaneous measurement of dissolved oxygen, Na®, Kt and pH parameters. The other strategy de-
veloped in this thesis goes one step further, with the integration of the sensors inside the Organ-On-a-Chip,
embedded in the cell culture membrane. The challenge is to integrate efficiently and cost-effectively the
sensors in a high porous and very thin and flexible membrane without damaging it. This is possible because
inkjet printing technology is selected as an alternative to the conventional microfabrication technologies due
to their digital material deposition without any direct contact with the membrane. Specifically, an array
of electrochemical dissolved oxygen sensors have been implemented and validated in a real Liver-on-a-chip

system using rat and human epithelial cells.
Both proposed strategies are valid approaches, and the choice of one of them is depending on the biological

interest, their interest in measuring parameters externally or inside the cell culture system, and the degree

of technological complexity involved.
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Dissertation Summary ‘

This Chapter describes the dissertation overview of this thesis, where the most relevant aspects are briefly

introduced.



2 CHAPTER 1. DISSERTATION SUMMARY

1.1 Motivation of the work

The way to develop and understand the cell culture systems has notably evolved since the first artificial
tissue culture in 1907 [18]. Over the next century, multidisciplinary efforts in cell biology and bioengineering
have led to highly functional in-vitro culture platforms enabling the controlled presentation of microenvi-
ronmental signals [I9]. The purpose of the developed platforms is to reproduce, as true-to-life as possible,
the real environment in order to mimic human pathophysiology. Therefore, cell biology systems are moving
from the conventional two-dimensional ([2D)) in-vitro models [20] to more complex three-dimensional (BDI)
systems in order to solve the discrepancies to capture the real features of the cellular microenvironments [21].
Based on this context, the concept of Organ-On-a-Chip (OOC]) platforms emerges [22, [3]. Microengineering
strategies provide a number of unique advantages and benefits in studying organ biology [23]. An
system implies a microfluidic cell culture device that contains continuously perfused chambers inhabited by
living cells and arranged to simulate tissue- and organ-level physiology [24} [25]. These miniaturized organ
models have several advantages over conventional models, such as more accurate prediction of the human
responses, since they are able to capture the structural, mechanical, chemical, and communicative com-
plexity of in-vivo systems [26]. Continuous improvement of these models led to a widespread use in diverse
application areas, mainly trying to replace animal test due to their time consumption, high costs,ethical
concerns and also they often fails to predict human patophysiology [27, 28]. This goal is complex due to
the difficulty to mimic living tissues and organs, maintaining physicochemical microenvironments like in
in-vivo conditions. Nowadays the systems field still lack of development and research for a real future
applicability.

Besides the development of microphysiological environments of human tissue or organ recapitulating in-
vivo structure and function, the capability to analyze and monitor its real-time response to drugs or other
stimulation is of utmost importance. For this reason, the incorporation of monitoring tools in the
systems is essential to allow the continuous improvements of these models. However, as the biological
complexity of the cell cultures under investigation increases, the difficulty to integrate monitoring tools
with these system is a challenge. Currently, analysis of cell culture is still mainly based on optical
measurement techniques using time-lapse brightfield and fluorescence microscopy [29]. This conventional
analytical methods require manual sample collection from the microfluidic systems, large working volumes,
and frequent system disturbance, and thus are not suitable for miniaturized platforms. Consequently,
over the past few decades, tremendous progress has been initiated towards the development of sensors for
cell culture applications. Great efforts are made each year for the development of miniaturized sensors
thus improving their benefits. Currently, a broad variety of online measurement tools has been integrated
to measure crucial parameters such as oxygen [30, BI], pH [32], glucose and lactate [33]. However, most
of these systems can not be widely applied in microfluidics system mostly due to the complex fabrication
processes along with more cost-intensive and bulky experimental setups thus increasing the overall chance

of failure.

Recently, different published review articles about cell monitoring and [QOC]systems claim for the necessity
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of integrating functional and real-time monitoring tools [34H37]. For this purpose, it must be necessary to
pave the way to interface existing biomimetic models to achieve in-situ monitoring of physicochemical
parameters. Due to the different metabolic processes that cell cultures have, this monitorization can be
inside or outside the cell culture area by using measurement systems that can be connected with the
microfluidic devices without interfering with its function as shown in In both cases, the difficulty to
overcome is to avoid adding more complexity to the current systems achieving a cost-effective sensing
platform. It is in this sense that the motivation of this thesis appears for the accomplishment of this

ambitious goal.

(a) External sensing platform (b) Embedded sensors in 00C
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Figure 1.1 | Two strategies proposed in this thesis for the monitoring of physicochemical
parameters in an Organ-On-a-Chip using, (a) two multi-sensing platforms
connected externally to the inlet and outlet of the cell culture system, and
(b) embedded sensors in the cell culture membrane of the Organ-On-a-Chip
system.

1.2 Main Contribution of this thesis

In the in-vitro study of organs and tissues, the ability to analyze and monitor in real-time the cell cul-
ture response is of paramount importance. For this reason, this thesis is focused on the development of
functional monitoring tools compatible with microfluidic technology for systems. In a first stage, it
has been developed a sensing device using conventional microfabrication technology to measure physical
parameters externally in systems (Figure (a)) and, in a second stage, it has been tackled the
challenge to incorporate sensors embedded in the systems (Figure b)) To achieve this, moving
from conventional microtechnology to printing technology was of vital importance in order to integrate, in

a cost-effective way, the sensors embedded in the [OOC] system without disturbing it.

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 Ana Moya is the first author
of all of them, and are published in first-quartile journals. The section finishes with the outline of this

dissertation presenting a brief summary of each chapter.
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1.2.1 Objectives of the thesis

The ambition of this thesis deals with the development of low-cost electrochemical sensors for systems
monitoring. In general terms, the goal is to develop functional, reliable and low-cost systems to solve a
necessity in real analysis. The developed sensors need to be designed allowing their integration with
microfluidic systems. Different fabrication techniques have been employed during this work, depending on

the requirements of each application. For this reason, the two main objectives are:

e To develop a functional and modular monitoring tool to control cell culture parameters
externally to the [OOC] system by using conventional microfabrication technologies. To

achieve this objective some specific sub-objectives are proposed:

— To develop and characterize a dissolved oxygen (DQJ)) microsensor array on Pyrex® substrate.

— To validate the sensor performance measuring the oxygen profile inside a biofilm grown in a

flat-plate bioreactor.

— To develop and characterize an array of four integrated sensors in a single platform using flexible

polymeric substrate for the measurement of [DO] pH and sodium and potassium ions.

— To validate the multisensing platform with physiological samples, concretely, with artificial and

real urine samples, simulating the output of a renal tubular [OOC] system.

e To monitor cell culture parameters with sensors embedded in the [QOC|system by using

inkjet printing technology. To achieve this objective, the following objectives have been addressed:

— To characterize different conductive and insulator inks used to develop inkjet-printed sensors
in order to assess their printability, morphology and electrical properties that have not been

reported before.

— To develop a complete electrochemical [DO| sensor platform by inkjet printing on polymeric

substrate and to study their functionality and electrochemical response.

— To integrated [DQO] sensors embedded in the cell culture membrane of a liver [OOC] system, over-
coming the technological difficulties to fabricate sensors on a delicate, ultraflexible and porous

substrate.

— To validate the sensor in a Liver-On-a-Chip system using primary human and rat cultured

hepatocytes.

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.

Paper I. A. Moya, X. Guimera, F.J. del Campo, E. Prats-Alfonso, A.D. Dorado, M. Baeza, R. Villa, D.
Gabriel, X. Gamisans and G. Gabriel. Profiling of oxygen in biofilms using individually addressable disk
microelectrodes on a microfabricated needle, Microchim. Acta. 182 (2014) 985-993. doi:10.1007/s00604-
014-1405-4. (Q1, IF:4.58).
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* The author’s contribution: planning and performing the design of the sensor, its characterization, cali-

bration and experimentation, and writing the main parts the manuscript.

Paper II. A. Moya, X. Illa, I. Gimenez, Y. Lazo, R. Villa, A. Errachid and G. Gabriel. Miniaturized
multiparametric flexible platform for the simultaneous monitoring of ionic compounds: Application in real
urine. Accepted (uncorrected proof) in Sens. Act. B, September 2017. (Q1, IF:5.4).

* The author’s contribution: planning and performing the design of the sensors, their encapsulation and

characterization, calibration and experimentation, and writing the main parts of the manuscript.

Paper II1. A. Moya, G. Gabriel, R. Villa and F. Javier del Campo. Inkjet-printed electrochemical sensors,
April 2017, Curr. Opin. Electrochem. doi:10.1016/j.coelec.2017.05.003.
* The author’s contribution: finding and reading the state-of-art of publications related to electrochemical

sensors and inkjet printing published in the last two years and writing parts of the manuscript.

Paper IV. A. Moya, E. Sowade, F.J. del Campo, K.Y. Mitra, E. Ramon, R. Villa, R.R. Baumann and G.
Gabriel. All-inkjet-printed dissolved oxygen sensors on flexible plastic substrates, Org. Electron. 39 (2016)
168-176. doi:10.1016/j.0rgel.2016.10.002. (Q1, IF:3.39).

* The author’s contribution: planning and performing the characterization of the used inks, the inkjet
printing of the sensors, the characterization and calibration of the sensors and writing the main parts of

the manuscript.

Paper V. A. Moya, M. Ortega-Ribera, E. Sowade, M. Zea, X. Illa, E. Ramon, R. Villa, G. Gabriel.
Real-time oxygen monitoring inside an organ-on-a-chip device using integrated inkjet-printed sensors. The
article has been SUBMITTED to Lab-on-chip journal in September 2017. (Q1, IF:6.05).

* The author’s contribution: planning and performing the design of the sensors, their fabrication using inkjet
printing technology, their characterization and calibration, the experimental measurement and writing the

main parts of the manuscript.

1.2.3 Thesis outline

With regards to the objectives that steered the course of this thesis and the articles pointed out in the
previous section, the dissertation is organized in five well-defined chapters which are summarized below.
Chapter 1 entitled ’Dissertation summary’ presents the dissertation overview, where the most relevant
aspects of this thesis are briefly introduced.

Chapter 2 entitled ’Introduction to monitoring in Organ-On-a-Chip systems’ describes the background of
the models, with an overview of the evolution of the cell culture systems and the monitoring tools
for the analysis of systems.

Chapter 3 entitled 'Microfabricated electrochemical sensors for measuring externally to an Organ-On-a-
Chip’ is focused on the first main objective of the thesis; the development of a monitoring tool to analyze

parameters externally to the [OOC] systems using microfabrication techniques. This chapter has a short
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introduction to the conventional microfabrication technology and an overview of the electrochemical sensors
used in this work. Next, two developed monitoring devices are described and validated in two published
papers. The first work (Paper I) describes the complete characterization of an array of eight electrochem-
ical oxygen sensors fabricated in a rigid substrate validated in a biofilm grown in a microfluidic flat-plat
bioreactor. The second work (Paper II) evolved with the fabrication of a single low-cost microfluidic
multisensing platform that can be connected at the inlet and outlet ports of a microfluidic system
for the simultaneous measurement of [DO] Na*, K+ and pH compounds, for the specific case of monitoring
a renal tubular tissue. This second work describes the fabrication and characterization of each sensor and
is applied to urine samples obtained, in order to simulate the output of a renal tubular system.
Chapter 4 entitled ’Inkjet-printed electrochemical sensors embedded in an Organ-On-a-Chip’ is dedicated
to the second main objective of the thesis; the development of sensors to be integrated inside thdOOC]|
system by using inkjet-printing technology. This chapter has a short introduction about printed electronics
and inkjet printing technology including a review about the use of Inkjet printing ([JP)) for the development
of electrochemical sensors (Paper III). Next, it is demonstrated the potential of inkjet printing technology
as an alternative to standard microfabrication techniques in the area of micro-sensors by the fabrication
of sensors on a flexible and polymeric substrate (Paper IV). In a second stage, it is developed the
integration of the sensors fabricated by inkjet-printing embedded in the systems, directly fabri-
cated on the delicate, ultraflexible and porous cell culture membrane and validated with an hepatocyte cell
culture for Liver-On-a-Chip system (Paper V).

Chapter 5 entitled 'Conclusions and future work’ summarizes the main conclusions of this thesis, as well

as conclusions that are drawn from the research.

1.3 Thesis framework

The main part of this thesis has been carried out in the facilities of the Instituto de Microelectrénica de

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

Ana Moya has received a FPI pre-doctoral scholarship granted by the Ministry of Economy, Industry
and Competitiveness (MICINN), Spain. This scholarship has given her the opportunity to make two
international stays during the thesis period. Ana Moya spent 4 months (April-July 2014) in the Université
de Lyon, Institut des Sciences Analytiques, under the supervision of prof. A. Errachid. Ana Moya spent
another 4 months (April-July 2015) in the Technische Universitit Chemnitz, in the Digital Printing and
Imaging Technology group, leaded by prof. R. R. Baumann. Three 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.

The work presented in this thesis dissertation has been developed in the framework of two projects
funded by the Spanish government DPI2011-28262-C04 and CTM2012-37927-C03 (MINECO/FEDER,
EU). Both projects have currently their continuity to DPI2015-65401-C3-3-R and CTQ2015-69802-C2-
1-R (MINECO/FEDER, EU).



Introduction to monitoring in

Organ-On-a-Chip systems

How science of cell culture systems has evolved into Organ-On-a-Chip (OOC) systems?

What has happened with the evolution of the monitoring tools to analyze these cell culture systems?

The purpose of this chapter is to answer both questions. Here, it is presented a review of the advances in
cell culture systems since a broad spectrum of diverse in-vitro models of cell culture exists, which differ
in their biological complexity, from the simplest two-dimensional (2D) monolayer to the more complex
three-dimensional (3D) OOC models. At the same time, it is described the change on the monitoring tools
to achieve their integration with these cell culture systems. Microtechnology tools, together with advances

in bioengineering, have been fundamental contributions to this progress.
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2.1 Cell culture systems

2.1.1 Evolution of cell culture systems

Cell culture is the process by which cells are grown under controlled conditions, generally outside of their
natural environment. Environment regulates the physicochemical properties (pH, oxygen, temperature and
osmotic pressure) and a suitable medium is required to supply the essential nutrients (amino acids, car-
bohydrates, vitamins, minerals), growth factors, hormones and gases (CO3, O3). These elements provide
to the environment a distinct physiological character, and a set of extracellular cues that work in concert
to regulate cell structure, function, and behavior [I]. The combination of these biochemical, physical, and
physicochemical factors constitutes the cell microenvironment as shown in Figure

The composition of essential components was discovered by the physiologist Sydney Ringer more than one
century ago and is still used today as the main source for some basal media [38]. He studied different salt
solutions containing the chlorides of sodium, potassium, calcium and magnesium suitable for maintaining

the beating of an isolated animal heart outside of the body [39].

Cell culture allows the researcher to isolate specific factors for experimentation outside the complex in-vivo
microenvironment. By doing this, scientists can make logical hypotheses of the effects of those factors, and
through controlled experimentation elucidate the mechanisms that regulate cell function. The goal in cell
culture is two-fold: to recapitulate as closely as possible the cellular microenvironment while maintaining
enough simplicity to achieve statistically significant results in a reasonable amount of time. Often, there is

a trade off between these two aspects, and model accuracy is sacrificed for higher throughput, or viceversa.
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Figure 2.1 | Diagram of a cell microenvironment formed by physical, biochemical and
physicochemical factors. Source: [IJ.

Cell culturing has notably evolved since 1885 when Wilhelm Roux removed a portion of the medulla plate
of an embryonic chicken, maintaining it in warm saline for several days on a flat glass plate and establishing
the principle of tissue culture [40]. In 1897 Leo Loeb placed skin fragments of guinea pig embryo in agar
and coagulated serum, then inoculated into an adult animal and obtained reproduction of mitotic epithelial

cells. However, this graft tissues and fluids conducted in a living animal, was not strictly considered as a
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cell or tissue culture. The first work with artificial tissue culture is credited to the biologist and anatomist
Ross Granville Harrison. In 1907 he deposited fragments of frog embryo in hanging drops of coagulated
frog lymph and observed the formation of nerve fibers from protoplasmic extensions [I8] 4I]. Harrison over-
comes challenges of basic culture and developed a reproducible technique using plastic dishes. These dishes
are commonly known as the Petri dish and Julius Richard Petri is generally credited with this invention in
1877 [42]. Although our understanding of molecular and cell biology has increased tremendously over the
time, the methods used today are surprisingly similar to those employed by Harrison in 1907. We still rely
on undefined biological material in plastic dishes for cell culture.

With the advance of biochemistry, molecular biology, cell biology and other areas of biological knowledge,
it has been possible to introduce new techniques to produce new cell culture models. Currently, a broad
spectrum of diverse in-vitro models of cell culture exists, which differ in their biological complexity. In-vitro
cell culture systems have evolved from simple monolayer cell cultures of one cell type and monotypic
culture up to more sophisticated models integrating different cell types in a more physiological relevant
cell culture environment. These cell culture systems have been used in different research areas of applica-
tion. They have been indispensable to study virology and have helped to decrease the use of experimental
animals. Otherwise, cell culture has been used in pharmacology and toxicity studies, testing the effect of
different drugs, interactions of drug-receptor type, resistance phenomena and cytotoxicity among others.
One field of application rather studied in recent years has been tissue engineering. Basically, some studies
have been done related to the production of tissue in-vitro as skin or cartilage for treatment of burns,

auto-grafting, differentiation and induced differentiation [43], [44].

Figure 2:2] shows a diagram of the evolution of the different cell culture systems. This evolution starts
from the simplest static two-dimensional monolayers models to the more sophisticated and dynamic three-
dimensional co-cultures models. In next sections is described each type of cell culture systems dividing
them in two groups: before the introduction of the microfluidics in cell culture systems (static systems)

and with the use of microfluidics (dynamic systems).

2.1.1.1 Static cell culture systems

Two-dimensional monolayer models

In the traditional monolayer cell culture systems, a single type of cells is adhered and grown on a
plastic or glass flat surface as micro-well plates, flaks and Petri dishes. Such monolayer setting allows all
the cells to receive a homogeneous amount of nutrients and growth factors from the medium during the
growth. The monolayer is mainly composed of proliferating cells, since necrotic cells are usually detached
from the surfaces and easily removed during medium change. Although, cell culture conditions can vary
for each cell type, and while most of them require flat surface plates others can be grown free floating
in culture medium. Most cells in the body are non-circulating, and therefore depend on attachment to
the surrounding extracellular matrix (ECM]) for survival. Cells are anchored to the via cell-surface

integrity that are responsible not only for the physical attachment of cells to the matrix, but also for sens-
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ing and transducing mechanical signals from focal adhesion sites to the cytoskeletal machinery within the
cell [45]. These signals are known to drive various cellular processes that include migration, proliferation,

differentiation, and apoptosis.

During the last century, the majority of cell culture studies have been performed on surfaces because
of easy, convenience and high cell viability of these models. These conventional cell culture systems
have notably improved the understanding of basic cell biology, but despite their demonstrated value in
biomedical research, they cannot support many studies, like, the tissue-specific, differentiated functions of
many cell types or accurate predict of in-vivo tissue functions and drug activities. Some reasons of this

failure are that cells grown in culture are usually more flat and stretch than they would be in-vivo.
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The abnormal cell morphology in culture influences many cellular processes including cell proliferation,
differentiation, apoptosis, and protein expression [46]. In basic cases and applications, the simplicity of
cell culture systems is not always an inherent drawback, but, unfortunately, in complex studies where
cellular output and communication is important, this simplicity does not accurately represent the entire

system of interest and fail to reconstitute the in-vivo cellular microenvironments.

Three-dimensional hydrogels and scaffolds models

In conventional cell culture, the structure of the cells changes as they grow, inducing cells distort and
flatten, forming a simple monolayer and therefore eliminating the cell-to-cell interactions. Efforts to address
the limitations in cell cultures led to the development of cell culture matrices. Maintaining the
structure of a cell is a key challenge in cell culture. Various influences determine the phenotype of cells
in-vivo, including interactions with neighboring cells, interactions with the [ECM| and systemic factors [46].
The first BDl cell culture models were developed over 50 years ago [47] based on hydrogels composed of either
natural [ECM] molecules and synthetic polymers. Hydrogels are composed of interconnected pores with
high water retention, which enables efficient transport of substances such as nutrients and gases. Several
different types of hydrogels from natural and synthetic materials are available for cell culture, including
animal [ECM] extract hydrogels, protein hydrogels, peptide hydrogels, polymer hydrogels, and wood-based
nanocellulose hydrogel [48].

In the body, nearly all cells reside in an [ECM] consisting of a complex BD] fibrous meshwork with a wide
distribution of fibers and gaps that provide complex biochemical and physical signals. These BD] cell culture
matrices, also known as scaffolds, were introduced in the 80s to support the formation of matrices
[49, 50]. Architectural and material diversity is much greater on [BD] matrices than on 2Dl substrates. These
matrices, or scaffolds, are porous substrates that can support cell growth, organization, and differentiation
on or within their structure, which induce cells to polarize and to interact with neighboring cells [51]. They
can take many forms, including cells randomly interspersed in [ECM]or clustered in self-assembling cellular
microstructures known as organoids [52]. The ability to create scaffolds depends highly on the capabilities
of the manufacturing process used [563]. Eric Simon in 1988, showed that electrospinning could be used to
produced nano- and submicron-scale polystyrene and polycarbonate fibrous scaffolds specifically intended
for use as in-vitro cell substrates. During the pass of the time, a number of other techniques were used
to create microtopographies that represents a biological structure [54]. In addition, while biomaterial
scaffolds have been a mainstay in the field for years, the strategic importance of enhanced biomaterial

functionality depends quite heavily on what we learn about cells and tissues.

These models have been very useful for studying the molecular basis cell function. For instance,
these models have demonstrated that the matrix stiffness and topography contribute to the nature of
adhesion, morphogenesis, differentiation, and viability [55] 56]. Nonetheless, they also have limitations.
Organoids are highly variable in size and shape, and it is difficult to maintain cell in consistent positions
in these structures for extended analysis. Another drawback of these models is that functional analysis

of entrapped cells is often hampered by the difficulty of sampling luminal contents, and it is difficult to
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harvest cellular components for biochemical and genetic analysis. Furthermore, cells are usually not exposed
to normal mechanical cues, including fluid shear stress, tension and compression, with influence the cell
culture function. The absence of fluid flow also precludes the study of how cultured cells interact with
circulating blood and immune cells. For this reason, with the evolution in microengineering strategies,
the introduction of microfluidics systems have introduced new complex systems to realize the cell culture

nearest to reproduce in-vivo conditions [57].

2.1.1.2 Dynamic cell culture systems

Nearly three decades ago, microfluidic technology started to be applied to biological assay in order to solve
the limitations that cell culture systems based on static models had. Microfluidics technology was through
to overcome the main static difficulties to mimic in-vivo cells function [58]. Microfluidics provide control
over many system parameters that are not easily controlled with the static cultures (scaffolds or hydro-
gels), overcoming their limitations and facilitating the study of a broad array of physiological phenomena

58).

Microfluidic technology was found in the early 1990s and dramatically grew in the field of chemistry,
physics, biology and special in cell research. Research in microfluidic was initially dominated by studies in
chemistry and physics at the microscale [59]. Once knowledge was made available on how to exploit the
chemical and physical aspects of microfluidics, it was used to benefit in biology field. Microfluidic systems
represent a new kind of cell culture vessel that expands the ability to control the local cellular microenviron-
ment [60]. The strengths of microfluidic cell culture mainly come from changes of some physical properties
when the scale of culture systems is reduced [30]. The physical design of microfluidic devices affects the cell
microenvironment of cultured cells [61]. Design considerations for useful application of microfluidic devices
in cell biology were described by Walker et al. [62], who introduced the concept of effective cell culture

volume as an indicator of cellular control over the microenvironment in the cell culture device.

A wide variety of microfluidic cell culture models have been developed to mimic and control the cellular
microenvironment [I]. The first dynamics systems were based on the simple cell cultures. These
perfused systems, in contrast to static cell culture models, have been shown to better sustain liver cell
functions [63]. The perfused culture system are designed to precisely control the in-vitro cell culture envi-
ronments by regulating the exchange of nutrients as well as the presentation of both chemical (e.g. soluble
stimuli) and physical (e.g. mechanical, electrical) signals [19]. However, these systems, although they
better mimic a real microenviroment than static systems, provide misleading information and more real-
istic models with the used of co-cultures emerged as flat-plate culture systems. In these systems, the
cells are able to adhere to the plates in order to create an homogeneous microenvironment, as well as the
culture medium can adequately come into contact with seeded cells, which allows sufficient mass transfer.
In addition, such a system can easily be scaled up and allow high-throughput screening or studying of
zonation-dependent phenomena involving drug metabolism and toxicity [64]. One major disadvantage of

flat-plate culture systems is that the cells are exposed to high-shear stress. Consequently, they may detach
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from their scaffold and quickly lose their viability and function because they are anchor-dependent cells.
One of the first complete studies of adherent cell culture in a flat-plate system was performed by Tilles et
al. [65]. They constructed a microchannel microfluidic system from polycarbonate and glass, and primary
rat hepatocytes were seeded in co-culture with fibroblasts. The authors found that increasing flow rate

led to diminished viability and function. At low flow rates, hepatocyte function remained stable for 10 days.

So far, progress in the area of biology-related microfluidic systems has been mostly in proof-of-principle
demonstrations, with large research efforts toward testing the behavior of various cell types in different
geometries and on different platforms [26]. However, general progress has been somewhat hindered by the
lack of a complete understanding of why living cells behave differently when moved from macroscale culture

to confined microscale geometries [66].

During the last decades, thanks to the continued progress in microfabrication and microfluidics, there has
been tremendous effort in the development of systems to mimic the natural phenotype of the cells in
environments [67]. The final goal of these systems is the development of in-vitro models of human organs,
and they have been named Organ-On-a-Chip (QOOC)) systems [58].

systems are microfluidic devices for culturing living cells in continuously perfused chambers in order
to model physiological functions of tissues and organs [25]. It offers great capabilities to create miniaturized
in-vivo physiological models that mimic cell interactions and simulate the body metabolism in both the
healthy and diseased states. The simplest construction of these systems is based in a single, perfused,
microfluidic chamber containing one kind of cultured cell that exhibits functions of one tissue or organ
type. In more complex designs, two or more microchannels are connected by porous membranes, lined
on opposite sides by different cell types, to recreate interfaces between different cells. These systems can
incorporate physical forces, including physiological levels of fluid shear stress, cyclic strain and mechanical

compression [68].

More recently, the integration of an increasing number of functional organs on one platform holds great
promise to build a Human-On-a-Chip systems [69]. This concept is also commonly called Multi-Organ-
On-a-Chip when two or more organs are developed in connected microfuidics systems. First attempts to
combine multiple organs have already been made [69H72]. Shuler et al. [73] is one of the first published works
and their platform features a lung, liver and other tissues compartment and revealed the enormous potential
of multi-organ integration. This goal is not an easy task due to many challenges such a maintaining variety
of cell types on one device, use of a re-circulating common medium, replicating inter-organ interactions,
and transport of nutrients and soluble factors at a physiologically relevant level. This technology is still
in its infancy. However, despite their difficulties, the future direction relies on the development of multi-
organ-chips with the ultimate goal to build a Human-On-a-Chip system as a promising bright future in

industrial and medical applications.
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2.1.2 Main applications of an Organ-On-a-Chip system

In-vitro models of human cell culture have the potential to assist in understanding the physiological events
that characterize the human immune response [74]. For this reason, systems have become a powerful
tool to avoid drug testing in animals. For many years, animals have been often used as models to study
human response [75] and have been successfully used to enhance the understanding of the human disease
and have made significant contributions to the development of powerful therapies [76]. However, such
models inevitably display differences from the human metabolism and the disease state and therefore may
correlate poorly with the human conditions [77, 28, 27]. It becomes clear that the significant differences
between human and animal metabolism requires the use of human cells. New approaches increasing the

biological relevance of cell culture models are of great interest to the life sciences community.

The simplicity of traditional in-vitro models, usually consisting of a single cell type, making them robust
enough and suitable for high throughput research, but unfortunately providing only little biological rele-
vance to the complex biological function of the human body since their simplicity poorly represent complex
pathophysiology behaviour that not closely mimic the in-vivo microenvironments [78,[79]. On the contrary,
models are biomimetic systems that represent key functional units of living human organs, providing
advantages over the culture models. These microenginnering co-culture models recapitulate the com-
plex interactions between different types of cells [80] from a single atom to a multi-organ system in order
to mimic a complete body system. These systems could be used as specialized in-vitro models that permit

simulation, mechanistic investigation and pharmacological modulation of complex biological process [21].

These cell-based assays have been an important pillar of the drug discovery process to provide a simple,
fast, and cost-effective tool to avoid large-scale and cost-intensive animal testing. Due to the relative
simplicity of these systems, compared to animal models, it becomes possible to investigate cell signaling
by monitoring the metabolites transported from one tissue to another in real-time. This allows studying
detailed physiological events and in consequence understanding the influence of metabolites on a specific

tissue/organ function as well as on the healthy/diseased state modulation.

Following are described some of the most relevant publications related with the cell culture of different type

of organs, with the common main goal to study their function or/and their response to some drugs.

Lung-On-a-Chip

Huh et al. [2] described the first biomimetic microsystem that reconstructs the critical functional alveolar-
capillarity interface of the human lung (Figure . Their device reproduce complex integrated organ-level
responses to bacteria and inflammatory cytokines introduces in the alveolar space. The microsystem com-
bines microfluidics and controlled vacuum to produce cyclic stretching, enhancing epithelial and endothelial

uptake of nanoparticles and stimulating their transport into the microvascular channel.
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Figure 2.3

Gut-On-a-Chip

Kim et al. [3] described a biomimetic Gut-On-a-Chip microdevice composed of two microfluidic channels
separated by a porous flexible membrane coated with [ECM]| and lined by human intestinal epithelial cells
that mimics the complex structure and the physiology of living intestine (Figure . This microdevice

recapitulated multiple dynamic physical and functional features of human intestine that are critical for

Biologically design of a human breathing Lung-On-a-Chip microdevice. (A)
The microfabricated lung mimic device uses compartmentalized PDMS mi-
crochannels to form an alveolar-capillary barrier.(B) Inhalation process in
the living lung. (C) Microchannels formed with PDMS containing an array
of through-holes with an effective diameter of 10 pm. (D) Two large side
chambers to which vacuum is applied to cause mechanical stretching. (E)
Images of the microfluidic device. Source: [2].

its function within a controlled microfluidic environment that is amenable for transport, absorption, and

toxicity studies, and hence it should have great value for drug testing as well as development of novel

intestinal disease models.

Figure 2.4
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(a) A schematic of the Gut-On-a-Chip device showing the flexible porous
membrane, (b) a photographic image of the device composed of clear PDMS
elastomer, (c) a cross-sectional view of the top and bottom channels (both
150 pm high), (d)schematics (top) and phase contrast images (bottom) of
intestinal monolayers cultured within the Gut-On-a-Chip in the absence
(left) or presence (right) of mechanical strain, (e) quantization of the me-
chanical strain produced in the PDMS membrane (open circles) and in the
adherent gut epithelial cells (closed circles) as a function of pressure applied
by the vacuum controller. Source: [3].
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Liver-On-a-Chip

Bhise et al. [4] reported the development of a Liver-On-a-Chip platform for long-term cell culture of
human spheroids for drug toxicity assessment (Figure [2.5). The engineered bioreactor could be interfaced
with a bioprinter to fabricate hepatic constructs of spheroids encapsulated within photocrosslinkable
gelatin methacryloyl hydrogel. Moreover, the designed bioreactor allowed the in-situ monitoring of the
culture environment by enabling direct access to the hepatic construct during the experiment without com-

promising the platform operation.

a Bioreactor culture of

Bioprinting g f hepatic construct
hepatic m ’ =
construct e ’ r»*/""
/ Biomarker
Analysis

18
!

o
Day 1: 400,000 cells Dary 30: 4,000,000 cells

Figure 2.5 | (a) Schematic of the hepatic bioreactor culture platform integrated with a
bioprinter and biomarker analysis module, (b) bioprinting photocrosslink-
able hydrogel-based hepatic construct within the bioreactor as a dot array,
(c)(i) top-view (i) and side-view (ii) of the assembled bioreactor with the
inlet and outlet fluidic ports as indicated, and (d) oxygen concentration
gradient in the bioreactor. Source: [4].

Kidney-On-a-Chip

One of the first Kidney-On-a-Chip system was developed by Jang et al. [5]. They studied a renal tubular
epithelial cell culture exposed to luminal shear stress and a transephitelial osmonic gradient, using a collec-
tion Duc-On-a-Chip (Figure . They demonstrated the effects of changes in the luminal or basolateral
microenvironments testing a wide range of parameters with the aim of developing a simple tool for drug

screening for study renal physiological and patophysiological parameters.

Collecting-duct N
-on-a-chip |

Shear Stress

Hormonal stimulation

Gametic gmﬁm]

\ Kidney tubular epithelial cells

Schematic of the Duct-On-a-Chip with renal cells culture inside the channel
used to study the effect of changes environmental parameters. Source [5].

Figure 2.6
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Table summarizes the main works related to microphysiological models that have been developed
in the last decades to mimic organ and tissue, such as: kidney, lung, intestine, etc. and their applicability.
Mainly they were used in drug tests. Still, even though a lot of important factors from the microenvironment
that can be artificially engineered in-vitro have been identified, a huge challenge remains. Namely, how
to design and build in-vitro systems that generate these microenvironmental factors in a straightforward,
high-throughput and reproducible way. The high complexity of these models becomes more unpredictable
and more prone to variations based on slight differences in the starting situation. This unpredictability of

the model leads to less robust measurements. For this reason, the most widely used in-vitro models are

still based in simple conventional assays.

Cells type Applications Ref

Lung-on-a-Chip Alveolar epithelial and Response to bactia and [2, [70]
endothelial cells. cytokines. 81, 82)
Airway epithelial cells. Toxicity study of silica [83]
Pulmonary microvascu- nanoparticles.
lar endothelial cells.

Liver-on-a-Chip Hepatocytes. Maintain phenotypic  [84H87].
Vascular  enodothelial functions and simulated  [88][4]
cells. morphology of lobules.

Stelar cells. Kuppffer Toxicity testing.
cells. Fibroflast.

Kidney-on-a-Chip Renal tubular epithelial Molecular transport. [89, Bl
cells. 90].

Gut-on-a-Chip Intestinal ephitelial ~ Absorption, distri- [3, [22]
cells. bution, metabolism, [91] [92].
Enterocytes. elimination and toxicity
Globet cells. studies.

Tumor-on-a-Chip  Tumor spheroids. HTS screening of single  [93H95].

and combinatorial ar-
rays.

Vessel-on-a-Chip Endothelial and smooth  Growth of microvascu-  [96], 97]
muscle cells. lature; studying the ef-

fects of chemokines.

Human-On-a- Slices of whole organs Studying effects of drugs  [70, 98|

Chip on multiple organ sys- [72] [79].

tems.
Table 2.1 | Summary of microengineered Organ-On-a-Chip models and their main ap-

plications.

2.2 Monitoring techniques

2.2.1 Advances in monitoring tools for cell culture systems

The ability to monitor live cells in-vitro is critical for cell biology research. Direct monitoring of cells in
real-time in specific and changing environments has become a valuable strategy for understanding biological

processes and is now redefining the ways that we learn and use cells in laboratory. Process in live-cells
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monitoring tools are in continuous progress day by day. The recently developed techniques allows to capture
valuable parameters, to take decisions from cellular data over time, and at a scale, that was previously
impossible.

Monitoring tools cover a broad type of techniques, related with cell imaging and sensors for measuring
physico/chemical parameters. In this section, an overview of the evolution of the most relevant monitoring

tools to evaluate cell culture systems is described.

2.2.1.1 Monitoring tools for static cell culture systems

Methods used to measure process have largely changed to be adapted depending on their challenge. Though
it was invented more than 400 years ago, the optical microscope is still the leading visualization tool and
one of the gold standards for biological analysis. In 1653, Petrus Borellus wrote the first publication on
the use of microscope in medicine [99]. He described 100 observations and applications, including how to
remove ingrowing eyelashes that are invisible to the naked eye. However, the first real use of the microscope
in biological field is attributed to Antony Van Leeuwenhoek, who in the late 17th century fabricated his
own microscope with high quality lenses and he saw bacterias, yeast and blood cells [I00]. The microscope
has been improved and modified for better observation of cells and microorganisms. As a result, cell theory
has been created and modified to be what we know today.

During the past century, several microscopy modalities emerged, finding numerous techniques such as flu-
orescence microscopy, differential interference contrast microscopy, phase contrast microscopy, dark field
microscopy, confocal microscopy, etc. In the last two decades, these methods became even more pow-
erful with the introduction of super-resolution techniques to break the diffraction limit of conventional
microscopy systems [I0I]. The advances in computational tools and automation make the microscope an
instrument that can access all scales and it is still imperative in the modern biology studies [I02]. The
substantially evolution of microscopic techniques over years makes them the conventional method par ex-

cellence for monitoring cell culture systems.

The conventional cell culture system developed in Petri dishes described in section 2.1} basically used
microscopes [I03] and fluorescent techniques [104] for their analysis. Advances in microscopy technol-
ogy and fluorescent intrallecular probes provide researchers unprecedented access to the inner dynamics of
living cells. Some of the drawbacks found in these conventional techniques are related with sample manip-
ulation, destabilization of measured signals due to interventions to load a sample since cell assays usually
involve rather large sample volumes, coupled to the time-consuming experiments and mostly due to the
lack of processes automation. Despite these drawbacks, the majority of studies currently performed still
rely on static monolayer culture on Petri dishes with the used of the microscope as a main monitoring
tool. To facilitate handling of samples, standard processes of cell observation and characterization rely on
cell fixation. However, fixed-cell assays are invasive techniques which only permit observation of cells at
endpoints of the experiments, with limited possibilities to extrapolate kinetics or reveal slow, transient or

rare cellular events that can only be observed in real-time.
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With the evolution of the cell culture system, there was a growing need of time-lapse investigation for better
characterization of cell populations, for example, to study cell proliferation, morphology, cytotoxicity, cell
variability, cell-cell interaction, cell-substrate interaction, etc. The evolution of the studies in the conven-
tional cell culture systems is highly dependent on the development of sensors technology for monitoring
and controlling culture media parameters. An alternative form of measuring cell behavior that replaced the
commonly used microscopic observations utilizes electrical sensing. Chemical sensors were introduced
in the biological field at the beginning of 20th century. Chemical sensors types are defined in Chapter3}
Electrochemical sensors, together with optical sensors are most used types of chemical sensors. The history
of electrochemical sensors starts basically with the development of the glass electrode by Cremer in
1906 [105]. He was the first to report that an electrical potential which develops across a glass membrane
is proportional to the pH difference across that membrane. The pH glass electrode application in biology
was the pioneering work of F. Haber and Z. Klemensiewicz in 1908 [106]. A next step in the use of the pH
glass electrode was taken by Phyllis Margaret Tookey Kerridge, who in 1925 used it for analysis of blood
samples [107].

From the invention of the glass electrode, other ion monitoring sensors were further developed using the
same basis. Sodium and potassium are important ions to be controlled in a some types of cell culture
systems, as they are developed in this work, they will be widely introduced in Chapter First sodium
sensor was introduced in 1925 [107], however, it was not until 1957 that George Eisenman [I08] develop
a working sodium glass electrode. Potassium sensor took longer to become available, and it was not until

1970 when a functional potassium sensor was used [109].

During the following years, more relevant parameters for continuous measurement in biological media were
developed based on chemical sensors. Among them, oxygen is an important regulator parameter in cell
culture systems and its monitoring is of great importance since oxygen plays a crucial role in the behavior
and viability of many types of cells as well as the properties of human organs [I10]. The performance and
evolution of the oxygen electrochemical sensor is also introduced in Chapter|3] The first oxygen sensor was
developed by Leland C. Clark in 1956 [I11]. His first version was designed to measure the concentration of
oxygen in blood samples. In 1960 emerged the development of a biosensor, when Clark also described the
first glucose biosensors used in blood samples [112] [IT3]. Biosensors are defined as specific types of chemical
sensors comprising a biological recognition element and a physico-chemical transducer. These sensors have
gained increased interest for the study of cell cultures and currently are widely used in the investigation

for toxicological screening and for drug testing [114] [TT15].

As it has been mentioned, together with the electrochemical sensors, other type of chemical sensors widely
used in biology are the optical sensors [I16]. The invention of lasers in 1960s opened a new window for
researchers to study the optical fibers for data communication, sensing and other applications in the next
decade. Development of optical sensors started in 1977 even though some isolated demonstrations were
made in earlier days like the work of Bergam in 1968 who described one of the first oxygen sensor [117]

which was subsequently applied in biology by Liibbers and Optiz, in 1975 [118].
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At the same time, these sensors evolved into new types of pysico-chemical measurements experimenting
an important change related with their miniaturization. Thanks to the evolution of microtechnology, the
macroscopic electrodes started to be reduced in dimensions with the objective to be used within the cell
culture systems in a less invasive way and with the possibility to deliver real-time and online information.
Most metabolic processes are dynamic and occur on time scales of few minutes or even less. Thus, study-
ing time-resolved responses of cell cultures to environmental changes or upon the application of a defined
compound dosage often requires continuous read-out to ensure that occurrences of important events are
not missed.

The advent of microfabrication allowed the replacement of traditional electrochemical cells and bulky
electrodes with easy-to-use sensing devices and has led to significant advances in the development of minia-
turized solid-state electrochemical sensors and sensor arrays. These miniaturized sensors are described in
Chapter [3| The same happened with the biosensors [119] and the optical sensors [120)].

With the same objective to integrate miniaturized monitoring systems to measure real-time parameters
appeared the planar electrodes [I12I]. In 1972, Thomas et al. [122] published the first paper describing
a planar Multielectrode array (MEAI) for use in recording from cultured cells. The poses an
alternative to the tradition glass micropipette electrode with a major application in the field of neural
stimulation and recording [123]. Micropipette electrodes were invented by Ralph Wlado Gelfan in 1927
[124] and their first application in biology for the specific purpose of electrical stimulation is attributed to
Ralph Wlado Gerard [125] in 1930. Therefore, MEA]have also been successfully used to investigate growth

and migration of monolayer cell cultures [126].

The evolution to the cell culture using hydrogels or scaffolds systems increased the way to study the
biology, achieving more predicted results. These types of cell cultures are basically analyzed using
conventional microscope techniques. With the evolution of the microscopes (scanning electron microscopy
and confocal fluorescent microscopy) it has been achieved the morphological studies of the cell attachment
on the surfaces of the constructs [127]. The need for a quick and economical method that allows vi-
sualization of the distribution of cells still exists while also allowing quantification of distribution and

infiltration in the scaffold is required.

Other conventional monitoring techniques

Inmunoassay methods are conventional monitoring techniques routinely applied in all the biological labo-
ratories. An immunoassay is a biochemical test that measures the presence or concentration of a macro-
molecule or a small molecule in a solution through the use of an antibody or an antigen. Rosalyn Sussman
Yalow and Solomon Berson are credited with the development of the first immunoassays in the 1950s [128].
The enzyme-linked immunosorbent assay (ELISA)) is the most frequently applied type of assay. It is
a popular format of "wet-lab" type analytic biochemistry assay that uses a solid-phase enzyme immunoassay
(ETA) to detect the presence of a substance, usually an antigen, in a liquid sample or wet sample. [ELISA]
was invented by Eva Engvall and Peter Perlmann, they published the first paper on the [ELISAl procedure
in 1971 as a replacement for radioimmunoassays [129].

Also a routinely used the technique is cell staining. Cell staining is a necessary and useful technique for
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visualizing cell morphology, structure and cell viability under a microscope. Other important applications
of the technique are proliferation studies, to identify the type of cell or the expression of a protein or to

observe different cell population.

The main drawback of these conventional methods is that all of them must be done at the end of a growth
experiment, which implies the cell death and in an offline way. Also, some of them require long assay
time and sometimes involve troublesome liquid-handling procedures and large quantitative of expensive

antibody reagent. Despite this high drawback, these technique continue being the most used.

2.2.1.2 Monitoring tools for dynamic cell culture systems

All the monitoring methods described until now has been designed primarily to meet the requirements
of static cell culture systems. As previously explained in section [2.I] the necessity to develop more so-
phisticated models for the mimetic of in-vivo microenvironment involves the use of microfluidic systems.
With the emergence of the microfluidic technology, a new challenge appear to combine the integration of
microfluidics and monitoring tools with cell culturing units without disturbing them [130], which means
without interrupting the overall culturing process by sampling of medium, increasing the risk of contamina-
tion. Lab-On-a-Chip (LOC]) system is a more general idea derived from the miniaturized total chemical
analysis system (uTAS) concept that was proposed by Manz et al. in 1990 [I31]. systems emerged as
a powerful fields creating new opportunities for sample preparation and processing on a single chip. A
is a miniaturized device that integrates into a single chip one or several analysis, which are usually done
in a laboratory. Miniaturization of biochemical operations normally handled in a laboratory has numerous

advantages, such as cost efficiency, parallelization, ergonomy, diagnostic speed and sensitivity.

Despite Manz work was presented in 1990, the first real [LOC]| systems was set in 1979, when a miniaturized
gas chromatograph was realized on a silicon wafer by Stephen Terry et al. [I32]. However, major
research began in the late 80s with the development of microfluidics and the adaptation of microfabrication
processes for the production of polymeric devices. Microfluidic technology allows the analysis and use of
reduced volume of samples, chemicals and reagents minimizing the global fees of applications. In
systems many operations can be executed at the same time thanks to their compact size, shortening the
time required for experiments. They also offer a substantial parameter control, which allows to automate
the process while preserving the performance. They have the capacity to both process and analyze samples
with minor sample handling. Although system has multitude of advantages, it still has many limita-
tions. In Table main advantages and limitations of are summarized and compared to conventional

monitoring tools.

Centering in the sensing task, microsensor technologies have been developed over the past several decades
for a variety of applications. Various important tasks had been miniaturized taking advantages of the use of
the LOC including cell culturing [133][23], cell separation and sorting [134][135], cell lysis [136], DNA and

RNA amplification [I37], fluorescent labeling [I38], analytical techniques for micro-arrays [I139], and sens-
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Lab-On-a-Chip (LOC) system

[LOC| Advantages

[LOC| Limitations

Low Cost: Numerous tests performed on
the same chip, reducing the cost of each in-
dividual analysis.

Industrialization: Most [LOC] technologies
are not yet ready for industrialization. Cur-
rently, fabrication technologies are not stan-
dard.

High parallelization:Their capacity for in-
tegrating microchannels, allows that
several analysis can be performed simulta-
neously.

Signal/noise ratio: When miniaturiza-
tion increases the signal/noise ratio also in-
creases. provides poorer results than
conventional techniques.

Ease of use and compactness: Diagnos-
tics using [LOC] requires a lot less handling
and complex operations.

Ethics and human behaviour: Without
regulations, real-time processing may gener-
ate some fears of the untrained public diag-
nosing potential infections at home.

Reduction of human error: Since it
strongly reduces human handling, automatic
diagnoses reduce the risk of human error
compared with classical analytical processes.

Needs an external system to work:
Even if devices can be small and pow-
erful, they require specific machinery such as
electronics or flow control systems to be able
to work properly. External devices increase
the final size and cost of the overall system.

Faster response time and diagnosis: At
the micrometric scale, diffusion of chemicals,
flow switch and diffusion of heat is faster.

Low volume samples: Because [LOC| sys-
tems only require a small amount of sample
for each analysis, decreasing the cost of anal-
ysis by reducing the use of expensive chemi-
cals.

Real-time process control and monitor-
ing: One can control in real-time the envi-
ronment of a chemical reaction in the [LOC|
leading to more controlled results.

Expendable: Due to their low price, au-
tomation and low energy consumption,
devices be able to be used in outdoor envi-
ronments without the need for human inter-
vention.

Sharing the health with everybody:
will reduce diagnostic costs, the train-
ing of medical staff and the cost of infrastruc-
ture. As a result, technology will make
modern medicine more accessible to develop-
ing countries at reasonable costs.

Table 2.2
ventional tools.

Advantages and limitations of a Lab-On-a-Chip system compared with con-

ing [I40]. Their miniaturized size and versatile features as well as their high sensitivity and low-detection
limits enable monitoring of various analytes in cell culture systems at high temporal and spatial resolution.
Microsensors systems have to be low-cost and compatible with microfluidic system with the capability to

measure in real-time and continuous mode without sampling, against other techniques that involves manual
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sampling and sometimes with a previous sample preparation before measurement at discrete time points.
This makes [LOC| applications suitable for clinical diagnostics and ‘near-patient’ or Point-of-Care (POC))
testing. In many ways, the features of [LOC] devices fulfil the requirements for a [POC] diagnostic device:

low consumption of reagents and samples, miniaturization of devices and fast turn-around time for analysis.

Although such microfluidic and micro electromechanical systems have achieved high levels of integration
and are capable of performing various important tasks on the same chip such as cell culturing, sorting
and staining, imaging of these platforms still rely on conventional microscope systems [141] [T42].
This might partially limits their potential impact, especially for applications. In this context, novel
approaches are emerging using microfluidic technologies coupled with high-resolution live-cell imaging pro-
vide the possibility to study cells at both single and multicellular levels while controlling cell growth and

environmental stimuli [143].

2.2.2 Overview of monitoring techniques for Organ-On-a-Chip systems

During the last two decades, with the emergence of systems, the design principles of devices
have been extended to platforms of tissue and organ engineering. In the in-vitro studies, control of cell
culture conditions is of paramount importance in order to achieve results that are as predictive of the
in-vivo situation as possible. However, as the biological complexity of the cell cultures under investigation
increases, the difficulty to integrate monitoring tools with these systems also increases. In consequence, the
demand of monitoring tools integrated with systems increase quickly and it is currently a challenge.
Conventional analytical methods require manual sample collection from the microfluidic system, large work-
ing volumes, and frequent system disturbance, and thus are not suitable for miniaturized platforms.
By integrating and automating standard laboratory routines, microfluidics technology allows to overcome

these limitations, saving time, resources and improving the quality and reproducibility of the results.

Despite the great promise, creating an system is not a simple process, with a number of obstacles to
overcome. The most important of these obstacles are faced when trying to characterize the behaviour of
the [DOC] platforms, especially when real-time, repeated measurements are needed. Due to its great impact
in research improvement and efficiency, the overcoming of this challenge is trying to be solved by several
research groups, by increasing the degree of complexity of the assays but also yielding more reliable and

reproducible results.

2.2.2.1 Currently monitoring techniques

In section some of the most popular [DOC] systems have been described. Following is explained the

way that these works used for the analysis of some parameters.

The Lung-On-a-Chip microsystem described by Huh et al. [2] simulated a pulmonary inflammation by
introducing a medium containing a potent proinflamatory mediator into the alveolar microchannel. They

monitored the expression of the intercellular adhesion molecule-1 in real-time using a high resolution, flu-
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orescent microscopy.

The work reported by Bhise et al. [4] for the development of a Liver-On-a-Chip platform was designed to
allow the in-situ monitoring of the culture environment. In their developed system a reservoir tube was
connected at the outlet port to collect culture media during the experiment for biomarker analysis without
compromising the platform operation.

Jang et al. [5] who developed a Kidney-On-a-Chip system for the study of a renal tubular epithelial cell
culture used fluorescent microscopic techniques. To perform the inmmunocytochemistry analysis, they re-
moved the cell culture membrane substrate at the end of the experiment.

The Gut-On-a-Chip described by Kim et al. [3] recapitulated multiple dynamic physical and functional
features of human intestine. The evaluation of the tight junction of cell monolayer was done using confocal
immunofluorescence microscopy and by measuring trans-epithelial electrical resistance (TEER]) using an

Ag/AgCl electrode wire and a commercial multimeter which was introduced in both microchannels.

As can be seen above, most of the works presented until now uses conventional monitoring techniques to
analyze cell cultures, such as different types of microscopes that can be adapted to the devices to measure
in real-time, or collecting samples from the microfluidic channel and making a post-analysis. Other works

introduce commercial available sensors increasing the complexity and cost of the whole system.

It is of paramount importance the development of new strategies to control physical and chemical parameters
in real-time, and in a cost-effective way. First attempts emerged during this year trying to solve the challenge

to integrate monitoring tools with [DOC] systems. These systems are following described.

2.2.2.2 First attempts to integrate sensing devices

Recently published works, all of them dated in 2017, show different approaches to integrate sensors with
00O systems to perform automated, in-situ, real-time and continuous measurement of a variety of param-

eters that would otherwise be impossible to monitor with conventional monitoring systems.

Zhang et al. [6] build a multi-sensing platform with optical (mini-microscopy), physical (pH, oxygen,
temperature), and biochemical (soluble biomarkers) sensors to monitor long term responses of [0OC| models
of disease and drug effects (Figure . The main drawback of the Zhang system is that sensors are placed
externally to the cell culture system and some parameters can only be monitored with the sensors in
contact with the cells. To give an example, this could happen for rapid success mechanisms that need to
be monitored in real-time, for small concentration changes or because the type of measurement require the

integration of the sensor in the cell culture area.
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Figure 2.7 | (a) Schematic of the integrated microfluidic device consisting of modular
components including microbioreactors, breadboard, reservoir, bubble trap,
physical sensors, and electrochemical biosensors, (b) Photograph of an in-
tegrated platform. Source: [6].

One of the parameters that only can be monitored inside the cell culture system is [TEERL with em-
bedded electrodes that enable accurate and continuous monitoring of [TEER] (Figure , a broadly used
for measuring the tissue health and differentiation, and real-time assessment of electrical activity of living
cells. Recently, Henry et al. [7] reported for the first time embedded electrodes for [TEER] measurements,
patterned onto the polycarbonate substrate forming the top and bottom covers of the system.

b

Figure 2.8 | (a) Photograph of the assembled TEER-chip, dimensions are 25 x 40 mm,
and (b) schematic view of the TEER-chip and 4-point impedance measure-
ment chosen to measure TEER and capacitance. Source: [7].

Another work which integrates sensors embedded in the system is Lind et al. [8]. They introduced a
new approach to integrate sensors inside a cell incubator environment fully based on BD] printing techniques
for continuous electronic readout of contractile stress of cardiac micro-tissues (Figure. They used
without the use of a microfluidic system, and for this reason, it was easier the integration of the sensing

elements.

b

2 Cantilever
s . def ection

3 Contractile stress measured as AR

Figure 2.9 | (a)Sketch of the device principle. Contraction of an anisotropic engineered
cardiac tissue (1) deflects a cantilever substrate (2), thereby stretching a
soft strain gauge embedded in the cantilever, and (b) the fully printed
final device. Insert 1: Confocal microscopy image of cardiac tissue on the
cantilever surface. Insert 2: Images of a cantilever deflecting upon tissue
contraction. Insert 3: Resistance signal. Source: [§].
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As a last example, Curto et al. [9] presented for the first time the coupling of organic electrochemical tran-
sistors with microfluidics to achieve multi-parametric monitoring of living cells (Figure . Measurement,
of changes in the cell layer capacitance and resistance during flow over an extended period of time. The
sensing elements were placed at the glass bottom cover of the system using conventional microtechnology

techniques and the system was also located on a microscope stage.

Figure 2.10 | (a) Graphical representation of the developed platform integrating the sens-
ing elements with microfluidics, and (b) a picture of a fully assembled mi-
crofluidic platform located on a microscope stage. Source: [9].

As can be noticed, there are very few works related with the integration of sensors with an system.
Regrettable, it is not only required the integration and automation of analytical tools, there is also a strong
need of cost effective and easy-to-use systems over this novel and fruitful technology. The fabrication
methods for the different components need to be compatible, and all target features and functions must
be preserved over the duration of an experiment; the cell cultures must remain viable and functional, the
microfluidic handling needs to be robust and precise, and the sensors must satisfy the detection specifica-
tions, including sensitivity and selectivity. Although, systems have drawn attention, integration of
complicated microsystems that can closely mimic the in-vivo environments still need further optimization.

A perfect combination of monitoring tools and systems biology may help in overcoming these challenges.

2.3 Summary of key point in the evolution of cell culture and moni-

toring systems

In summary, as has been shown in the above sections, in-vitro cell culture systems has notably evolved since
1885, thanks to the advance in the microtechnology and bioengineering fields. As shown in Figure the
appearance of microfluidics technology has been key points in this evolution. Before that, the first attempts
to overcome the shortcoming of in-vitro models, were based on hydrogels and scaffolds structures.
They increased the way to study the biology, achieving more predicted results than the models. With
the emerge of the microfluidics, cell culture systems increased in their biological complexity, allowing the
development of systems to provide efficient methods to reproduce organs in in-vitro conditions.
As can be seen in Figure 2.11] the future direction relies on the development of Multi-Organ-on-Chips with
the ultimate goal to build a Human-On-a-Chip system being capable of replacing animal experimentation
during pre-clinical testing to accelerate the entry of promising drug candidates into the clinical phase. A

summary of the advantages and limitations of the different cell culture systems is presented in Table 2.3]
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Figure 2.11 | Evolution of the cell culture systems over the time and, in parallel, the
adaption of the monitoring tools to the different cell culture systems.

Related with the monitoring systems, as shown in Figure 2.11] they have also evolved during the years,
always trying to meet the requirements of different cell culture systems. The evolution of the studies in
the conventional cell culture systems was highly dependent on the development of analysis technology for
monitoring and controlling culture media parameters. Advances in microengineering allowed the develop-
ment of new monitoring tools. More sophisticated techniques has allowed the analysis of a wide range of
cell culture parameters. Sensors appeared as an alternative form of measuring cell behavior. During time,
chemical sensors have evolved in terms of miniaturization forming part of the systems. The main
advantages of a systems are: low contamination risk, easiness of handling and scaling-up to create
cost-effective and compact diagnostic tools. The convergence of and cell biology has permitted the
study of human physiology in an organ-specific context, introducing a novel model called However,
due to the complexity of the systems, it is not easy to achieve their motorization with integrated
tools.

The reality is that as of today, the motorization in systems is mainly based in the same analysis
techniques used in the simplest cell culture systems, such as microscopes, [ELISAl and stains. First
attempts to integrate sensors inside the systems have shown the relevance of monitoring in real-time
to capture changes in the properties of living cells to obtain complete information about what is happening
inside the However, new ideas and methods must be considered to improve and build a functional
with the goal to create a cost-effective and compact diagnostic tool, to allow the study of drugs

avoiding the animal experimentation.
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Advantages Limitations Motorization
Monolayer 2D] Simplicity, conve- Not good predica- Conventional exter-
nience, cell viability  tion. nal high-cost sys-
Non-physiological tems. Sample col-
environment. lection.
3D hydrogels Topography and Not exposure to Difficult to harvest

and scaffolds

adhesion

normal mechanical
cues of body

cellular compo-
nents for analysis.

Difficult of sam-
ple collection for
measuring with

conventional — sys-
tems.

microfluidic Realistic model. Complexity, proof- Sampling disturb-
Mimic in-vivo of-principle demon- ing  microfluidic.
conditions with strations High demand of
mechanical cues of real-time moni-
body. toring tools. Not
compatible with
some conventional
monitoring tools.
Table 2.3 | Summary of the evolution of cell culture models, defining their advantages

and limitations and showing the principal monitoring systems used to anal-
ysis the cell culture state and response.



Microfabricated electrochemical

sensors for measuring externally

to an Organ-On-a-Chip

The purpose of this chapter is to develop different sensing tools fabricated using microfabrication tech-
niques in order to measure physicochemical parameters externally to an Organ-On-a-Chip ([OOC) system.
A brief overview of conventional microfabrication techniques is presented. In addition, since the minia-
turized sensors used along this thesis work are based on electrochemical techniques, also, an overview of
electrochemical sensors is described.

Concretely, two different approaches are developed. The first one deals with an array of microelectrodes
on Pyrex® substrate to perform simultaneous dissolved oxygen (DO)) measurements. This device is vali-
dated with the measurement of a depth biofilm grown in a flat plate bioreactor. The second approach
deals with a multi-sensing system fabricated in polymeric substrate. This platform incorporates [DOl pH,
Na™ and KT sensors addressed to be used in combination with any microfluidic cell culture system. Its

applicability is demonstrated with real urine, simulating the output of a renal [QOC] system.
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3.1 Overview of microfabrication technologies

Microfabrication can well be regarded as the major key technology for the creation of most of the devices
around us, such as computers, phones, tv, etc. This technology has undergone a sea change in recent years
[T44]. The role of equipment has been the fuel of this change. New processing steps have been developed
and old ones have become cleaner and more sophisticated. Another important reason for the rapid growth
of microtechnology is the improved understanding of the physics and chemistry of films, surfaces, interfaces,
and microstructures, which has been possible due to the remarkable advances in analytical instrumentation

during the past thirty years.

Microfabricated devices, also known as Microelectromechanical system (MEMS)), micromachines, microsys-
tems, etc. have several applications attaining commercial or scientific success. Microfabrication techniques
have introduced enormous advantages in the fabrication of chemical sensors at the micro scale, such as
miniaturization, reduction of sample volumes needed for the measurements, and a decrease in the response
time. In particular, miniaturization of sensors has a considerable impact on the most recent developments

of monitoring tools for [LOC] systems.

In a microfabrication process, sensors are fabricated by consecutive deposition and patterning of conduc-
tive and insulator materials onto a flat substrate called wafer. Microfabrication involves the combination
of a series of lithographic, and additive or subtractive processes to create structures of micrometric and/or
nanometric features on a planar substrate [145] [146]. To achieve these goals, the entire microfabrica-
tion environment needs to be strictly controlled from the point of view of temperature, humidity, particle
concentration and airflow. A cleanroom is a facility with such strict environmental control and is where
microfabrication processes take place. An extensive overview of the different techniques involving the mi-
crofabrication processes can be found in literature [I44HI48], while here only a brief summary of the main

methods employed in this thesis is described.

Photolitography: Photolitography is at the core of any microfabricated device, as it is the set of oper-
ations involved in the transfer of the desired patterns onto a physical substrate. Photolitography involves
the use of photosensitive resists that are selectively activated using Ultraviolet (UV)) light through a pre-
viously designed photomask. Photoresists can be positive or negative depending on the behavior after [TV]
exposure. In the former, the photoresist exposed through the transparent portions of the mask become
soluble in a developing solution, while in the latter it becomes insoluble, as shown in Figure a). During
this process, the wafer and the masks are put into contact during exposure, then they are separated and

finally, the exposed photoresist is removed in the developing solution.

Thin-film deposition: Thin-films are deposited for a variety of different purposes in microstructures
(masking-materials, structural materials, sacrificial materials, electrical devices, etc.). They are formed
by either chemical reaction driven processes or physical processes. In the development of electrochemical

devices, the most common deposited materials used are metals and dielectric (insulator) materials. Metals
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are used to create electrodes, conducting tracks and contact pads. In this work, metals such as gold and
platinum are deposited using sputtering or evaporation methods (Figure b)) Evaporation involves the
heating of a source material to a high temperature, generating a vapor that condenses on a substrate to
form a film [T46]. In sputter deposition, a target made of a material to be deposited is physically boarded
by a flux of inert-gas ions (usually argon) in a vacuum chamber. Atoms and molecules from the target are
ejected and deposited onto the wafer [146]. Noble metals, like gold and platinum, requires the use of an
intermediate layer to improve their adhesion to the substrate, i.e. titanium, nickel or chrome. Dielectric
materials are often used for electrical isolation of the electrodes. The two most common films are silicon
dioxide and silicon nitride. Silicon dioxide could be thermally grown and also deposited via chemical vapor
deposition (CVDI) while silicon nitride is always deposited using the[CVDL In addition, polymeric materials
could be also used as passivation layers such as SU-8 and polyimide (PI)). In particular, SU-8 is a negative

photoresist with optimal dielectric properties and biocompatibility, which are required in biological appli-

cations [149].

(a) Photolitography

UV light
-

mask \l/ \l/ \l/
' photoresist

y Patterned photoresist

H-

(b) Thin-film deposition

Sputtering or evaporated
deposition

1

conductive material
adhesion materia

(c) Lift-off

by

\

(d) Patterned electrode

Figure 3.1 | Basic microfabrication processes, (a) starting with the photographic step
coating of a substrate with a photoresist and exposure through a pho-
tomask, (b) deposition of the functional metals, (c) lift-off to transfer the
pattern to the substrate and (b) patterned metal on the substrate.
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Lift-off: A lift-off process is the combination of a photolithography step where a negative photoresist is
structured, a thin-film deposition and the final wash out of the photoresist which remains under the thin-
film (Figure (c)) In particular, the photoresist is removed in a wet bath composed of the appropriate
solvent. Acetone is normally used when the mask is a simple photoresist layer, but in some cases strong
etchants may be required. Following this strategy, when removing the photoresist the material deposited
on top of it is also removed, and only the material that was in the "holes" having direct contact with the

underlying substrate stays as it shown in Figure [3.Id).

3.1.1 Substrate Materials

Due to the importance of microelectronics, silicon is probably the most extensively used substrate in the
fabrication of thin-film devices. However, microfabrication has also been demonstrated in glass, some
polymers and other substrates like ceramic or compound semiconductors.

Silicon

Silicon is the most common material in microfabrication, owing to its role in the fabrication of integrated
circuits. It comes in a single-crystal wafer form, with typical diameters of 75-200 mm and thicknesses of 0.25
— 1.0 mm. In addition to its excellent electrical properties, silicon also possesses outstanding mechanical
properties, enabling the design of micromechanical structures [I50]. There exists a wide range of ways to
micromachine silicon, and the ability to do this in combination with integrated-circuit fabrication leads
to the potential to form monolithically integrated microsystems. For biological or medical microsystems,
silicon is not usual the material of choice. It is not optically transparent, preventing the use of transmission
microscopy, and its cost is expensive for fabricating disposable devices.

Glass

Glass provides some unique features, being the most relevant its optical transparency. Glass wafers are
available in many different compositions and sizes. Two important examples are fused silica and borosilicate
wafers. Fused silica wafers are pure amorphous silicon dioxide (SiO2). They can withstand high temper-
atures (Tsofiening = 1580 °C), are optically transparent down to short wavelengths, and have very low
autofluorescence. Borosilicate wafers, of which the most common is Pyrex®, are much less expensive than
fused silica (and can be less expensive than silicon). They can be easily bonded to silicon but cannot be
exposed to the high temperatures needed for some thin-film depositions and have higher autofluorescence
than fused silica. In the first application of this work, which will we described in section Pyrex® is the
selected substrate for the development of sensors.

Polymers

Polymer is often the least expensive substrate material. The role of polymers as substrate materials is
gaining importance in recent years [I51][I52]. Polymers offer a broad range of parameters as well as
material and surface chemical properties which enable micrometric design features that cannot be realized
by any other class of materials [I53]. They are widely used for disposable devices, which minimize issues
of sterilization, clogging and drift. For these reasons, are fabricating polymer microdevices, especially for
disposable clinical applications.

Polymers can be divided into three different types depending on their physical properties: thermosets,
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thermoplastics and elastomers. The main parameter to be considered in this classification is the glass-
transition temperature (Tg)), which can be described as the critical temperature at which a non-crystalline

material changes its behavior from being ’glassy’ to being’ rubbery.

e Thermosets, or often called resins, are materials that cannot be reshaped once cured. The process
of curing changes the resin into an infusible, insoluble polymer network, and is induced by the
action of heat or suitable radiation. If heated further, the polymer decomposes or burns instead
of melting. Typical examples of thermoset polymers in microfabrication are the epoxy resin are SU-8,
[PT (Kapton®), polyester (polyethylene naphthalate (PEN]), polyethylene terephthalate (PET)), etc.
The [P Kapton® was the selected polymer used in this first part of the work as a flexible substrate
which is compatible with photolitography techniques.

e Thermoplastics are materials that show a distinct softening at [Tg} which makes them processable
around this temperature. Thermoplastic materials include the technical polymers which can be
structured using replication methods like injection molding or hot embossing. The most typical
thermoplastic used in microfluidics are poly(methyl methacrylate) (PMMAI) and polycarbonate (PC),
which were the first materials used for polymer microfabrication [I52]. Later, cyclo olefin polymer
(CQOP) has attracted much attention due to their favorable properties [I51] and has also been used
as a substrate for developing microdevices using photolitographic techniques.

e Elastomers or rubbers, are materials which have the ability to undergo deformation under the influ-
ence of a force and restore its original shape once the force has been removed. poly(dimethylsiloxane)
(PDMY) is the most commonly used elastomer due to its low-cost and easy handling and, despite of
its limitations, has become one of the most prevalent materials to manufacture microfluidic devices

[154].

However, not all the polymers can be processed with microfabrication techniques. Most of them are incom-
patible with conventional techniques which involve the use of resins and organic solutions. Thermosetting

polymers and some thermoplastic like [COPI [I51] are the only used polymers in microfabrication.

3.1.2 Rapid prototyping techniques

In addition to microfabrication techniques, standard manufacturing techniques may be required for the
fabrication of fluidic components and interfaces in order to connect the microsensors with the macro-world
[155]. These techniques involve mostly cutting and bonding operations, and extend the range of materials
beyond silicon and glass.

Rapid prototyping techniques are used to reduce the cost and time of microfabrication. It is a good practice
to design new systems from the outside because ultimately any miniaturized device needs to be interfaced
and used in a macro-world [I47]. In this work, several cutting techniques are used for the encapsulation of

the developed sensors and for the fabrication of the microfluidic cells.

Milling

Milling is among the oldest techniques used in the manufacture of objects, and is very suitable for the
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production of electrochemical flow cells [I56]. Milling uses rotary cutting tools to carve structures from
a block of material (Figure a)). The introduction of micrometric sized tools in the 1990s has enabled
the fabrication of microfluidic devices [I57]. Milling can be used to produce microfluidic channels directly
on a suitable substrate such as PMMA] polytetrafluoroethylene (PTEE]) or aluminium. However, milling
finds its most common application in the fabrication of chip holders and flow cells. Milling is used to
produce mm—cm-sized objects with features down to a few hundred microns. Although it is possible to
find end-mill tools with diameters down to 35-50 pm, these can only be used by extremely qualified staff
running high-end equipment where spindle vibration is strictly controlled.

Blade Cutting

Blade cutting has been around for a long time in the graphic arts industry, where it is routinely used
to cut out vinyl and adhesive films. However, it is a relatively new technique in the development of
electrochemical devices [I58]. This technique is based on a blade mounted on a plotter head, and it can be
classified according to how they hold the blade (Figure b)) In the most common cases, the blade rotates
freely in the head, and the offset between the blade tip and its rotation axis facilitates the orientation of the
cutting edge in the cutting direction. These are known as drag-knife plotters, and enable the production of
structures down to 200 pm. At the other end there are so-called tangential plotters where the blade is fixed
and the head is rotated and oriented in the cutting direction by a motor. These enable the fabrication of
smaller features than drag-knife plotters with much higher precision, but they are also significantly more
expensive. Blade cutting has been used in the construction of fully functional microfluidic devices made in
pressure sensitive adhesive tapes, and also in the development of non complex paper microfluidic devices.
Laser Cutting

Laser cutting works by melting and vaporizing material using a laser beam [I59]. An advantage of laser
cutting compared to milling or blade cutting is that it is a contactless technique, which means that the
material does not suffer mechanical stress during the cutting operation (Figure (c)) Different laser types
are used for manufacturing and prototyping. Desktop and low-power COs lasers (10.6 mm wavelength, in
the long-infrared range) are an excellent choice for prototyping purposes, as they enable working on a wide
range of materials barring carbon and metals, and some other high-density materials [I60]. Laser cutting
is faster than milling, but the high local temperatures achieved around the cut line can lead to problems
such as the formation of burn in some polymeric materials, or to cracking of brittle materials such as glass

and ceramics.

a) Milling b) Blade cuttin

Figure 3.2 | Rapid protyping techniques: (a) milling technique, (b) blade cutting and

(c) laser cutting.
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3.2 Overview of electrochemical sensors

As it has been described in chapter [2] the development of sensors for cell culture applications has been
continually progressing over the past few decades. With the advance of microfabrication technologies, the
evolution and miniaturization of sensors has provided useful tools widely used in the monitoring of cell
culture systems. In this thesis work, chemical sensors have been developed in order to be used in the
analysis of cell culture parameters. The International Union of Pure and Applied Chemistry ([UPAC)
define a chemical sensor as "a device that transform information, ranging from the concentration of spe-
cific sample component to a total composition analysis, into an analytically useful signal. The chemical
information may be originated from a chemical reaction of the analyte or from a physical property of the

system investigated" [I61].

Chemical sensors are commonly classified following two main criteria: the nature of the recognition element
or the transduction mechanism. Regarding the nature of the recognition elements, chemical sensors can
be divided into chemosensors, when using ionophores or macromoleculars receptors, and biosensors, when
using enzymes, antibodies, oligonucleotides or chemical receptors. On the other hand, the transduction
mechanism divides the chemical sensors into optical (absorbance, reflectance or luminescence sensors), elec-
trochemical (amperometric, potentiometric or impedimetric sensors), electric (metal-oxide semiconductors
sensors, organic semiconductors sensors, electrolytic conductivity sensors or electric permittivity sensors),

mass (piezoelectric or acoustic wave devices), magnetic, thermometric and radiometric sensors.

The sensors used along this work are based on an electrochemical transduction. This detection method
is ideally suited for their integration in miniaturized systems, as clearly pointed out by Nyholm [I62].
An overview of analytical chemistry development demonstrates that electrochemical sensors represent
the most rapidly growing class of chemical sensors. Approximately 7000 peer-reviewer papers concerning
electrochemical sensors were published in 2016 according to Scopus Web Site, showing the considerable
research effort underway in this field. The easy miniaturization of the electrodes could involve a decrease in
the reagents consumption and in the sensor size, allowing low limits of detection and wide response range.
Compared to optical sensors, which are also widely used for monitoring cell culture system, electrochemical
sensors are especially attractive because of their remarkable detectability, experimental simplicity, integrity
and low-cost. Moreover, electrochemical devices do not need sophisticated instrumentation, since it is rel-
atively simple since it directly converts chemical information into an electrical signal [I63]. The interest in
electrochemical sensors continues unabated today, stimulated by the wide range of potential applications.

They have a leading position among the presently available sensors that have reached the commercial stage.

Table shows the electrochemical sensors classification regarding the measurement technique [I64]. The
common electrochemical sensors transducers and the usual analytes for each type of measurement are also

shown.
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Measurement type Transducer Usual analyte
Amperometric Metal or carbon electrode. 05, sugars, alcohol.
Chemically modified electrodes Sugar, alcohol, phenols,
(CME). oligonucleotides.
Potentiometric Liquid junction ion selective elec- KT, CI—, Ca?T, F~.
trode.
Glass electrode. HT, Nat.

Solid-state ion selective electrode  Redox species.
Ion-sensitive field-effect transis- HT, KT.

tor (ISEET)).

Impedimetric Urea, charged species,
Interdigitated electrode (IDE). oligonucleotides.
Metal electrode.

Table 3.1 | Electrochemical sensors classification regarding the measurement technique
including the common transducer type and the usual measured analytes.

In the following section, it is described the working principle of the electrochemical sensors used in this
thesis work. The description of the transduction method of the diverse electrochemical sensors is widely
described in the bibliography [I65][166]. Here, just a brief summary about amperometry and potentiometry
techniques is introduced, centering in the evolution and miniaturization of the developed electrochemical

sensors: [DO] Na®, K+ and pH.

3.2.1 Amperometric sensors

Strictly, amperometric is a sub-class of the voltammetry technique. Voltammetry provides an electroan-
alytical method in where the current is linearly dependent upon the concentration of the electroactive
species (analyte) involved in a chemical or biological recognition process at a scanned or fixed potential
[167]. Some of the most common techniques of voltammetry with scanned potential are: cyclic voltamme-
try, square-wave and stripping voltammetry. When the potential is fixed during the time, the technique is
called amperometry. In amperometry technique, the continuous measured current results from the oxida-
tion or reduction of an electroactive species in a chemical reaction [168], and this current is related to the

concentration of the analyte presented.

The first known amperometric sensor was the oxygen electrode developed by Leland C. Clark in 1956 [TT1].
His first version was designed to measure the concentration of oxygen in blood and was first tested in dogs.
In this device, oxygen entering the system through a gas-permeable membrane is reduced to water in a
noble metal electrode when a voltage is applied, obtaining a current proportional to the amount of oxygen
reacting. Figure shows the first version of Clark-type sensor where two electrodes are in contact with
an electrolyte solution and separated to the analyte medium by a permeable membrane. In 1962, Clark
also described the first glucose biosensor using his first system to determine the depletion of oxygen by the
action of glucose oxidase on glucose [I12]. Clark’s work and the subsequent transfer of his technology to
Yellow Spring Instrument Company led to the successful commercial launch of the first dedicated glucose
biosensor in 1975 [I69]. This great invention has inspired numerous scientists of later generations to develop

other sensors using the Clark oxygen electrode as a basis.
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During this thesis work, the [DOl parameter is monitored along all applications. Oxygen is an important
regulator of normal cell behaviour since it is one of the most important indicators of biological activity
during cell culture and microbial development. Following, is presented in detail the amperometric [DO!

sensor used in this work.

3.2.1.1 Dissolved oxygen sensor

Monitoring is one of the domains of amperometry. The oxygen sensors developed in this work are
based on the Clark-type oxygen electrodes that are the simplest form of as amperometric sensor. Many
modifications to the original design of this device have been proposed since the publication of the relevant
Clark’s patent [I70], but the essential basis of the sensor remains unchanged. As it has already been de-
scribed, its working principle is based on the diffusion of the oxygen through a gas-permeable membrane
to an oxygen reduced at the electrode (cathode), which typically is a noble metal electrode like platinum
or gold, related to a Ag/AgCl reference electrode (anode) at a fixed potential. The measured current is
proportional to the concentration of oxygen in the solution. This linear dependence was first discovered by

Heinrich L. Danncel in 1897 [I71].

The reduction of oxygen at the cathode (called working electrode) is accompanied by the oxidation of
the anode material. In the first version of Clark-type sensor, the reference electrode worked as anode as
shown in Figure (a.l). This implies some drawbacks, like the consumption of the anode material and the

alteration of the electrolyte composition. To avoid this, in 1966 Ross and Mass [I72] proposed the using an

(a) Liquid-junction (b) Solid-state
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Figure 3.3 | (a)Clark-type amperometric dissolved oxygen sensor in a two-electrodes cell
configuration (a.1) and in a three-electrodes cell configuration (a.2), and
(b) Solid-state of an amperometric construction in different configurations
ways, with the electrolyte and porous membrane (b.1), a solid polymer (b.2)
and a membrane-free configuration (b.3).
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inert counter electrode as an anode in a three-electrodes configuration. According to this principle, there is
a balancing of oxygen consumption at the cathode against oxygen production at the anode. Figure b)
shown the schematic of the Clark-type oxygen sensor with the three-electrodes configuration.

The oxygen reaction that take places at the cathode (reduction), and the reaction occurring at the anode
(oxidation) converts the products from the cathode back into reactants. The balanced redox reaction in

acid solution is summarized as 3.1t

Oy +4H™ + 4~ — 2H,0 (3.1)

And in alkaline solution, the redox reactions is defined as [3.2}
Oy +4e™ +2H,0 — 40H™ (3.2)

Clark-type sensors measure oxygen partial pressure and not its concentration, for this reason, to know
the concentration value, it is necessary to know the temperature and salinity of the analyte when the
measurement takes place. Clark-type oxygen sensors have found usage in a wide range of applications such
as: sensors in clinical diagnosis [I73], water and gas environment monitoring [I74] as well other diverse
applications. There is a wide need for oxygen sensors and numerous major manufacturers of analytical
apparatus (including, Radiometer, Beckmann, Philip Harris, Unisens, etc.) sell modified Clark-type sensors.
Despite the commercial popularity and the wide usage of these sensors, several drawbacks and limitations
to the Clark sensor are known. Some of these drawbacks are the instability of readings, uniform signal
drift, changes in sensor response time, formation of gas bubbles in electrolyte, and so forth. However, their
construction simplicity makes them the best candidate to miniaturize in order to extend even more their
applicability. The next section addresses the miniaturization of a sensor using the principle basis of

the Clark-type sensor.

3.2.1.2 Miniaturization of dissolved oxygen sensor

Several amperometric electrochemical sensors have been developed over the past sixty years. Most of the
commercially available electrochemical sensors have macro dimensions that do not allow their direct use
in media with small volumes. The evolution of the microenginnering has allowed that this type of sen-
sors could be miniaturized [I75]. The strategy to achieve the miniaturization of the sensors is based on
the replacement of traditional electrochemical cell and bulk electrodes. For their replacement, the use of
solid-state planar electrodes was introduced with the evolution of suitable material combinations and
the microtechnologies (Figure b)) Various types of miniaturized Clark-type oxygen sensors have been
proposed since 1986 [L76HITY).

For the development of miniaturized sensors, the most common technique is the microfabrication tech-
nology, which has been described in the first section of this chapter. However, with the increase in the
demand of low-cost sensors for a single-use and for on-site monitoring [I80], other fabrication methods

have increased its use in the fabrication of planar electrochemical structures. Screen-printing technology
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is widely used since the 1990s for this purpose. Printing technologies offers high-volume production with
extremely inexpensive sensors. Other advantages of printing technologies are the variability of used ma-
terials, their flexibility, accessibility, non-vacuum and ecological friendly fabrication processes, their good
reproducibility and good compatibility with electronic devices and circuits, and their good mechanical and
electrical resistivity [I81]. The use of printing techniques for the development of electrochemical sensors is

introduced and developed in [4

For the miniaturization of a whole amperometric system, the internal electrolyte solution and the porous
membrane can be replaced by solid polymers (From Figure (b.l) to (b.2). Initial reports of solid
polymer electrolytes being integrated with sensors technology appeared in 1980s [I76]. One of the first
reports of a polymeric solid-state amperometric oxygen sensors used Nafion® as a membrane [182] [183].
The ionic polymer Nafion® has existed since 1960s when DuPont developed it [I84]. Nafion® is one of the
most used polymers due to its high proton conductivity [I85], high HoO diffusivity, high gas permeability,
its chemical and electrochemical inertless, and its compatibility with process used for electrode fabrication.
One of its drawback is that it is necessary to employ a contacting liquid to hydrate the polymer, thereby
maintaining ionic conductivity and controlling the dependence of the response on relative humidity [I86]. In
the simplest construction, it is possible to work without the use of membrane, exposing the active electrodes
directly to the analyte sample (Figure .3). This 'membrane-free’ construction improves the response
time and sensitivity of the sensor however, only can be used in few applications since the active electrodes
are influenced by interfering compounds [I87]. The implementation of the membrane and electrolyte as a
polymer makes the system more robust and prolong their lifetime [I88] [I89].

In many cases the miniaturization is limited because of the necessary functional elements. In summary, in

order to construct a successful microsensor, a number of aspects must be taken into account:

The design of the sensor in order to reduce the electrochemical crosstalk between different electrodes.
The development of a reliable reference electrode with potential stability and a long life time.

The replacement of internal electrolyte using different hydrogels or polymers.

Ll

The bonding strategies and durability of the oxygen-permeable membrane and the substrate.

It deserves special attention to the big efforts that have been done regarding to the second item. The
traditional macroscopic reference electrodes cannot be completely miniaturized and a pseudo-reference
electrode must be fabricated. The standard material historically used as a reference electrode in cell
culture applications is silver-silver chloride (Ag/AgCl). Its use for microprobes has been shown through
chlorination of thick electrodeposited silver layers [I90]. Despite the well-known behavior of Ag/AgCl, when
these electrodes are microfabricated they typically have a very short lifetime due to dissolution of the thin
AgCl layer, and when the chloride coating is dissolved, the standard potential radically changes [191]. For
this reason, big efforts have been done in the miniaturization of reference electrodes with stable Ag/AgCl
potentials using also solid polymers, as is the case of the polyvinyl butyral (PVB]) polymer membrane
[192]. Currently, the integration of a reliable pseudo-reference electrode represents a key challenge for
eletrochemical microsensors [193] [194], and their miniaturization is not easy and not completely solved

nowadays.
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3.2.2 Potentiometric sensors

In potentiometric technique the analytical information is obtained by converting the recognition process into
a potential signal, which is logarithmically proportional to the concentration (activity) of species generated
or consumed in the recognition event. The Nernst equation logarithmically related the measured electrode
potential, F, to the relative activities of the redox species of interest i:

RT ao

In—2 (3.3)

E=FE"—
ZiF aRr

where E is the standard half-cell reduction potential and ag and ar 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.

A typical potentiometric sensor has a two-electrode structure, where one electrode is the indicator and the
other is the reference. Normally, the transduction and measurement of the potential relies to zero intensity,
however, other potentiometric systems called field-effect transistors (FETS) has a different transduction

mode.

Potentiometric sensors have found the most widespread practical applicability since the early 1930s, due to
their simplicity, familiarity and cost. The key element of the potentiometry technique is the development of
the indicator electrode. Depending on the construction of this indicator electrode there are different types
of potentiometric devices, such as ion selective electrode ([SE), glass electrode, metal oxide electrodes and
[FETS

Potentiometric sensors are simple in their setup as well as in the electronic equipment necessary for oper-
ation and data acquisition. The effort for maintenance and calibration is low. Sensor signals are obtained
directly (in-situ) and provide real time information for process control. In spite of their simplicity, the ap-
plications of electrochemical sensors require an improved knowledge about the influences of the measuring
conditions such as temperature, pressure and chemical composition on the sensor signal, which determine
the limits of application. In addition, the long-term stability of potentiometric sensors is significantly de-

termined by the potential stability of the reference electrode.

The [[SEk are the most representative potentiometric sensors. These type of sensors convert the activity
of a target ion into an electrical potential as a measurable signal. This 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. The electrical response to an [[SE is provided
by a reference electrode (usually Ag/AgCl) in contact with the internal solution that contains chloride ions
at constant concentration [I67]. During the time, potentiometric sensors have also varied in their design,
specifically in electrode dimension, electrode material, and choice of membrane to improve performance,
lifetime and reliability, while reducing cost and size. The first developed [[SEl was the glass membrane sensor
as a pH sensor that was developed by M. Cremer in 1906 [I05]. In these type of systems the [[SElis made of
a doped glass membrane that is sensitive to a specific ion (Figure a.1)). Around 1967, Ross introduced
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the concept of liquid membrane electrode selective for calcium [195]. This type of [SE] is based on water
immiscible liquid substance produced in a polymeric membrane (Figure (a.2)). Based in this concept,
two years later, Wilhelm Simon [196] developed the first neutral carrier-based liquid membrane [SE] for
potassium. Bloch and co-workers introduced the first ionophore-based solvent polymeric membrane based
on polyvinyl chloride (BVC) [197], a matrix still widely used today (Figure [3.4(a.3)). This revolutionized
the manufacturing of liquid membrane [SEk and made them much more suitable for miniaturization.

Over the past half century, [SEk have evolved into well-established, routine analytical tools, with sensors
for more than 60 analytes. The membranes of the majority of these [[SEk contain lipophilic complexing
agents that selectively bind to their target ions. Such complexing agents are referred to as ionophores or
carriers [I98]. The large number of ionophore-based [[SEk developed over the last fifty years made possible
to use [[SEk in various types of routine analyses including clinical analysis [199], environmental analysis

[200] or cell culture systems [201].

All these conventional systems described above are based on the junction-liquid set-up, where the back side
of [SElmembranes is in contact with an electrolyte in order to obtain stable potentials. Although [[SEk with
an internal solid contact, which allows a much simpler fabrication, are already known for more than 30
years [202], until recently they have not shown sufficient potential stability. Currently, intensive research
is taking place in this area. An internal contact with conducting polymers [203] seems to be especially
promising.

The potentiometric sensors developed in this thesis work are based in planar solid-state construction
approach. A brief summary of the evolution of developed Na®™, KT and pH sensors are described in the

following section.

(a) Liquid-junction ISE (b) Solid-state ISE
Indicator electrode  Indicator electrode Indicator electrode Indicator electrode
1
Reference | Reference T | Reference .. . .
Telectrode electrode electrode Miniaturization
Indicator
electrode
Reference
Membrane electrode
Analyte Analyte
«Electrolyte «—Electrolyte k—Electrolyte membrane membrane
\ Diaphragm ‘NDiaphragm -
Diaphragm ! Electrolyte Solid contact
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 3.4 | (a) Liquid-junction potentiometric ISE in a combination with the refer-
ence electrode with (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.
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3.2.2.1 Potentiometric Na™ and KT ion selective electrodes sensors

Monitoring of extracellular ion activities can be of interest in applications involving the study of tissue and
organs. As an example, this has an special interest in cells whose function is sensitive to extracellular ion
concentrations or depends on the establishment and maintenance of ion concentrations gradients through
epithelial barriers [204].

Currently, one the most used techniques for measuring ions is flame photometry [205]. This technique
provides a good method for measuring Nat and KT ions in samples. However, there has been a great
interest in replacing it owing to its low throughput, manual operation with a time consuming procedure.
The Na™ and K* [[SEb fulfilled this need and offered other additional benefits [206].

The potentiometric Nat and K [SEk have been evolved during years. Glass membranes were the first
used type of [SEl The response of the glass membranes to Na™ ion has been observed as early as 1925
[T07]. However, until 1957 that George Eisenman [T08] could not develop a working Nat glass electrode.
However, the glass KT electrode developed by Eisenman lacked of sufficient selectivity over other ions
commonly existing in blood samples, especially Nat. Since Na™ and K¥ need to measured together in a
clinical application, it no was until the early 1970s when they were used since more selective liquid K+
membrane electrodes became available [109]. Nowadays glass electrodes are fabricated in a great variety of

shapes and sizes depending on the demands.

3.2.2.2 Miniaturization of potentiometric ion selective electrodes

Over the past three decades, the interest in the development of simple and portable analytical devices has
continued to grow due to the high demand for point-of-care and in-field testing applications. Conventional
[[SEk have several limitations that need to be overcame in order to meet the demand for portable analytical
devices with small sample volumes, easy maintenance simple operation, and low-cost. [SEl's miniaturiza-
tion is achieved by the development of solid-state sensors in which the liquid contact is replaced by solid
elements. In solid-state [SEk a solid contact is formed between the sensing membrane and an electron-
conducting substrate to replace the liquid contact, serving as an ion-to-electron transfer. Solid contact

potentiometric [SEk have nowadays similar performance characteristics to conventional inner-solution [SEk.

Among the electroactive materials available today, conducting polymers have emerged as a promising
ion-to-electron transducers for solid contact [SEk [207]. In this type of solid-state [SEl the conducting
polymer is coated with a conventional ion-selective membrane, and the ion-selectivity is determined mainly
by the ion-selective membrane. Some examples of solid-state [SE| constructions are: carbon cloth coated
with a conventional plasticized PVCFbased K selective membrane [208], carbon nanotubes (CNTY) drop-
coated with a KT-selective polyacrylic membrane [209], PVClbased molecularly imprinted polymers [210]
or graphene coated with an ionophore-doped polymeric membrane [217].

In potentiometric measurements the reference electrode plays an important role in the measurement. It
provides a stable and reproducible sample-independent electrical potential. Similar to solid-state [SEk,
solid-state reference electrodes do not rely on a liquid contact to an internal reference element and instead

rely on a solid contact layer sandwiched in between a hydrophobic reference membrane and an underlying
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electronconducting substrate. Although huge efforts have been done, the major challenges of miniaturized

reference electrodes still remain [212].

3.2.2.3 Potentiometric pH sensor

As previously described in Section [3:2.2] the first developed potentiometric sensor was the pH sensor based
on the glass electrode developed by M. Cremer in 1906 [105]. The first application of the pH sensor in
biology was the pioneering work of F. Haber and Z. Klemensiewicz in 1908 [I06]. Different approaches
were lately introduced [213]. In the next several decades, the rapid development of the [[SEl came with
the introduction of non-glass membranes. Although different types of pH sensors emerged, even today, the

most commonly used pH sensors are still the glass membrane based electrochemical electrodes.

The pH of an aqueous solution is defined as the negative common logarithm of the molar concentration of
hydronium ions (H3O%), given by pH = -log[H30"]. The usual range of pH is 0 to 14, where pH = 7 is
the neutral value. Two possible mechanisms for pH sensing can be found: redox reactions and ion-selective
permeation.

Redox reaction: The material over the sensing electrode can be reduced or oxidized with H30™" and a
potential difference is generated by the free energy change a reversible chemical reaction approaching their
equilibrium conditions.

[[SE] permeation: The sensing material acts as an ion-selective membrane and the concentration gradient

of [H3O™] ions at both sides of the membrane also generates a potential difference.

In this thesis work, a metal oxide pH sensor has been developed, specifically iridium oxide ([rOx]) material.
In this type of sensors different conductive and semi-conductive materials can act as indicator element of
a pH. [kOxl is an outstanding material for pH measurements over wide ranges, with fast response, and
high durability, stability and biocompatibility [214]. Several approaches for the preparation of the [rOx]
sensor fabrication can be used: iridium thermal oxidation, electroplating, anodization, sputtering and sol-
gel processing. The [[tOx] films produced by these techniques near-Nerstian response because the amount
of transferred electrons equals to the amount of reacted HsO". However, [[tOx] prepared by electrochemical
deposition showed super-Nerstian response (sensitivities greater than 59 mV/pH) with a sensitivity of
around 70 mV /pH. This can be explained because electrochemically deposited [rOxlis an hydrated material
in an aqueous environment and contains iridium ions with different valences (+3 and +4) [215].

The general iridium reaction is described in [3.4] as:
Ir™Vogide + xHY 4 ne™ < Ir'loxide + yH,0 (3.4)
If IrOx is fully hydrated, the redox reaction is:

2Ir(OH)20™ + Hy0 ¢ IryO(OH)303™ +3H™' + 2¢~ (3.5)
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Other metal oxides that have also been studied, but their pH sensitivities are not as high as [tOx] are
nano-copper oxide, cobalt oxide and tungsten oxide among others.

In addition to metal oxides, many conductive polymers are also used as potentiometric sensors. Their pH
sensitivity is attributed to their functional groups, which can be protonated and deprotonated at different
pH levels. Two widely studied conductive polymers are polyaniline (PANI) [216] and polypyrrole (PPY))
[217]. Considering other organic materials such as parylene, although normally it is used as an insulating
material, also displayed a pH sensitivity of 16.3 mV per pH between pH of 4 and 10 [218]. Although the
sensitivity of parylene is low, its process compatibility with existing microelectronics fabrication technologies
makes it suitable for low-cost applications [219]. are also evaluated as a pH sensitive material with
a Nernst response [220].

3.2.2.4 Miniaturization of potentiometric metal oxide pH sensor

Conventional glass electrodes that are commonly used for pH measurements are bulky, fragile and expen-
sive, which hinders their application in miniaturized systems and encouraged searching for alternatives.
Metal oxide electrodes are mechanically robust devices that can be easily miniaturized using different tech-
nologies depending which characteristic its necessary to achieve. Miniaturized systems make possible the

study of pH changes in small sample volumes and so be useful for clinical or biological applications.

The degree of miniaturization is determined by the desired sensor size and by the technological process.
For several applications, favorably planar sensor geometry can be achieved. If necessary, the concept of
disposable sensors can be pursued for economical reasons. This could be the case when long-term stability
of the sensor signals is not necessary or when sterilization processes can degrade sensor functional elements.
Guth et al. [I0] reported a review about the development in electrochemical sensors with an overview about

the miniaturization of a pH sensor as shown in Figure [3.5

Figure 3.5 | Miniaturization of potentiometric pH sensors. On the left-hand side a com-
mercial pH sensor with diameter 12 mm (commercial standard) is shown;
the next three sensors are made by conventional techniques; the three sen-
sors on the right-hand side are fabricated by printing techniques. Source:

[10].
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3.3 Application of microfabricated electrochemical sensors

This section shown the developed monitoring tools using microfabrication technology addressed to monitor
physical parameters externally to microfluidic systems. This section is divided in two subsections, where
each one corresponds to a published work in a relevant scientific journal. The first one is focused in the
development and complete characterization of a miniaturized array of [DOl sensors on a rigid substrate and
its validation in a flat-plate bioreactor. The second one goes one step further and integrates four sensors
for the simultaneous measurement of [DO] pH, Na®™ and K*. This multi-sensing platform uses plastic as a

substrate and their validation is done in real urine samples.

3.3.1 Paper I: Profiling of oxygen in biofilms using individually addressable disk

microelectrodes on a microfabricated needle

The first paper presented in this Chapter, Paper I, is a published article about the development of an
array of electrochemical sensors using microfabrication technologies, which allows the development of
microelectrodes with dimensions smaller than 50 gm. Microsensors are integrated in a Pyrex® needle, in
a line of eight electrodes situated to make real-time measurements. Sensors are carefully designed taking
into account the application where the needle is addressed. In the publication, it is shown the complete
description of the sensors design, their fabrication, the electrochemical calibration and their validation
measuring the concentration profile within a biofilm grown in a flat-plate biorector, by simultaneously

measuring the oxygen consumption at different depths inside it.

This article has been reproduced from Microchmica Acta journal, with permission from Springer *:

A. Moya, X. Guimera, F.J. del Campo, E. Prats-Alfonso, A.D. Dorado, M. Baeza, R. Villa, D. Gabriel, X.
Gamisans, G. Gabriel, Profiling of oxygen in biofilms using individually addressable disk micro-
electrodes on a microfabricated needle, Microchim. Acta. 182 (Nov-2014) 985-993. doi:10.1007/s00604-
014-1405-4.

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

e Conference Biotechniques for Air Pollution Control & Bioenergy 2013: Guimera X., Moya A.,
Prats-Alfonso E., Dorado A.D., Villa R., Gamisans X., Gabriel D., Gabriel G. Development of a novel
microsensor for the study of oxygen profiles in biofilms. Biotechniques for Air Pollution Control &

Bioenergy. Presses des Mines, 275-285, 2013.

e Conference EUROSENSORS, 2014:A. Moya, X. Guimera, F.J. del Campo, E. Prats-Alfonso, A.D.
Dorado, M. Baeza, R. Villa, D. Gabriel, X. Gamisans, G. Gabriel, Biofilm Oxygen Profiling using
an Array of Microelectrodes on a Microfabricated Needle, Procedia Engineering. 87 (2014) 256-259.
doi:10.1016/j.proeng.2014.11.654.
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e Conference Biotechniques for Air Pollution Control & Bioenergy 2015: X.Guimera, Ana Moya,

D. Gabriel, R. Villa, A.D. Dorado, G. Gabriel, X. Gamisans, Simultaneous oxygen and pH profiling
within biofilms using a minimally invasive multi electrode array sensor, Biotechniques Ghent 2015:
The 6th international conference on biotechniques for air pollution control: Ghent, Blegium: 2-4

September 2015.

Conference International Conference on Biofilm Reactors 2017: Xavier Guimera Villalba,
A Moya, D Gabriel, R Villa, Antonio David Dorado Castano, G Gabriel, Javier Gamisans Noguera.
A novel MEMS-based sensor for simultaneous pH and dissolved oxygen profiling in biofilms. 10th

International Conference on Biofilm Reactors, 2017.

Conference Biotechniques for Air Pollution Control and Bioenergy: Xavier Guimera Vil-
lalba, A Moya, D Rodriguez, D Gabriel, R Villa, Antonio David Dorado Castafio, G Gabriel, Javier
Gamisans Noguera. Simultaneous dissolved oxygen and pH continuous monitoring through biofilms
using a minimally invasive microsensor. 7th International Conference on Biotechniques for Air Pol-

lution Control and Bioenergy. A Coruna. Spain, July 19-21, 2017.

The development of this work has led to their applicability and has been published in important scientific

journals:

e X. Guimera, A. Moya, A.D. Dorado, R. Villa, D. Gabriel, G. Gabriel, X. Gamisans, Biofilm dynamics

characterization using a novel DO-MEA sensor: mass transport and biokinetics, Applied Microbiol-

ogy and Biotechnology. 99 (2015) 55-66. do0i:10.1007/s00253-014-5821-5.

e O. Estrada-Leypon, A. Moya, A. Guimera, G. Gabriel, M. Agut, B. Sanchez, S. Borros, Simultane-

ous monitoring of Staphylococcus aureus growth in a multi-parametric microfluidic platform using
microscopy and impedance spectroscopy, Bioelectrochemistry. 105 (2015) 56-64.
doi:10.1016/j.bioelechem.2015.05.006.

* Note that sections, equations and references numbering in the reproduced research article follow the ones

of the published version.
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Abstract A novel microelectrode array sensor was fabricated
using MEMS technology on a needle, and then applied to real-
time measurement of dissolved oxygen (DO) inside biofilms.
The sensor consists of eleven gold disk microelectrodes, a
rectangular auxiliary electrode along them, and an external
and internal reference electrode. Three kinds of sensors were
designed and their responses were characterized and evaluated
under various conditions. The arrays exhibit a linear response
to DO in the 0-8 mg-L™" concentration range in water, high
sensitivity, repeatability, and low limits of detection
(<0.11 mg'L™" of DO) and quantification (0.38 mg:L™' DO).
The sensors were validated against a commercial Clark-type
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microelectrode and applied to profiling of DO in a heterotro-
phic biofilm cultivated in a flat-plate bioreactor. It is shown
that the sensor array can provide a multipoint, simultaneous
snapshot profile of DO inside a biofilm with high spatial
resolution due to its micrometric dimensions. We conclude
that this new sensor array represents a powerful tool for
sensing of DO biofilms and in numerous bioprocesses.

Keywords Dissolved oxygen - Microelectrode array -
Sensors - Bioprocess monitoring - Biofilms

Introduction

Biofilm formation affects most waste-water and waste-
gaseous treatment processes. Both treatment bioreactors use
biofilms to remove pollutants [1, 2], it is therefore critical in
bio-reactor design to understand the phenomena and mecha-
nisms governing biofilm growth dynamics.

Among the many chemical species that can be found and
monitored inside biofilms, oxygen is perhaps the most impor-
tant, as it is the primary electron acceptor in most aerobic
biological processes. The local concentration of oxygen inside
a biofilm reveals the existence of different zones [3], either
aerobic or anaerobic, which can explain the biodegradation
processes linked to characteristic oxygen profiles. In addition,
knowledge of oxygen concentration gradients allows the de-
scription of mass transfer [4] and biokinetics [S] processes,
allowing the development of more rigorous models.

When characterizing biofilms [6], microsensors are suit-
able powerful tools for the determination of chemical param-
eters with a high spatial resolution. In the measurement of
dissolved oxygen, the most widely used analytical methods
are based on fiber-optic [7] and electrochemical [8]
microsensors. Both techniques are implemented in several

@ Springer
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applications, including waste-water oxygen analysis [3] be-
cause of their ability to make real time and continuous mea-
surements in small volumes. Features of optical sensors in-
clude chemical inertness, internal reference, stability, high
sensitivity to small oxygen concentration changes and flow-
rate independence [7]. The amperometric method, on the other
hand, affords simplicity of operation, high sensitivity and high
design flexibility.

Clark-type microsensors [8] are the most electrochemical
commonly used probes and at the present considered the gold
standard [9] in biofilm oxygen sensing. Such DO sensors
consist of an electrochemical three-electrode system with a
reference electrode (RE), an auxiliary/counter electrode (CE)
and a working electrode (WE) in an aqueous solution. Such
three-electrode system is isolated from the medium by a
selective gas-permeable membrane across which oxygen dif-
fuses towards the cathode (WE), at a rate proportional to its
partial pressure. Thus the reduction current generated at the
cathode is directly proportional to the oxygen concentration in
the test solution. The working electrode potential is typically
set around —800 mV (vs Ag/AgCl) so that the overall reaction
(Eq. 3) can take place following two consecutive two-electron
reduction steps [10]:

0y +2¢ + Hy0—HO, + OH™ (1)
HOj +2¢ + Hy0—30H" (2)
O, + 4¢ + 2H,0—40H™ (3)

Clark-type microsensors have been widely used to monitor
biofilms and sediments [11, 12]. However, their manufacture
presents important limitations [13]. Most of these sensors are
hand crafted from pulled glass capillaries, and so their main
limitations are the fragility and high unit cost of the devices,
the tip-size variability between different probes, and the diffi-
culty to bundle several microelectrodes in arrays of controlled
geometry.

Another limitation shared by Clark-type microsensors and
optical sensors lays on the fact that they are restricted to single
point measurements performed one at a time, which makes the
acquisition of DO profiles inside biofilms extremely tedious
and inaccurate. Important efforts have been made in the past to
measure DO profiles in biofilms [14—16], some of them based
on microfabricated microneedles [17]. The reported profiles
are obtained by mounting the microelectrode on a microma-
nipulator and driving it into the biofilm in a series of recording
and penetration steps.

Microfabrication techniques represent a much more versa-
tile approach to microelectrode design, enabling the fabrica-
tion of electrodes of wide ranging sizes, geometries and ar-
rangements. Thus, it is possible to create nano- and

@ Springer

microelectrodes and their arrays [18-21], including disks
[20, 22], bands [23, 24] and 3D structures [25-27], and wire
them either in parallel or individually [18, 20]. On top of that,
microfabrication techniques allow the cost-effective mass-
production of microsensors that can be deployed in a vast
number of applications.

The device presented in this work enables the determina-
tion of the oxygen concentration profile within a biofilm by
simultaneously measuring the oxygen consumption at differ-
ent depths inside it. This novel DO-MEA sensor to measure
DO profiles overcomes the limitations presented both by
optical and Clark-type microsensors by producing multipoint,
instant DO measurements in biofilms in-situ. Amperometric
techniques enable these simultaneous measurements in a
simple way.

Materials and methods
Reagents and instrumentation

All solutions used in the sensor development were prepared
with deionized water (conductivity less than 1 pS-cm ')
Chemicals used (K3[Fe(CN)g], K4[Fe(CN)g], KNO;, KOH,
H,0, and Na,SOs) were of analytical grade and used as
received from (Sigma-Aldrich, www.sigmaaldrich.com),
without further purification.

Microelectrode characterization and sensor calibration
were carried out with an 8-channel potentiostat 1030A Elec-
trochemical Analyzer (CH-Instruments, USA; http://
chinstruments.com). Control experiments were performed
using a commercial Ag/AgCl (3 M KCI) electrode as RE
and a platinum ring electrode as CE both from (Metrohm,
Germany; www.metrohm.com). However, the RE and the CE
incorporated in the microsensor needle were also used in the
profiling experiments. The microfabricated sensors were
calibrated in controlled dissolved oxygen solutions against
an OXI 325 (WTW, Germany; http:/www.wtw.de)
oxygen probe.

A Clark-type commercial microelectrode (OX-25,
Unisense, Denmark, www.unisense.com) with a tip diameter
of 25 um, connected to a 4-channel amplifier Microsensor
Multimeter (Unisense, Denmark) was used for biofilm profil-
ing in control experiments. Profiles were obtained with the aid
of a micromanipulator MM33-2 (Unisense, Denmark).

Calibration of DO-MEA sensor

Microelectrodes (microfabrication process description is de-
tailed in the Electronic Supporting Information, Fig. S1) re-
quired activation before use. Several known gold-cleaning
methods were investigated [28]. Adequate electrode activa-
tion was indicated by Ip and AE, values consistent with



3.3. APPLICATION OF MICROFABRICATED ELECTROCHEMICAL SENSORS 49

Profiling of oxygen in biofilms using microelectrodes

reversible electrode kinetics [29] (electrode preparation is
detailed in the Electronic Supporting Information).

Sensors were calibrated in the oxygen concentration
range between 0 and 8 mg'L ™' DO range according to
[30]. Oxygen was measured amperometrically using a
set-up Fig. S2 (Electronic Supporting Information). The
sensor was polarized at —850 mV vs Ag/AgCl 3 M
KCI). The DO concentration was adjusted bubbling
different nitrogen (O, free) - air (21 % O,) mixtures
through a 0.1 M KNOj; solution, and a magnetic stirrer
was used to ensure better mixing of the solution.

Figure 1 shows linear sweep voltammograms from 0
to —1 V at a scan rate of 25 mV-s ' in a 8 mg-L™' DO
oxygen solution using the commercial Ag/AgCl 3 M
KCI) RE and Pt CE, and with both integrated in the
needle Au microelectrode array. The figure shows that
the two signals are shifted about 250 mV due to the use
of different reference electrodes. The difference in the
limiting currents values of the second step was because
different needles were used, with small differences de-
pending on their state of activation.

These voltammograms allowed us to select the =850 mV
vs Ag/AgCl, operating with the external reference system, and
—600 mV vs Au for the integrated three-electrode system, as
the optimal potential value for the determination of the dis-
solved oxygen concentration (Fig. 1). This is because that
potential involves the complete four electron reduction of
oxygen, and therefore a higher sensitivity. Note that at this
potential the hydrogen evolution reaction does not take place
at a significant rate and therefore does not interfere with the
main process under study.

The concentration of DO in the cell was measured with a
commercial DO probe and correlated with the measured po-
larization currents of each gold microelectrode in order to
build the calibration curves.
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Fig. 1 Linear sweep voltammetry results. Average of measured currents
and their standard deviation plotted against the potential applied on eight
WE against the external (@) and the integrated three-electrode reference
system (V). Linear sweeps were made in an oxygen saturated saline
solution (8 mg-L ™' DO). First (/) and second (2) reduction peaks can be
observed in linear sweep voltammograms both with an external reference
and with an integrated reference

Growth of an aerobic biofilm

The suitability of the DO-MEA sensor for biofilm profiling of
an aerobic biofilm was checked comparing the response of the
microfabricated sensor with that of a commercial DO
Clark-type microsensor. A flat plate bioreactor (FPB)
was designed and constructed as in Fig. S3 (Electronic
Supporting Information) to grow a well-defined biofilm.
The FPB was designed according to [31], and was
manufactured in PMMA. The reactor consisted of an
open channel of 20 cm length and 3.5 cm width. Inoc-
ulation was performed by filling the channel with
35 mL of sludge of 2 g SSV-L' from a pilot plant
bioreactor treating synthetic waste-water.

A mineral medium solution (prepared according to [32])
was supplied to the reactor using glucose as carbon source.
The hydraulic residence time ranged from 4 to 8 h throughout
the FPB operation. The FPB included an internal recycle flow
within the reactor corresponding to a linear velocity between
0.1 and 10 mh™". Two peristaltic pumps (MCP Standard,
Ismatec, Germany) fed and purged the reactor, while a
Miniplus 3 peristaltic pump (Gilson, France) was used for
internal recirculation.

DO profiles were recorded directly on the biofilm growing
in the reactor using both microsensors. DO-MEA sensor
profiles were obtained immersing the sensor, the RE and the
CE into the biofilm and keeping it still during amperometric
recording. The recording time was 15 s for an 8-points profile.
Clark-type microsensor profile registration was carried in a
similar manner. Probe position was controlled by a
micromanipulatior, but a multimeter was used instead of a
potentiostat to monitor its response. The measurement time
depends on the depth of the profile; each step on the profile
requires 15 s of acquisition plus the time required for changing
position within the biofilm.

Results and discussion
Amperometric DO determination

The oxygen reduction amperometric signal is affected by
medium composition (particularly pH) and also by the elec-
trocatalytic properties of the microelectrodes, which can be
improved thorough the activation procedures described
above. In a first stage, the response was characterized using
external reference and auxiliary electrodes. Following this, the
measurements were repeated using the auxiliary and pseudo-
reference electrodes integrated in the needle. The measure-
ment system had not much noise and the use of a Faraday cage
was not necessary, making easier the biofilm profiling moni-
toring in the FPB.
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DO-MEA sensor activation and electrochemical
characterization

Electrodes were activated as described in the section Electrode
Preparation (Electronic Supporting Information). After activa-
tion, the DO-MEA sensor was characterized using cyclic
voltammetry in a ferro/ferri cyanide solutions from 500 to
—200 mV, at a scan rate of 100 mV-s '. The stability and
durability of the electrodes after activation was evaluated by
the continuous monitoring of the voltammogram Ip over a
period of 35 days. The objective of this test was to study the
reproducibility and stability of the DO-MEA sensor response
of two sets: a) electrodes activated only the first day and b)
electrodes reactivated on a daily basis.

Figure 2 shows the evolution of the ferro/ferri cyanide
reduction peak current of two different needles. The electrodes
of the daily reactivated needle recovered their optimum re-
sponse (Ip within £1.8 %) with the maximum sensitivity
evaluated later with the calibration curve. On the other hand,
the needle that was not reactivated throughout the testing
period lost sensitivity over time, and after 5 weeks their Ip
decreased down to 40 % of the initial, optimum state. In
addition, the standard deviation between electrodes of the Ip
value of these electrodes response increased as time passed.
This activity loss was due to electrode fouling caused by the
biofilms tested. However, despite sensitivity losses, the sensor
continued responding to changes in DO concentration. Be-
cause the application presented in this work does not required
continuous measurements, it was possible to activate the
electrodes before each day of experiments to ensure maximum
sensor performance for each profile acquired.

DO-MEA sensor calibration

The linearity and sensitivity of the electrochemical response
of the three different DO-MEA sensors designs were verified
in the calibration medium 0.1 M KNOj3 by bubbling a series of

100 :
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i 3 T
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T 70/ L
e ¥
60
s04| * Noreactivated MEA sensor
. Reactivated MEA sensor
40l . g : ; .
0 | 2 3 4 5

Monitoring week

Fig. 2 Evaluation of the activation stability for a reactivated needle (@)
and other no reactivated (V). The oxidation current peak of the voltam-
mogram corresponds to the average and the standard deviation of 8
electrodes of the same DO-MEA sensor
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nitrogen/air gas mixtures as detailed in section of biofilm DO
profile study. Figure 4 summarizes the reduction currents
measured at microelectrodes of different size under different
DO concentrations. The points represent the average from the
eight different microelectrodes on each needle, and the error
bars represent standard deviation arising from the eight mi-
croelectrodes. These results were measured simultaneously
using the 8-channel multipotentiostat with the external refer-
ence electrode.

The sensors displayed excellent linearity between 0
and 8 mg'L™' DO range with correlation factors (r%)
greater than 0.99 for all three microelectrodes sizes,
demonstrating that the sensors are suitable for the de-
termination of DO.

In addition to the calibration curves, the DO concentrations
can be estimated experimentally from the microelectrode cal-
ibration response, or theoretically from the equation corre-
sponding to a diffusion controlled limiting current (Ij;,,,) (de-
fined in Electronic Supporting Information).

The experimental results in 0.1 M KNO; were in good
agreement with current values obtained from eq. (S2), consid-
ering a passivation recess height of 1.9 um. The experimental
obtained sensitivities were: for the electrode diameter of
50 um, 2.41+0.08 nA~L~mgf1 DO; for the electrode diameter
of 25 um, 1.10+0.08 nA'-mg "L DO and for the smallest
diameter of 10 um, 0.35+0.02 nA'-mg "L DO. In terms of
current density (j), the obtained values were: jsoum=1.23,
Josum=2.24 and j o ym=4.46 A'm 2, where smaller electrodes
sizes display higher current densities thanks to the greater
contribution of hemispherical diffusion to their edges. Ap-
proximately thirty DO-MEA sensors (twenty for the design
with bigger electrodes, and five of other types each) were
calibrated and all showed good reproducibility with a standard
deviation between microelectrodes less than 0.08 nA'mg ~'
DO. This analysis was completed studying the repeatability of
the measurement resulting in a good behavior. Besides the
effect of the overlapping neighboring electrodes diffusion
layers in the array [18, 20, 33] was also considered, and the
separation between electrodes was decided in order to mini-
mize this effect. This effect was higher for smaller DO-MEA
design, where inter-electrodes distance was 35 pm, and was
minimized for the bigger design with an inter-electrode dis-
tance of 100 wm.

Although the intercepts shown in Fig. 3 are very close to
zero, sensors response showed a residual current in absence of
oxygen which could be caused either by the presence of
residual DO due the limited efficiency of the deoxygenation
procedure, or by a current due to the onset of the hydrogen
reduction on the electrodes surface, since the working poten-
tial selected is limiting at the reaction as was illustrated in
section of biofilm DO profile study. This offset was approx-
imately 1 nA for the 50 um design, 0.65 nA for the 25 um
electrode and 0.48 nA for the 10 pm design.
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Fig. 3 Calibration curves obtained for the reduction of oxygen for the
three different designs. Currents were measured at— 850 mV vs. Ag/AgCl
RE and Pt CE. The points correspond to the average current and the
standard deviation for eight different electrodes of the same DO-MEA
sensor

Other important parameters worth taking into account
are the limits of detection and quantification defined by
TUPAC (defined in Electronic Supporting Information).

Table 1 shows the L, and L, values according eq. S3 and
eq. S4 obtained experimentally for the three different designs.
Overall, calibration tests revealed a high sensitivity and re-
peatability and low detection and quantification limits of the
developed sensors.

Three-point calibration curves of the DO-MEA were made
in the mineral medium used for biofilm growth (data not
shown) with respect to a Ag/AgCl external reference electrode
before and after each experimental biofilm profile monitoring.
The sensor performed linearly as in KNO; and exhibited a
sensitivity of 2.36+0.09 nA-L'mg ' DO. This 2 % lower
sensitivity confirms the good performance of the device for
this application. Furthermore, its applicability without cover-
ing the electrode with an oxygen-permeable membrane, as is
usually done in the Clark-type sensors, provides advantages
over the protected ones as higher sensitivity and faster
response.

Effect of the mineral medium in the DO-MEA microsensor
response

In order to determine the working range of the sensors, their
response in media of different composition was also studied.
The effects of mineral medium composition and of pH on the

Table 1 Limit of detection and Limit of quantification for the three
different designs

Microelectrode diameter (pum) 0, Lp (mg LY 0O, L (mg LY
50 0.04+0.01 0.15+0.03
25 0.07+0.02 0.22+0.08
10 0.11+0.03 0.38+0.01

DO-MEA sensor performance are detailed in the Electronic
Supporting Information. Results in Fig. S4 (Electronic
Supporting Information) indicate that changing the salt anion
of the supporting electrolyte has no effect on the sensor
sensitivity, however, changes in ionic strength significantly
affected the sensor response. In addition, the oxygen signal
was nearly unaffected by pH changes in the 6<pH<8 range
(Table S1 in the Electronic Supporting Information).

Needle integrated three-electrode system

Since biofilm thickness may range from several microns to a
few millimeters and biofilms are often grown in small reactors
in order to study them, it is necessary to integrate the RE and
the CE in the needle avoiding external electrodes and, thus,
reducing the experimental system dimensions. At this stage,
one of the integrated microdisk electrodes in the DO-MEA
was used as pseudo-reference electrode while the rectangular
macroelectrode was used as CE. The main difference intro-
duced with the integrated three-electrode system configura-
tion was that the reduction potential shifts £250 mV. The
different studies, described in the previous section for the
external reference system, were carried out with the integrated
three-electrode system, obtaining the same sensor behavior. In
order to improve the stability of the pseudo-reference, the
electrode surface was previously oxidized, subjected it to a
continuous anodization, so that it would keep a more stable
potential over time [34]. The oxidized pseudo-reference elec-
trode was evaluated with a continuous measurement of its
potential versus a commercial Ag/AgCl (3 M KCI) electrode
in KNOs3 0.1 M for 18 h. The drift rate of the integrated
reference was 0.68 mV-h !, which was considered acceptable
for short-term measurements such as those conducted in the
present study. However, long-term measurements require a
reference with a lower drift, which will be achieved in future
work, using an integrated Ag/AgCl reference. The calibration
of the integrated three-electrode system microsensor was
made using the same procedure used with the external com-
mercial RE and CE. With the new selected potential of
—600 mV, the calibration curve for the integrated configura-
tion presented a satisfactory response of 2.07+£0.07 nA-L-
mg ' DO with a R? of 0.99. Detection and quantification
limits were also estimated, resulting in 0.05+0.01 DO and
0.174£0.06 mg-L™" DO respectively. These results shows a
good response with the use of the integrated system, with a
small loss of sensitivity and L, and L, respect the external
reference system, due the reduction potential selected and a
different needle was used.

In Table 2 the main characteristics of the microneedle here
described have been compared with the common commercial
available dissolved oxygen microsensors, both optical and
electrochemical microsensors
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Biofilm DO profile study

The suitability of the developed DO-MEA microsensor for
biofilm monitoring was evaluated in a heterotrophic aerobic
biofilm grown in a FPB. DO profiles were obtained using DO-
MEA microsensors with both the external and the integrated
RE/CE configuration, and compared to the commercial Clark-
type microsensor, widely applied and validate for biofilm
monitoring. The thickness of heterotrophic biofilms, typically
around 1 mm, allowed using any of the three different DO-
MEA designs. The largest MEA sensor design was selected
for biofilm monitoring because the 50 um electrodes due to
their higher sensitivity in terms of total current and the lower
detection and quantification limits. During the detection pro-
cess, DO is consumed, however this value has been estimated
to be as low as 2.5x10° mg of DO due to the micro-sized
dimensions of the electrodes. Since convection inside biofilms
can be neglected, the volume of biofilm affected by the
measurement can be obtained using Einstein’s relation & =
\(2Dt) (where D [m*s '] is the DO diffusion coefficient and
=15 s) is 7.1x10""" m®. The alteration produced by this
consumption is extremely local and the biofilm is able to
quickly recover its initial conditions, and so this perturbation
in the oxygen concentration around the electrodes can be
considered negligible.

Both sensors were tested maintaining the same position
within the biofilm, for this reason a 3D micromanipulator
was used. DO profiles (Fig. 4, right) were obtained by three
consecutive 8-point measurements for both DO-MEA micro-
sensor configurations (Fig. 4, left) to cover a total of 24
measurements per microsensor (Fig. 4 left). For the Clark-
type microsensor, each measurement was made every 50 um
using the micromanipulator.

The DO profiles with the different microsensors are
showed in Fig. 4. The first thing to note when comparing
different types of sensor is the different DO concentration
measured in the liquid-biofilm interface, being 6.4 DO and

6.8 mg-L™"' DO for the DO-MEA sensor with the external and
the integrated reference system respectively, and 6.1 mg-L ™'
DO for the Clark microsensor. These small differences in the
concentration measured were maintained throughout all the
profile within the biofilm, and became clear again from
1800 pwm depth, where according to Clark sensor oxygen
was totally depleted, while both DO-MEA sensor profiles
indicated that DO was not depleted after 2400 um. Despite
these slight differences in the measured concentrations, all
sensors showed the same behavior, being able to observe the
same slopes along the three measured DO profiles. Therefore
results showed that, considering the response of Clark micro-
sensor as a standard, DO-MEA sensor, with both configura-
tions, detected a slightly higher DO. This fact could be ex-
plained by changes in bacteria activity at the recording time of
the profiles, because these were not carried out simultaneous-
ly. However the most probable cause was the bigger dimen-
sions of the needle width, 500 wm, than that of the Clark
microsensor, which altered the biofilm structure, facilitating
the entrance of some of the bulk liquid to the biofilm and
causing a misleading sensor reading. In order to reduce the
disturbance during biofilm profiling, the DO-MEA sensor will
be made of a flexible polymer, with a maximum thickness of
50 um.

Overall, both sensors responses exhibited the same trend,
thus confirming the suitability of the developed DO-MEA
sensor for biofilm monitoring. The DO-MEA sensor also
allowed obtaining the profile more easily, in three 8-points
consecutives measurements, reducing the profile variations
caused by the dynamics of the biofilm.

Furthermore, in the near future, the use of such
microfabricated device will enable the integration of ion se-
lective membranes, which may be deposited selectively in
specific microelectrodes in a single needle. The combination
of several different modified microelectrodes will enable the
acquisition of a specific biofilm profile for a previously de-
fined analytes such as for example oxygen, sodium, potassium

Fig. 4 Left: Schematic
representation of the three
consecutive DO-MEA

ﬁfledium

measurements. Right:
Microprofiles of DO within an
aerobic heterotrophic biofilm
using the MEA microsensor with
external (#) and three internal
configurations (m), and the
commercial Clark-type
microsensor (V)
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or sulphides. These will provide to this novel platform of high
versatility for obtaining desired and specific profiles for
deeper studies of biofilms.

Conclusions

The technological improvement and the versatility of the
standard microfabrication techniques open the possibility to
multiple studies of biofilms with different thickness, even in
micro scaled biofilm reactors, at a low cost per sensor and high
robustness. The DO-MEA sensor showed a good perfor-
mance, providing reliable instantaneous information of the
activity inside biofilms. DO-MEA sensor exhibited an excel-
lent linear response in the range 0—8 mg-L ™" DO for the three
different tested designs, with diameters of 50, 25 and 10 pm.
The detection and quantification limits of the three designs
have been determined, showing low values in all cases.

From the DO-MEA sensor characterization in differ-
ent conditions and mediums, it can be concluded that
the sensor may be suitable under a wide range of
conditions (pH, and mineral medium composition and
concentration), widening the variety of bioapplications
where it can be used.

The developed DO-MEA sensor overcomes most of the
commercial Clark-type microsensors drawbacks, such as the
high cost per sensor and fragility. In addition, it enables the
performance of simultaneously measuring at multiple points.
This novel sensor represents an essential tool to record a
biofilm profile in a single measurement, reducing significantly
the acquisition time of a complete profile. This sensor be-
comes an extremely important tool that will enable advances
in biofilm characterization, obtaining mass transfer and
biokinetics phenomena related information. Understanding
of these processes will be a key issue to progress in the
optimization of applied biotechnologies.

This microfabricated needle has been the proof of concept
for DO sensing in this application. However, further techno-
logical improvements of these sensors are ongoing for on the
one hand reduce the thickness of the needle and thus minimize
the damage of the biofilm structure, and on the other hand to
cover the electrode area with oxygen-permeable membranes
for opening its applicability to extreme biofilm growth
conditions.
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Microfabrication of DO-MEA sensor

The DO-MEA sensor consisted of an array of eleven gold disk microelectrodes fabricated on a
500um thick Pyrex wafer (Fig. S1). Because the multipotentiostat used in this work has eight
channels, only eight out of eleven WE could be operated simultaneously, and one of the other
three as a pseudo-reference electrode. A rectangular CE (2.500 mm x 0.115 mm) was also
fabricated running along the needle axis along the microdisk array, which was configured as a
single row as shown in Fig. S1. Due to the wide range of biofilm thicknesses, three different
DO-MEA sensor designs were manufactured and characterized. Microelectrodes with 50 pm, 25
pm and 10 um diameter and separations between electrodes of 50 um, 50 pum and 25 pm,
respectively, were used in this study.

Microsensors were fabricated in the clean room facilities at the Barcelona Microelectronics
Institute (Spain), through standard photolithography techniques as it is well reported in the
literature [1-3]. In summary, three metal layers were deposited by sputtering over a Pyrex wafer
(Fig. Sla-b). A thin titanium layer (15 nm) was deposited first to improve the adhesion of
subsequent metals, a second nickel layer (15 nm) was deposited provide a diffusional barrier
and prevent the formation of intermetallic Ti-Au compounds, and a final gold layer (150 nm)
was deposited. Subsequently, electrodes and metal tracks were patterned using selective wet
etching baths following a standard lithographic process (Fig. S1c). Finally, in this work, SU-8
negative photoresist was chosen as the passivation material due to its optimal dielectric
properties and ease of implementation [4]. In particular, a 1.9 um SU-8 layer was spin-coated
and the electrode active area and the connection pads were defined (Fig. S1d).
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After the clean room process, a disk saw was used to dice the wafer into individual needle-
shaped chips (>300) of dimensions 10.85 mm x 1.25 mm per probe. Next, each of these probes
was fixed on a printed circuit board (PCB) and wire bonding was used for electrical
connections. To protect the wire bond connection, the packaging process ended with the
complete coverage of the PCB with a thermocurable resin (H77, Epotek, USA).
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Fig. S1. Left: The process of fabricating the microelectrode arrays using standard
photolithographic techniques. Right: DO-MEA design of 11 gold disk microelectrode array and
a rectangular macroelectrode on a 500 pum thick Pyrex substrate and featuring SU-8 passivation.

Electrode preparation

For the sensor surface cleaning Hellmanex Ill, (Hellma Analytics, Germany), isopropanol
(LC/MS grade) and acetone (HPLC grade) (both from Fisher Scientific, UK).

Microelectrodes required activation before use. Several known gold-cleaning methods were
investigated. Immersion of the sensor for 1hour in a solution of 75% v/v 50mM KOH and 25%
v/v of H,O, was the selected method to clean the DO-MEA sensors. This method is the mildest
we found for the removal of the SU-8 traces from the surface of the microfabricated
electrodes.It was found that immersion must be repeated three times to obtain an optimal
response of the sensor. Other cleaning methods such as: applying a potential sweep in a
potassium hydroxide solution (KOH Sweep), cycling the electrode potential in a weak sulfuric
acid solution (H,SOy), or applying a suitable potential waveform in KNO; solution were also
tested, also resulting in a good activation response. However, repeated electrode activation was
necessary, and the least aggressive method was treatment by KOH + H,0,. The conditions used
in each method can be found elsewhere [5].

Before activation in KOH+H,0,, the electrodes were cleaned with standard washing
proceduresin ausing a 2% v/v Hellmanexsolution in deionized water, acetone and isopropanol
followed by deionized water to remove grease and organic deposits.

Before and after the cleanning procedure, each electrode was subjected to a cyclic volammetry
from 500 mV to -200 mV, at a scan rate of 100 mV-s™ in 0.01M ferro/ferri cyanide and 0.1M
KNO; solution to determine its state of activation. Resulting voltammograms, display the
electrochemical characteristics in terms of absolute potential between the reduction and
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oxidation peak (AE,) and the current reduction/oxidation peak (l,). Adequate electrode
activation was indicated by Ip and AE, values consistent with reversible electrode kinetics.

Detailed schematic of the calibration set-up.

The DO-MEA sensor was calibrated in the 3-electrode calibration cell (1), with a commercial
RE (2) and CE (3), and the WEs (4). A potentiostat (5) was used to apply the voltages and to
measure the currents during sensor calibration. The DO concentration inside the calibration cell
was adjusted by bubbling a gas mixture (6) and measured by a commercial DO sensor (7).

Fig. S2. Schematic of the calibration set-up.

Schematic of the FPB and the devices used to measure DO concentrations profiles

Fig. S3. Schematic of the FPB and genereal setup.

Flat Plate Bioreactor (1), DO Clark-type microsensor (2), DO MEA sensor (3) and
micromanipulator (4). Instrumentation for the reactor operation: feeding (5) and recirculation
(6) pumps, mineral medium stock solution (7).
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Theoretically equations corresponding to a diffusion controlled limiting current

For an inlaid microdisc electrode, the steady-state current is described by eq. S1. However, most
microfabricated microelectrodes, including the ones in the needle presented in this work, are
recessed, which negatively affects mass transport. Bond et al. [6] derived the following equation
(eq. S2) that describes the current response of recessed microelectrodes [7-9].

Him,, g =4n-F-Dcr (S1)
i _4nF-Dcr
M eessed = m (S2)
—+1
T

Where n is the number of electrons transferred during oxygen reduction reaction, F [C-mol™] is
the Faraday constant, D [m*-s™] is the DO diffusion coefficient, r [m] is the microelectrode
radius, ¢ [mol-m?] is the DO concentration and L [m] is the height of the passivation layer
producing the recess. Another way to describe the behavior of microelectrodes of any geometry
is by means of numerical simulations [8], although eq. S2 sufficed for the purposes of the
present work.

Detection and quantification limits determination

Sensor calibration was completed by determining the detection and quantification limits (Lp and
L respectively), which were calculated according to JUPAC standards [10], using eq. S3 and
S4 respectively.

3S

LD,DO == TB (53)
10-S

I-Q,Do = S = (S4)

where Sg is the standard deviation of ten measurements in blank conditions (0% O,), and S the
slope of the calibration curve (sensitivity). These equations consider a linear calibration curve,
normal distribution data and constant variance in each measurement. The 0% O, concentration
condition was reached by adding a saturated Na,SOs solution to remove the dissolved oxygen in
the 0.1M KNO; solution.

Effect of the mineral medium in the DO-MEA microsensor response

In order to determine the working range of the sensors, their response in media of different
composition was also studied. Since the most important variables in the study of biological
systems are the nature of the medium, the effects of mineral medium composition (Fig. S4) and
of pH (Table S1), the effect of these parameters on the DO-MEA sensor performance was
studied separately.
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Fig. S4 Mineral medium composition effect on DO-MEA sensor response. The points
correspond to the average current and the standard deviations for eight different electrodes of
the same DO-MEA sensor in four different solutions (0.01 M KNO3;, 0.1 M KNOs, 0.01 M
K;SO4 and 0.1 M K;SOy).

Results indicate that changing the salt anion of the supporting electrolyte has no effect on the
sensor sensitivity as can be observed comparing the KNO; and K,SO, calibration curve slopes
(sensitivities), where differences of less than 1 % were found. However, changes in ionic
strength significantly affected the sensor response. The figure shows that a ten-fold dilution of
the supporting electrolyte resulted in a 13 % sensitivity decrease.

In addition, the effect of the medium pH on the DO-MEA microsensor behaviour was also
tested. Table 2 summarizes the results obtained from eight microelectrodes in a KNO; solution
at six different pH between 2 and 10. It is important to note that the polarized potential, where
the measurements were done, change depending of the pH value. A linear sweep was done
before each pH experimental in order to detect the limiting current value of the second reduction
step.

Table S1. Summary of electrode responses of different medium pH. Sensitivity increases with
pH.

Sensitivit Sensitivity Offset
pH (nA-mg™L I;O) deviation (nA) R?
g (nA-mg™-L DO)
10 2.79 0.02 1.10 0.999
8 2.52 0.09 1.04 0.998
6 241 0.08 0.98 0.994
4 1.70 0.09 2.80 0.995
3 1.7 0.2 591 0.996




3.3. APPLICATION OF MICROFABRICATED ELECTROCHEMICAL SENSORS

61

2 1.3 0.2 6.22 0.990

Results show that the oxygen signal was nearly unaffected by pH changes in the 6<pH<8 range,
as reported in [11]. Out of this range, pH has a strong effect on the sensor sensitivity. This effect
appears because the oxygen reduction potential increases with pH, reducing the interferences
caused by the formation of hydrogen and resulting in more sensitive oxygen detection at
alkaline pH. The deviation in the sensor sensitivity was affected in the same way by pH because
at lower pH the contribution to the current from the hydrogen evolution reaction increases
relative to that from the oxygen reduction. This behaviour is clearly shown by the offset
displayed by the different calibration curves, and which increases in acid conditions. Despite the
variable response of the sensor response at different pH, satisfactory correlation coefficients
were obtained (Table 1), indicating that the sensor operation is adequate over the pH range
tested.
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3.3.2 Paper Il: Miniaturized multiparametric flexible platform for the simultaneous
monitoring of ionic compounds in microfluidic cell culture systems: Application

in real urine

The second paper presented in this Chapter, Paper II, is a published article focused in the development
of a single low-cost microfluidic multisensing platform that can be connected at the inlet and outlet ports
of a microfluidic system, for the simultaneous measurement of dissolved oxygen, Nat, K* and pH
compounds. This platform is fabricated in Kapton® substrate using microfabrication technologies and
rapid prototyping techniques. Their applicability is addressed to any type of microfluidic system, and here

it is validated for the specific case of monitoring a renal tubular tissue, with the use of urine samples.

This article is In Press ’Accepted Manuscript’ in Sensors and Actuators: B journal *:
Ana Moya, Xavi Illa, Ignacio Gimenez, Yoskaly Lazo-Fernandez, Rosa Villa, Abdelhamid Errachid, Gemma
Gabriel. Miniaturized multiparametric flexible platform for the simultaneous monitoring of

ionic compounds: Application in real urine. In Press ’Accepted Manuscript’.

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

e Conference SENSORS, 2014 IEEE: A. Moya, X. Illa, E. Prats-Alfonso, N. Zine, G. Gabriel, A.
Errachid, R. Villa, Flexible microfluidic bio-lab-on-a-chip multi-sensor platform for electrochemical
measurements, in: IEEE SENSORS 2014 Proceedings, 2014: pp. 1018-1021.
doi:10.1109/ICSENS.2014.6985176.

e Conference EUROSENSORS 2014: A. Moya, N. Zine, X. Illa, E. Prats-Alfonso, G. Gabriel, A.
Errachid, R. Villa, Flexible Polyimide Platform based on the Integration of Potentiometric Multi-
sensor for Biomedical Applications, Procedia Engineering. 87 (2014) 276-279.
doi:10.1016/j.proeng.2014.11.661.

* Note that sections, equations and references numbering in the reproduced research article follow the ones

of the published version.
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Biomonitoring is a research topic that has largely relied on cell culture systems. Recently, the development of
“Organ-on-a-Chip” (OC) platforms and the need for a continuous monitoring of these systems has increased
its interest. However, the biomonitorization in these systems is still at its infancy due to the difficulty to
adapt the sensors to microfluidic OC systems. In this work we have fabricated a modular, versatile, scalable,
multi-analyte sensing platform, which integrates dissolved oxygen (DO), Na*, K and pH sensors for moni-
toring their concentrations in small volume of biological fluids. The platform is fabricated by means of rapid
prototyping techniques using polymeric substrates, and incorporates all the necessary elements to measure the
four analytes. It was designed with four gold sensing electrodes, and integrates a gold counter electrode and
an Ag/AgCl pseudo-reference electrode for the electrochemical measurements in small volumes (0.83 L) of
samples. The sensors featured good sensitivities of 3.60 + 0.2 nA (mg Lfl) for DO and 69 + 1 mV decade ™'

Keywords:
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Microelectrodes

ggwmide for pH. Na" and K" uISE exhibited sensitivities of 57 + 1 mV decade ' and 52 2 mV decade ', and low lim-

Na+/slzr+1SOIrSE its of detection 5 x 10 °M and 0.5 x 10° M respectively. This platform allows the dynamic measurement of
the biological fluids parameters simultaneously, in real time and with a rapid response. e versatility of the

pHsenSSr he biological fluids p: imul ly, i 1 ti d with a rapid resp Th ility of th

platform allows its adaptation in any microfluidic cells culture systems. The novel multi-sensor platform has
been validated in controlled buffers and with artificial urine (AU). A proof-of-concept using real mice urine
(RU) has been carried out, demonstrating the good behaviour of the multi-sensing platform.

©2017.

readily translate to in-vivo scenarios due to the fundamental difference
of these reductive models compared with native tissues and organs
[1]. It is in this context where microfluidic cell culture systems [2—5]

1. Introduction

The growth of a cell culture is a complex biological process that

requires monitoring of various biological parameters in real time.
Conventional two-dimensional (2D) cell culture systems are being
largely used, but often the results obtained from these systems do not

Abbreviations: 0-NPOE, 2-nitrophenyl octyl ether; AEIROF, anodically elec-
trodeposited iridium oxide films; AU, artificial urine; CE, counter electrode; CV,
cyclic voltammetry; COP, cyclo-olefin polymer; DBP, dibutyl phosphate; DOS,
dioctyl sebacate; DO, dissolved oxygen; PPy, electropolymerized pyrrole; IrOx,
iridium oxide; LOD, limit of detection; LOQ, limit of quantification; PBS, phos-
phate-buffered saline; OOC, Organ-on-a-Chip; PET, Polyethylene terephthalate;
PMMA, Polymethymethacrylate; PET, Polyethylene terephthalate; PVB,
polyvinyl butyral; PVC, polyvinylchloride; pRE, pseudo reference electrode; RU,
real urine; SEM, Scanning Electron Microscope; THF, tetrahydrofuran; 2D,
two-dimensional; WE, working electrode; ZIF, zero insertion force; MPM,
matched potential method; pISE, micro ion-selective electrodes

* Corresponding author at: Instituto de Microelectronica de Barcelona, IMB-CNM
(CSIC), Esfera UAB, Campus Universitat Autonoma de Barcelona, 08193 Bellaterra,
Barcelona, Spain.

https://doi.org/10.1016/j.snb.2017.09.104
0925-4005/© 2017.

and more advanced “Organ-on-a-Chip” systems (OC) have emerged
to recreate a more physiological microenvironment [6—10].

In the field of biomonitoring, the interest in integrating sensors
for in situ monitoring of cell growth has increased in the last decade
[11-13]. Up to now, most of the systems which present miniaturized
devices with integrated electrochemical sensors are still based on sta-
tic cell cultures systems [14,15]. However, multiparameter electrolyte
monitoring in microfluidic cell cultures is barely used and poses chal-
lenges. Conventional analytical methods require manual sample col-
lection from the microfluidic system, large working volumes, and fre-
quent system disturbance, and thus are not suitable for miniaturized
platforms.

The analysis of real samples implies the determination of several
ions. Analytes of interest are related to acidification, respiration and
some ions, such as sodium and potassium among the most general
ones [16,17]. Oxygen consumption [18] and acidification [19] are both
indicative of cell metabolism. They are among the most relevant bi-
ological parameters, well suited for the sensitive detection of cellu-
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lar response to drugs or toxic compounds or just to monitor of cell life
activity [20]. Monitoring of extracellular ion activities can be of in-
terest in applications involving the study of tissue/organs whose func-
tion is sensitive to extracellular ion concentrations (excitable cells like
neurons or muscle) or depends on the establishment and maintenance
of ion concentrations gradients through epithelial barriers [11].

In order to obtain biologically relevant information, it is necessary
to use a system capable to measure multiple ions from small volumes
in a greatly short and real time. To achieve this, the miniaturization
and the simultaneous measurement of ions are important issues for the
application; however, it is also necessary to achieve a cost-effective
system. The use of polymeric substrates for developing microfluidic
systems for electrochemical applications has increased during the last
years [21-23]. Specifically, several studies have presented platforms
for potentiometric measurements made with flexible polyimide Kap-
ton®™ [24,25] overcoming the cost limitations that suppose the use of
silicon substrates. The use of Kapton® as a substrate has many attrac-
tive properties in contrast to other low-cost materials such as thermal
and mechanical stability, high chemical resistance, and low dielectric
constants.

In this contribution we present a single low-cost platform based on
Kapton® and encapsulated on a microfluidic device using laminated
polymers by means of rapid prototyping techniques [26,27]. It incor-
porates four electrochemical sensors for the non-invasive measure-
ment of: dissolved oxygen (DO), Na", K" and pH. The electrode array
is formed by 4 gold electrodes, one working electrode (WE) for the
amperometric measurement, and three other electrodes for each poten-
tiometric measurement, a common integrated Ag/AgCl pseudo refer-
ence electrode (pRE), and a gold counter electrode (CE). For Na* and
K" measurements, microsensors are based in the most common con-
struction of micro ion-selective electrodes (WISE) which consist on an
ion-selective polymeric membrane containing the specific ionophore
[28,29]. The polymeric membrane is deposited on top of a conduct-
ing polymer material based on electropolymerized pyrrole (PPy) layer
since is one of the most stable contact layer known [30,31]. The
pH sensor is obtained with the electrochemical coating iridium oxide
(IrOx) layer of its sensing electrode [32,33].

Special care has been taken with the combination and integration
of all the different sensors, because the fabrication methods need to
be compatible. Another goal was to find conditions for sensor storage
preserving adequate sensitivity and selectivity for the detection of sev-
eral analytes.

As a proof of concept, the platform was validated measuring the
Na", K" ions and pH using artificial urine samples (AU) with different
ion concentration levels and also with real mouse urine (RU) samples
obtained from mice fed with gel food formulated to contain varying
amounts of sodium and potassium. DO in urine is not a relevant phys-
iological parameter and has to be measured under very stringent con-
ditions that cannot be met with the use of stored samples. However,
oxygen control is essential for cell cultures systems since is vital in the
energy metabolism of cells and, moreover it is an important regulatory
parameter, influencing cell differentiation and tissue zonation [34,35].
We are currently using this platform for DO measurements success-
fully, in projects involving monitoring of metabolic activity in human
cell cultures.

Our efforts have been focused on developing a more realistic de-
vice that combines low volume microfluidics with multi-analyte sens-
ing, allowing the detection in biological fluids (including cell culture
media) of different ions simultaneously. Special attention has been
done in fabricating a versatile, modular, scalable platform that can
be placed in series with different microfluidic cell culture systems, to

monitor chemical species in real time. Simplicity in the design and
miniaturization of multisensing platform will facilitate adapting the
platform to sense other analytes in cell culture monitoring.

2. Material and methods
2.1. Reagents

All solutions used in the sensors development were prepared with
deionized water (conductivity less than 1 pcm '). Although speci-
fied, all the reagents were bought at Sigma-Aldrich, and used as re-
ceived. For the electrode surface cleaning, activation and characteriza-
tion were used ethanol (LC/MS grade), sodium nitrate (KNO3), potas-
sium hexacyanoferrate(IlI) K;[Fe(CN)¢] and potassium hexacyano-
ferrate(I) K,[Fe(CN)¢]. For the integration of the pRE were used
a commercial silver solution (silvrex-s) from Enthone-Omi; ammo-
nia, nitric acid (HNOs;), hydrochloric acid (HCI), polyvinyl butyral
(PVB), methanol and sodium chloride (NaCl). For the development of
the pH sensor were used iridium trichloride trihydrate (IrCl;-3H,0),
oxalic acid (H,C,042H,0) and potassium carbonate (K,CO;). For
pH sensor calibration was used HCI and sodium hydroxide (NaOH).
For the preparation of the uISE were used 2-nitrophenyl octyl ether
(0-NPOE), dioctyl sebacate (DOS), dibutyl phosphate (DBP), potas-
sium tetrakis(4-chlorophenyl)borate (KTpCIPB), polyvinylchloride
(PVC), potassium ionophore I, sodium ionophore X, tetrahydrofuran
(THF), chloroform, acetonitrile, pyrrole, NaCl and cobaltabis (discar-
bollide) ions (Cs[Co(C,B¢H,;),] from KATCHEM spol. The nitrate
salts of all cations used for the characterization (Na”, K*, Li", Ca”",
Mg2+) were of the highest purity available. Phosphate-buffered saline
(PBS) was used to storage the sensors. Finally, for the preparation of
AU samples were used urea, uric acid, creatinine, Na;CcHs0,2H,0,
NaCl, KCIl, NH,Cl, CaCl,-2H,0, MgSO,-7H,0, NaHCO;, NaC,0,,
Na,SO,, NaH,PO,-H,0 and Na,HPO,.

2.2. Equipment

All measurements were carried out at room temperature. The acti-
vation and characterization of the gold electrodes, and also the elec-
trodeposition of the IrOx and PPy films, were performed in a sin-
gle compartment cell with a standard three-electrode system using
an 8-channel potentiostat (1030A Electrochemical Analyzer, from
CH-Instruments). These experiments were done using a commercial
Ag/AgCl double junction reference electrode (from Thermo Orion),
and a platinum ring electrode as auxiliary electrode (from Metrohm).
The silver of the pRE was electrodeposited vs a platinum film, by
an Autolab (PGSTAT 12, from Chemie BV). Scanning Electron Mi-
croscopy (SEM, Auriga-40, from Carl Zeiss) was used to study the
morphology of the electrodeposited films.

The oxygen sensor was calibrated in controlled dissolved solutions
against an oxygen probe (OXI 325, from WTW). Oxygen concentra-
tions were changed by a nitrogen-air distributor. DO sensor calibra-
tion and the characterization [35] was done using the 8-channel poten-
tiostat (1030A Electrochemical Analyzer, from CH-Instruments). The
pH sensor calibration was done in different pH solutions and a com-
mercial pH-meter was used for the correlation of the obtained poten-
tials (GLP22, from Crison). The calibration of the pH and pISE sen-
sors were done using home-made data acquisition system set-up with
four multi-channel microelectrodes to measure open circuit potential,
connected and controlled by a personal computer. For all calibrations
was used a magnetic stirrer to quickly homogenize their concentra-
tions.
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For the experimental validation, the measured Na®, K" ions of
different sample of mouse urine were correlated using an atomic
spectrometer (929 Solar AA Spectrometer, ATI Unicam, from Prince
Technologies B.V).

2.3. Microfluidic platform fabrication

The multi-sensor platform is composed of three different poly-
meric layers. The bottom one is a 127 um thick polyimide film (Kap-
ton® 500HN, DuPont) that incorporates an array of six gold microelec-
trodes: four gold electrodes, a WE for the amperometric measurement,
and three for each potentiometric measurement, a pRE and a CE. The
middle layer is a structured Polyethylene terephthalate (PET)-two-side
adhesive sheet of 175 um of thickness (AR8939, obtained from Adhe-
sives Research Europe) where the microfluidic channel is defined, and
the top layer is a 188 um cyclo-olefin polymer (COP) film (Zeonex
ZF14-188, purchased from Ibidi GmbH) that acts as a cover and where
the inlet and outlet of the microfluidic channel are defined.

The platform was fabricated in the clean room facilities of the
IMB-CNM (CSIC), at a wafer level (Fig. 1A). In brief, 10/100 nm Ti/
Au layers were evaporated on the Kapton® film to fabricate the mi-
croelectrodes via lift-off using the AZ5214E image reversal photore-
sist. The Ti layer was used to improve the adhesion between gold elec-
trodes and polymeric substrate. The active area of the electrodes and
the geometry of the microfluidic channel were defined by structuring a
PET-two-side adhesive sheet and bonding it to the Kapton®™ substrate,
obtaining a total channel dimension of 9.5 mm x 0.5 mm. The sample
volume required to fill the channel is 0.83 pL. This passivation strat-
egy avoids further passivation and reduces fabrication time and costs.
A COP sheet was used to close the channel due its optical transparency
as it is necessary to observe inside the channel. Both, COP and PET
sheets were cut in Roland GX-24 cutter plotter and were manually
aligned using a custom made tool [27]. After the fabrication and en-
capsulation processes, the sensors were individualized by cutting them
using the cutter plot obtaining 14 sensors per wafer with total dimen-
sions of 14 mm x 25 mm (Fig. 1B). The connection to the electrode
pads was done by using a zero insertion force (ZIF) connector. This
strategy reduces the costs and the fabrication time and also allows the
reusability of the connectors.

Finally, a custom holder fabricated in polymethymethacrylate
(PMMA) was used for easy handling of the chip as shown in Fig. 1C.
The holder was designed in order to have both fluidic and electrical

access to the electrodes in a reliable and simple manner and with the
possibility to place and remove the chip in an easy way.

2.4. Sensors development

Microelectrodes require activation before its use. Among the dif-
ferent gold-cleaning methods investigated [36], we chose the applica-
tion of a suitable potential waveform to clean the multi-sensor plat-
form. In particular, five pulses alternating between —2 V and 0 V dur-
ing 10 s in a KNOj electrolyte solution were performed. Adequate
electrode activation was indicated by Ip and AEp values consistent
reversible electrode kinetics [37]. For this, cyclic voltammetry (CV)
measurements in ferro/ferricyanide (102 M) were carried out in sta-
tic and dynamic way. Before activation, the electrodes were cleaned
by sonication in ethanol for 5 min and rinsed in deionized water to re-
move grease and organic deposits.

2.4.1. pRE development

The integrated pRE was developed by electrodepositing silver onto
the gold microelectrode (electrode labelled 1 in Fig. 2A). The active
area of the pRE was 0.05 mm?. The sensor surface was submerged in
the silver solution, with a concentration of 32 g/L, and a constant cur-
rent of 10 pA during 120 s was applied. After that, in order to achieve
the purity of the silver layer, the surface was cleaned submerging it in
concentrated ammonia during 1 h and after, in HNO; (0.1 M) during
2 h [38]. For the chlorination, the electrodes with the silver film were
submerged in HCI (0.1 M) and a voltammogram from 0 V to 0.2 V
was applied. In order to achieve a stable Ag/AgCl pRE in presence
of different ion compounds, a PVB solution in methanol where NaCl
was dispersed, was drop-casted onto the pRE. This type of membrane
presents an outstanding stability to change in solution concentration,
light, pH and redox potential [39]. Stability of the pRE potential was
studied for 24 h in a KCI (3 M) solution exhibiting a good stability
with a drift rate less than 0.11 mV h™". Fig. 2A.1 shows the SEM im-
age of a Ag/AgCl pRE integrated in the platform before the deposition
of the PVB membrane.

2.4.2. DO sensor development

DO was measured with amperometric method. Clark type mi-
crosensors [40] are the most commonly used probes in this type of
measurement, where a polarized potential is applied to the WE and
the reduction of the current generated at it is directly proportional to
the oxygen concentration of the solution. The necessary three elec-
trodes were integrated in our platform; a pRE (electrode labeled 1 in

Fig. 1. A) Flexible polyimide multi-sensor platform fabricated on flexible Kapton® substrate at wafer-level; B) Individualized multi-sensor with a total dimensions of 14 x 25 mm,
passivated by PET sheet which defines the microfluidic channel of 9.5 x 0.5 mm; C) PMMA custom holder for fluidic and electrical access.
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Fig. 2. A) Image of the platform after the development of the microsensors. It incorporates the pRE (Ag/AgCl), the three electrodes for the DO measurement, the Na™ pISE and
the K™ pISE membranes deposited onto the PPy layer and the coated IrOx for the pH measurement; SEM images of A.1) Ag/AgCl pRE; A.2) gold microelectrode after growing
PPy[3,3'-Co(1,2-C2B9H11)2]; and A.3) the deposited cocktail Na” membrane, B) Schematic of the required order for the sensors development processes.

Fig. 2A), a WE (electrode labelled 2 in Fig. 2A) and a CE (electrode
labelled 3 in Fig. 2A). The active area of the CE was 0.25 mm?, ten
times higher than area of the WE (0.025 mmz). Sensors were cali-
brated in the oxygen concentration range between 0 and 8 mg L' DO
as it is well described in our previous work [35]. The sensor was po-
larized at — 850 mV as the optimal potential value for the determina-
tion of the DO concentration. The DO concentration was adjusted by
bubbling different nitrogen (O, free) — air (21% O,) mixtures through
a KNOj; (0.1 M) solution, and a magnetic stirrer was used to ensure
better mixing of the solution. The concentration of DO in the cell was
measured with a commercial DO probe and correlated with the mea-
sured polarization currents of each microelectrode in order to build the
calibration curves. Sensor resolution was evaluated using a definition
of limit of quantification (LOQ) and limit of detection (LOD) defined
by IUPAC [41]. LOQ is equal to the blank conditions (0% O,) plus
ten times their standard deviation. The LOD is obtained with the same
blank conditions plus three time their standard deviation.

2.4.3. Na" and K" sensor development

Na' and K* were measured with a potentiometric method. The
most common construction of the LISE requires an ion-selective mem-
brane of a polymeric type containing the specific ionophore [28]. PVC
is conventionally used as a membrane matrix since PVC-membrane
enhances the retention of the membrane components and extends the
lifetime of the electrode [29]. In addition, a conventional ISE has an
inner electrolyte solution that makes more difficult its miniaturization.
In order to solve it, many investigations have been dedicated to the re-
placement of the internal solution for a conducting polymer used as a
solid-contact layer [42,43].

In this work, for the development of the pISE, a conductive solid
internal contact layer between the gold electrode and the sensing
membrane was prepared by electropolymerization of the pyrrole
(107" M) in presence of Cs[Co(C,BgH;),] (3.5 x 1072 M) in acetoni-
trile over the surface of the gold sensing electrode (electrode labelled
4 and 5 in Fig. 2A), with an area of 0.1 mm®. The high over oxida-
tion resistance provided by the cobaltabis(discarbollide) represents a
significant improvement in the long term stability of such membranes
as it is described in [44]. The electrodeposition conditions of the PPy
films were carefully studied to ensure the best adhesion and charge
transfer between the electrodes and the membranes. The best response
was obtained by applying a redox potential from — 0.2 V to 1.1 V at
a scan rate of 100 mV s ' during 10 cycles. Fig. 2A.2 shows a SEM
image of the electrodeposited PPy layer.

Finally, different PVC-membranes compositions were studied. In
particular, three different membranes with different plasticizers were

prepared and studied, since the solvent used in the composition of
the membranes influences the characteristics of microelectrodes, such
as the dielectric constant of the membrane and the mobility of the
ionophore molecules [45]. They were prepared by mixing 1 wt.% of
commercial ionophore, 33 wt.% of PVC matrix, 65.5 wt.% of plasti-
cizer (DOS, o_NPOE or DBP) and 0.5 wt.% of KTpCIPB additive;
all dissolved in 5 mL of THF with 0.5 mL of chloroform [46-48].
This mixture was deposited manually on top of the PPy layer surface
(sodium membrane over the electrode labelled 4 and potassium mem-
brane over the electrode labelled 5 as shown in Fig. 2A), and kept then
in air overnight at room temperature in order to evaporate the solvent.
They were subsequently hydrated in PBS buffer for at least 24 h be-
fore use and always stored in the same solution. Fig. 2A.3 shows the
SEM image of electrode labelled 4 covered by the sodium membrane.

Calibration curves were obtained by adding successive aliquots of
sodium or potassium nitrate solutions (prepared with a concentration
range of 1-10> M by serial dilution) under magnetic stirring, to in-
crease the concentration of the anion from 10 M to 10~ M in a cali-
bration buffer of 25 mL. The pISE produce a potential which is related
to the activity of a specific ion in the presence of others. Variations in
potential were recorded after stabilization and the value was plotted as
a function of the logarithm of the each ion activity which was calcu-
lated according to the Debye-Hiickel approximation [49].

2.4.4. pH sensor development

For the potentiometric pH sensor, we implemented the growth
of iridium oxide films method described in [32] on the gold elec-
trode with 0.1 mm? area (electrode labelled 6 in Fig. 2A). The plat-
form was immersed in a solution that contained IrCl;3H,0 (0.2 mM),
H,C,0,2H,0 (1 mM) and K,CO; (5§ mM) dissolved in distilled wa-
ter. This solution had been aged at 37 °C for 4 days and stored at 4 °C
until used. Anodically electrodeposited iridium oxide films (AEIROF)
were obtained by a dynamic potential sweep method consisting of 50
potential sweeps between open circuit potential (near 0.0 V) and 0.6 V
at scan rate of 10 mV's '. The response of the AEIROF pH sensor was
studied in terms of open circuit potential evolution over a pH range
between 2 and 11. The sensor was calibrated in PBS buffer and also in
AU samples. The pH was modified under mechanical stirring, by ser-
ial addition of either NaOH or HCI. The pH changes were monitored
in parallel using a commercial pH-meter.
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2.5. Experimental procedure

The experimental validation of the platform was done in three dif-
ferent samples: in controlled buffer, AU and in RU. AU was prepared
according to [50]. Table S1 (Supporting Information) shows the con-
centration values selected for the used AU.

For the extraction of the RU, 9-week old C57B6 male mice were
housed in metabolic cages and fed gel food formulated to contain
standard amounts of sodium and potassium (Na' 0.3%, K 0.8%, Cl°
0.37%, Control) [51]. Urine was collected daily under a layer of min-
eral oil to prevent evaporation in sterile containers. On the third day,
mice were divided in four groups: one was kept on Control diet;
the others were switched to one of three experimental diets contain-
ing high levels of sodium (NaCl 4%, HighNa), potassium (KCI 4%,
HighK), or both (NaCl 4%, KCI 4%, HighNaK). Urine was collected
for two extra days. All samples were kept frozen until analyzed. Ex-
perimental procedures were revised and approved by our local animal
research ethics committee (CEAEA, Universidad de Zaragoza, Spain).

For the experimental measurement of the urine ion compounds, the
samples were diluted 1:100 in distilled deionized water and inserted
by microfluidic channels in the developed multisensory platform. In
order to correlate the obtained measurement of the multisensor, the
ion concentrations in biological samples were also measured with an
Atomic Spectrometer, in this case, urine was diluted 1:5000 in 5 mM
CsCl solution. Concentrations of Na“ and K in the diluted samples
were determined by flame photometry against appropriate standards
prepared in the same diluent. Linear fit of the standard values was em-
ployed to calculate absolute ion concentrations in the biological sam-
ples, after correction for dilution. Each individual sample was quanti-
fied in duplicate. Results are shown as the average of 2 mice exposed
to a particular experimental diet.

3. Results and discussion

In this work the best way to integrate all sensors optimizing the
electrode modification step by step was carefully studied in order to
reduce interferences between processes. Most of the published mul-
tiparametric focus on individual sensor preparation and characteriza-
tion, without taking into account the presence of the other sensors
lacking a prove of validity [52,53]. Three different electrodepositions
processes were required for the development of all the sensors, as
shown in Fig. 2B. Silver electrodeposition was selected as the first
one in order to not affect the other sensors by its immersion in the sil-
ver solution, and subsequent cleaning in concentrated ammonia and
nitric acid. Then, a PPy layer was electrodeposited, leaving the elec-
trodeposition of IrOx as the last electrodeposition process. IrOx is the
most delicate layer and it is necessary to avoid its contact with the
other solutions. The last step was the manual deposition of sub-mi-
crolitre volumes of the three membranes (Na', K™ and PVB) (Fig.
2B). Furthermore, big efforts were done to find the best working con-
ditions, taking into account their preparation, optimization, calibra-
tion and storage, which benefit all the sensors included in the plat-
form. In the following sections, the study of individual optimum work-
ing conditions for either sensor, and its relation with the rest of the
system is presented. PBS was the selected medium to store the sen-
sors due to its composition rich in NaCl and KCI. These ions are ad-
equate to keep the uISE membranes and the high quantity of chlo-
ride (Cl) helps the PVB membrane to have a stable CI concentra-
tion for maintaining the Ag/AgCl stable reference electrode. Also,

PBS is a good buffer to store the IrOx sensor of K is required to keep
their electrodeposited film stable.

3.1. Platform calibration in buffer

In order to check the correct response of the microelectrodes after
the cleaning and activation process detailed in section 2.4, CV were
carried out in static and dynamic conditions. Fig. STA (Supporting In-
formation) shows the response of the different microelectrode dimen-
sions in ferro/ferricyanide (107> M) solution. Fig. S1C (Supporting In-
formation) shows typical CV responses of gold electrodes at different
scan rates for static conditions. All the voltammograms show consis-
tent peak current (I,) values when compared with the state currents
predicted by Randles-Sevcik [54] as shown in Fig. S1E (Supporting
Information). Also, the gold microelectrodes were tested in dynamic
conditions at different flow rates. In this case the voltammograms of
Fig. S1 B and D (Supporting Information) presented the expected sig-
moidal shape, with a consistent limiting current (I;;,,) values compared
with Levich’s equation [55]. There is a lower limit for the flow rate
(<25 puL/min) under which the current deviate from theory. This is be-
cause axial diffusion becomes significant [56]. The AEp obtained was
59 mV as a reversible electrode kinetics behavior [37].

3.1.1. DO calibration

The amperometric DO response was studied as in our previous
work, where it was also stated that activation of the sensor was needed
before its calibration [35]. In this work, the sensor was calibrated us-
ing external CE and RE and compared with the integrated CE and pRE
configuration. The comparison of reduction potentials using both elec-
trodes configurations was studied as shown in Fig. S2A (Supporting
Information). The final selected potential was —850 mV for the cal-
ibration measurement of the DO concentration. Fig. S2 B (Support-
ing Information) shows the calibration curve of the polarized current
measured for eight different DO concentrations in the range between
0 and 8 mg L' The sensor exhibited a good performance, displaying
excellent linearity in all the DO concentration range. DO sensor ex-
hibited a sensitivity of 3.60 + 0.2 nA (mg L") and a correlation fac-
tor of 0.995 using the integrated three electrodes configuration. LOD
and LOQ were also estimated, resulting in 0.11+0.02mgL ™" and
0.38 +0.05 mg L respectively. These results show a good response
in a wide range of concentrations with low limit of detection allowing
their use for detection of cellular response to some drug, to monitor
cell activity and also to control possible bacterial contamination.

3.1.2. Na* and K calibration

The crucial direction in the research over potentiometric sensors
has been miniaturization. Sensor miniaturization imposed modifica-
tion of electrode construction. The simplest arrangement is the use of
a conducting polymer material as ion to electron transducer between
the sensing electrode and the ion-selective polymeric membrane. The
electrodeposition and characterization of the conducting PPy layer is
shown in Fig. S3 (Supporting Information). SEM image in Fig. 2A.2
shows the roughness surface of the PPy layer which improves the sta-
bility of the overlaying coated membrane.

The response of the pISEs was studied for three different plasticiz-
ers (DOS, o NPOE, DBP). Fig. S4 (Supporting Information) shows
the response with the different membranes composition. We selected
the plasticizer that provided the best results in terms of sensitivity,
linear range and LOD. For the Na' sensor, the membrane prepared
with DOS as plasticizer gave the best behaviour, resulting a Ner-
stian response of 57+ 1 mV decade ', with linear response to the
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activity of sodium ions over the range 1 x 10° M to 1 x 10" M. The
LOD was determined from the intersection of the two extrapolated
segments of calibration plots. The use of DOS plasticizer gave a LOD
of 5 x 10 ® M, which was about one logarithmic unit better compared
with the other two plasticizers. The presence of this additive in the se-
lective membrane increases the sensitivity and LOD of the membrane
to Na' changes compared with the other used plasticizers, by reducing
the interference [57]. For the K" membrane, the best performance was
obtained with the use of the DBP membrane. In this case, the resulting
sensitivity was 52 +2 mV decade ! and presented a linear response
range from 8 x 10° M to 1 x 107" M with a LOD of 0.5 x 1075 M.
That means that the sensors cannot recognize concentration changes
lower than the LOD. The obtained LOD were enough to use the devel-
oped WISE in our application for detect in real-time concentrations of
sodium and potassium in mice urine fed with different diets.

After the selection of the best membrane, both sensors were stud-
ied in terms of sensitivity, LOD, measuring range, pH range, selec-
tivity coefficients, response time and life time. Table 1 summarizes
the characteristics of the sensors response. These results are compa-
rable with other previously described, as shown in Table S2 (Sup-
porting Information). The response time of the pISEs is presented
in Fig. S5 (Supporting Information). The microelectrodes reached
the equilibrium response in a very short period of about 5 s, faster
than other reported pISE shown in Table 2 (Supporting Information).
This improvement in the response time was achieved through the
PPy[3,3"-Co(1,2-C,B¢H;),] layer due its high ion-transfer and mobil-
ity between the adjacent solution and the polymer matrix [31]. The
potential response of the microelectrode was not influenced in the pH
range between 3 and 12 as shown in Fig. S6 (Supporting Information).
Outside this pH range, the ionophore complex in the membrane be-
haves as an anion-exchanger and what is sensed is the chloride anion
or the hydroxide anion [58].

Table 1
Specification of the uISE sensors using the best plasticizer response; DOS for Na™ mem-
brane and DBP for K" membrane.

Na™ uISE (n = 10) K* uISE (n = 10)

Sensitivity 57+ 1 mV decade”’ 52+2mV decade !
Detection Limit 5x10°M 05%x10°M
Measuring range 1x10°M-1x10"M 8x10°M-1x10"'M
pH range 3-12 3-12
Selectivity coefficient -2.31 (K") -2.11 (Na")
log (Kﬁfﬁ N -2.33 (Li") —2.45 (LiH

-4.41 (Ca®) -3.69 (Ca™")

-4.41 (Mg*") -3.75 (Mg*)
Response time <Ss <5s
Life Time >3 months >3 months

Table 2

The selectivity is clearly one of the most important characteris-
tics of this type of sensors determining if a reliable measurement in a
real sample is possible. An ideally selective ionophore interacts only
with the target analyte, avoiding any stabilization of an interfering
ion in the membrane [59,60]. The potentiometric selectivity coeffi-
cients (Kﬁ:’:)M) of our PISE were evaluated using the matched po-

tential method (MPM) [61]. The log (Kil:) ?:M) values for Na“ and K*

membranes are presented in Table 1. Fig. S7 (Supporting Information)
presents the experimental plots. These values are comparable to those
reported in the literature as shown in Table S2 (Supporting Informa-
tion).

Finally, Fig. S8 (Supporting Information) shows the evolution of
the sensitivity of each type of PISE during three months. During this
time, the microelectrodes exhibited a Nerstian response with a reduc-
tion of about 15% for both WISE after the third week. The microsen-
sors remained without any further degradation of their response dur-
ing the next month demonstrating the good behaviour of the PPy layer,
which increases the stability of the microelectrodes.

3.1.3. pH calibration

IrOx films were prepared by electrochemical techniques, generat-
ing hydrated IrOx layers where the pH sensitivity depends on the ox-
idation state of the IrOx [62]. In these cases the obtained sensitivi-
ties are greater than 59 mV decade !, meaning the transduction mech-
anism involves more hydrogen ions than the transferred electrons in
the redox reaction. For this reason, just after IrOx film electrodeposi-
tion, the sensor was stored in PBS during 24 h for conditioning pur-
poses. The sensor was calibrated with the integrated pRE exhibiting a
linear super-Nerstian response between pH ranging from 2 to 11, with
an average slope of 69 + 1 mV decade ' (n=5). Fig. S9A (Support-
ing Information) shows the calibration curve. The response time of
the sensor was very fast (<5 s). The obtained results were comparable
with previously published response time, linear pH range and slope
values [63], and were adequate for the determination of pH in the ex-
perimental urine. Long term stability was measured on AEIROF sen-
sors stored at room temperature and immersed in PBS at pH 7. Cali-
bration curves recorded every 5 days over a month (Supporting Infor-
mation Fig. S9B) show sensor sensitivity remained constant after the
fifth day with a deviation of + 2 mV.

3.2. Platform calibration in artificial urine

The platform was first validated in AU samples. AU is a solution
of water mixed with different organic and inorganic components like
urea, creatinine, uric acid, chlorides, sulfates, phosphates,etc, widely
used for studies and developments in scientific research [50]. Main
advantages of an artificial solution over real urine is the control over

Measured urine Na” and K* concentration (mM) of the uISE compared with flame photometry measurements for the three different mice diets. Measured pH values obtained with

the custom AEIROF sensor.

DAY | DAY 4

Na* (mM) K" (mM) pH Na* (mM) K" (mM) pH

Flame uISE Flame uISE Flame WISE Flame uISE

Photometry Platform Photometry Platform Photometry Platform Photometry Platform
Sodium 88.7 90.2+0.3 2334 2352+04  69+0.3 4082 4182+0.2 152.6 148.5+0.6 72403
Pc(l)lte;ssium 62.3 63.4+04 206.4 206.8 £ 0.5 6.8+0.2 413 433+0.3 341.6 3448 +0.5 7.1+0.3
l\iizted diet 50.8 53.2+04 212.5 213.4+0.5 6.8+0.2 2722 2752+0.3 271.9 279.8+0.4 6.9+0.2
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its composition, a longer shelf-life and easier storage. All this facili-
tates the use of this solution to test our integrated multielectrode plat-
form before its validation in real samples.

The pISE were calibrated in nitrate mediums (as shown in Section
3.1.2) and also in chloride mediums using the integrated pRE in order
to validate its functionality. In both mediums they exhibited a good
performance as shown in Fig. 3 demonstrating that the sensitivities
were not influenced by the change in the medium. Six different AU
solutions containing different ion molarity were used for the develop-
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Fig. 3. Potentiometric response of the pISE at different ion concentration in Cl and
NO; medium and artificial urine for A) Na" membrane and B) K* membrane.

A Sodium Diet B

Potassium Diet C

ment of the calibration curves. Obtained sensitivities were in good
agreement with the results obtained in the buffer calibration mediums.

The pH electrode was also calibrated in the AU medium, where the
pH was modified by additions of HCI or NaOH. Fig. S9A (Supporting
Information) shows that the sensor exhibited a linear response in a pH
range between 3 and 9, and was not influenced by the matrix compo-
nents of the urine. In terms of sensibility measures in AU did not alter
the values, obtaining a value of 68 mV decade .

3.3. Analysis of real urine samples

The determination of ion compounds in biological samples is a
challenging task. Beyond the selectivity required, the sensors must be
impervious to unspecific interferences, such as biofouling, due to the
attachment of components of the matrix onto the sensing membranes,
which may result in significant signal drift and even permanent dam-
age [64]. In order to reduce these unspecific interferences [65], each
RU was diluted with deionized water 1:100 before being measured.

The samples used for analyzing Na”, K and pH were obtained
from different mice fed with special diet of sodium, potassium or
mixed sodium/potassium. The measurements were done with the urine
samples collected the first day, before starting the special diet, and
with the ones collected the fourth day [S1]. To perform the ion de-
termination, sensors were first calibrated in AU as shown in the pre-
vious section. A small volume sample (0.83 pL) was enough to fill
the sensing chamber. Open circuit potentials were recorded each sec-
ond, during 80-90 s for each WISE and pH sensor as shown in Fig.
4. The same measurement was repeated three times. Using the mean
value of the recorded potentials, we extracted the ion activity. Devi-
ations in the registered potential were neglected since uncertainty in
the activities came mainly from the interpolation. We have calculated
the interpolation error using the standard deviation formula of propa-
gation of uncertainty with a calibration curve [66]. From the obtained
activities, we calculated the corresponding concentration values using
Debye—-Hiickel limiting law and approximating the ion strength value
from the AU compounds.

As can be seen in Fig. 4, each specific diet basically changed the
ion concentration between the first and the fourth day. Concretely, in
the case of the mouse with a sodium diet, the concentration of Na' in
the urine increased 4.7 times. In this urine, K concentration decreased
1.6 times its initial value. When mice were fed a high potassium diet,
the opposite behavior just happened. Na" concentration was reduced
1.5 times from day 1 to day 4, whereas K concentration increased 1.6
times. These changes were as expected due to the mechanisms em-
ployed by the kidney to regulate final urinary excretion of Na“ and K.

Potassium secretion in the collecting duct is achieved at the ex-
pense of reabsorbing sodium, a process stimulated by hormone aldos-

Mixed Diet
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Fig. 4. Potentiometric response of Na” and K uISE of mouse urine with A) a sodium diet, B) a potassium diet and C) a mixed diet.
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terone. An excess dietary sodium is excreted by inhibiting aldosterone
secretion and reducing collecting duct sodium reabsorption, which in
turn reduces potassium secretion. Table 2 shows the measured Na"
and K" concentrations for the three different diets using the inte-
grated pISE multi-sensors are in good agreement with those obtained
by flame photometry [51]. Deviations in the concentration values ob-
tained between both techniques can be explained due to the effect of
different ions present in the urine, which can interfere with the mea-
surement of the analyte of interest. There is also an indeterminate error
due to the approximation of the ionic strength used to determine the
concentration values from the obtained activities of the pISE. Thus,
our pISE sensors have demonstrated enough sensitivity and specificity
to work satisfactorily over a broad range of physiological and patho-
logical values. Although the ion interference is less of a problem with
atomic spectroscopy, our work demonstrates that ISE sensors are ad-
vantageous for real time monitoring of ion concentrations in complex
biological matrixes. WISE sensors are also far more affordable that
atomic spectroscopy, which in addition generally requires higher sam-
ple volumes that those employed in the current work. lon concentra-
tion monitoring will be instrumental for the realization of 3D organ-
otypic culture of epithelia based organs, such as the kidney, or repro-
ducing excitable tissues.

Finally, Table 2 also details the pH values recorded for each sam-
ple using the AEIROF pH sensor. As can be seen, the type of diet
did not affect the urine pH, maintaining values between 6.8-7.2 pH,
which is a normal urinary pH. The measurement of pH complemented
that of oxygen, allowing the investigation of the metabolic state of
cells in the system. For instance, proliferative cells, including cancer
cells but also most mammal cells in culture, exhibit glycolytic metab-
olism, while the physiological metabolism in vivo is determined by
oxidative phosphorylation in the mitochondria. Determining oxygen
consumption and acidification by lactic acid production is a well-es-
tablished method to estimate the type of predominant energy metabo-
lism.

4. Conclusions

This work describes the fabrication and validation of a multisens-
ing platform embedded in a versatile and low-cost microfluidic de-
vice. The platform integrates all the necessary microelectrodes for the
electrochemical measurement of DO, Na“, K and pH. Simultaneous
measurement of four biologically relevant parameters in small sample
volume (0.83 pL), either static or in-line with microfluidic cell culture
devices clearly distinguish our device from previous systems.

The problem of integration of four different sensors was solved
through adequate platform design and fabrication protocols. We
found, PBS was the best buffer to store the sensors while maintain-
ing their best performance. The four types of sensors exhibited a good
behaviour towards linear response in a wide range of concentrations,
with low LOD, high sensitivity, rapid response time and long life-
time. The DO sensor showed a sensitivity of 3.60 + 0.2 nA (mg L")
in a wide range of concentrations, with a LOD and LOQ of
0.11+0.02 mg L' and 0.38 + 0.05 mg L' respectively. For the uISE,
the use of PPy[3,3'-Co(1,2-C,BgH;;),] as an internal contact layer
between the polymeric sensitive membrane and the gold substrate
provided good performance allowing a good ion-transfer and long
term potential stability. Na™ and K" uISE exhibited sensitivities of
57+ 1 mV decade ' and 52 +2 mV decade ' respectively, in a wide
liner range, from 10> M to 10 *M and low LOD, 5 x 10 *M and
0.5 x 10> M for Na* and K" pISE respectively. The pH sensor, pre-
pared by electrochemical deposition of IrOx, exhibited a sensitiv-
ity of 69+ 1 mV decade ' with a linear response between pH 2 and

11. DO sensor showed long life times providing by the sensors reacti-
vated before use.

Concentrations of Na“, K" and pH were successfully determined
in AU samples. As a proof-of-concept, the usefulness of the platform
was also demonstrated in RU samples, where the values were in good
agreement with those obtained by flame photometry. So, the fabrica-
tion and operation of different sensors within the same platform has
been demonstrated, overcoming the use of several commercial sensors
at the same time in terms of cost, time, simplicity and versatility prin-
cipally.
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Supplementary data
Avrtificial urine preparation

Artificial urine (AU) is widely used for in vitro cellular study. However, there are a number of
well-established protocols for preparing AU with different compositions for different purpose.
Since, we want that the developed multi-sensor platform be used in different applications, in
this work, we have used the AU components formula reported in [1] that is for multiple
purpose.

Compostion mM
Urea 200
Acid Uric 1
Creatinine 4
NazCeHs04 5
NacCl 54
KCI 30
NH,CI 15
CaCl, 3
MgSO, 2
NaHCO; 2
Na,C,0, 0,1
Na,SO,4 9
NaH,PO, 3,6
Na,HPO, 0,4

Table S1. Artificial urine composition used for the calibration of the sensors.
Microelectrodes characterization

Characterization of the gold electrodes by cyclic vomtammetry in Ferro/Ferricyanide, after its
activation

“ Corresponding author. Tel.: +34 93 594 77 00; fax: +34 93 580 02 67. E-mail address:
gemma.gabriel@imb-cnm.csic.es



76

CHAPTER 3. MICROFABRICATED ELECTROCHEMICAL SENSORS FOR MEASURING
EXTERNALLY TO AN ORGAN-ON-A-CHIP

20 !

8 E2: 50 pm E2: 50 um
— E1, E4: 100 pm —— E1, E4: 100 um
—— E5, E6, E7: 200 um — —— E5, E6, E7: 200 ym

P — E3: 500 um| 104|—ES3: 500 um

/

Current (uA)
; o

-8 ) .
SR : 100 mV/s 20 v: 100 pl/min
—d.S —d.Z —d.1 010 0‘.1 0‘.2 013 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
Potential (V) Potential (V)
q T T D 25 . .
] Scan Rate: 10 mV/s 2 Flow Rate: 5 pl/min
g |— Scan Rate: 50 mV/s 7| |—— Flow Rate: 25 pl/min
—— Scan Rate: 75 mV/s 4 15 ||~ Flow Rate: 50 pl/min i
6 -| |[——— Scan Rate:100 mV/s| —— Flow Rate:100 pl/min
4] 104
E 04 g o
=1 4 = N
S ] 3 54
2] 10
o i 15| 1
84 E3:500 um 20 E3: 500 um
-0‘.3 -&.2 -&.1 0-‘0 0"1 012 04‘3 -d.s -d.z -6.1 0.‘0 o‘.1 o.‘z 0‘.3
Potential (V) Potential (V)
E T T T F T T T
104 |—=— Theoretical (Randles-Sevcik) 20- |—=— Theoretical (Levich)
—e— Experimental —e— Experimental
N
< 215 g
~ 1 2 i
T 6 z
Q o
= £10-|
] 4 18 ]
5 | E
|
O 5.
2] | |
SR: 100 mV/s v: 100 pl/min
0 T T 0 T T
0 200 400 600 0 200 400 600
Electrode width E (um) Electrode width E (um)

Figure S1. Cyclic voltammetry of K3Fe(CN)es/K4Fe(CN)g redox couple in 0.1 M KNO; at different
electrodes size, A) at a fixed Scan Rate (SR) of 100 mV/s, and B) at a fixed flow rate (v) of 100 pul/min,
and fixing de electrode width E3: 500 um C) at a different SR and D) at a different v. E) and F) compare
the experimental currents with the theoretical equations at different electrodes width.

DO sensor calibration

Fig. S2A shows linear sweep voltammograms from 0 to — 1V at scan rate of 25 mV-s™ in a 8
mg-L™ oxygen solution using the commercial Ag/AgCl RE and CE, and with both integrated
pRE and CE in the platform. These voltammograms allowed us to select the — 850 mV for both
electrodes configuration as the optimal potential value for determination of dissolved oxygen
concentration. Fig S2B shows the calibration curve in the range between 0 and 8 mg-L™. The
concentration of DO in the cell was measured with commercial DO probe and correlated with
the measured polarization currents in order to build the calibration curves.
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Figure S2. A) Linear sweep voltammetry results made in an oxygen satured saline solution (8 mg-L™)
with external electrodes and with the integrated ones, B) DO calibration curve obtained from the
reduction of oxygen at — 850 mV using the integrated electrodes.

Na* and K" uISE calibration
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Figure S3. A) Electropolymerization of PPy layer by cyclic voltammetry at gold microelectrodes, B)
Cyclic voltammetry of the PPy coated gold microelectrode in 0.1M NaCl supporting electrolyte solution
at scan rate of 20 mV-s™,
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Figure S4. Potential response of each HISE PVC membrane developed with different plasticizers (DOS,
o_NPOE and DBP) and using commercial ionophore for A) Na* concentration changes and B) K"
concentration changes.
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ISE sensor specifications compared with other works

Ref Linear Sensitivity Selectivity pH Response

Response (M mV-decade Range Time (s
ponse (M) ( ) coefficient(log kj;") g ©

Na" | This 1x10°to 1x10* | 57.33 MPM method 3-12 <5
wse | Vor -2.31 (K"
-2.33 (Li")
-4.41 (Mg?")
-4.41 (Ca*")
[2] 3x10°to0 1x10" | 58.65 MPM method 3-10 <14
-2.20 (K%
-2.97 (Li%)
-4.60 (Mg?")
-4.60 (Ca*")
[3] 1x10°t0 1x10* | 57.10 SSM method NM 6
-3.1 (K"
-3.2 (Li")
-4.4 (Mg™)
-3.9 (Ca?")
[4] 1x10“t0 1x10™" | 58.1 SSM method 3-10 8
-3.8 (K"
-3.9 (L")
-4.6 (Mg™)
-4.9 (Ca®")
[5] 1x10%to 1x10" | 58.7 SSM method NM <20
2.7 (K"
-3.4 (Li%)
[6] 3x10%to 1x10? | 55 FIM method 6.5-95 <15
-3.35 (K%)
-3.2 (Li%)
[71 1 x10° to 1x10" | 55.2 NM 55-75 <10
[8] lfxm_s o 59.2 FIM method NM <135
-2.25 (K%
-2.25 (Li")
-2.64 (Mg?")
-2.71 (Ca*)
K* This 8x10°to 1x10" | 51.19 MPM method 3-12 <5
ws | Work -2.11 (Na")
-2.45 (Li%)
-3.69 (Mg?")
-3.75 (Ca*")
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[9] 1x10°to 1x10" | 58.3 FIM method 4-12
-3.6 (Na")
-4.4 (Li*)

-4.6 (Ca®")
[10] 6 x10°to 1x10 | 51 MPM method 3-12 <14
-2 (Na*)
[3] 1x10°t0 1x10™" | 59.21 -4.6 (Na*) NM 5
-4.4 (Li*)

-6.5 (Mg?")
-5.7 (Ca?")
[11] 1x10°t0 1x10™" | 58.6 FIM method NM <7
-4.6(Na")
[71 1 x10° to 1x10" | 56.3 NM 5.5-7.5 <10
[12] * 60.5 FIM method 6.5-8.3 <15
1x107° to 1x10™* 3,43 (N&")

-3.48 (Ca*")

NM.: Not Mentioned. SSM: Separate Solution Method. MPM: Matched Potential Method. FIM: Fixed Interference
Method.

Table S2. Comparison of specification of the proposed Na* and K* pISE with some reported previously.

Response time

Fig S5 shows the corresponding potential versus time trace for different concentration
changes. The practical response time was recorded after step changes in the concentration of
the ion in solution, and was determined by measuring the time required to achieve a steady
potential when the ion concentration increases. This improvement in the response time was
achieve through the PPy[3,3'-Co(1,2-C,BgH11),] layer due its high ion-transfer and ion mobility
and good adherence of the membrane to the gold microelectrodes.
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Figure S5. Dynamic response curve for one Na* pISE to the step changes of ion from 10 M to 10™ M.
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Effect of pH

The effect of the pH on the potentiometric response of the microelectrodes was examined by
following the potential variation over a pH between 3 and 12 at a fixed concentration of Na* and
K* ion (10 M). The pH of the solution was adjusted by addition of either nitric acid (10 M) or
ammonia (10" M). It was observed that the potential response of the microelectrode was not
influenced in the range between pH 3 to 11. The same behaviour was obtained with both types
of WMISE.

A B
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1 m Na® | i .
360 Na 360 —W—K
320 320
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Figure S6. Influence of the pH on the potential response of (a) Na*-pISE and (b) K*-uISE.

Interference ion background

Fig. S7 A and B show the selectivity obtained for the Na* membrane log (Nafo“nth) was

approximately - 2.31 for the K" activity and -2.33 for the Li" using the Matched Potential
Method (MPM). The selective over the divalent cations was highly (- 4.41 for Ca*" and - 4.41

for Mg?"). For the K* MISE, the log (K7°F, ) was approximately - 2.11 for the Na* activity, -

ton,M

2.45 for the Li*, and for the divalent cations was - 3.69 for Ca** and - 3.75 for Mg**.
The corresponding selectivity coefficients log (Naler,,) and log (K2 ) were also studied by

on, on,

the Separate Solution Method (SSM) [13]. Table S3 shows the results compared with both
method. Slightly smaller selectivity values were obtained with the SSM.

The response of the Na* membrane was also evaluated in the presence of Li* (0.1 M) and K*
(0.1 M) ions (see Figure S7C). For K" membrane the response was examined in the presence of
Li* (0.1 M) and Na* (0.1 M) ions (see figure S7D).
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Figure S7. Potential response of the microelectrodes based on commercial ionophore for different metal
ions (Na*, K*, Li*, Mg* and Ca®"), for the (a) Na* pISE and (b) K* uISE. And response curve with an
interfering ion in the solution with different concentration, for the (c) Na* pISE and (d) K* pISE.

Selectivity Na* K* Li*
Method MPM SSM MPM SSM MPM SSM
Log (Naber » - - -2.31 -2 -2.33 -2.12
Log (KDo'y) 211 -1.91 - - -2.45 -2.34

Table S3. Comparison of the calculated selective coefficients calculated with two methods, the MPM
methods and the SSM method.

Evolution of the sensitivity

The response of the sensors was evaluated periodically showing the best performance during
the first two weeks after its development. The third week the sensitivity decreases slightly,
remaining constant the rest of the days. The lifetime of the LISE was determined by recording
its potentials and plotting the calibration curves for a period of 100 days. During this time, the
microelectrodes exhibit a linear response to the changes of the ion concentrations. This shows
that the lifetime of the microelectrodes is longer than 3 months.
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Fig. S8. Evaluation of the changes of the sensitivity response of microelectrodes during three months for
the (a) Na™-pISE and (b) K™-pISE.

pH sensor calibration

Initial pH of the artificial urine is 6.2.
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Figure S9. A) pH sensor calibration using addition of HCI or NaOH starting in a PBS Buffer and in AU,
B) Evolution of the sensitivity response of the pH sensor during 30 days.
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Inkjet-printed electrochemical
sensors embedded in an

Organ-On-a-Chip

In this chapter we propose a new approach to monitor oxygen levels by embedding sensors inside an
Organ-On-a-Chip (OOC) system with the integration of electrochemical dissolved oxygen (DQOI) sensors in
the cell culture membrane area. This challenge is achieved thanks to the advantages that Inkjet Printing
[LJPI technology offers. This chapter includes a detailed explanation and description of the [[JP] technology,
the development and characterization of sensors fully fabricated by [LJP] onto polymeric substrate and
finally the integration of these sensors in the delicate porous membrane of an system. Finally, the
integrated system is validated with the monitoring of an hepatocyte cell culture.
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4.1 Overview of Printed Electronics

From newspapers to food packaging, from magazines to roadside advertising, we live in a world of printed
materials. Printing techniques become an essential part of graphic arts for some centuries. Over the past
decades, the fast growing of the printing technology become in the emergence of the concept of Printed
Electronics (PE), also known as organic electronics, plastic electronics, flexible electronics or oven is more
generally named additive manufacturing regarding to their working principles [221] 222]. New domains
in electronic technology related to new materials, new devices, new functionalities and new production
techniques announcing a revolution in microelectronics industry that is currently focused in silicon and

microfabrication techniques.

(a) Conventional vs (b) Additive
microfabrication ) manufacturing
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ti

(b.1) Analog . (b.2) Digital
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Figure 4.1 | Schematic diagram depicting the fabrication steps for deposition a metal-
lic layer electrode with (a) microfabrication technology compared with (b)
additive manufacturing technology, in both (b.1) analog and (b.2) digital
printing approaches.

[PElis an additive manufacturing technique where layers of functional materials are patterned and stacked
on a substrate like other manufacturing techniques [223]. However, in contrast to conventional microfab-
rication that require multiple steps as it was described in Chapter [3] [PEl results in a much simpler and
cost-effective way to fabricate devices. There are a set of [PE| methods with different basis to work but,
in general, all of them required a more reduced number of steps to fabricate a device: the deposition of
the functional material in a form of ink in [PE] and the post-processing of the ink to make it functional,
generally related to the sintering or curing of the ink. Figure shows an example of the necessary fabri-

cation steps to pattern a conductive material over a substrate comparing both fabrication approaches. As
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the conventional microfabrication is an additive/subtractive manufacturing technique (Figure a)), for
the deposition of a metallic layer it is required more fabrications steps than the necessary to fabricate the

same pattern using just an additive manufacturing technique (Figure [4.1{(b)).

The [PE industry has made significant progresses over the last few years, and has established itself as a
competitive growth industry. It has been proven that more and more products have matured onto the global
market. Organic light emitting diodes (OLED]) displays, for example, have become a truly mass-produced
industrial product. But this is just the tip of the iceberg. This state of-the-art technology is now being
used in a variety of important industry sectors. Companies active in the areas of automotive, consumer
electronics, household appliances, packaging, pharmaceutical, and healthcare have already launched prod-
ucts with integrated [PE] devices. Lightweight, robust, and economical to manufacture: these key features
distinguish [PE] from traditional microfabrication technologies. [PElis being used in more products as tech-
nology development continues to advance, and open up new areas of applications using novel approaches

to manufacturing electronics.

4.1.1 Printing techniques

A wide range of large area deposition and patterning techniques can be used for [PEl Each printing tech-
nique operates in different manner depending on the many interface relations concerning the designed
pattern structure (thickness and resolution requirements), the physical and chemical properties of the de-
posited functional inks, and the selected substrate characteristics. Printing techniques can be divided in two
groups depending to their printing method: printing techniques that require an exclusive mask or special
framework for a contact process called analog printing (Figure [4.1[b.1)) and the mask-less non-contact
methods called digital printing (Figure [£.1|(b.2)).

Analog printing

Analog printing methods, including offset, flexography, gravure or screen printing, have evolved over sev-
eral centuries and have now achieved remarkable levels of quality. All these processes share a common
feature: the pattern to be printed is embodied in a physical form such as a mask, roll, plate, or screen
(Figure b.l)). This template is transferred during the act of printing through direct or indirect contact
with the substrate. Changes in the patterns can only be achieved by changing the master pattern, which
involves making physical changes to the template within the printing machine, and this is time consuming
and increases the cost of the fabricated device. Offset, gravure and flexography are the most common for
high-volume production and are based in roll-to-roll approach. Screen-printing can be used in sheet-based
method, for the purpose of low-volume production and high precision work, and also it can be used in a
roll-to-toll approach [223H225].

Digital printing
Unlike analog printing techniques, digital printing works without a physical, pre-manufactured master

printing plate and prints without a significant impact force onto the substrate or sublayer [226] (Figure
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(b.2)). [[JP! is the dominant digital technique which works in sheet-based approach and also it can
be work in roll-to-roll approach. The basic premise of digital printing is the accurate positioning of a
liquid droplet with small volume directly correlated under digital control with the presence of information
at each binary unit of the image to be reproduced. As a result, digital printing does not have the key
disadvantaged of analog printing, related with the investment to generate the masters, with in-line variable
data. However, digital printing has certain drawbacks especially with respect to average throughput when
compared to high-end analog printing technologies. Digital printing is still substantially more expensive
than analog printing in terms of the cost of their inks. However, the low amount of ink used in digital

printing makes them also a low-cost technique.

4.1.1.1 Comparison between printing techniques

Special characteristics of the most common used printing techniques are summarized in Figure In
terms of resolution, each printing technique has its individual constrains, and in general a process with

high resolution has smaller throughput and viceversa as shown in Figure [£.3]
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Figure 4.2 | General specifications of the most common printing techniques.
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The lateral resolution of the printing techniques (smaller feature that can be printed) typical goes from 10
um to 100 pm depending on the process, throughput, substrate and ink properties [227]. Film thickness
can range from well under tens of nm up to tens of ym. Each process has its own strengthless, e.g. screen
is excellent for stacking multiple thick films, while gravure combines high throughput with robust printing
forms and can deliver homogeneous thin films. Offset combines high throughput with small feature size but
formulating suitable functional inks has proven to be major challenge. These printing processes can have
enormous throughput and low production cost, but have demanding requirements on the functional inks
in terms of properties like viscosity. Progress in improving the resolution of these mass printing processes
has continued growing year by year, and lines down to 20 pum are now obtainable with screen printing
using new lattice materials, and even smaller features with flexography and gravure using new plate and
form manufacturing methods and materials. Also useful for depositing materials is hot stamping. Nano-
imprint lithography is another way to pattern materials at high resolution (under 1 pum) and recently it has
been shown that the process can be implemented roll-to-roll. Microcontact printing has also seen grow-

ing interest for sub-ym patterning. Pad printing has been proven useful for printing on non-planar surfaces.

Among digital patterning processes, inkjet printing has received the most attention as a way to deposit
functional materials. As a digital printing process, it enables variable printing since no printing plate
is needed, and thus can correct in-line for distortion. Inkjet printing head developers have continued to
improve with finer and finer printheads, which are starting to enable features of few um. Also, throughput
has been substantially improved with the development of multi-head printers. On a lab scale, new superfine
inkjet printers are able to form features down to 1 um, but these have not yet been scaled up to production.
Recently, aerosol jet printing has also received a lot of attention, which is especially suitable for deposition
onto three-dimensional ([BD)) substrates.

Inkjet printing is the selected technique used in the development of this work and it will be further explained

in Section [4.2]
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4.1.2 Substrates and functional inks for Printed Electronics

Substrates

Most [PE] devices target the use of flexible and potentially low-cost substrates to enable large area and/or
more rugged products enabling a higher freedom of design. Since the device manufacturing process usually
starts with the substrate onto which several layers of functional materials are deposited, the compatibility
of the substrates with the inks and processes used is critical to obtain a suitable product. Substrates vary
widely depending on the application requirements. In general, glass and metal (stainless steel, aluminum
or titanium foil, etc.) are still the only substrates readily available with intrinsically high and reliable
barrier properties; a key requirement for many applications (OLED] lighting or displays and organic pho-
tovoltaics).

Plastic substrates have received much interest in [PE] being the most common ones the polyesters based
materials as [PEN and [PET] Nevertheless, their low (lower than 180 °C) and the large thermal expan-
sion coefficient constitute their main drawback, because turn them incompatible with materials or processes
where high temperatures are need. In this case, [PIl films are widely used, being Kapton® the most com-
mon one. Besides, [Pl films are employed due their chemical and physical resistance to prolonged exposure
temperatures up to 300 °C. Surface modification with planarization, hard coats or other modifiers is also
a common approach for plastic substrates.

Recently there has also been growing interest in paper. It is a disposable material made from renewable
resources which has unique properties and compatibility with chemicals and biochemicals. While some sim-
ple 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, other fields of applications, such as environmental monitoring, explosives

detection, or screening for food [228].

Functional inks

The number of functional inks used in [PElis very high and vary in formulation depending on its use. The
first used inks in inkjet printing were the colorants (pigments or dyes) for graphic art. With the emergence
of electronics devices manufactured by printing means, a wide range of conductive, semiconductive and

dielectric inks has been developed for the different printed techniques [222].

e Conductive patterns are mostly printed using inks based on metal nanoparticles, organometallic
compounds, and carbon nanostructures. They have been developed to fulfill the widespreading de-
mand for fully [PE] manufacturing. Metal inks based on nanoparticles or precursors are commonly
employed as conductive elements in [PEl due to its reliable and stable conductivity [222]. The choice
of conducting material is strongly dependent on their application. Silver is most common printable
metal conductor, and formulations for common printing technologies such as screen, flexo, gravure

and inkjet are widely available, as well as inks that are more flexible or stretchable when sintered.

e Semiconducting materials represent the key element for multipurpose in [PE] [226]. During ink for-

mulation of semiconducting compounds, different choice are possible taking into account the electrical
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requirements and the material restrictions. In general terms, the conductivity values of semiconduct-
ing materials can range from 10% to 1076 Q~l.cm~! [229]. While inorganic semiconductors show
better electrical performance and stability, organic semiconductors generally ensure cheaper and eas-

ier synthesis production (low-temperature processing), and higher mechanical flexibility.

Dielectrics are passive materials which are used in many types of devices. Numerous dielectrics
are solution processable and can be printed. The dielectric materials can play an important role in
the device performance. They have diverse useful purposes, spanning form avoiding possible short-
circuits into multi-layered conductive structures, enhancing the capacitance in electronic devices such
as capacitors or transistors. Printable dielectric materials can be classified in inorganic materials,

polymers and organic/inorganic hybrid materials [222].

4.1.3 Applications of printed electronics

4.1.3.1 Application benefits

The aim of [PE] industry is effectively implementing this technology in products in order to achieve some

benefit. Various cases show that [PEl offers specific advantages in performance, cost or form factor over

conventional solutions [230]. Consensus appears to be growing that many applications will involve hybrid

system integration in the short to medium term, with the computation based on silicon electronics and

other parts of the system enabled by printing.

Some of the application benefits of [PE] to be considered are:

. Flexibility. It is a ready route to flexible components. Clear examples are the flexible displays for

mobile devices and smart textiles.

. Integration. It allows complete system integration since printing could be capable of the assembly

of devices using multiple technologies (logic, memory, battery, displays, etc.).

. Speed. Printing can be much faster than traditional microelectronics fabrication. Estimations put

this speed difference as 4 orders of magnitude per device [I1]. This is the key to low cost production

and is the facilitator of disposable electronics.

. Large area. It allows printing on large surfaces not constrained by wafer size, more closer to display

technologies.

. Environmentally friendly. Organic materials use more efficient printing processes in terms of

low power consumption and selective deposition processes improving the environmental impact of

electronic industry.

. Bio-compatibility. Using organic materials in biomedicine can improve acceptance of these systems

in contact with human body.

. Investment cost. Printing has a low capital investment cost than other fabrication techniques. It

is estimated that a[PE plant will cost 25 million €, just a fraction of a 2.5 billion €, of a conventional

silicon fabrication plant [IT].
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4.1.3.2 Current applications, challenges and trends

These last years the interest in the establishment of [PElit has been growing in important industrial sectors
as healthcare, smart buildings, automotive, packaging and the Internet of Things ([0T)). These industry
sectors implement solutions from a wide range of technology applications. A combination of simple printed
devices, paves the way for low-cost and large area production of more complex flexible electronics circuits.
[PE] is based on the combination of new materials and cost-effective, large-area production processes to

enable new applications not possible with conventional electronics.

Current applications
Figure [.4] summarizes [PEl solutions finding their way into major industry sectors and shows the key trend
in [PEl industry. Some of these solutions are already commercial on significant scale, while others are still

proof-of-concept prototypes. Some of the most important include:

) lighting: It is moving from an expensive design option into more mainstream architectural
lighting as prices are beginning to decrease. Non-planar and bendable lighting has appeared in initial
products, such as automotive taillights and bendable lighting panels. Complete flexible and
transparent are intended to be commercial products in medium-term [I1].

e Organic photovoltaic (OPV]): [OPV]have been significant breakthroughs in efficiency and in semi-
transparent modules, detailed environmental impact studies are available, and lifetimes up to 20 years
have been reported. Production capacity has increased, flexible modules can be bought online
for a low price, and more building integration installations have been built, however their complete

integration is expected to be in medium-term.

e Flexible displays: Major display technologies used for portable electronic devices are liquid
crystal display (LCDI), display, and electrophoretic displays (EPDI). is a self-emitting
technology showing an advantage of higher contrast, wider viewing angle and faster response time. For
the moment represent the biggest success story in [PEl as rigid, glass-based displays. Flexible
or conformable displays are starting to become more widespread as well. Curved displays are

already being used in products such as TVs, mobile phones and watches.

e Electronics and components: Electronic devices and components are generally divided into two
main families: passive or active elements. Passive devices are commonly two-terminal uncomplicated
structures, formed by a single functional conductive material [23T]. For instance, passive components
are conducting pad-stripes, resistors, capacitors, inductors which do not introduce any energy into
the electronic system and do not rely on any source power. On the contrary, active devices are
typically more complex structures than passive elements. Transistors, diodes, batteries, solar cells
rely on a source of power and inject net energy into the electronics system [232]. Active [PE] devices
are not established in the market yet, even though organic semiconductors are already compatible

with inorganic materials.

e Integrated Smart Systems ([SS)): Smart systems refer to products that integrate multiple func-
tionalities and technologies to create added value. The hybrid system integration of [PE] e.g. for
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sensing, interconnects, antennas and energy harvesting/storage, with the computing power of small
silicon chips is becoming recognized as an area where [PE] can be a true enabler. Wearable health
and wellbeing applications are also emerging. In the sensing area, with the emergence of the need for
devices, the use of [PE] in particular, screen-printing and [[JP] techniques have become widely

used [233]. In Section an overview of printed electrochemical sensors is presented.
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Figure 4.4

PE applications, with a forecast for the marking entry for the different
applications. Source: [OE-A] [11].
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Current challenges and trends for Integrated Smart Systems (ISS])

The recent progress in materials and process technology have been key challenge for the advance in
devices. Some of these key challenges in materials and processes are related to the print quality (resolution
and uniformity), printing substrates (low-cost substrates are necessary for [SS) and ink properties (to
improve [PEl, more available inks of different materials are needed). However, currently the key challenges
are more focused on production, use and cost than on basic technology, which reflects the growing market
orientation of [PEl Related to the [SS| concretely, the sensors field, the key challenge that sensors need to

overcome in order to develop a product in the market are:

e Cost reduction: Sensors fabricated by using [PH technologies should be cheaper due to the lower
manufacturing cost and (potentially) lower material cost.

e Encapsulation: Not only lower cost but also stretchable encapsulation materials are needed to make
them compatible, and in the biomedical field and biocompatible.

e Scalability: From lab to industrial production and from small to large areas while keeping perfor-
mance high.

e Inspection/yield: Progress in both yield improvement and in-line inspection and recognition of
defects is needed for competitiveness.

e Standards and regulations: The standard and regulations for [PE] are under discussion, but not

yet implemented.

Figure[4.5]shows the future of [PElup to 2020 inside the Print Market Industry. The key challenges described
above have pushed a market valued at 4.6 billion €, in 2010 to 22.3 €, billion in 2016 (Figure a)). This
has seen its share of global functional and industrial print demand rise from 17.4 % at the beginning of the
decade to 33 % by its midpoint. By its close, further investment, new material sets, and the evolution of
new applications will see this climb to a 39.8 % share (Figure b)) By 2020, it is expected by Smithers
Pira company [12] that a year-on-year market value increase of 13.9 % for [PEl as opposed to 9.9 % for the
functional print market as a whole. Another active area of research is related to biomedical applications that
is focused in the development of low-cost printed sensors. Opportunities for cheap, flexible skin-mounted
sensors also exists in healthcare. This is based on the emergence of telemedicine through the expensive and
time-consuming compliance procedure for medical devices will slow this deployment. It is expected that

biomedical sector achieve the 4.9 % of the printed industry.

(a) Global market for Printed Electronics (b) Global industrial print market by application
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Figure 4.5 | (a) Global market for printed products by 2020, and (b) global application

in print market by 2020. Source: Smithers Pira [12].
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4.2 Inkjet printing technology

Although the traditional and wider use of [LJP] technology has been centered in conventional graphic appli-
cations, the ability to accurately position picoliter drop volumes (down to 1 pL) of a large range of materials
under digital control has been more recently exploited to pattern and manufacture novel functional surfaces

and devices in many fields of science and technology [234].

The great advantage of [JP] is that it is a digital technique based in a mask-less process, meaning that it
can quickly switch from one design to another without the need for a new set of expensive masks, which
enables a more flexible processing flow [234]. In addition, it is a non-contact technique where the materials
are deposited onto the substrate in a drop-by-drop manner. 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 [235]. As a drawback, the current
resolution of [[JPlis on the order of micrometer and, therefore, cannot be compared with the resolution of
microtechnology techniques which have a resolution in nanometers, but in contrast, [JPlis not limited to a
few rigid substrates, such as silicon or glass. Therefore, a trade-off exists between resolution and flexibility.
Finally, another important drawback is the narrow properties that inks for inkjet need to feed, for this
reason, [[JP] has more restrictions in the materials to be printed than other printing techniques and more

investigation in inks development is required.

4.2.1 Inkjet printing technique

The inkjet technique is broadly classified into two categories, based on the mechanism of droplet generation
classified in two groups: continuous inkjet (CIJ]) and drop-on-demand (DOD)) (Figure [4.6).

[CT was the first existing inkjet technology [236]. It relies on a continuous ink ejection, where the stream is
adapted into volume-controlled droplets generated by acoustic pressure waves as sketched in Figure (a).
This inkjet technique is used for very low-cost system where no need of high resolution is necessary. The
resulting evolution of continuous inkjet leads to the inkjet, where a single drop is ejected by the
cartridge nozzles only when required to achieve the final pattern. Applications of [JP] in the commercial

world have been developed rapidly, predominating the use of [DODI technology.

technique is in turn, classified into three types, namely thermal inkjet, piezo inkjet and electrostatic
inkjet. Most current techniques are thermal (Figure [{.6(b.1)) and piezo inkjet(Figure [£.6{b.2)). Domestic
inkjet printers mainly use thermal inkjet.

A thermal jet nozzle consists of an ink reservoir and a small resistive heater. A pulse of current is injected
on the resistive heater to vaporize the ink around, forming a bubble and creating a pressure force to push
out the ink in form of a droplet (Figure[£.6[b.1)). The heater then cools down, resulting in a vacuum thus
refilling the ink reservoir for a new ejection [234]. Thermal jet has several disadvantages. Nozzles typically
suffer from a short lifespan due to residue build-up on the resistive heater, and also, special ink is required
to resist rapid thermal changes. For the aforementioned reasons, thermal jet technology is not suitable for

functional materials, where the inks used are not compatible with heat stress, e.g. metal nanoparticle can



CHAPTER 4. INKJET-PRINTED ELECTROCHEMICAL SENSORS EMBEDDED IN AN

96 ORGAN-ON-A-CHIP
(a) Continuous inkjet (b) Drop-On-Demand inkjet
(b.1) Thermal (b.2) Piezoelectric
Pressurized Ink Ink
ink supply supply supply
Heat Voltage
Heating induced Piezoelectric induced
element bubble actuator ‘ deformation
Nozzle Nozzle ™ Nozzle
I IDeﬂeclm :
Ink collector  +
[

Figure 4.6 | Schematic representation of (a) continuous, and (b) drop-on-demand inkjet
printing system using (b.1) thermal and (b.2) piezoelectric technology.

Source: [13].

be sintered inside the chamber due to the heat, resulting in the deposition of metal layers on the resistive
heater elements thus causing the malfunction of the nozzle.

Piezoelectric system is the most popular technique. A voltage pulse is applied to the piezoelectric plate
to cause a deflection, creating an acoustic wave that propagates inside the chamber and ejects the droplet
(Figure [4.6(b.2)). Due to the fast actuation of the piezoelectric plate (in the range of us), the piezoelectric
type can jet faster than the thermal type typically limited by the extra time required in the cooling step.
The [[JP] resolution is basically limited by the minimum drop volume ejected by the nozzle system. Cur-
rently, inkjet printheads are delivering liquid droplets with a volume starting at 1 pL, which creates spots
>15 pm in diameter on the substrate, depending on the liquid contact angle and the substrate surface
conditions. Typically, the serial printing characteristic of the inkjet system limits the throughput of the
deposition. To overcome this disadvantage, industrial inkjet printheads utilizes hundreds to thousands of

nozzles to realize throughput enhancement via parallelization.

The printer used in this work is based on piezoelectric system. In a piezoelectric inkjet system the piezo-
electric transducer is actuated by a voltage pulse, named waveform, that is the responsible for the jetting

through nozzles (Figure @1) As illustrated in Figure b), the droplet formation is driven by the wave-

(a) Piezoelectric inkjet (b) Inkjet waveform
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Figure 4.7 | (a) Detailed schematic structure of a piezoelectric single nozzle printhead,
and (b) pressure perturbation generation, propagation and reflection upon
trapezoidal voltage application
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form that can be divided into different phases. Each phase has three properties: duration, level and slew
rate. The applied voltage relates directly to the volume of the pumping chamber, and the slew rate how
fast is that operation. It has been experimentally observed that the drop formation process and ejected
drop characteristics strongly depend on the pulse characteristics [237][238][239]. Short rise and fall times,
in the order of few microsenconds, are needed to have jet formation. More in detail, the start phase brings
the piezoelectric to a relaxed position with the chamber at its maximum volume (Phase I). Immediately
a decreased voltage is applied to retract the piezoelectric drawing fluid into the pumping chamber and
followed by a settling time (Phase II). In this phase the fluid is pulled into the chamber through the inlet
and two in-phase acoustic waves are created in both ends of the chamber traveling in opposite directions.
The end of this phase need to be aligned with the beginning of the next one to expand the piezoelectric
precisely when the two waves meet at the center of the pumping chamber to push out a droplet with its
maximum energy (Phase III)[237]. During the last phase (phase IV), the piezoelectric retracts slightly
breaking the droplet from the chamber and the voltage returns back to the standby state.

4.2.2 Requirements for inkjet printing

The different types of [[JP] technologies mentioned earlier have the same working principle and more or less
have similar requirement with respect to substrates and inks. These requirements are addressed in this
section. Figure shows a general schematic of how an [[JP] system works. After the digital design of the
patterns (Figure [4.8((a)) the printer can be equipped with the selected substrate and ink ((Figure 4.8{(b)).
Ink and substrate are the two materials that need to be compatible with the printer to obtain the desired

printed pattern (Figure c)).

Ink Substrate
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(a) Digital design  (b) Printer (c) Printed pattern

Printing proN

(b.1) Deposition (b.2) Post-processing
Drying Sintering/curing

Figure 4.8 | Schematic of the basis of an inkjet-printed complete process from the (a)
digital design, (b) printing process which implies the (b.1) ink deposition
and (b.2) material post-processing, until (¢) final fabricated device.
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In general terms, the working principle of a printing process can be simplified in two steps: ink deposition
and material post-processing. In the ink deposition step (Figure (b.l)), the printed material is deposited
drop-by-drop using digital pixel pattern. In this step, the user need to define important printing parameters,
such as the waveform applied, the working frequency or the distance between two consecutive drops, called
drop spacing (DS). In the second step, the functional inks require a suitable transformation of the deposited
ink layer to render its functionality (Figure [£.8|b.2)). This is achieved by removing the solvent and other
additives such as surfactants, dispersants, humectants, adhesion enhancers, etc. which forms part of the ink.
This process should be done in two step; the drying, which is used basically to evaporate the solvent and can
be done at low temperatures (around 100 °C), and the sintering/curing, where the dried structure enhance
its functionality by applying an external energy typically a heat. [Vl radiation, plasma treatment, laser,
flash or microwave are different sintering techniques. As an example, in the case of metal nanoparticle inks,
after the sintering process the nanoparticles are joined together and form a continuous solvent evaporation

and other mechanisms that result in a dry solid film [16] as it is shown in Figure .
Ink Drying Sintering
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Steps c.1: drying Step c.2: sintering
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Figure 4.9 | Sequence of the post-process of a metal nanoparticle-based ink with the
drying and sintering steps.

4.2.2.1 Substrates, inks and printer for inkjet printing

At present, inkjet technology, in addition to graphic applications, has found numerous applications in many
fields of science and technology. This is mainly thanks to the evolution of the three key points of the [[JP}
inks, substrates and printers (Figure . In order for the system to work each must be compatible with
the other two. In this section, a general description of the substrates, inks and printer used in this work is
presented.

Substrate

[[JP] technology is exceptionally encouraging because of its compatibility with different substrates. As it
has been described before (Section , polymers are the best candidates used in [PE, and also in [JP]
technology, mainly due to their low-cost and flexibility. Polymers offer a broad range of parameters as
well as material and surface chemical properties. They are widely used for disposable devices in clinical
applications. Thermosets polymers, such as [PEN] [240] [241], PET] [242] and Kapton® [243] are the most
common ones in [JP]

Surface free energy of the substrate, together with the surface tension of the ink, are important parameters
in defining the wettability and adhesion between ink and substrate. To improve this, different treatments

can be applied to the substrate before its use. As an example, plasma treatment is widely used in plastic
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Figure 4.10 | Schematic of the combination between (a) printer, (b) ink, and (c) sub-

strate, showing the particularity of each one.

substrates in order the improve the wettability and adhesion of the ink.
The emergence of the [POC] systems is demanding the use of paper as a substrate [228]. Using paper
substrate has enhanced the advantages of [[JP| technology because paper is eco-friendly and extremely a

low-cost material.

Inks

As mentioned in section [£:1.2] inks can be divided in three types: conducting, semiconducting and dielec-
tric. As the aim of this work is the development of electrochemical devices, special attention in the selection
of biocompatible conductive and dielectric inks is required.

Inkjet-printed conductive inks has been used in many applications, such as interconnections for a circuitry
on printed circuit boards, disposable displays, radio frequency identification systems, organic thin-film tran-
sistors, electrochromic and electrochemical devices, etc. There has been progress in lowering the sintering
temperature of nanoparticle inks, and this has made the inks more compatible with fast roll-to-roll pro-
cessing and delicate substrates. Currently, the most used ink in inkjet is the silver [244]. However, in
many applications, the use of gold material is preferable over silver because of the chemical inertness of
this metal, specially for bio-applications [233] [245]. Typical organic conductive materials are polymer
composites, such as poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) [246], PPY]and
[PANTl [247], which are appealing since they are semi-transparent, flexible, light-weight, biocompatible and
at the same time they ensure low-cost synthesis. Nevertheless, organic polymers reach low conductiv-
ity values (1073/107%S x cm™1), which states a very restricting drawback in several application areas.
inks are continuing to improve in performance and are becoming viable as alternative to irid-
ium tin oxide ([TQJ) especially in flexible products. Finally, other conducting organic materials, including
carbon-based graphene [248] and [CNTY [249] have been demonstrated as suitable conductive materials for

flexible transparent printed devices.

In this work, inkjet-printed dielectrics are basically used to passivate conductive elements that can not be

exposed to some medium or some other structure. A wide range of dielectrics are solution processable that
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can be inkjet-printed. Poly(amic acid) [243] and SU-8 [250] are popular photoresist used in microfabrication
technology that in some cases (depending their rheological properties) can be inkjet-printed. SU-8 is widely
used in bioapplications due to their biocompatibility [251].

Dimatix Material Printer

The printer used in this work is the piezoelectric Dimatix DMP-2831 model shown in Figure ). Tt
is a versatile system for inkjet deposition development mainly used in research area. It is a self-contained
system that allows the deposition of materials on substrates up to A4 size and utilizes disposable piezoelec-
tric cartridges featuring 16 nozzles (Figure b)) It incorporates two cameras; a drop watcher system
and a fiducial camera for alignment. The drop watcher adds the capability to characterize and develop
the jettable materials, examining the drop formation and progression from each of the printhead’s nozzles.
A reticule enables drop quality, trajectory and drop speed. Simultaneous and real-time control over the
electronics driving signals supplied to the printhead allows to explore fluid jetting properties, understand
its suitability for inkjet deposition, and establish conditions for printing. The fiducial camera allows the
inspection and alignment of the printed layers. The different parts of the printer are also detailed in Figure
[411)(a). More details of the printer can be found in [I4].

(a) Dimatix printer (b) Dimatix cartdridge

Fiducial camera i i i
Print carriage L Fluid model with fluid bag

R — N,
- \ Dimatix /"

Maintenance
station blotting

pad
Fill port
Cartridge J ‘ Pressv.:rep or‘v:L .
holder P \\“qﬂ

Printhead

Electrical
Platen Drop watcher connector Nozzles

Fower switch

Figure 4.11 | a) Dimatix material printer and (b) Printhead and cartridge. Source: [14]

Print patterns can be created using the editor program provided or derived from images 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. But the substrate heating can
unintentionally raise the nozzle temperature and degrade the jetting. It is important to study carefully the

optimum applied temperature to the substrate.

General purpose printheads are equipped with nozzles delivering a drop volume of 10 pL. A picture of the
several parts of the printehead are detailed in Figure b). Additionally, printheads with 1 pL nozzles are
also available from Fujifilm Dimatix. These smaller printheads make difficult the printing of nanoparticle-
based inks due to the high evaporation rate at the meniscus, causing frequent clogging of the nozzles.

In the Dimatix system, a drop velocity of 6-10 m-s ~! is desired; therefore, an ink with a viscosity below

1

15 ¢P and surface tension of 28-33 dyn-cm™" is recommended to obtain stable jetting [I4].
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4.2.2.2 Ink requirements for inkjet

Owing to the complex nature of inkjet inks, their design and preparation is often very complex. In addition
to the conventional requirements, such as long shelf-life, the ink must have physicochemical properties that
are specific to the various printing devices. Besides the waveform formation, which confers energy to the
leaving column of ink, fluid properties strongly influence the process of drop formation after jet ejection

[235]. Two physical properties dominate the behavior of the liquid jets and drops: surface tension and

viscosity [252] (Figure 4.10)).

The surface tension of a liquid reflects the fact that atoms or molecules at a free surface have a higher
energy than those in the bulk. When the liquid is in contact with the substrate, then it is necessary to
consider not only the energy of its free surface (which is usually in contact with air or solvent) but also the
energy of the interface between the liquid and the substrate. The viscosity of a liquid is a measure of its
resistance to gradual deformation by shear stress. Each printhead has a specific range of surface tension
and viscosity, which enable proper jetting. Piezoelectric printheads usually function at ink viscosity in the
range of 8-15 ¢P [252], while thermal printheads require viscosities below 2 cP. Proper selection of the ink
vehicle is also very important. Such selection can be affected tremendously not only by the requirements
regarding the quality of the printed pattern on a specific substrate but also by the final application and
the printing environment. Figure shows a scheme of the main parameters that forms the ink and its

iteration with the substrate.

In order to eject well-controlled drops of material, the jetted droplet needs to thin and break up after
leaving the nozzle (Figure . This thinning, which is driven by surface tension forces, is balanced by
viscous and inertial forces. For Newtonian liquids with a sufficiently high viscosity, the surface tension that
induces jet squeezing is opposed by the viscous stresses within the filament. On the other hand, for liquids

of low viscosity, the inertia of the accelerating fluid within the jet is the one opposing the thinning of the

jet [252].

Figure 4.12 | Sequence of photographs showing the drop formation process using piezo-
electric printhead. Source: [13]

Wolfgang von Ohnesorge introduced, well before the advent of [JP] a new dimensionless grouping of numbers
to understand and define the different regimes found for the jet breaking after it leaves the nozzle [15] using
the Weber number (Wel) and Reynols number (Réd). The Ohnesorge number (Ol (Equation eliminates
the speed of the drop and therefore depends only on the intrinsic physical properties of the fluid and the
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dimensions of the ejecting nozzle (usually similar to the drop diameter):

Oh = = (4.1)

where 7 is the viscosity, v is the surface tension, p is the density of the fluid and a the diameter of the
nozzle orifice.

It is known from experimental studies that stable drop ejection typically takes place for certain range of
Oh numbers, between 0.1 and 1 [I5]. This set of limits for Oh, [Wd and [Rd dimensionless numbers allow us
to limit the properties of the printable fluids using inkjet as schematically presented in Figure

Figure 4.13 | Parameter space of inkjet printable fluids. Source: [15].

4.2.2.3 Drop deposition on the substrate and ink fixation

The science of inkjet and droplets is concerned far more with how fluids can be formed into jets and drops,
which travel to and impact the substrate and then spread (or interact) and dry (or cure), than with the
engineering and science needed to manufacture inkjet print heads and printing machines. As explained in
previous sections, many factors can influence the final inkjet-printed pattern or structure. These factors
are such as the ink rheology, the substrate properties before and after possible surface treatment, the
surrounding environment (humidity), the pattern geometry, the interfaces interaction within multi-layered
structures and the sintering method (laser, pulsed light, microwave, conventional oven) among others. An
accurate procedure that dominates the combination of these factors is crucial.

Basically, the working principle of a printing process consists of three steps: (1) droplet formation, (2)
positioning, spreading and ink coalescence on a substrate and (3) solvent evaporation and other mechanisms
that result in a dry solid film [I6] (Figure [4.14]).

After leaving the nozzle, the droplet flies towards the target substrate. The spreading of the drop when

reaches the substrate and its underlying mechanism after impact can be again understood by performing
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Figure 4.14 | Inkjet printing processes: (1) drop ejection, (2) spreading and fusion of
droplets and (3) solvent evaporation. Source: [I6].

non-dimensional analysis using [Wel [Rel and [Ohl numbers [I5]. For common inks and conditions of [[JP] 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 behaviour 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 more and more importance capillary forces (capillary driven regime)
until the deposited drop reaches the stationary shape that is dictated by surface energy forces [I7]. As a
result, the size of the relaxed deposited drop, and therefore the resolution of [JPl technique depends on the

size of the ejected drop and the equilibrium contact angle of the ink on the substrate.

The spreading of the droplet on the substrate is followed by the drying phase, in which the liquid contained
in the droplet evaporates and after a total drying a solid residual layer remains on the substrate. The
timescale for drying depends on the ambient temperature and humidity, on the droplet size and on the ink
solvents. The drying phase is followed by the sintering/curing process. This step is performance in order to
make functional the printed patterns. In a nanoparticle based ink, the sintering process melts the metallic
nanoparticle resulting in a metal thin film. The required temperature for the sintering of the nanoparticles
is determined by the size of the particles and the encapsulant/dispersant. The melting point of metal
nanoparticle is significantly reduced (relative to the bulk melting point) due to a high surface-to-volume

ratio. The processing temperature needs to be below the of the substrate materials.

Wetting of inks on surfaces: coffee ring effect

Depending on the process of ink drying, different effects can be observed in the ink fixation. The coffee
ring effect was first explained by Deegan et al. [253]. A coffee ring stain can easily be obtained when the
inkjetted drop completely wets the surface leading to an excess of solute at the edges, as shown in Figure
4.15h. 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 the substrate temperature has been
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demonstrated to eliminate the coffee ring [254]. Another method is based in the incorporation of a co-
solvent system with a higher boiling point and a lower surface tension to suppress coffee ring [255]. Figure
[415p illustrates this principle. 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 to the center [256].

Evaporation

)

== Outward convective flow
¢== Marangoni flow

(a) (b)

Figure 4.15 | The process of drop drying after deposition with inkjet printing: (a) Coffee
ring formation, (b) coffee ring suppressed by Marangoni flow [I7].

Drop spacing

Beyond the printing of isolated dots, functional devices need also continuous printed tracks or areas so
individual droplets have to be overlapped and the resultant features should be stable to maintain their
shape and functionality. When drops of ink are deposited along a line, each overlapping with the previously
deposited one, they coalesce into a single liquid bead. If the bead has a freely moving contact line it will
be inherently unstable as a jet of water experiences. 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 .16} for large distances between drops, [DS] such that they do not interact on spreading, the
individual printed appear as individual dots (Figure ) As the distance between printed dots becomes
smaller, drop coalescence takes place, forming a line with a rounded contour, reminiscent of the individual
contact lines of the original landed droplets Figure ) If is further decreased, the wavy contact
lines disappear and a transition to parallel side edges is observed (Figure ) 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 (Figure |4.16{).

(© ¢
(d)

Figure 4.16 | Droplets deposited along a line with decreasing distance between adjacent
drops (from a to d) showing different behaviours: (a) isolated dots; (b) line
with rounded contour; (c) line with straight contour and (d) line bulging.

Source: [13]
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4.3 Electrochemical sensors fabricated by inkjet printing

Sensing technology helps drive the digital era by allowing real-time information about our interactions
with the environment to be collected in increasingly sophisticated ways. Traditionally, sensors are classified
according to the transduction methodology employed, as optical, thermal, electromagnetic, mechanical, and
electrochemical. Among them, the electrochemical transduction method has been showcased successfully
as a robust powerful tool for obtaining real-time information. It is inherently sensitive and selective toward
electroactive species, fast and accurate, compact, portable, and inexpensive. Such capabilities have already
made a significant impact on the area of decentralized clinical analysis.

Using state-of-the-art printing technologies to produce these types of sensors is an exciting concept, given its
unique ability to address the issue of low-cost manufacturing. Indeed, [PE] of which inkjet-printed sensors
are a subset of, is beginning to yield success. The manufacture of sensors using printing techniques is an

emerging research and development area.

4.3.1 Paper lll: Inkjet-printed electrochemical sensors

The first paper presented in this Chapter, Paper III, is a published review about the used of printing
techniques for the development of electrochemical sensors, entitle: Inkjet-printed electrochemical sensors.
This review takes a detailed look at the current state-of-the-art in printed electrochemical sensors in the
last two years. Specifically, [[IP] processes and materials for electrochemical sensors and their components

are discussed.

This article has been reproduced from Current Opinion in Electrochemistry with permision from Elsevier*:
A. Moya, G. Gabriel, R. Villa, F. Javier del Campo, Inkjet-printed electrochemical sensors, April
2017, Curr. Opin. Electrochem. doi:10.1016/j.coelec.2017.05.003.

* Note that sections, equations and references numbering in the reproduced research article follow the ones

of the published version.
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Inkjet printing is a digital and non-contact printing technique
that is beginning to be used in the manufacture of electronic
devices, including electrochemical sensors. This article covers
the main works featuring inkjet printing for the production of
electrochemical sensors, and focuses especially on the works
reported since 2015. The main factor limiting the application of
inkjet printing in the manufacture of advanced devices stems
mainly from the strict rheological conditions that the ink needs
to meet. This is the reason why inkjet is best used in
combination with other manufacturing techniques. Given their
high degree of maturity and accessibility, home/office printers
will likely lead a future wave in the manufacture of electronic
devices, particularly at the development and prototyping
stages.
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Introduction

Hundreds of new electrochemical sensors are reported in
the scientific literature every year [1-3]. However, only a
meagre fraction of these ever gets to be used outside the
research laboratory where they were first developed. Man-
ufacturability or, rather, the lack of it, is what sentences
many of these new developments to remain in the library
forever. This article focuses on the works, reported in the
literature over the past 2 years, relying on inkjet print-
ing for the fabrication of electrochemical sensors. Figure 1

shows the state of the field of inkjet-printed electrochem-
ical sensors compared to screen-printed electrochemical
sensors. Although screen printing and inkjet printing are
extremely different technologies, they have both matured
in the graphic arts sector before becoming electronic de-
vices manufacturing techniques. As Figure 1 shows, inkjet
printing is currently at the foot of its own S-curve [4], more
or less at the point where screen printing was 20 years ago.
"This means that new applications can be expected to ap-
pear exponentially within the next few years as the tech-
nology consolidates in manufacturing. As Figure 1 shows,
biomedical applications are currently drawing the most at-
tention, followed by environmental and food safety appli-
cations. Inkjet printing, which principles may be found in
excellent books and reviews [5-11], is a non-contact tech-
nique in which ink microdroplets are deposited on a sub-
strate through a micrometric nozzle head [6] that relies on
piezoelectric [12], thermal [13], or electrohydrodynamic
[14] actuation for droplet ejection.

Construction of inkjet-printed sensors

Figure 2 schematizes the construction of electrochemi-
cal sensors by inkjet printing. The process is similar to
that using other additive techniques, such as microfabri-
cation or screen printing, where layers of conducting and
dielectric materials are patterned and stacked on a sub-
strate. However, in contrast to other manufacturing tech-
niques that require photomasks, stencils, or other phys-
ical aids to facilitate patterning, inkjet printing is an en-
tirely digital technique, which means that print designs
may be changed with little cost impact. This makes inkjet
not only attractive for production environments, but also
highly suitable for research and prototyping purposes [15].
An additional advantage of inkjet is that it uses very little
material, leading to the formation of layers less than 1 pm
thin, and only where it is needed. This is in contrast to
screen printing where coatings are in the range of a few
microns, and large amounts of ink are required to print
successfully [16].

The most common conducting materials used in (inkjet-
printed) electrochemical sensors are based on silver
[17,18], gold [15,19°°-23°°], carbon nanomaterials
[19°°,24-27], including graphene [28,29], and conducting
polymers such as poly(3,4 ethylene dioxythiophene)-
poly(styrenesulfonate) (PEDO'T:PSS) [23°°,30]*,
polyaniline (PANI) [31°-33°]. The dielectric materials
used to protect conducting tracks and to define elec-
trode active areas are usually polymers such as poly(amic
acid) [22], or SU-8 [15,34], a popular photoresist used in
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Schematic representation of the fabrication of electrochemical sensors by inkjet printing. A minimum of two inks are required to produce the
transducers, and an additional ink is often needed to improve sensor performance.

MEMS [35]. Last, most selective coatings reported to
date are based on conducting polymers [36°,37] and en-
zymes [13,38,39]. In terms of substrates, inkjet printing is
most commonly used on flexible substrates such as PEN
[19°°], PET [25], Kapton® (a polyimide) [22], and paper
[33°,40], but it can also be applied to rigid substrates such
as glass [34] or silicon [18], and even 3D structures [38,41].

On the other hand, inkjet printing inks have to meet very
specific rheological requirements, as viscosity and sur-
face tension need to be within very narrow margins; 1-30
cP and 25-40 mN m™~!, respectively [42]. This, and the
high cost of research equipment are the main factors lim-

iting technology adoption nowadays. Commercial func-
tional inks are scarce, expensive, and have very limited
shelf-life. Consequently, nearly all the works reported to
date involve the in-house development of one or several
inks. Table 1 summarizes the main works reporting inkjet-
printed electrochemical sensors over the past 2 years, and
the following sections provide an overview of the main
achievements, limitations and opportunities.

Inkjet materials and processing

The success of inkjet technology in sensor manufactur-
ing strongly depends on the availability of functional ma-
terials and suitable post-processing techniques. One of
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the main challenges is the development of low sintering
temperature metallic inks. Inkjet printing is particularly
well suited for handling flexible substrates, but the ma-
terials that are more interesting from a cost standpoint
(such as PE'T’) are incompatible with sintering temper-
atures above 130 °C, which are required by most metal-
based inks nowadays [43]. This has been overcome by
conducting polymer inks which, in addition to displaying
low curing temperatures, are also water-based [44]. But re-
gardless of ink type, the main component s solvent which,
together with other additives, needs to be removed after
printing through post-processing steps to transform the
ink into functional films. Post-processing may simply in-
volve the evaporation of the solvent and additives or more
complex processes such as sintering and polymerization.

Sometimes it is important to be able to cure a material
immediately after printing. Lesch ¢z @/. demonstrated the
simultaneous inkjet printing and UV photopolymeriza-
tion of aqueous acrylamine/bis ink formulations, result-
ing in a compact and mechanically stable nonporous poly-
acrylamide (PA) coating over carbon nanotube electrodes
[26°]. They demonstrated that the PA hydrogel coat-
ing provides an enhanced response. For the simultane-
ous inkjet and polymerization processes, a desktop piezo-
electric printer was custom-made modified allowing the
mounting of a liquid light guide connected to a UV lamp.
Another interesting strategy has been reported by Su
et al. [45], who developed porphyrinic metal-organic
framework (MOF) thin films for electrocatalysis. They
avoid additional curing or post-processing step, preparing
a well-dispersed suspension of the as-synthesized MOF
crystals and utilizing it as the ink for inkjet printing.
He studied various thicknesses ranging from 3.8 pm to
25.2 pm by increasing the number of printed layers, and
Das et al. [28] demonstrated how pulsed UV laser irradi-
ation can improve the electrical conductivity of graphene
coatings.

Desktop printers require external instrumentation to de-
velop the post-processing steps, while more advanced
machines incorporate them inline. Recently, Jovi¢ er al.
demonstrated a large-scale fabrication of microtiter plates
fully by inkjet printing in an automated process that com-
bines printing and sintering steps [25].

How feasible are fully inkjet-printed
electrochemical sensors?

Fully inkjet-printed electrochemical sensors
[14,25,46] are rather uncommon (see lable 1) due to
difficulties to inkjet print all of the components required.
Whilst the deposition of conducting tracks and transduc-
ers in different materials [15,24,26°] is well established,
very often the sensing material cannot be inkjet-printed,
and other techniques such as drop casting [23°°], or
gravure printing [21] have been used to complete the
fabrication. Lesch e a/. [26°,47°] have worked on fully

[mNS;June 1, 2017;20:24]
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inkjet sensor for the detection of antioxidants (such as
ascorbic acid). In this case, both, the electrodes struc-
ture and the sensing layer (carbon nanotubes) were
deposited by inkjet printing. Figure 3 shows the ex-
cellent electrochemical response and reproducibility
achievable by inkjet printing of different materials, such
as carbon-nanotubes, gold, and graphene.

In the simplest sensors, the transducer material also acts
as sensing material. This is the case of the works reported
by Lesch [26°], Jovi¢ [17], and Moya e al. [15], who re-
ported, respectively, —ascorbic acid sensors using a carbon-
nanotube-based transducer, a chlorine sensor for the con-
trol of swimming pool waters using silver electrodes, and
a gold microelectrode-based oxygen sensor printed on
flexible substrates. Another interesting recent example
of transducer fabrication was recently reported by Adly
et al. [19°°], who demonstrated the ability to print a mul-
tilayer stack of four different material inks onto a plastic
substrate. A commercially available nano-silver ink was
used to form the feed lines for electrical connections, fol-
lowed by printing of electrodes using tailor-made gold and
carbon inks, and a dielectric polyamide ink was used to
define the electrode areas. The most original part in this
work is perhaps the printing of a polystyrene nanosphere
ink that can be modified for biosensing applications. This
layer is reported to improve the mechanical stability of
the layers deposited on top of it, in this case a carbon elec-
trode.

Combination with other techniques

"T'he fabrication of more complex electrochemical sensors
using inkjet seems to be limited to a few cases, and the
main trend is to combine inkjet printing with other man-
ufacturing techniques to improve the manufacturability
of devices. Because of its simplicity and suitability for
mass production, screen printing remains the major tech-
nology used for the fabrication of planar electrodes, which
form the basis for a variety of electrochemical sensors [48].
However, most screen-printed sensors are functionalized
manually by drop-casting [49,50].

Several workers have substituted the pipette with an
inkjet printer seeking to automate the process while min-
imizing waste, improving reproducibility, and avoiding
the risk of contamination [51]. Brannelly and Killard’s
recent work [32,36°] is a noteworthy example of this
approach, pioneered by Kimura [52°] and Turner [39].
The ammonia sensor reported was designed as a two-
electrode device using screen-printed interdigitated
electrodes modified with polyaniline ink by inkjet print-
ing. The printed sensors were assembled into a device
that incorporates a gas permeable membrane and create a
sample chamber with a capacity of 52 pl. Polyaniline was
also used as a sensing element by Bardpho ¢z /. [31°] In
this case, a homemade graphene-polyaniline (G-PANI)
ink was used for the modification of screen-printed
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(a) Ferrocenemethanol cyclic voltammetry of inkjet-printed CNT and PA/CNT electrodes at different solution concentrations and (b) Linear sweep
voltammetry in 2 mM ascorbic acid and 0.1 M acetate buffer. Adapted from Ref. [26°]. (c) Ferro/Ferricyanide cyclic voltammetry of inkjet-printed gold
electrodes with different working electrode diameter and d) Dissolved oxygen calibration curve of three inkjet-printed sensors. Adapted from Ref.
[15]. (e) Ferricyanide cyclic voltammetry of inkjet-printed graphene electrode at different scan rates and (f) Hydrogen peroxide calibration curves from

electrodes cured at different laser power densities. Adapted from Ref. [28].

electrodes to develop an electrochemical sensor for
chromatographic ~ determination of ascorbic acid.
Graphene is a highly useful material for electroanal-
ysis due to its very large two-dimensional electrical
conductivity and excellent electron transfer. To pre-
vent the agglomeration of graphene platelets and to
improve graphene distribution on the electrode surface,
polyaniline was added to the ink. The same G-PANI ink
developed by Bardpho er @/. has been used by Teengam
et al. for the fabrication of an electrochemical sensor
based on an anthraquinone-labeled pyrrolidinyl peptide
nucleic acid (acpcPNA) probe for human papillomavirus
detection [33°]. This work combines three different
printing techniques; wax printing to create hydrophobic
barriers into the paper substrate, screen printing for the
three-electrode system fabrication, and inkjet printing
for the modification of the working electrode with the
G-PANI ink. However, the PNA was immobilized onto
the G-PANI by drop-casting.

Chen e al. [53] combined nano-imprint with inkjet tech-
nologies to develop flexible microfluidic devices for elec-

trochemical detection. They used UV nanoimprint lithog-
raphy to define microchannels structure on PE'T films and
the electrodes were inkjet-printed and photonically sin-
tered on another PET film. This film was bonded directly
to the channel-containing layer to form sealed fluidic de-
vice.

Other workers have aimed at replacing microfabrication
with inkjet processes. This is the case of works describing
devices based on smooth, thin layers that are out of reach
for conventional screen printing processes. Sjoberg ez al.
[23°°] presented a potentiometric ion sensor platform
fabricated quasi-fully by inkjet printing. Both the sens-
ing electrodes and the solid contact layer (PEDOT:PSS)
were inkjet-printed. However, due to the high viscos-
ity of ionophore membrane solutions, the PVC-K* se-
lective membrane and the protective non-selective ref-
erence membrane had to be drop-cast. Despite the au-
thors’ claim that they will further study the printability
of PVC-based membrane, this is a significant challenge
given the rheology of most PVC-membrane formulations.
Similar techniques were reported by Le ez a/. [18], who
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printed interdigitated electrodes onto a SiO;/Si substrate
for ammonia sensing. The electrodes were printed from a
nano-silver ink, although the sensing element, polyani-
line, was drop-cast. They studied different dimensions
of interdigitated electrodes since the resistance of the
polyaniline depends strongly on the dimensions of the sil-
ver electrodes. The range of widths and the gap between
the interdigitates came from 100 to 400 pm. The smaller
resistance (about 13.7 kQ) was achieved with the smaller
possible printed dimensions. To prevent short-circuits be-
tween microbands, minimum gaps of 112 pm were left be-
tween electrodes.

Another device for measuring pH has been reported by
Qin e al. [34]. In this case, the pH sensor is based on
inkjet-printed palladium material. The palladium ink was
converted to metallic palladium using a two-step thermol-
ysis after printing. Next, an SU-8 ink was inkjet-printed
as an interfacial layer between Ag (to be print in the next
step) and the substrate. The reference electrode consisted
of a silver printed layer that was chlorinated with NaClO
pippeted onto the Ag surface, resulting in an Ag/AgCl
electrode. In addition, they prepared a printable ink for
the solid electrolyte by dissolving poly(vynil chloride) in
KCl and AgCl to protect the reference electrodes, but due
to the limited jetting capabilities of inkjet, this membrane
was finally pipette on the Ag/AgCl electrode.

Pavinatto e a/. [21] also combined printing techniques to
fabricate a complete biosensor for Pyrogallol detection. In
this case, inkjet printing was used to fabricate the inter-
digitated structure and gravure printing was the selected
technique to deposit a "Tyrosinase ink on top.

Conclusions

Inkjet printing may be an ideal fabrication technique
in cases when thin (100-500 nm) layers of material are
needed, when contact with the substrate needs to be
avoided, or when the material to be deposited is scarce,
expensive, or highly toxic. This is why the mass produc-
tion of electrochemical sensors may benefit from inkjet
printing combined with other printing processes, such
as screen, flexo, and gravure. The main bottleneck to-
day is imposed by the strict rheological conditions that
inks need to meet, particularly in terms of viscosity and
surface tension, but new jettable materials can be ex-
pected to appear in the coming years. Nanomaterials are
excellent candidates for their inclusion in functional inks,
which means that collaboration between materials scien-
tists, inkjet printing specialists, and electrochemists can
fast-track progress in this area. Inkjet printing will gain
importance both within research and production environ-
ments, driven by applications such as disposable sensors
in healthcare, environment, and food safety.

A likely breakthrough in the field will likely come from
the use of desktop photographic printers. These often

[mNS;June 1, 2017;20:24]
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mount the same heads as industrial plotters, but cost a
fraction of the price. Although still in clear minority, in the
coming years we will see an increasing number of work-
ers using home/office thermal and piezoelectric printers.
Here is a clear opportunity for software developers. Raster
image processor software is routinely used in the graphic
arts for the right application of color. Similar software can
be developed for the handling of functional inks and the
application of different materials. This will make the pro-
totyping, development and production of electronic de-
vices, including electrochemical sensors, hugely available
in low-tech, low-cost settings.
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4.4 Application of inkjet-printed sensors for Organ-On-a-Chip moni-

toring

In this section is shown the development of the monitoring tools using [[JP]technology, addressed to monitor
levels of [DOlinside the[OOC]systems. This section is divided in two subsections, where each one corresponds

to a published work in first-quartile journals.

4.4.1 Paper IV: All-inkjet-printed dissolved oxygen sensors on flexible plastic sub-

strates

The second paper presented in this Chapter, Paper IV, is a published article about the development of
sensors, fabricated fully by [[JPlin a plastic substrate. The article is focused in the complete characterization
of the functional inks that can be processed and sintered at low temperature (120 °C) to be compatible
with polymeric substrates. Different dimensions of inkjet-printed sensors are fabricated and their
electrochemical response and validation is presented.

This article has been reproduced from Organic Electronics journal, with permission from Elsevier*:

A. Moya, E. Sowade, F.J. del Campo, K.Y. Mitra, E. Ramon, R. Villa, R.R. Baumann, G. Gabriel,
All-inkjet-printed dissolved oxygen sensors on flexible plastic substrates. 39 (2016) 168-176.
doi:10.1016/j.orgel.2016.10.002.

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

e Conference LOPEC2016: A. Moya, E. Sowade, F.J. del Campo, K.Y. Mitra, E. Ramon, R. Villa,
R.R. Baumann, G. Gabriel, All-inkjet-printed dissolved oxygen sensors on flexible plastic substrates.
Oral presentation.

e Conference BIOSENSORS2016: A. Moya, E. Sowade, F.J. del Campo, K.Y. Mitra, E. Ramon,
R. Villa, R.R. Baumann, G. Gabriel, All-inkjet-printed dissolved oxygen sensors on flexible plastic
substrates. Poster presentation.

e Conference SPIE2017: A.Moya, M. Zea, E. Sowade, R. Villa, E. Ramon, R.R. Baumann, G. Gabriel.
Inkjet-Printed Dissolved Oxygen and pH Sensors on Flexible Plastic Substrates. Oral presenta-
tion. Proceedings Volume 10246, Smart Sensors, Actuators, and MEMS VIII; 102460F (2017); doi:
10.1117/12.2264912.

The development of this work has led to the development of other types of sensors on plastic substrates

fabricated by [[JP] (glucose and sulfur). The following works have been submitted for publication:

e Romeo Agostino; Moya Ana; Leung Tammy; Gabriel Gemma; Villa Rosa; Sanchez Samuel. Inkjet
Printed Flexible Non-Enzymatic Glucose Sensor for Tear Fluid Analysis. This article has been SUB-
MITTED to ACS Sensors Journal.

e Pol Roberto; Moya Ana; Gabriel Gemma; Gabriel David; Cespedes Francisco; Baeza Mireia. Inkjet-
printed sulfide-selective electrode. This article has been SUBMITTED to Analytical Chemistry.

* Note that sections, equations and references numbering in the reproduced research article follow the ones

of the published version.
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ABSTRACT

Inkjet printing is a promising alternative manufacturing method to conventional standard micro-
fabrication techniques for the development of flexible and low-cost devices. Although the use of inkjet
printing for the deposition of selected materials for the development of sensor devices has been reported
many times in literature, it is still a challenge and a potential route towards commercialization to
completely manufacture sensor devices with inkjet technology. In this work is demonstrated the
fabrication of a functional low-cost dissolved oxygen (DO) amperometric sensor with feature sizes in the
micrometer range using inkjet printing. All the required technological steps for the fabrication of a
complete electrochemical three electrodes system are discussed in detail. The working and counter
electrodes have been printed using a gold nanoparticle ink, whereas a silver nanoparticle ink was used to
print a pseudo-reference electrode. Both inks are commercially available and can be sintered at low
temperatures, starting already at 120 °C, which allows the use of plastic substrates. In addition, a
printable SU8 ink formulation cured by UV is applied as passivation layer in the sensor device. Finally, as
the performance of analytical methods strongly depends on the working electrode material, is demon-
strated the electrochemical feasibility of this printed DO sensor, which shows a linear response in the
range between 0 and 8 mg L™! of DO, and affords a detection limit of 0.11 mg L™, and a sensitivity of
0.03 pA L mg~ . The use of flexible plastic substrates and biocompatible inks, and the rapid prototyping
and low-cost of the fabricated sensors, makes that the proposed manufacturing approach opens new
opportunities in the field of biological and medical sensor applications.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

technique employed for the production of low-cost and disposable
sensors [4,5], the emerging inkjet printing technology has many

Inkjet printing is attracting increasing interest in the area of
micro-sensors technology, e.g. for the determination of biological
or chemical parameters with a high spatial resolution [1,2,3]. The
inkjet printing method is considered a promising alternative to
traditional sensor manufacturing techniques, as it is an additive and
non-contact approach that allows the mask-less deposition of
different functional materials on rigid and flexible substrates. Even
though screen-printing still remains the most used printing
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advantages over it, such as easily changeable layouts without the
need of physical stencils or screens, the reduction of the generated
waste material and the non-contact deposition. The latter feature
helps prevent substrate contamination, and it allows the technique
to be used on delicate substrates that may be damaged by the force
applied in the screen-printing process. Moreover, the direct writing
approach without any need for screens drastically reduces the
overall fabrication time and costs of an entire device, and also fa-
cilities iterative design changes during development. Therefore,
inkjet printing can be ideal in prototyping as well as in applications
requiring heterogeneous integration of different components and
materials [6]. Several attempts have been made until now using
inkjet printing for the fabrication of printed chemical sensors.
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However, the number of reports about biosensors in flexible de-
vices is still limited. Some of the first inkjet-printed biosensors
were reported back in 1992 by Newman et al. [7] demonstrating the
usefulness of the inkjet technology by printing a glucose sensor.
More recently, other works have been presented, such as those by
Jensen et al. [2], providing the viability of detecting a cancer
biomarker in serum by printing an array of gold electrodes func-
tionalized with 3-mercaptopropionic acid, or by Khan et al. [8]
reporting a flexible gold electrode array to be used as bio-
electronic interface. Furthermore, many other publications can be
found on electrochemical biosensors [9,10], pH sensors [11,12], ion
sensors [13], gas and vapor sensors [ 1,14—16] and photosensors [17]
electromyography biosensors [18]. However, most of the printed
sensors reported in the literature have only some of their elements
printed while others are still manufactured by traditional
lithography-based or related methods.

We recently demonstrated the fabrication of an electrochemical
micro-sensor for the measurement of dissolved oxygen (DO) using
standard microfabrication techniques [19]. Microfabrication yields
highly reproducible and reliable microelectrodes with a sensing
response comparable to commercially available dissolved oxygen
sensors [20]. However, these standard microfabrication techniques
require multiple complex and time consuming processing steps
including the application of photoresist, UV-light exposure through
chromium masks, etching and deposition of adhesion and elec-
trode materials. The nature and high number of process steps in-
creases the cost per micro-sensor, thus limiting their application as
disposable devices.

The aim of this work is to demonstrate the potential of inkjet
printing technology as an alternative to standard microfabrication
techniques in the area of micro-sensors fabricating on a flexible
plastic substrate. Polymeric substrates such as PEN are promising
candidates for disposable low-cost sensors. They are flexible,
inexpensive, and available in large quantities, facilitating roll-to-
roll processing [21]. However, usually they are sensitive towards
high temperatures due to their comparable low glass transition
temperature. Therefore, all required manufacturing processes have
to be performed at low temperatures, preferable much below
200 °C. Although gold is one of the most important electrical
conductive materials for a wide range of applications, the pro-
cessing of the inkjet printing inks is still a challenge due to the high
sintering temperatures reported until now. Different strategies
have been developed for the drying and sintering process to limit
the temperature effect on polymer substrates such as the usage of
intense pulsed light [22], laser [23] or infrared technology [24,25].
Since there are rarely Au ink formulations on the market that can be
sintered at low temperatures compatible with low Tg polymer
substrates, several authors overcome these problems synthesizing
their low-curing inks [2,26,27]. However the stability and repro-
ducibility of these custom-made inks is still limited [28,29].
Furthermore, the synthesis of these inks is difficult, and not always
in the field of expertise of research groups that are focused on the
final application. Nowadays, ink materials are the most important
drawback that limits inkjet printing technology to be widely used.
This especially affects to novel materials such as gold and platinum.
However, silver nanoparticle inks are state-of-the-art. There is
currently a large variety of silver nanoparticle inks for different
applications commercially available [30].

We aim to develop an all-inkjet-printed sensor using stable and
commercially available inks that can be processed and sintered at
low temperature (120 °C). These inks allow the usage of flexible
Polyethylene Naphthalate (PEN) substrate and are commercial and
reliable in terms of stability. The inks are used to develop a fully
inkjet-printed oxygen amperometric sensor using different metal
nanoparticle inks and a dielectric ink formulation (gold for the

counter (CE) and working electrode (WE); silver for the pseudor-
eference electrode (pRE), and the dielectric SU8 as passivation). Our
proposed manufacturing strategy is very attractive due to its
simplicity and rapidity, and the good performance of the micro-
electrodes through their lifetime. Taking advantage of the low-cost
provided by inkjet printing, these electrochemical platforms pre-
sented here potentially enable novel devices in a broad range of
applications such as analytical sensors, biosensing and medical
applications.

2. Material and methods
2.1. Materials and chemicals

For the development of the DO sensor we used three commer-
cially available inks. A low-curing gold nanoparticle ink (Au-LT-20
from Fraunhofer IKTS, Germany) was employed for the WE and CE
development. A silver nanoparticle ink (DGP-40LT-15C from ANP,
Korea) was used for the development of the pRE electrode. The
passivation of the electrodes was done using the SU8 ink (2002
from MicroChem, USA). The inks show drop-on-demand (DoD)
inkjet compatible specifications presented in Table S1 (Supple-
mentary Information). Teonex Polyethylene Naphthalate PEN films
(Q65HA DuPont Teijin Films) with a thickness of 125 pm and a
surface pre-treatment for improved adhesion was selected as
substrate.

Ethanol (LC/MS grade), sodium nitrate (KNO3), potassium hex-
acyanoferrate(IlI) (K3[Fe(CN)s]) and Potassium hexacyanoferrate(Il)
trihydrate (K4[Fe(CN)g]) (all from Sigma Aldrich, Spain) were used
for surface cleaning, activation and characterization of the printed
sensor. Hydrochloric acid (0.1 M) was electrochemically applied for
the chlorination of the printed silver layers, and potassium chloride
(KCl) for testing the open circuit potential of the pRE (both from
Sigma Aldrich, Spain).

2.2. Instrumentation

A piezoelectric Dimatix Material Printer (DMP 2831 from
FUJIFILM-Dimatix, Inc., USA) was employed for the inkjet printing
of the three inks on the PEN substrate. The printer was equipped
with user fillable 10 pL nominal drop volume printheads having 16
nozzles each with a diameter of 21.5 um. Printing patterns were
made using Electronic Design Automation (EDA) layout software
and imported with the Dimatix Bitmap editor software. The sub-
strate vacuum plate is temperature controllable. The printing pro-
cesses were carried out in a standard laboratory environment in
ambient condition, without non-particulate filtered enclosure
systems and without control of temperature or humidity to
determine the extent to which the sensor devices could be manu-
factured on an industrial-scale printing system.

Scanning Electron Microscopy (SEM, Auriga-40 from Carl Zeiss)
was used to study the morphology of each printed layer. An Atomic
Force Microscope (AFM, Nanoscope IV controller and Dimension
3100 head from Veeco) was employed to analyze the topography of
the printed layers and a profilometer Dektak 150 (Veeco) was used
for the thickness measurement of the layers. The sheet resistance of
each conductive layer was determined with a Hewlett Packard
HP4155 Semiconductor Parameter Analyzer connected to a manual
probe station PM5 (Siiss Microtec Gmbh). The contact angle mea-
surement system MobileDrop GH11 (Kriiss Gmbh) was used to
investigate the surface energy of the substrate.

The electrochemical characterization and calibration of the
sensors was performed with an 8-channel potentiostat 1030A
Electrochemical Analyzer (CH Instruments, USA). Control experi-
ments were performed using a commercial Ag/AgCl (3 M KCl)
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electrode as RE and a platinum ring electrode as CE, both from
(Metrohm, Germany). Printed sensors were calibrated in a
controlled dissolved oxygen solution against an OXI 325 (WTW,
Germany) oxygen probe.

2.3. Inkjet-printing process

The DO sensors were inkjet-printed on PEN substrates. The PEN
film was placed on the stage of the DMP 2831 printer and heated up
to a temperature of 40 °C. Three individual ink cartridges were
filled with about 1 ml of the different ink formulations (gold, silver
and SU8). The drop ejection behaviour of the inkjet nozzle was
visually checked using the integrated drop-watcher camera to
ensure reliable process conditions. The relative distribution of
deposited material across the printer geometry was controlled by
adjusting parameters such as the printhead nozzle temperature,
the jetting frequency, the jetting waveform and the maximum
voltage applied to the printhead nozzles. These parameters have
been optimized for each ink. Images of the drop ejection of each ink
and the corresponding waveforms are given in Fig. S1 and Table S2
(Supplementary Information). The three elements of the sensor
were printed using; the gold ink for the development of the WE and
CE and the silver ink for the RE. Post-processing of the deposited
conductive inks was done in a hot-plate. After the printing of the
metallic materials, the cartridge filled with SU8 polymeric ink was
insert in the printer and used passivate the tracks. The curing of the
SU8 was done by UV treatment for 15 s. After all the printing steps,
the printed silver electrode was chlorinated by cyclic voltammetry
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) [31].

2.4. Characterization and calibration of DO sensor

The gold WE of the DO sensors require activation before use. For
that, several gold-cleaning methods were investigated [32]. Among
them, we chose the application of a suitable potential waveform to
clean the inkjet-printed electrodes. In particular, five pulses alter-
nating between - 2 Vand 0 V for 10 s in a KNO3 electrolyte solution
were performed. Subsequently, in order to verify the optimal acti-
vation response, cyclic voltammetry measurements in ferro/ferri-
cyanide (10 mM) at different scan rates were carried out. Finally,
sensors were calibrated in the oxygen concentration range between
0 and 8 mg L~! DO range according to Wolff and Mottola [33]. The
sensor was polarized at —800 mV vs. Ag/AgCl (3 M KCl). The DO
concentration was adjusted bubbling different nitrogen (O, free) -
air (21% O,) mixtures through a 0.1 M KNOs solution, and a mag-
netic stirrer was used to ensure better mixing of the solution. The
concentration of DO in the cell was measured with a commercial
(OXI-325) DO probe and correlated with the measured polarization.

3. Results and discussion
3.1. All-inkjet-printed sensor fabrication

The surface energy of the PEN substrate was measured to
evaluate its suitability for the different ink formulations. The sur-
face energy was determined to be about 38 mN m~! with a high
disperse part of about 34 mN m~! and a polar part of only about
4 mN m~! using the Owens, Wendt, Rabel, and Kaelble method.
This indicates difficult wetting of water-based ink formulations on
the substrate [34]. Further information about the measurement is
found in Fig. S2 (Supplementary Information). The procedure for
the manufacturing of the DO sensor is illustrated in Fig. 1. The first
step is the printing of the gold nanoparticle ink for the

development of the WE and the CE (Fig. 1a). The gold ink was
printed using a drop spacing (DS) of 15 um representing a print
resolution of 1693 dpi (dots per inch). The DS represents the center-
to-center distance between the printed droplets and 15 pm was
found to be the optimum compromise between low line width
(small feature size of the sensor device) and stable, continuous line
formation without interruptions resulting in open electrical con-
tacts. The selection of the DS for each ink is discussed in Section
3.2.1. After the deposition process, the gold ink cartridge was
replaced by another cartridge containing the silver nanoparticle ink
to print the pRE (Fig. 1b). The DS for the printing of the silver ink
was changed to 40 pm (635 dpi). Then, both printed inks were
thermally dried and sintered. The temperature processing of the
inks can be understood as two consecutive steps: First, drying of
the layer is initiated expelling all solvent and decomposing poly-
meric stabilizing agents of the nanoparticles and second, a sintering
process takes place fusing the nanoparticles. The printed structures
were dried for 5 min at 100 °C in order to evaporate the solvent of
the ink (Fig. 1c.1), followed by sintering at 150 °C for 30 min. This
ensured the electrical conductivity of the layer (Fig. 1c.2). This two-
step procedure is particularly critical in the case of the gold ink. If
the wet gold ink is cured directly at 150 °C, intense crack formation
appears along the layer, reducing significantly its conductivity.
These cracks can be avoided with the described two-step curing
methodology. Fig. 2 shows some SEM images as examples of
samples with two steps curing and with just one. The problem of
crack formation did not occur for the silver ink that could be cured
directly at 150 °C. In order to precisely define the desired active
electrode and pad connections area, a passivation layer is formed by
printing the dielectric SU8 (Fig. 1d). The photoresist SU8 has been
already previously used as a passivation due to the high chemical
resistance, the excellent thermal stability, the low Young's
modulus, the low temperature cure and is also optical transparency
[35]. SU8 was printed on top of the metallic printed patterns aiming
to precisely passivate the tracks. The DS used to print SU8 ink was
15 um (1693 dpi). The curing of the SU8 was done in two steps, first
heated at 100 °C for 5 min for solvent evaporation and afterwards
by UV treatment for 15 s to polymerize the layer by cross-linking
(Fig. 1e). Then, the printed RE was chlorinated by cyclic voltam-
metry as shown in Fig. 1f. Potential stability of the pRE was studied
against a commercial Ag/AgCl RE for 24 h in a 3 M KClI solution,
exhibiting a good stability with a drift rate less than 0.13 mV h™L
The chlorinated process and the stability measured are shown in
Fig. S3 in the Supplementary Information. Fig. 1g shows a picture of
three finished platforms with the three all-inkjet-printed micro-
electrodes (WE, CE and pRE) that conform the final DO sensor
platform. In Fig. S4a (Supplementary Information) is presented the
pattern layout of the platform where it can be observed that each
one incorporate three DO sensors with different diameters of the
WE (300 um, 500 pm and 1000 pm).

Inkjet printing is cost-efficient and environmentally friendly,
and enables rapid prototyping due to its additive nature. The
connector used in this case is reusable Zero Insertion Force (ZIF)
(see Fig. S4b in the Supplementary Information), avoiding other
expensive methods such as wire-bonding. Moreover, the costs of
the ink materials of the manufactured inkjet-printed sensors are
presented in detail in Table S3 in the Supplementary Information.

3.2. Morphology and electrical characterization of inkjet-printed
layers

3.2.1. Drop spacing selection

A dedicated test print pattern was developed that allows the
deposition of lines with different DS but with a fixed width of 1 px
(pixel). Fig. S5 (Supplementary Information) shows the print
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pattern as well as the resulting line pattern for each used inks.
These print patterns were deposited with a printer platen tem-
perature of 40 °C. Fig. 3a shows the resulting width of each printed
continuous line formation and its deviation for the three used inks.
The DS was selected taking into account the width and the thick-
ness that we aimed to obtain for our sensor design with a contin-
uous line formation. The line morphology strongly depends on the
diameter of a single printed drop. The surface tension of the ink and
the wettability of the surface play a key role in determining the final
diameter of the deposited droplet. All the tests were done with the
same printing setup (10 pL printhead and PEN substrate heated up
40 °C) allowing to compare the deposits of the different inks. For
the gold ink, the single drop diameter was determined to about
40 + 2 um. A DS of 15 um was selected for the line pattern which
results in a line width of about 78.5 + 7.9 um and a thickness of
approximately 238 + 20 nm. In comparison, the single drop

diameter of the silver ink was about 55 + 1 um and the line width
and line height at a DS of 40 pm were determined to 53.1 + 7.8 pum
and 233 + 35 nm, respectively. For the SU8 ink, the obtained single
drop diameter was 46 + 2 pm. At a DS of 15 pm, a line width of
69.0 + 10 um was obtained. The thickness of the line for the selected
DS is about 1.8 + 0.05 um. Thus, the SU8 layer is about nine times
higher than the electrode layers due to the low amount of solvent in
the ink formulation.

3.2.2. Plastic compatible low-temperature sintering

Our efforts have focused on determining the optimal printing
and post-processing conditions to form a highly conductive layer
with low sintering temperature and in a short time. Electrical
characterization of the printed patterns for different sintering
conditions was done using various van der Pauw [36] patterns. Each
van der Pauw pattern was sintered at different temperatures and
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Fig. 3. a) Printed lines one PEN substrate at different drop spacing for gold, silver and SU8 inks (scale 500 pm), b) thickness printed lines at different DS, and c) line width at different

drop spacing for the gold, silver and SUS8 ink.

times. Fig. 4 shows the measured sheet resistance versus the curing
temperatures for the gold and silver inks used in this work. The
conductivity of the layers was calculated measuring their thickness
by a profilometer. Starting at 120 °C both inks show already
reasonable good conductivities. Finally, a sintering temperature of
150 °C for 30 min was selected for the conductive layers of the DO
sensor since we obtained similar conductivities compared with
higher temperature and long times of sintering. The resulting sheet
resistances were about 0.55 + 0.11 Q/O for gold and 0.31 + 0.05 Q/
O for silver ink. The PEN substrate supported this temperatures
and times without any deformation [8]. Taking into account the
measured thickness of each layer, the conductivity was calculated
to about 7.64-10% S m~! for the gold ink and 1.38-10” S! m~! for
the silver ink. These values correspond to approximately 18% and

22% conductivity of the conductivity of bulk gold and bulk silver.

3.2.3. Morphology and topography

The morphology and topography of the printed layers were also
studied. Fig. 5 left shows the SEM images of the inkjet-printed gold
and silver ink before and after the sintering process onto the PEN
substrate. The removal of surfactants from the surface of the
nanoparticles plays a significant role in enhancing conductivity of
the printed films [37]. These images demonstrate that after the
curing process, the particles are agglomerated and a continuous
conductive network is formed. For the gold ink, changes in particle
morphology before and after the sintering process are hard to
notice. This is because the gold particles, having a size of about
40 nm, neither melt nor deform at our working temperature of
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Fig. 4. Sheet resistance measurement for different sintering temperatures and times, a) for the gold ink, and b) for the silver ink.
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Fig. 5. Morphology of the printed and sintered layers. Left: SEM images of gold and silver ink before and after sintering process (150 °C for 30 min). Right: AFM images of gold and

silver ink before and after sintering process.

150 °C [29]. For the silver ink, there was a clearly agglomeration of
the nanoparticles at 150 °C forming larger structures. In addition,
AFM topographical images indicate that the roughness of the gold
layer is slightly higher than the silver layer (Fig. 5 right). The root-
mean-square (RMS) roughness of the gold electrode surface was
about 16 nm and of the silver layer about 9 nm. Before the sintering
the images show how the particles are not well resolved due to the
presence of surfactant and stabilizers of the ink formulation.

3.3. Electrochemical response of gold inkjet printing DO sensor

Cyclic voltammetry (CV) is a commonly used technique for
comparing and studying the behaviour of the electrodes. The
electrochemical reversible ferri(Ill)/ferro(Il)-cyanide redox couple
[Fe(CN)s]*” + e~ « [Fe(CN)g]* was chosen as a model analyte for
the CV experiments carried out. Fig. 6a shows the CV of the redox
couple obtained by measuring the current at the WE before and
after its activation. As can be seen in Fig. 6a, the optimized elec-
trochemical activation is very important to ensure a good perfor-
mance of the electrodes. The characterization and calibration of the
sensor was done using the set-up described in Fig. S6 (Supple-
mentary Information). In a first step, an external configuration of
commercial CE and RE was used in order to compare the behaviour
of the printed gold WE employing external electrodes and, in a
second step, it was repeated using the printed CE and pRE. The CVs
shown in Fig. 6b demonstrate the good performance of the sensor
using the three printed electrodes. There were no differences be-
tween using the commercial CE or the printed CE. The small shift of
the potential observed with the use of the integrated pRE is
attributed to the difference of chloride concentration in contact
with the surface of the electrode (pRE, 0.1 M versus 3 M KCl in the
internal solution of the commercial reference). In the same way, the
behaviour of the different dimensions of WE were tested. Fig. 6¢
shows the CV in ferro(Il)/ferri(Ill)-cyanide obtained for three
different dimension of WE. The anodic/cathodic peak current
values (Ip) are directly proportional to the WE area as shown in the

theoretically Randles-Sévcik equation. To determine if the elec-
trodes are working properly we compared the obtained I, with the
theory, using Randles-Sév¢ik's equation [38].

1/2

F3
32 A-DV/2.Ry -1/ (1)

I, = 0.4463- (ﬁ>

where n is the number of electrons participating in the redox
process, F is the Faraday Constant [C-mol~'], A is the electro-
chemically active electrode area [m?], Ry is the initial concentration
of analyte [mol-m~3], D is the diffusion coefficient [m?-s~ '], v is the
scan rate [V-s~!], R is the gas constant [J-K~!-mol~!] and T is the
temperature [K].

The printed electrodes have heterogeneous behaviour onto the
plastic substrate causing different electrochemical properties of the
electrodes. Other parameter of interest for the characterization of
the electrodes is the peak-to-peak separation (4Ep) over a range of
scan-rates. The reduction of ferri(Ill) to ferro(Il)cyanide is a one
electron process for which, under fast electrode kinetics, a 4Ep of
59 mV at room temperature is anticipated [39]. Our printed elec-
trodes display a 4E, around 100 mV up to scan rates of 100 mV s
There is a number of possible reasons that may increase the peak
separation larger than the theoretical 59 mV, most probably small
holes, cracks, wettability of the electrodes and organic contami-
nation still remaining after the drying and sintering process [40].
Fig. 6d shows that the peak current increases linearly as a function
of the square root of the scan rate (until 100 mV s~1) as is typical for
a diffusion-controlled process. For scan rates higher than
100 mV s~ ! (Fig. 6e) the peak separation increases. This is due to
quasi-reversible kinetics of the electron transfer at the printed
electrode. The value of the electron transfer rate constant was
calculated using the approach described by Matsuda and Ayabe
[41], using the following relation to describe heterogeneous charge
transfer:
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configuration versus integrated printed electrodes, c) with different diameters of WE, d) varying scan rate until 100 mV s,

-1, e) varying scan rate from 100 mV s~' to 1V s~! f)

correlation of the theoretical versus experimental current peak in function of square root of the scan rate using the Standard Randles- Sévcik equation and compared with the

modified Randles- Sévcik equation.

A=k (n-F-v-D/R-T)"1/2 )

at A =1, which occurs at the scan rate at which 4E, begins to depart
from ideality. In equation (2), ks is the electron transfer rate con-
stant (m-s~1), and the rest of parameters are the same involved in
equation (1). Fig. S7 in the Supplementary Information shows the
determination of ks. In our sensor this occurs at scan rate of
100 mV s~ ! where it can be calculated the k; = 6.4-10~> m s~ .. For
ks >2-10"* m s~! the system can be considered electrochemically
reversible, for ks between 2-10~% and 5-10~> m s~ ! the system can
be considered quasi-reversible and for ks < 5-10~> m s~ the system
will be irreversible. Our system may be considered quasi-reversible
up to a scan rate of 200 mV s~ ! allowing to perform the analytical
measurements of the sensors. Table S4 in the Supplementary In-
formation presents the calculation of A, ks and I, for scan rates from
5 mV s~ ! until 1V s~% In this case, a modified Randles-Sévcik
equation [42] was applied to correlate the experimental I, with
theoretical equations as shown in Fig. 6f. Finally, the sensors were
calibrated. The oxygen reduction amperometric signal is affected by
medium composition and also by the electrocatalytic properties of
the printed electrodes, which can be improved thorough the acti-
vation procedures. The sensor was polarized at —800 mV as the
optimal potential value for the determination of the DO concen-
tration (Fig. S8 in Supplementary Information). The linearity and
sensitivity of the electrochemical response of the inkjet-printed DO
sensors were verified in the calibration medium (0.1 M KNO3) by
bubbling a series nitrogen/air gas mixtures. In a first stage, the
response of the sensor was measured using external RE and CE.
Following this, the measurements were repeated using the inkjet-
printed CE and the pRE. Fig. 7 summarizes the reduction currents
measured at the WE under different DO concentrations with both
configuration of electrodes and the three dimensions of WE

1.4 T T
1] ™ WE= 1000 um, External RE/CE il
1.2 | @ WE=1000 wm, Integrated RE/CE
-+ ® WE=500 um, External RE/CE —
1.0+ ° ‘WE = 500 um, Integrated RE/CE
|| 4 WE=300um, External RE/CE q
Q 0.8 || 4 WE=300um, Integrated RE/CE B
=
~ |
= 4
5 0.6 -
-
= | —
=
Q044
0.2 -
0.0
T T T T T
0 2 4 1 6 8
DO (mg'L ")

Fig. 7. Calibration curve of the printed DO sensor for three dimensions of WE, using
external configuration of electrodes versus the integrated printed electrodes.

(1000 um, 500 um and 300 pm). The sensors display excellent
linearity between 0 and 8 mg L~! range, with correlation factors
greater than 0.99 using the external of CE and RE and greater than
0.97 using the internal configuration, demonstrating that the DO
sensor is suitable for the determination of DO. A total of twelve
platforms (four for each WE diameter design) were calibrated. The
sensors with a WE diameter of 1000 um have a sensitivity of
0.14 + 0.01 pA L mg ! using the external commercial electrodes and
0.12 + 0.01 pA L mg~! using the integrated printed electrodes,
demonstrating a satisfying response. The limits of determination
and quantification for these sensors were 0.23 and 0.72 mg L™,
respectively. For the sensors with a WE diameter of 500 um, the
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0.048 + 0.008 pA L mg~! using external and integrated electrodes
configuration, respectively, showing a suitable performance. Its
limits of determination and quantification were 0.17 and
0.58 mg L™, respectively. For the smaller WE diameter (300 pm)
the obtained sensitivity were 0.031 + 0.009 pA L mg~' and
0.029 + 0.011 pA L mg~! for the external and the integrated elec-
trodes configuration respectively, with limits of determination and
quantification of 0.11 and 0.34 mg L™' respectively. The response
time of the sensors was around 30 s for the bigger dimensions
electrodes, and approximately 20 s for the other two smaller di-
mensions. The platform was characterized and calibrate over a
period of 6 months, maintaining their performance and function-
ality always after the activation of the gold and the re-chlorinated
of the silver.

obtained sensitivity was 0.066 + 0.005 pA L mg ! and

4. Conclusions

We demonstrated the manufacturing of a flexible DO sensor
based on inkjet printing in ambient conditions without the need for
clean room environment. The sensor consists of three different
materials that were patterned on a flexible polymer substrate:
Gold, silver and SUS8. The careful selection of commercial low-
curing ink formulations and the optimization of the inkjet print-
ing as well as drying and sintering process allowed the
manufacturing of the sensor at low temperature and in short time.
Both the low processing temperature and the short processing time
are promising parameters towards a novel industrial
manufacturing route for low-costs sensors as alternative to tradi-
tional lithography-based manufacturing. All this makes the pre-
sented manufacturing approach interesting for a wide range of
sensor applications. Our proposed manufacturing strategy for DO
sensors is very attractive due to its simplicity and rapidity, and the
good performance of the microelectrodes through their lifetime.
The sensors exhibited an excellent linear response in the range
between 0 and 8 mg L' of DO, obtaining low limits of detection, in
detail 0.11 mg L~ and a sensitivity of 0.03 pA Lmg ™~ for the 300 um
WE diameter, which is comparable to sensors manufactured with
traditional technologies.
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Appendix A. Supplementary data

Ink properties

Table S1. Detailed composition of Au, Ag and SU8 inks according to the
manufacturer.

Au (IKTS) Ag (ANP) SU8 (MicroChem)
Viscosity (mPas) 8 10-18 7,5
Surface tension (mMN/m) 30-35 35-40 30,1
Solid content (wt. %) 20 30-35 29
Particle Size (nm) 30 <50 -
Vehicle Water +  Triethylene glycol Cyclopentanone

Ethyleneglycol ~ monomethyl ether

Density (g/cm®) 1,25 1,45 1,12
Sintering/curing process >120°C >120°C UV curing
Shelf life (months) 6 6 12

Parameters of the fabrication process

Different waveforms were developed to fine-tune the drop ejection of the inkjet printheads.
Finally, three reliable waveforms were obtained as shown below enabling reliable printing with
multiple nozzles and the deposition on defined positions due to a droplet trajectory
perpendicular to the nozzle plate (high jet straightness). If multiple nozzles were activated for
the printing process, the speed of all the droplets was set similar by variation of the maximum
jetting voltage. The Au ink was jetted in form of a spherical regular droplet indicating a
comparable high surface tension and low viscosity of the ink. In contrast, the Ag ink as well as
the SU8 ink show drops with long fluid tails. However, the tails did not rapture leading to
satellite drops. Instead, the tails catch up during the flight and merge with the leading droplet

prior to the impact on the substrate. This will ensure high print quality.
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Fig. S1. Dropwatcher images of ejected droplets from the inkjet printhead (upper row) and
corresponding waveforms (lower row) applied to the piezoelectric transducer of the printhead

for the gold, silver and SU8 ink formulation.

Table S2. Fabrication process parameters for printing gold, silver and SU8 inks for the

development of the DO sensor.

Print Maximum Maximum Maximum
Number . . . Post
Ink of Layers Resolution/ Jetting Jetting Number of treatment
Drop Space Frequency  Voltage Nozzles
100°C for
1693 dpi/ 15 5min +
Au-LT-20 1 um 5 kHz 20-22 V 5 150 °C for
30 min
Ag ANP- 100°C for
DGP- 635 dpi/ 40 5min +
A0LT- 1 um 5 kHz 20-23V 16 150 °C for
50C 30 min
100 °C for
Sus-2002 1 1693dpi/ 15 g, 1920V 16 > min +
pm UV curing
for 15 sec

Surface energy of the PEN substrate

The spreading of the inks on the substrates depends to a high degree on the surface energy of

PEN. Therefore, the surface energy of the PEN substrate was measured with the MobileDrop

GH11 system. The liquids tested were deionized water, ethylene glycol and diiodomethane. Ten

droplets of each liquid with 2 uL in volume were deposited on the PEN surface. The contact
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angle 6 of each droplet was measured and the surface energy determined based on the method of
Owens, Wendt, Rabel, and Kaelble. The small polar part indicates low affinity to polar solvent
such as water. As a consequence, the contact angle of polar solvents will be comparable high as
shown below in the case of water.

Deionized water  Ethylene glycol Diiodomethane
0=74°

*Surface Tension 38.3 mN/m

O=64 6=54°

Disperse Part 34.4 mN/m

Polar Part 3.9 mN/m

. -

Fig. S2. Contact angle measurement and determination of the surface energy of PEN substrates.

*4nalytical methodused: Owens, Wendlt, Rabel & Kaelbe

The volume of the shown droplets is about 2 pL.

Pseudo-reference electrode
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Fig. S3. a) Cyclic voltammetry applied for the chlorinated process of the printed silver, b)

Potential stability of the developed pRE over time.

Potential (V)
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I |
M Ml
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Fig. S4. a) Pattern layout of the designed platform with three sizes of DO sensors, b)
printed platform connected with a ZIF connector.
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Inkjet-Printed DO sensor: material costs

The materials costs for the inks per sensor size were calculated. The number of deposited
droplets was determined and the ink volume approximated assuming a nominal droplet volume
of 10 pL. The costs of the inks are according to the standard catalog price without discount.
Since we ordered only small quantities, the price per mL is still comparable high. The ordering
of higher quantities will result in a reduction of the price per mL. The costs were calculated
without taking into account the contact pads. This part can be reduced with the use of another

type of connector. Furthermore, other materials could be used such as carbon.

Table S3. Calculation of the material costs per sensor

Droplet [#] Ink Quantity [pL] Ink Price [€/mL] Cost [€ cent]
1 | T
@ = 1000 pm
Au 14790 147900 125 1.848
Ag 322 3220 20.01 0.006
SuU8 8820 88200 1.38 0.012
Total Cost 1.866 € cent
I ‘ T Droplets [#] Ink Quantity [pL] Ink Price [€/mL] Cost [€ cent]
@ =500 um
Au 5421 54210 125 0.677
Ag 202 2020 20.01 0.004
SuU8 9156 91560 1.38 0.012
Total Cost 0.693 € cent
Droplets [#] Ink Quantity [pL] Ink Price [€/mL] Cost [€ cent]
@ =300 um
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Au 3841 38410 125 0.480

Ag 124 1240 20.01 0.002

SuU8 9156 91560 1.38 0.012
Total Cost 0.494 € cent

Line Pattern test

a)

c)

00050000

Fig. S5. a) Line formation regimes depending on the drop spacing selected for b) gold ink, c)
silver ink and d) SU-8 ink.

Detailed schematic of the calibration set-up

The inkjet-printed sensor was calibrated in the 3-electrode calibration cell, with a commercial
RE and CE and the printed platform. A potentiostat was used to apply the voltages and to
measure the currents during sensor calibration. The DO concentration inside the calibration cell

was adjusted by bubbling a gas mixture O2/N2 and measured by a commercial DO sensor.
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Commercial DO sensor

0Q; and N;
distributor

Potentiostat Inkjet DO sensor

Fig. S6. Schematic of the set-up for the characterization and calibration of the DO sensor

Electrochemical response of the printed gold electrodes

0 —
(1) Oy+2e’+H,0  ->HO; + OH

(2) HO, +2€+ H,0 -> 30H

: / " |
5 2]
: i
O i
4 _
[
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Figure S7. First (1) and second (2) reduction peaks observed in linear sweep voltammograms
made in an oxygen saturated saline solution (8 mg-L™).
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Fig. S8. Peak to peak separtion of the Cyclic voltammetry KsFe(CN)g/K4Fe(CN)g redox couple
in 0.1 M KNOs, versus the logarithmic of the scan rate, that shows when the heterogeneous
charge transfer A=1.

Table S4. Current peak, heterogeneous charge transfer and electron transfer rate constant
calculation form AEp for different scan rates.

Scan rate [V-s']  AEp [V] Ip[A] A Ks [m-s™]
0.005 0.097 4,4-10° 1.17 7.5-10°
0.010 0.097 6.2:10° 1.17 7.5-10°
0.025 0.098 9,8-10° 1.14 7.3:10°
0.050 0.100 1.4-10° 1.08 6.9-10°
0.075 0.101 1.7-10° 1.05 6.7-10°
0.100 0.103 1.9-10° 1.00 6.4-10°
0.200 0.118 2.7-10° 0.73 4.7-10°
0.500 0.144 3.6-10° 0.47 3.0-10°

1.000 0.168 4.7-10° 0.34 2.2:10°
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4.4.2 Paper V: Real-time oxygen monitoring inside an organ-on-chip device using

integrated inkjet-printed sensors

The fifth paper presented in this Chapter, Paper V| is a published article about the integration of
sensors, fabricated fully by [JPlin a cell culture membrane of an For the first time, the integration
of oxygen sensors inside an system to achieve in-situ and real-time monitoring of oxygen zonation
along the cell culture microfluidic chamber. Inkjet-printed technology is selected for the fabrication of the
sensors in order to allow the integration of the sensors in a delicate porous membrane and to achieve a cost

effective sensing platform.

This article has been send to Lab-on-Chip journal and currently is under review™:
A. Moya, M. Ortega-Ribera, E. Sowade, M. Zea, X. Illa, E. Ramon, R. Villa, R. R. Baumann, J. Gracia-
Sancho, G. Gabriel. Real-time oxygen monitoring inside an organ-on-chip device using inte-

grated inkjet-printed sensor.

The development of this work has given rise to other publications:

e Marti Ortega-Ribera; Anabel Fernandez-Iglesias; Xavi Illa; Ana Moya; Victor Molina; Constantino
Fondevila; Carmen Peralta; Rosa Villa; Jordi Gracia-Sancho. Maintenance of hepatocyte-differentiated

phenotype requires paracrine support from functional sinusoidal endothelial cells. This article has been

SUBMITTED to Hepatology Journal.

* Note that sections, equations and references numbering in the reproduced research article follow the ones

of the published version.



4.4. APPLICATION OF INKJET-PRINTED SENSORS FOR ORGAN-ON-A-CHIP MONITORING135

Lab on a Chip

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

Introduction

'("‘v L SOCIET
: OF CHEMISTRY

Real-time oxygen monitoring inside an organ-on-a-chip device using integrated
inkjet-printed sensors

A. Moya,*® M. Ortega-Ribera,” E. Sowade,® M. Zea,® X. llla,*® E. Ramon,’ R. Villa,*® R. R.
Baumann,”® J. Gracia-Sancho,”’ G. Gabriel™*

The demand for real-time monitoring of cell functions and cell conditions, e.g. their response to drugs or other stimulation,
has dramatically increased with the emergence of Organ-on-a-Chip (OOC) systems allowing the simulation of in-vivo
conditions for cell cultures. In this work, we present a novel approach to integrate sensors in OOC systems based on the
digital material deposition technology inkjet printing (1JP). Electrochemical dissolved oxygen (DO) sensors were inkjet-
printed on a porous and flexible cell culture membrane in order to monitor in real-time the oxygen consumption of cells.
The cell culture membrane was applied as a printing substrate. Conductive and dielectric materials were deposited by IJP
in a non-contact manner on the delicate membrane aiming to build up the sensor device. The manufacturing process does
not require any masks and is carried out at low temperatures. In order to allow the deposition of uniform gold and silver
layers on the membrane, a primer layer using the dielectric material SU-8 was used to seal the porosity of the membrane
at defined areas. Three DO sensors have been printed and integrated on the cell culture membrane to monitor the oxygen
zonation along the microfluidic channel. The printed sensors have a linear response in the range of about 0 mg-L™ to 9
mg-L™ of DO and a limit of detection of 0.11 mg-L™ was obtained. As a proof-of-concept, experiments with cell cultures of
human and rat hepatocytes were performed in a previously described bioreactor. The oxygen consumption was stimulated
with carbonyl-cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) from about 7 mg-L™ to 2 mg:L". The experimental
results show that the proposed manufacturing approach based on IJP has tremendous potential in the field of OOC
systems with real-time monitoring capabilities.

of the cellular microenvironments and thus solving the
discrepancies to the reality.3 Based on this context, the

The field of cell biology is complex and represents a challenge
in itself. Over the past two decades, multidisciplinary efforts in
cell biology and bioengineering have led to highly functional in-
vitro culture platforms enabling the depiction of micro-
environmental signals.1 The purpose of the in-vitro culture
platforms is the reproduction of the reality with the highest
possible attention to detail in order to mimic human (or any
other animal species) pathophysiology. Therefore, cell biology
systems are moving from the conventional in-vitro models® to
more complex systems aiming to capture the critical features
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concept of ‘Organ-on-a-Chip’ (0OC) emerged.*> Micro-
engineering strategies such as microfabrication and
microfluidic technologies provides a number of unique
advantages and benefits in studying organ biology.G An OOC
system consists of a microfluidic cell culture device that
contains continuously perfused chambers inhabited by living
cells arranged to simulate tissue- and organ-level physiology.7’8
These miniaturized organ models have several advantages
over conventional models, such as more accurate prediction of
human responses, since they are able to capture the
structural, mechanical, chemical, and communicative
complexities on in-vivo systems.3 For this reason, OOC systems
try to replace animal tests since the process of testing drugs
with animals often fails to predict human pathophysiology.9’10
Besides the development of micro-physiological
environments of human tissue or organ recapitulating in-vivo
structure and function, the capability to monitor its condition
and to analyse its response to drugs or other stimulation in
real-time is of utmost importance. On one hand, the precise
control over physical cell culture parameters such as
temperature, pH-value and levels of oxygen and humidity are
required.’ One the other hand, the application of these in-vitro

Lab Chip, 2017, 00, 1-3 | 1



CHAPTER 4.
136

INKJET-PRINTED ELECTROCHEMICAL SENSORS EMBEDDED IN AN

ORGAN-ON-A-CHIP

models for drugs tests requires the evaluation of outcomes in
a quantitative and real-time manner.'! For these reasons, the
incorporation of real-time monitoring tools in OOC systems is
essential to allow the continuous improvement of the models.

Currently, the analysis of OOC cell cultures mainly relies on
optical measurement techniques using time-lapse bright field
and fluorescence mi(:rosv:opy11 in combination with various
staining techniques as well as collection of supernatants and
tissues samples for analysis with conventional analytical
tools.’> This traditional analysis approach is very time-
consuming, requires manual sample collection from
microfluidic system, large working volumes, and frequent
system disturbance, and thus is not suitable for miniaturized
cell culture systems. As a consequence, tremendous progress
has been initiated towards the development of sensors for cell
biology applications over the past few decades. Great efforts
have been made up to now for the development of
miniaturized sensors, improving their sensitivities and limits of
detection.™ A broad variety of online measurement tools have
been already integrated to measure crucial parameters such as
oxygenm_16 and pH,17 glucose and lactate.”® However, most of
these systems are not compatible with microfluidic OOC
models. The principal reason of this incompatibility are
complex fabrication processes of the sensors along with more
cost-intensive and bulky experimental setups,lg’20 which
increase the overall probability of failure. In particular, current
manufacturing processes of the sensors do not allow their
direct integration in the OOC systems, e.g. due to high
temperatures or material in(:ompatibility.21

Recently published review articles about cell monitoring
and OOC systems claim for the necessity of integrating
functional and real-time monitoring tools.?>2® Hence, there is
a strong demand for the integration of online sensor
capabilities. However, only few research works describing the
integration of sensors in OOC systems can be found. Zhang et
al.® presented a fully integrated multi-sensing platform to
achieve automated in-situ monitoring of biophysical and
biochemical parameters. These sensors were manufactured in
clean room environments using a complex, multi-step
lithography process and the sensing elements were placed
outside the 0OC chambers. Weise et al."® integrated optical
oxygen sensors in a bioreactor to monitor the differences of
oxygen consumption between a monolayer cell structure and a
three-dimensional cell culture in static and dynamic manner.
More recently, Curto et al.? presented for the first time the
coupling of organic electrochemical transistors with
microfluidics to achieve multi-parametric monitoring of live
cells. Their sensing elements were placed at the glass bottom
cover of the system using conventional microtechnology
techniques. Lind et al.”’ presented a new approach to
integrate sensors inside a cell incubator environment fully
based on three-dimensional printing techniques for
continuous electronic readout of contractile stress of cardiac
micro-tissues.

Inkjet printing (IJP) technology has recently been applied
for the integration of electrodes in microfluidic systems28 or

2 | Lab Chip, 2017, 00, 1-3

even for the development of parts of the microfluidic
channels.” In 1P, droplets of liquids are ejected from a small
nozzle. There is no direct contact between the printhead and
the substrate. In addition, no mask is required for the process
since the droplets are transferred directly to the substrate.
This direct writing approach without any need of masks
drastically reduces the overall fabrication time and cost of the
sensors, thus facilitating iterative design changes during the
sensor development and sensor customization for future
applications.

Among all the necessary parameters to be monitored
inside an OOC system, the amount of oxygen is one of the
most important parameters. Oxygen is an important
regulatory parameter, influencing cell differentiation and
tissue zonation.” In addition, cellular function and behaviour
are affected by partial pressure of oxygen or oxygen tension in
the micro-enviroments.?* For this reason changes in oxygen
tension, from above physiological oxygen tension (hyperoxia)
to below physiological levels (hypoxia) or even complete
absence of oxygen (anoxia), trigger potent biological responses
and need to be controlled precisely.

In this research study, we present for the first time, to the
best of our knowledge, the integration of oxygen sensors in an
OOC system to achieve in-situ and real-time monitoring of
oxygen zonation along the cell culture microfluidic chamber.
The used OOC system is a liver-on-chip device that is a recently
developed fluidic bioreactor, named as Exoliver, described by
llla et al.*®. It is a modular bioreactor consisting of two plates
and a commercial porous membrane suitable for in vitro
analysis of the liver sinusoid. The challenge was to integrate
cost-effectively the sensors in the membrane without
damaging it. For this purpose, IJP was selected as alternative
to the conventional microelectronic technologies for the
fabrication of the electrochemical dissolved oxygen (DO)
sensors integrated in the OOC systems.31 The main reason of
using IJP is that it allows the direct integration of an array of
sensors on the delicate porous membrane, without any direct
contact. This will avoid the damage and contamination of the
membrane. In addition, the membrane can not withstand
temperatures higher than 130 °C. The IJP process does not
require high temperatures and can meet this requirement. The
principle fabrication approach based on IJP and the
morphological and functional characterization of the DO
sensors has been already demonstrated in our previous
work.*? Here, an array of DO sensors was placed on the porous
cell membrane investigating the concept of a printed primer
layer to partially seal the membrane porosity.

Biological validation of these sensors was performed using
primary human or rat hepatocytes cultured in the Exoliver
bioreactor. DO changes in culture media were induced with
Carbonyl-cyanide-4-(trifluoromethoxy)phenylhydrazone
(FCCP), a mitochondrial oxidative phosphorylation uncoupler
that disrupts ATP synthesis by transporting protons across cell
membranes.”® Because FCCP depolarizes mitochondrial
membrane potential, it promotes an increase in hepatocytes
respiration and hence in oxygen consumption. In addition, our

This journal is © The Royal Society of Chemistry 20xx
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system also permits the monitoring of the zonation effect
since three sensors were inkjet-printed along the microfluidic
channel.

Experimental
Materials and equipment

Three commercially available ink formulations were used for
the printing of the DO sensors. A low-curing gold nanoparticle
ink formulation (Au-LT-20 from Fraunhofer IKTS, Germany)
was employed for the working electrode (WE) and counter
electrode (CE). A silver nanoparticle ink (DGP-40LT-15C from
ANP, Korea) was used for the development of the pseudo-
reference electrode (pRE). The dielectric photoresist SU-8 (SU-
8 2002 from MicroChem, USA) was used as the ink to be
applied for the passivation layer for the electrodes and the
development of a primer layer on the cell culture membrane.
Ethanol (LC/MS grade), sodium nitrate (KNO;), potassium
(K3[Fe(CN)el)
hexacyanoferrate(ll) trihydrate (K,[Fe(CN)¢]) (all from Sigma

hexacyanoferrate(lll) and potassium
Aldrich, Spain) were used for surface cleaning, activation and
characterization of the printed sensor. Hydrochloric acid (0.1
M) was applied for the chlorination of the printed silver
electrodes. Microporous polytetrafluoroethylene (PTFE)
membrane filters (JGWP04700 from Milipore, USA) were
employed as substrates.

All the ink formulations were printed with the drop-on-
demand Dimatix Materials Printer (DMP 2831 from Fujifilm
Dimatix, USA). The printer operates with piezoelectric inkjet
printheads. The printheads have 16 individually addressable
nozzles with nominal droplet volumes of 10 pL. Printing
patterns were generated using the Electronic Design
Automation (EDA) layout software. The printing was carried
out in a standard laboratory environment in ambient
conditions, without non-particulate filtered enclosure systems
and without precise control of temperature or humidity.
Different treatment processes were performed to change the
properties of the printed layers. The dielectric SU-8 was cured
with a Dymax BlueWave 75 UV spot lamp. A standard
laboratory hotplate was employed for the drying and sintering
of the conductive inks. An oxygen plasma treatment was
carried out to adjust the surface energy of the printed layers
(SmartPlasma, Plasma technology Gmbh). The MobileDrop
(GH11, Kriss Gmbh) contact angle analysis system was
employed to determine the surface energy of the layers.

Scanning Electron Microscopy (SEM, Auriga-40 from Carl
Zeiss) was performed to analyse the surface structure of the
porous PTFE membrane and to study the morphology of each
printed layer.

The electrochemical characterization of the sensors and the
experimental procedure were performed with an 8-channel
potentiostat 1030B Electrochemical Analyzer (CH Instruments,
USA). A Clark-type commercial microelectrode (OX-NP,
Unisense, Denmark) with a top diameter of 25 um was used to
correlate the DO printed sensors measurements with a 4-

This journal is © The Royal Society of Chemistry 20xx

channel amplifier microsensor multimeter (Unisense,
Denmark). The control of oxygen in the calibration buffers was
done using the commercial oxygen probe OXI 325 (WTW,
Germany).

Hepatocytes were isolated using Collagenase A (103586,
Roche), CaCl, (C3306, Sigma) and Hepes (H3375, Sigma) all
dissolved in Hanks Balanced Solution salt (HBSS; H8264,
Sigma). Dulbecco’s Modified Eagle’s Medium (DMEMF12;
11320074, Gibco) was the selected culture media for primary
hepatocyte supplemented with 2% Fetal Bovine Serum (FBS;
04-001-1A, Reactiva), 1% penicillin plus 1% streptomycin (03-
331-1C, Reactiva), 2 mM L-glutamine (25030-024, Gibco), 1%
amphotericin B (03-029-1C, Reactiva), 1 uM dexamethasone
(D4902, Sigma), Dextran (31392, Sigma) and 1 pM insulin
(103755, HCB). Hepatocytes were cultured on Poly methyl
methacrylate (PMMA) plates previously treated with plasma
(BD-10AV, Electro-technic products) and coated with 0.1
mg-mL'1 collagen type 1 rat tail (A10483-01, GIBCO).

For the experimental procedure, the cells were washed
with Dulbecco’s phosphate-buffered saline (DPBS; 02-023-1A,
Reactiva). Indirect dynamic stimulation of the cell culture was
performed through the perfusion system of the device
connected to a peristaltic pump (HV707000-HARVARD
peristaltic pump P70). FCCP (370-86-5, Cayman Chemical) was

used to increase the oxygen consumption of the hepatocytes.

Porous membrane requirements

The bioreactor is a modular system comprising two plates
separated by a commercial porous membrane with the aim to
facilitate the study of the liver sinusoid.*

The function of the membrane is to separate the inner
compartment of the bioreactor in two parallel micro-channels
in order to enable analysis of tissue barrier functions and
transcellular transport, absorption and secretion. Cells in
tissues adhered to the flexible membrane can be exposed
simultaneously to cyclic mechanical deformation and fluid
shear stresses, similar to what most cells experience in living
organs during processes such as breathing, peristalsis and
cardiovascular (:ycling.8

The used membrane is a commercially available PTFE filter
and it has specific properties that we need to take into account
for the integration of the sensors. The cell culture area of the
system where sensors need to be placed has a total dimension
of 34 x 28.5 mm?. The membrane is 65 um thick, has a 0.2 um
pore size with 80% of porosity and a special chemical
treatment to convert the hydrophobic PTFE into hydrophilic. In
order to maintain the hydrophilicity of the membrane, its
maximum working temperature is 130 °C.

Fig. 1 shows a SEM image where the high pore density of
the membrane can be observed.

Inkjet-printed sensor layers

A primer layer was printed on the membrane in order to
selectively seal the porosity where the sensors are placed. The
strategy to print a primer layer with IJP has been already
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demonstrated for paper-based substrates.>**®* The SU-8 ink
was selected for printing the primer and the passivation tracks
layers due to its properties and biocompatibility with cell
culture systems. Biocompatibility tests were done for the used
inks by culturing hepatocytes onto a membrane with printed
patterns of the three different inks. Fig. S1 (ESIT) shows that
the cells achieve their morphological properties by maintaining
their viability as it is also the case for membranes without
sensors.

The description and characterization of the amperometric
sensor layers printed with the different ink formulations in
terms of printability, conductivity and morphology are
explained in our previous research work.>? However, the 1JP
process parameters were slightly optimized in order to allow a
proper layer formation on thin PTFE substrate. In addition, a
special aluminium holder was designed to fix the PTFE
substrate during the printing process in a plane, without any
wrinkling.

The first printing step was the primer layer using SU-8 ink.
Two SU-8 layers were printed in wet-on-wet way using a
spacing between drops (DS) of 15 um representing a print
resolution of 1693 dpi (dots per inch). This DS provides overlap
as each drop spread. The SU-8 was cured by UV during 15 s to
polymerize the layer by cross-linking. After this, gold elements
(WE and CE) were printed using also a DS of 15 um between
each pixel. Platen temperature was set up to 40 °C in order to
evaporate the solvent during the printing process and to
improve the layer homogeneity The next step was printing the
silver elements using a DS of 30 um (846 dpi). Then, both
printed inks were thermally dried and sintered on a hotplate.
With the drying step at 100 °C during 5 min, it was initiated
spelling all solvent and decomposing polymeric stabilizing
agents of the nanoparticles. The drying was followed by the
sintering process, in this case, at 130 °C during 40 min. The
sintering temperature was selected as it is the maximum
temperature that the PTFE membrane can withstand without
destroying its hydrophilic treatment. The conditions were
selected in order to obtain the desirable conductivity of the
printed patterns, lower than 1 Qo Afterwards, in order to
precisely define the active area of the electrodes and the pad
connections, dielectric SU-8 was printed over the sintered
layers and after a plasma treatment. The DS of 15 um (1693
dpi) was selected to print the dielectric and cured using an UV
lamp for 15 s.

Finally, two electrochemical steps were required to achieve
functional sensors. The chlorination of the silver in order to
obtain a stable Ag/AgCl pRE and the activation of the WE.

Cell culture procedure

For the biological validation of the sensors within the OOC
device, primary hepatocytes were isolated from male Wistar
Han rats (Charles River Laboratories Barcelona, Spain)
weighting 300-350 g kept at the University of Barcelona (UB)
facilities or from remnant peritumoral tissue obtained after
partial hepatectomy in humans.

4 | Lab Chip, 2017, 00, 1-3

All experiments were approved by the Laboratory Animal
Care and Use Committee of the University of Barcelona and
were conducted in accordance with the European Community
guidelines for the protection of animals used for experimental
and other scientific purposes (European Economic Community
(EEC) Directive 86/609). Regarding human tissue, Ethics
Committee of the Hospital Clinic de Barcelona approved the
experimental protocol (HCB/2015/0624) and in all cases
patients received and agreed informed consent.

Hepatocytes were isolated as previously described in®®.
Briefly, liver tissue was rinsed and digested with 0.015%
collagenase A in Hank’s containing 12 mM hepes (pH 7.4) and
4 mM CaCl, for 10 min at 37 °C. Disaggregated tissue was
filtered using 100 um nylon strainer, collected in cold Krebs’
buffer and centrifuged at 50 g for 5 min. Pellet containing
hepatocytes was rinsed three times with HBSS. Hepatocytes
above 80% viability (evaluated by trypan blue exclusion), were
cultured in PMMA platforms (previously treated with oxygen
plasma and collagen type 1 coating) with enriched culture
media and maintained O/N at 37 °C in a humidified
atmosphere of 5% CO,.

16h after the isolation, hepatocytes were rinsed twice with
DPBS and media was changed to DMEMF12 supplemented
with 2.97% dextran (to simulate blood viscosity) also
containing the previously mentioned additives

Experimental procedure

Before the incorporation of the membrane with the inkjet-
printed sensors in the Exoliver, the calibration of the sensor
platform was performed. The calibration solution was used
with the same temperature and salinity of the sample of
interest. For this reason, two point calibration measurements
were done with a cell culture medium buffer at atmospheric
and at Zero oxygen reading. Zero oxygen buffer was achieved
by the addition of sodium sulphite to the medium. The DO
value of both calibrated buffers was controlled with a
commercial oxygen probe. Moreover, a commercial Clark-type
oxygen sensor was also incorporated inside the Exoliver as a
validation of our sensors and it was calibrated following the
same procedure. In this work, cells were plated in the lower
plate of the system, for this reason, the sensors were printed
in the bottom part of the porous membrane.

The inkjet-printed membrane was assembled in the
Exoliver as it is described in*® and the perfusion of the dynamic
culture started. Dynamic stimulation of the culture started
with 0.1 dyn-cm’2 and the flow rate was gradually increased
until reaching 1.15 dyn-cm’z, with a total amount of 43 mL
unidirectional recirculating culture media. Exoliver, reservoir,
filters and most of the tubing were placed inside an incubator
in order to maintain physiological conditions (37 °C, 5 % CO,).

Fig. S2 (ESIT) shows the setup of the experimental
procedure. In the current set-up, the peristaltic pump and all
the instrumentation to measure the sensor properties were
placed outside the incubator. DO was recorded in real-time
and simultaneously every 15 min in the three points of cell
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culture area where the inkjet-printed sensors were placed.
Clark was set to measure continuously every second.

After 3 h of culture stabilization, the increase in oxygen
consumption from hepatocytes was induced adding FCCP to
the culture reservoir. Real time oxygen assessment was
performed for up to 5h after drug administration to the cell
culture. Control experiments without cells were also
performed.

Results and discussion
Strategy of blocking the porous membrane with SU-8

To electrically isolate the sensors from the microfluidic
medium in order to avoid short circuits and to strictly control
the electrode area the porosity of the membrane was sealed
using a primer layer. The general concept of this blocking
strategy is shown in Fig. 1A. With this strategy, a smooth and
non-porous surface is obtained. SU-8 was selected because it
is a biocompatible dielectric material that can be easily
polymerized by UV radiation. Since it is a UV curable ink
formulation, it will form quite thick layers compared to
standard solvent-based ink formulations allowing to efficiently
seal the porous membrane.

Different numbers of SU-8 layers were printed with a drop
space of 15 um (non-primer (OL), one (1L), two (2L), three (3L)

and four layers (4L)) were tested. Fig. 1B1 shows the sealing of
a 10 pL volume water drop on top of different number of
primer layers. Additionally, Fig. 1B2 shows the cross section of
the membrane showing the SU-8 penetration for the different
number of layers applied. For the case of 1L, the water droplet
is completely absorbed by the porous membrane and does not
form a sessile droplet on top. In this case it is very difficult to
observe the SU-8 in the membrane. Comparing OL and 1L,
there seems to be nearly no difference. For the case of 2L, the
porosity of the membrane is already blocked. The SU-8 has a
penetration depth of about 21 + 4 um as shown in Fig. 1B2.
Fig. S3 (ESIT) shows an image magnification of the cross-
section of the membrane before and after the printing of the
SU-8. For the case of 3L and 4L it can be considered that the
polymer is completely blocking the membrane. The SU-8 forms
already a thin layer on top of the membrane. In the case of 3L,
the ink penetrates depth in the membrane was about 30 + 9
um and the layer thickness on top of the membrane about 5 +
1 um. For the 4L the penetration depth of SU-8 was about 31 £
4 um and the SU-8 formed smooth layer on top of the
membrane of about 16 + 0.5 um.

Printing of the conductive inks onto the primer layer

A. Strategy of blocking a porous substrate

Conductive ink

Porous membrane

Primer layer

Porous membrane

Smooth conductive ink

Porous membrane

B. Primer layer study
1L 2L 3L

B1. Water drop (10 pL) sealing onto different number of primer layers

Droplet inside | 74 © ‘ 89.0 ‘ 90 ©

B2. Cross section of the membrane showing the penetration of the primer layer

C. Conductive ink study
4L oL 1L 2L 3L 4L

SU8 ink printed as a primer layer i

NEEN

Silver ink printed on too of primer layer

a s JEREE

Silver layer

50 um
—

Fig. 1 A) Schematic of the strategy to block a porous substrate using a primer layer, B) Study of the primer layer for the case of use one (1L), two (2L), three (3L) and four layers

(4L), in B1). is presented the sealing of a water drop on top of different numer of layers, in B2) the cross section of the membrane with the SU-8 penetrated on it. C) Silver ink

printed onto different number of primer layers.
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Fig. 2. Contact angle of deionized water on a SU-8 layer measured A) before and B)
after the treatment of the substrate with oxygen plasma. A pattern of SU-8 printed
over cured SU-8 C) before and D) after the treatment of the surface with plasma.

The printing behaviour of gold and silver inks on top of the
primer deposited on the porous membrane was studied. One
layer of the conductive inks was printed in patterns of 4 x 4
mm? over a SU-8 pattern of 5 x 5 mm?2. Fig. 1C shows the top
and bottom sides of the membrane after printing conductive
inks on the top face. With 1 layer (1L) of primer, the silver ink
penetrated completely inside the membrane and no
conductivity was achieved. Also we can observe some parts of
the ink crossing to the bottom part of the membrane. In the
other cases; 2L, 3L and 4L of silver, a well-defined square could
be obtained with sheet resistance values below 1 Q-0 after
the sintering process of 130 °C for 40 min.

In the case of gold, similar results were obtained and 2
printed layers (2L) of primer ink were enough to form a
smooth printed layer with a sheet resistance of < 2 Q- after
a sintering process of 130 °C for 40 min as shown in Figure S5
(ESIT). Unlike silver, for the case of the gold ink, 2L was the
only working option since for the 3L and 4L, a continuous layer
was not obtained and the printed gold layer was splitting up in
individual, isolated droplets on top of SU-8 due to its high
hydrophobicity. However, since the wettability was enough for
the printed of both conductive inks onto the 2L of primer
layer, this was the final selection.

Passivation strategy

The surface energy of the SU-8 printed layers was determined
to be about 30.1 mN-m™ with a high disperse part of about
25.4 mN-m™ and a polar part of only 4.7 mN-m™ using the
Owens, Wendt, Rabel, and Kaelble method.?’” This small polar
part lead to a difficult wetting of water-based ink formulations
on the substrate.®® As it has been explained in the previous
section, this surface energy has enough wettability for printing
the gold and silver inks onto 2L of SU-8 primer. However, this
hydrophobic surface makes difficult the printability of the SU-8
insulator on top of the SU-8 primer layer, obtaining splitting
droplets as it is shown in Fig. 2C. To improve the wettability of
the SU-8 ink, an oxygen plasma treatment can be done® to
increase the amount of oxygen and carboxyl groups at the
surface and, thus, in an increased surface energy.“'o The very
gentle plasma conditions to change the affinity of the primer
and the passivation layers were found as 24 W during 30 s with
an oxygen gas pressure of 0.5 bar. With this plasma conditions,

Top plate

Spring load

1
1t
connectors l i 1

Porous membrane

with DO sensors ‘ié
<< §

Silicon gasket

2

2 i
Cell culture

Bottom plate

B.2

\4‘

\

SU-8 primer C.1

Gold eIe&rodes

Silver electrodes cC.2

SU-8 passwatlon

/

Fig. 3: A) Schematic of the OOC system, B) Fabrication process of the DO sensor based on IJP; B.1) Printing of the primer layer, B.2) Printing of the gold elements, B.3) Printing
of the silver elements, B.4) Printing of the passivation layer, C.1) and C.2) photographs of the final DO sensors with the attached silicon o-ring on the porous membrane
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a change in the water contact angle from 89° to only 32° was
achieved (Fig. 2A and B) which in turn improves remarkably
the layer formation as it is observed in Fig. 2D. The plasma
treatment increases the wettability of the material, achieving
surface energy values of about 37.3 mN-m™ with a reduction
of the disperse part about 21.8 mN-m™ and high increase in
the polar part from 4.7 mN-m™ to 15.5 mN-m™.

Inkjet-printed sensors integration in the OOC system

The same electrochemical electrodes structure
described in our previous was used for the
development of the DO sensors. In particular, sensors with a
smaller WE diameter (500 um and 300 um) were fabricated
and tested in this work.

From the point of view of the application, there were two
requirements: i) to simultaneously monitor the oxygen at
three points of the cell culture area, at the inflow (periportal-
like), at the middle and at the outflow (perivenous-like); ii) to
minimally modify and easily adapt the membrane to the liver-
on-chip bioreactor.

Fig. 3 shows a schematic of the OOC system used in this
work. A more detailed description of the sensors fabrication in
the membrane is shown in Fig. S4 (ESIt). To facilitate the
alignment of the o-ring elastomer used to define the cell
culture area and to seal the bioreactor, alignment marks were
deposited using the silver ink before the printing of the sensor
electrodes. After this step, the silver and gold elements that
conforms the three electrodes structure of the DO sensors
were printed. Once all the printing steps were done, an o-ring
silicone based elastomeric gasket was attached on it as it is
described in 30, encompassing a cell culture area of 969 mm?
(34 mm x 28.5 mm).

The detailed fabrication of the used bioreactor is described

three
work??

in®*. Minimal changes were done to allow the connection of
the sensors, the integration of an external Ag/AgCl RE and the
Clark-type oxygen sensor, as shown in Fig. 4A. These two
external elements were incorporated at the top plate of the
system to support the functionality and response of our
developed sensors. In particular, for the connection of the
printed sensors to an external potentiostat, individual spring
load connectors were incorporated in the top plate of the
bioreactor as shown in Fig. 4A. Fig. 4B shows the membrane
with the printed sensors assembled with the gasket. The
complete system is shown in Fig. 4C detailing the inflow and
outflow of the system.

Sensors characterization and validation

To finish the preparation of the printed sensors, the pRE was
chlorinated by cyclic voltammetry to achieve a stable Ag/AgCl
pRE, and the WE was activated. The electrochemical activation
for cleaning the gold WE surface was required to enhance its
the electron transfer kinetics.** The best activation conditions
found were 2 pulses alternating between -2 Vand OV for 5 s
in PBS electrolyte solution. The membrane with the printed
sensors can be reused in different experiments after

This journal is © The Royal Society of Chemistry 20xx

rechlorination and reactivation of the electrodes which in our
case, was always done just at the beginning of each
experiment to ensure that the sensors were working properly.

The sensors were electrochemically characterized in a
similar way as is described in our previous work.*>? After the
activation, the electrodes behaviour was studied by cyclic
voltammetry in ferro/ferricyanide (10 mM) solution as shown
in Fig. S6A (ESIT). The anodic/cathodic peak current (l;) values
are directly proportional to the WE area as described the
Randles-Sévcik equation.42 With our printed sensors we
obtained I,= 5.2 + 0.5 pA for a WE diameter of 500 um and I,=
1.2 £ 0.2 pA for a WE diameter of 300 um. These I, values are
in good agreement with the values calculated with the
Randles-Sévcik equation. In addition, the sensors can be
sterilized with ethanol and UV light without any loss of sensor
function and response.

The measurement of oxygen is based on an oxygen
reduction reaction at the WE which results in a detectable
current. During this process, the oxygen is consumed at the
WE. The oxygen concentration was measured with the three
inkjet-printed sensors simultaneously every 15 min. As the
detection reaction implies oxygen consumption, the final
interval time for measurement is a compromise between
obtaining a real time monitoring and do not altering the cell
culture medium. Each amperometric DO measurement takes
about 60 s. The printed sensors with a diameter of 300 um
have an oxygen consumption of about 2.94-10% ngO-s'1 per
sensor in each measurement. This consumption is sufficiently
low compared to the DO consumption caused by the
hepatocyte. According to literature % the DO consumption for
10° hepatocytes ranges from about 0.96 to 2.88-10° ngO-s'1

Fig. 4. A) Bioreactor modification to incorporate the control external elements
and the spring load for the connectors on the top plate. B) Sensors assembled
with the gasket in the middle part of the system. C) Bottom plate, middle part
with DO sensors and top plate make up the OOC system with all the fluidic and
electrical connections.
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Therefore, it can be considered that the viability of the cell
culture remains unaltered. The Clark-type sensor was set to
measure continuously each second because it is located on the
top cover where the medium is freshly maintained by the
microfluidics. The DO consumption caused by the Clark-type
sensor is very low with about 4.1-10™ ngO~s’1 due to the
small tip dimensions.

The sensor calibration was done by polarization at - 650
mV. This value was found as the optimal potential value for
the determination of the DO concentration without interfering
with the electro-active compound of the medium. The linearity
and sensibility of the sensors were verified in the calibrated
medium (PBS) by bubbling a series of nitrogen/air gas
mixtures. Fig. S6B (ESIT) shows the calibration curves for the
two electrodes dimensions used in this work (WE = 500 um
and WE = 300 um). In total, 28 platforms each with three fully-
printed DO sensors were fabricated and calibrated. The
sensors show excellent linearity in the range of 0 to 9 mg-L'l,
with a sensitivity of 63 + 2 nA-L-mg'1 (WE =500 um)and 28 +1
nA-L-mg'1 (WE = 300 pm) with correlation factors > 0.99. The
limits of detection were 0.17 mg~L'1 and 0.11 mg~L'1 for WE =
500 um and WE = 300 pum respectively.

DO monitoring inside the Exoliver

To assess the functionality of the printed sensors, two types of
experiments were carried out using the Exoliver. On the one
hand, the Exoliver system was assembled without primary cells
(acellular Exoliver) allowing to monitor the supply of oxygen to
the culture media as a control of the system. On the other
hand, the printed DO sensors were assembled in the Exoliver
properly culturing the bottom plate with primary
hepatocytes freshly isolated from rats and human livers. Fig.
5A shows the culture area of the system with the three printed
sensors along the microfluidic channel and with the external
RE and the Clark-type oxygen sensor. Fig. 5B and C show the
measured results without cells and with rat hepatocytes
respectively, detailing the DO concentrations in the three
zones of the bioreactor. In addition, the oxygen was
continuously measured with the commercial Clark-type sensor
which was placed in the upper channel at the perivenous zone,
due to the difficulty of physical integration in other side
without interfering with the cells. This physical limitation
demonstrates the high potential of inkjet-printed sensors, as
they can be easily configured in size and shape to be
integrated in the membrane that is usually used in many OOC
systems.

In all experiments (n=3), the first three hours were set as
the stabilization time required for the microfluidic system.
During this period, the oxygen consumption was stable with
approximately 7 mg~L’1. Continuous flux of nutrients supplied
by the fluidic system ensured long-term viability and
functionality of the culture. After the stabilization period, 0.5
UM of FCCP was added to the culture media reservoir and DO
concentrations were registered in real-time during the
following 5 hours. This drug was employed to boost
hepatocytes respiration, provoking the increase of the oxygen

after
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consumption and therefore a decrease in the DO
concentration of the medium. As expected for the control
experiments, the oxygen in the medium was maintained in the
optimal values without observing any change, thus
demonstrating that FCCP has no effect on the behaviour of the
sensors. For the experiment with cells, the response of the
hepatocytes was slightly different between experimental
replicates but all replicates followed the same biological
tendency.

Deviations between the three experiments per parameter
set are represented as a shaded error bar in Fig. 5B.1 and C.1.
The maximum deviation between experiments in the
stabilization time was + 0.4 mg-L’1 (6%) in the acellular Exoliver
and £ 0.6 mg-L’1 (9%) in the experiments with rat hepatocytes.
These small deviations might be caused by the oxygen
conditions of the cell culture medium, its oxygenation inside
the incubator or the intra-animal variability. These results
show that the cell media has enough proteins to keep an
adequate DO level and to maintain the viability of the cell
culture inside the Exoliver in both upper and lower plate areas.

Deviation between experiments after the first FCCP
addition had a maximum of + 0.8 mg-L'l, which might be
caused by the usage of primary cells, which were isolated from
different animals, and therefore their metabolic response may
differ. In order to increase the respiratory activity of cells and
to measure a higher consumption of oxygen, FCCP was applied
in cumulative doses. Finally, a DO concentration of about 2.4 +
0.4 mg-L'1 was determined in the medium.

Interestingly, the DO concentration measured at the
outflow is smaller than the DO concentration at the inflow for
the case of the Exoliver cultured with rat hepatocytes (Fig.
5C.2). This effect can be explained by the consumption of the
cells along the microfluidic channel of the bioreactor resulting
in lower DO values at the lower plate and outflow area of the
system. In general, the commercial sensor data is in good
agreement with the measurement of our printed sensors, thus
validating the experiment.

The same experimental approach was performed in an
Exoliver cultured with primary human hepatocytes. The
results, which confirm the data from rat hepatocytes, are
shown in Fig. S7 (ESIt). In this case, higher variations were
observed between experiments due to the difference in
human liver donors.

A different oxygen concentration was measured along the
periportal zone (inflow) and the perivenous zone (outflow).
Fig. 5B.2 and C.2 shows how the consumption of DO differs
between inflow, middle and outflow zones in the lower plate.
The commercial Clark sensors did not measure these variations
since it can only measure at one position in the sensor at the
outflow of the upper channel. Changes up to 17.5 % were
measured between the inflow to the outflow. Because
zonation directly affects macronutrient metabolism,
morphology and xenobiotic transformation in hepatocytes,
oxygen gradient found in our device could indeed contribute
to better reproduce the sinusoidal milieu and therefore to the
maintenance of hepatocytes.**

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 A) Image of the cell culture area of the Exoliver system with the three printed sensors along the microfluidic channel and the external RE and Clark-type oxygen elements.

DO monitored during 8 hours (green for the inflow, blue in the middle, red in the outflow and black for the commercial Clark-type sensor) for B.1) control without primary cells
(acellular OOC) and C.1) with rat hepatocytes cell culture. Sections of the of the graphs are plotted in B.2) for the acellular OOC and C.2) for the hepatocytes cell culture for better

At the end of each experiment, hepatocyte viability was
evaluated by trypan blue exclusion demonstrating the
maintenance of the cell culture. These results obtained with
the Exoliver showing that the sensors response is reliable for
monitoring DO changes in real-time and at different areas in
order to evaluate the zonation of the system, paves the way
for using this approach in any other OOC system.

Conclusions

We presented a novel approach for integrating sensors in an
0O0C system using IJP technology to allow in-situ
measurements in real-time. We have demonstrated the
potential that IJP has an alternative to standard
microelectronics  technology the of
electrochemical sensors. Particularly advantageous was the
possibility to integrate the DO sensors directly on the thin,
flexible, delicate and porous cell culture membrane, which was
used as a printing substrate.

as

for fabrication

This journal is © The Royal Society of Chemistry 20xx

The strategy of locally sealing the porosity of the
membrane using a biocompatible dielectric ink was studied,
detailed and successfully applied on the membrane. In fact,
the full process to fabricate inkjet-printed sensors on a porous
membrane was developed for the first time, to the best of our
knowledge. In particular a sensor array with three
electrochemical DO sensors was fabricated on a thin cell
culture membrane in order to monitor in real time the the
oxygen concentration in different locations of an OOC system.
The printed DO sensors were integrated in the Exoliver, a
previously described liver-on-a-chip system and exhibited a
good performance, with a linear response in a wide range of
oxygen and with low limit of detection. Its response was
verified with a standard, commercially available Clark-type DO
sensor. Currently, the functionality of the developed sensors
was successfully demonstrated with rat and human
hepatocyte cell cultures in the Exoliver.

Inkjet-printed DO sensors have a small footprint, they can
be arranged in arrays and due to the low thickness and the
customizable size and shape, they allow a flexible, simple and

Lab Chip, 2017, 00, 1-3 | 9
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seamless integration in different OOC systems. In the future,
other sensor types such as pH or temperature sensors could be
also integrated allowing a more accurate in-situ control of the
0OO0C system, and opening the opportunity to understood
biological processes in real-time redefining the way to use
these systems for drug testing.
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Real-time oxygen monitoring inside an organ-on-chip device using integrated inkjet-
printed sensors
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Electronic Supplementary Information (ESI)

Biocompatibility test

Fig. S1. Primary human hepatocytes cultured along over a printed Au, Ag and SU8 printed patterns. Representative
images of the cells above the printed materials were taken using a bright field microscope (Olympus BX51) at 20X
magnification.

Experimental Set up
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Fig. S2. Experimental set-up to monitor the DO sensor inside an OOC system.
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Porous membrane substrate

Fig. S3. SEM image of the cross-section of the porous membrane, A) before the printing of the SU8 layer, B) after
the printing of the primer layer
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Drying of the
gold pattern at
100 °C for 10
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Printing of the
silver electrodes
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Ds:30 um
Tsubstrate: 40°C
Layers: 1

Sintering of both
conductive inks
at 130 °C during
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Plasma
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allow the
printing of the
SU8 passivation
layer.

Conditions: 24 W,
30s.and 0.5 bar
Oz.

Passivation layer
to isolate the
tracks.

Ink: SU8

Ds: 15 pm
Tsubstrate: 40°C
Layers: 1
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Attachment of
the silicon gasket
to define the cell
culture area

Fig. S4. Step-by-step fabrication procedure of the IJP oxygen sensors.
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Fig. S5. Sheet resistance of the gold ink at different sintering time and temperature

Electrochemical characterization
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Fig. S6. A) Cyclic voltammetry of gold WE in ferro/ferricyanide (10 mM) and B) calibration curves at different
concentrations of oxygen in the range from 0-to 9 mg-L'1 for the two electrodes dimensions used in this work (WE =
500 um and WE =300 pum).
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DO monitoring inside an OOC system
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Fig. S7. DO monitoring inside an OOC system with primary human hepatocytes with the addition of the FCCP drug
after the 3 hours of stabilization.
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Conclusions

This Chapter describes the most relevant goals achieved during the development of the present thesis work

to cover the necessities to develop monitoring tools compatible with Organ-On-a-Chip (OOC) systems.
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5.1 Concluding remarks

As the analysis of the Organ-On-a-Chip ([OQOC]) systems are mainly based on conventional analytical meth-
ods, the aim og this thesis work has been the development of functional sensing tools compatible with
them.

The main goal has been to provide valuable tools for a better understanding of the complex biological pro-
cesses that occur in the system. Specifically, the developed devices have had the common objective
to be compatible with microfluidic systems, overcoming the drawbacks of current analysis methods
which in most cases imply the death of cell culture, the disturbance of the microfluidic system for sample
collection, the impossibility to observe real-time events, or even the increase of the cost and the complexity

of the whole systems.

As each [0OC] system developed require from different monitoring requirements, in this thesis work, two
approximations for physicochemical sensing parameters have been proposed. The final fabricated devices

can be seen in Figure 5.1

(a) External sensing platform (b) Embedded sensor in 00OC

——

Figure 5.1 | Two strategies developed in this thesis for the monitoring of physicochemical
parameters in an OOC system using, (a) a multi-sensing platform connected
externally to an OOC platform, and (b) embedded sensors in the cell culture
membrane of an OOC system.

The first approach (Figure a)) is a modular platform that can be connected to the inlet or outlet ports
of any microfluidic system for measuring physicochemical parameters. Specifically, four electrochemical
sensors have been integrated in the platform for the simultaneous monitoring of dissolved oxygen (DOJ),
pH, Na™ and KT, with the purpose to be used in the measurement of a Kidney-On-a-Chip system. The
second approximation dealt with the monitoring inside the own [QQOC] system. To do this, the sensors have
been embedded on the cell culture membrane of the platform. To achieve this goal, the sensor man-
ufacturing processes changed from the conventional microfabrication techniques to inkjet printing ([JP))
techniques. [[JP] has enabled to embed some sensors, previously developed in Pyrex® and polyimide

substrate, in a porous and ultra-thin membrane.

The key results of the work are presented schematically in Figure As can be seen, the evolution of the

work has been always looking for a simpler, cheaper and friendly devices while adapting these approaches
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to the requirements of each system.

Following, specific conclusions of each developed monitoring tools are presented.

Summary of results
TECHNOLOGY SUBSTRATE SENSOR APPLICATION

i...ConventionaI.
gmlera‘fa' bricatiorn

CHAPTER 3

abuajjeyn

Ultra-flexible
porous

CHAPTER 4
Embedded sensors External sensing

Figure 5.2 | Summarized of the evolution of the work showing the key advances to solve
different monitoring necessities.

External monitoring tools

The devices to measure externally to a microfluidic system have been developed using conventional mi-
crofabrication techniques. This technology provided the possibility to build small electrodes with different
materials (platinum, gold, etc.) in different substrates (rigid or flexible). Electrochemical techniques has
been selected as a sensing mechanism, due to their simple, fast and high sensitive characteristics to measure

physicochemical parameters of a cell culture.

The first monitoring tool has been addressed with the development of a multi-electrode array for measuring

DOl The results of the work can be summarized as:

e An array of microelectrodes on a Pyrex® needle has been fabricated for simultaneous [DO] mea-
surements. The standard microfabrication techniques allowed the miniaturization of electrochemical

structures with electrodes having dimensions between 10 and 50 pm.

e The developed microelectrode array for measuring [DO| has been completely characterized, showing
a good performance in different conditions and mediums, and providing reliable simultaneous multi-
point measurements. The [DOl sensor exhibited an excellent linear response in the range 0-8 mg-L~!

affording low Limit of detection (LOD)) and Limit of quantification (LOQ).

e The sensors have been validated obtaining the profile within a biofilm grown in a flat-plate

bioreactor. These measurements helped to enable advances in biofilm characterization.

The second monitoring tool has been addressed with the development of a multi-sensing analytical tool

that integrates [DO] Na®™, K+ and pH sensors in a single solution. As is shown in Figure the evolution
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has gone from Pyrex® to polymeric substrate and from a single to an integrated multisensing device. The

results of the work can be summarized as:

e It has been developed a platform that integrates DOl Nat, Kt and pH sensors on the [PIl Kapton®

substrate. The measurements can be done simultaneously and with very low samples volumes (0.83
pL).

e The platform has been fabricated using rapid-prototyping techniques in order to reduce the develop-

ment costs of the system.

e The versatility and modularity of the platform have allowed their connection in the inlet and outlet
ports of a microfluidic systems without disturbing the performance of the cell culture system. Fur-
thermore, the platform could be used individually, without their connection to a microfluidic system,

in order to analyze physiological samples.

e The electrochemical sensor has shown a sensitivity of 3.60 nA-(mg-L~!) in a wide range of
concentrations, with a[LODland [COQJof 0.11 mg-L~! and 0.38 mg-L " respectively. Na™ and K™ have
been developed as an [[SE]l using an internal contact layer between the polymeric sensitive membrane
and the gold substrate allowing a good ion-transfer and long term potential stability of the sensors.
Nat and KT [SEl exhibited sensitivities of 57 mV-decade™! and 52 mV-decade™! respectively, in a
wide liner range, from 107> M to 10~* M and low [LODI5-10~% M and 0.5-10° M for Na* and K* p
respectively. The pH sensor, prepared by electrochemical deposition of [tOx] exhibited a sensitivity

of 69 mV-decade™! with a linear response ranging from pH 2 and 11.

o Concentrations of Na™, KT and pH has been successfully determined in artificial urine samples. As
a proof-of-concept, the usefulness of the platform has been also demonstrated in real urine, where
several mice were feed with different diets rich in sodium or potassium. The obtained values using

the multi-sensing platform were in good agreement with those obtained by flame photometry.

Sensors embedded in

As the complexity of the biological systems has increased, the complexity of integrating monitoring tools
has also increased. Some parameters occurs in very short time, and other, must be monitored in the same
cell culture area. It is in this context that the second part of this thesis work has been focused in the
development of tools with the aim of monitoring physicochemical parameters inside the cell culture area
of an system. [[JP] technology has been selected in order to address this complex goal, due to their
advantages since it is a non-contact technique, which permit to be applied in a wide range of substrates,

including delicate substrates, as it is the case of a cell culture membrane.

The third monitoring tool has been addressed with the development of a [DOl sensor by [[JPI technology.
The evolution in this case is related with the change of the used manufacturing technology as shown in

Figure[5.2] The results of the work are summarized as:

e The used materials for the development of the electrochemical sensors (silver, gold and SU-8) have

been characterized in terms of printability, morphology and conductivity. The metallic inks have the
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particularity that can been sintered at low-temperature, and this is required in order to work with

the majority of polymeric substrates.

e Different dimensions of electrochemical [DOl sensors (from 300 pm to 1000 pm of diameter) have
been fabricated on [PET] substrate in a cost-effective, simple and fast way. The printed [DOl sensors

exhibited a linear response in the range between 0 - 8 mg-L~! obtaining low [LODL

The fourth monitoring tool, that is the biggest challenge faced in this work, has been addressed with the
development of [DQ] sensors inside the [OOC] platform by [[JP] technology. The sensors have been embedded
in the cell culture membrane, which has the particularity to be extremely thin, flexible, delicate and highly

porous. The results of the work are summarized as:

e Three [DQl sensors have been embedded directly on a cell culture membrane using [[JP| technology
along the microfluidic channel in order to monitor in real-time the oxygen concentration in different

locations of an [QOC] system.

e The strategy of locally sealing the porosity of the membrane using a biocompatible dielectric ink has

been studied, detailed and successfully applied on the porous membrane.

e Inkjet-printed [DOI sensors exhibited a good performance, with a linear response in a wide range of
oxygen and with low [LODI Its response has been verified with a standard commercial Clark-type[DOl

Sensor.

e Biological validation of these sensors have been performed using primary human or rat hepato-
cytes cultured in an Liver-On-a-Chip system. changes in culture media have been induced
with Carbonyl-cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) and the consumption of the
along the cell culture chamber has been monitored.

e Inkjet-printed [DOI sensors having a small footprint, can be arranged in arrays and due to the low
thickness and the customizable size and shape, they allow a flexible, simple and seamless integration

in different [OQC] systems.
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